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ABSTRACT. String topology studies the topology of the free loop space of a manifold and related
spaces. The merging and splitting of these strings endows the homology of these spaces with a
rich structure. In this thesis we give a construction of these string operations in the more general
case where one also allows open strings with endpoints restricted to submanifolds, known as
branes. By doing this we solve Godin’s conjecture A about the existence of string operations in
this general case. Finally, we discuss results on explicitly determining the structure coming from
these operations.

In three postscripts, we extend this work: (1) we calculate the string topology structure of
some Lie groups, (2) of compact oriented surfaces and (3) give an alternative simpler construction
of these operations based on Bddigheimer’s radial slit configuration model of the moduli space
of Riemann surfaces with boundary.
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Preface
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interesting to master these tools and to take the time to write down the relevant parts for this
thesis.

The second motivation for writing a thesis about this topic was to prove a new and interesting
result. A proof of Godin’s conjecture A [God07] seemed tractable at the time and, indeed, this
thesis proves it and derives some of its consequences. The problem with this proof is that to do
it rigorously, one needs to check a lot of compatibility conditions, which takes time to do and
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The current length of the thesis is the result of balancing these two forces which compel one
to write a very long thesis, with the need to finish a thesis at some point. For readers that are not
familiar with string topology, I have tried to include enough details such that they do not need to
read secondary literature all the time. On the other hand, for more experienced readers, I have
tried to make clear distinctions between the main arguments and the details and background infor-
mation. The concrete implementation of this is by including separate sections containing technical
details and separate appendices containing background information.

This thesis wouldn’t have been possible without the support of several people. First of all, I
would like to thank Ieke Moerdijk for suggesting this topic and supervising the thesis, but most
importantly for providing a lot of support in getting to know the mathematical community and
finding a PhD position. Secondly, I would like to thank — in no particular order — Andre Henriques,
Urs Schreiber, Richard Hepworth and Veronique Godin for helping with some of the mathemat-
ical aspects of this thesis. Thirdly, I would like to thank — again in no particular order — Kate
Poirier, Ulrike Tillmann, Christoper Douglas, Ralph Cohen, Soren Galatius, Kevin Costello and
Carl-Friedrich Bodigheimer for taking the time to discuss various aspects of this thesis with me.
Finally, I would like to thank all my mathematical and non-mathematical friends and my family for
the fun times we had during the writing of this thesis, in particular Tjerk, Thessa, Quirine, Johan
and Gijs. But most importantly, this thesis wouldn’t have been possible without the support of
Tessa; bedankt dat ik dagen vol grafiekjes mocht tekenen en gestresst mocht zijn.

Sander Kupers, 2011
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CHAPTER 1

Introduction

1. History and motivation

We will discuss the history of string topology, while paying attention to the reasons that people
were interested in it. The main player in all of this is the free loop space LM. A rough sketch of
relations between it and various fields in mathemathics is given in figure [L.1

Algebraic topology Symplectic geometry
mapping spaces Floer homology
operads

e symplectic field theory

LM

TQFT Bhvei
Hochschild homology _ ysics
| string theory
00p groups

cobordism hypothesis conformal field theory

FiGUure 1.1. This diagram gives an overview of topics related to the free loop
space LM.

There are many reasons why people in the 90’s were interested in the spaces LM of continuous
loops in a compact oriented manifold M. First of all, the study of iterated based loop spaces had
paid off tremendously, because it required the introduction of the general theory of operads and
their algebras and the important examples of the little disks operads. It is easy to see why it was
tempting to figure out whether there are similar structures related to free loop spaces. This might
explain why algebraic topologists were interested in LM.

On the other hand, there had been a convergence of results related to free loop spaces in
other subjects. For example, loop groups play an important role in conformal field theory and the
Hochschild homology of the A, algebra of cochains on a manifold is isomorphic to the chains on
the free loop space. For references in this direction see the references of [Vai07].

Another example of related results is in the direction of symplectic geometry. One can define
the degree zero string operations using symplectic geometry and there are conjectures relating
string topology and symplectic field theory. A good starting point for this and other interesting
connections string topology has to other fields is the little book by Cohen and Voronov [CV06].

Our discussion of string topology below focusses on the construction of string topology that we
will use in this thesis, as used by Godin [God07]. There are related but alternative constructions
using the theory of Hilbert manifolds [Cha03] and stratifolds [MeiQ9].
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2 1. INTRODUCTION

Y1

FIGURE 1.2. The left hand side shows two representatives of isotopy classes of
closed curves on a surface of genus 1 and the right hand side their Goldman
bracket. We have chosen to depict a slightly different representative than ~q *, 2
itself in its isotopy class, to make the picture clearer.

1.1. The Goldman bracket and the Chas-Sullivan operations. But it seems that the
inspiration for string topology came from low-dimensional geometric topology. In the foundational
article on string topology by Chas and Sullivan [CS99] they state that they discovered the first
string topology operations while working on the Goldman bracket in the geometry of surfaces.

Although classically Lie algebras are defined over a field, it is possible to define them over Z as
well. To see this, simply note that the Lie operad can be defined in the category of abelian groups
and then a Lie algebra over Z is an algebra over the Lie operad in abelian groups. The Goldman
bracket is a Lie bracket on the free abelian group with generators given by the isotopy classes of
closed curves in a compact oriented surface ¥, [Gol86]. Here a closed curve is simply a continuous
map S' — X, and hence has a base point. The Goldman bracket is defined as follows: if [y;] and
[v2] are two such isotopy classes, then we can find transversally intersecting representatives v; and
~2. Then their bracket is given by

{lnl,[el} = Z sign(p)[y1 *p V2]
PEYLIMY2
where sign(p) is the sign of the intersection, which is 41 is (771, Tpy2) is an oriented basis of T,,%,
and —1 otherwise, and 71 *, 2 is the closed curve obtained by starting by moving along ~; from
the base point until one meets p, then traversing = to eventually return to p and continue along
~1 until one is back at the base point. See figure [1.2

Chas and Sullivan noticed that the free abelian group with generators the closed curves is
naturally isomorphic with Hy(LX,), the free abelian group with basis the connected components of
LY. They were interested in the question what happened if one tried to do something similar to the
Goldman bracket for homology groups of higher degree. The reason they were interested in this is
that the definition of the Goldman bracket uses the smooth structure when it chooses transversally
intersecting representatives. This meant that there was a chance that similar operations might be
able to distinguish different smooth structures that exist on the same topological manifold if its
dimension is greater than or equal to 4.

What Chas and Sullivan found was a product on all homology of LM and a derivation of this
product which could be used to recover the Goldman bracket. We will first describe the string
product. If a € H;(LM) and b € H;(LM) then one can find representing i- and j-chains o and .
There is a natural map ev : LM — M given by evaluation at the base point. If one applies this
map to o and 3 one gets a i-chain ev(a) and ev(S) on M. The transveral intersection of ev(«)
and ev(8) will be ((¢ + j) — d)-chain if M is d-dimensional and we denote this chain suggestively
by ev(d). To make this well-defined, ev(a) and ev(8) have to be deformed within their homology
classes in such a way that they intersect transversally. One can lift these deformations to « and
B. Indeed, it is the chain obtained by applying ev to a ((¢ + j) — d)-chain ¢ in LM . This chain ¢ is
given by putting above x € ev(d) the loop obtained by concatenating o, and 3, at their common
base point z. See figure [[.3] We define the string product - as follows:

a-b=[a]-[8] =[]
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FIGURE 1.3. The Chas-Sullivan product for two 1-chains a and £.

Theorem 1.4 (Chas-Sullivan). This construction gives a well-defined product
-t Ho(LM)® Ho(LM) — H,._q(LM)
with which we mean that is associative and graded-commutative.

To recover the Goldman bracket, they introduced another string topology operation which is
now called the BV-operator. To define this operator, we use the rotation map p:

p:SYx LM — LM
(0,7) = (=0 +1))

Then the BV-operator A : H,(LM) — H,,1(LM) is given by a — p.([S'] x a). In other
words, A takes an i-chain and makes it into a (i + 1)-chain by adding all rotations of the loops
in the i-chain as well. We claim that the Goldman bracket {[v1], [12]} can be recovered using the
string product and the BV-operator as follows.

Lemma 1.5. The Goldman bracket {[y1], 2]} is given by the string product A([y1])-A([2]), where
we identify the free abelian group on the isotopy classes of closed curves on L, with Ho(LY,).

PROOF. To see this, pick representatives v, and 2 of [y1] and [y2] respectively, which intersect
transversally. Then note that A([v1]) and A([y2]) are representated by the 1-chains 8 — (¢ —
v1(0+1t)) and 6 — (t — v2(8 +t)) on LE,. Thus the 1-chains ev(A([11])) and ev(A([y2])) on M
are given by 6 — ~1(0) and 6 — ~2(0) and their intersection is exactly 1 N 72. Above each of the
points p in this set we exactly put the concatenation ~y; *, ve. (]

For more results about the string topology of surfaces, see the results of Vaintrob [Vai07]
described in section [6.3.1]

Chas-Sullivan also described derivative operations. The most important of these a Lie bracket
which measures the amount to which the BV-operator, shown in proposition [6.92] to be a second
order derivation of the string product, fails to be a first order derivation. We define it in definition
In retrospect, Chas-Sullivan found the basic degree zero string operations, i.e. the string
product, and the basic degree one string operations, the BV-operator.
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1.2. The Cohen-Jones construction. Cohen-Jones [CJ02] found a different definition of
these operations. They were motivated by two things. First of all, although the Chas-Sullivan
definition of the BV-operator is purely homotopy-theoretical, the string product uses transverse
intersections. It seems reasonable that a purely homotopy-theoretical definition exists and then the
machinery of homology would absorb much of the difficulties with the arguments using transverse
intersection. Secondly, a homotopy-theoretical definition opens up a line of attack to the problem
of showing whether the string product distinguishes smooth structures.

Their definition of the string product is indeed less involved than Chas and Sullivans. It is
equal to the one we call the closed coproduct in section [3.1.1} For convenience of the reader and
to show that the Cohen-Jones construction is pretty straightforward, we explain it here as well.

Let 8 = SV S! be the wedge sum of two circles. Then we have a “fold” map j : S* — 8 given
by traversing the two circles in order and a “inclusion” map i : S' LU S — 8 given by including
both circles. We thus get a diagram

S'ust gl gt
where we will map into the d-dimensional compact oriented manifold M. We can extend the

diagram obtained this way by adding evaluations at the base point. The result is the following
diagram

LM x LMY s My s

ev X GVJ/ leV

Mx M«~—— )

where M® := Map(8, M), ev x ev : LM x LM — M x M evaluates both circles at the base
point 1 € St ev : Map(8, M) — M evaluates at the common base point of the two circles and
V:M — M x M is the diagonal map.

To get the string product, we want to apply to the top line. Then M7 induces a map in
homology which points in the right direction, but M?* doesn’t. Therefore, we want to apply an
umkehr map construction to M?®.

This would have been easy if both LM x LM and M?® were finite-dimensional manifolds, but
clearly they are not (as long as M is not O-dimensional). Intuitively this is the case because
these spaces of maps have infinitely many degrees of freedom; the value at any point can be
modified. However, the trick is to note that the standard construction of umkehr maps still works
if one is dealing with a finite codimension embedding of infinite-dimensional manifolds. Indeed,
LM x LM and M?® can in fact be seen as infinite-dimensional manifolds. Furthermore, M? is a
finite codimension embedding because the square is a pullback square such that the bottom row
is a finite codimension embedding of finite-dimensional manifolds.

It turns out that this is enough to copy the construction of umkehr maps from the finite-
dimensional case. To do this construction, we first note that the normal bundle for M’ is the
pullback of the normal bundle for V. Let’s denote the latter by v and the former by ev*(v). Then
there exists a tubular neighborhood f : ev*(v) — LM x LM. Now we can construct a Thom
collapse f : LM x LM — LM x LM /(LM x LM \ev*(v)) := Thom(ev*(v)). The so-called umkehr
map (M?)" is then the following composition.

H, (LM x LM) L% H.(Thom(ev*(v))) ™% H, _4(M®)

The string product is then the composition (M7),(M?*)' : H.(LM) ® H.(LM) — H,_q(LM).
Theorem 1.6 (Cohen-Jones). The string product as defined by
(M) (M"Y : H(LM) ® H (LM) — H,_4(LM)
coincides with the Chas-Sullivan string product.

Using this they proved that the hopes of Chas-Sullivan weren’t justified: the string product is
invariant under oriented homotopies of d-dimensional manifolds and therefore the string product
doesn’t depend on the smooth structure.
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However as a consequence of their constructions calculations in string topology became easier:
see e.g. [TamO07], [TamO08b], [Tam08c|, [Hep10], [Hep09], [CJJ03]. Secondly, it allowed the
generalisation of the construction of the string operations leading to the work of Godin.

1.3. Godin’s work. After working with Cohen on a partial extension of the string operations,
Godin found a general method to construct all previously known string operations and many new
higher degree ones [God07].

In hindsight one can motivate Godin’s construction by combining two observations. The
first is that an ordinary TQFT is based on the (symmetric monoidal) category of 2-dimensional
oriented cobordisms which has as objects the 1-dimensional compact oriented manifolds and as the
morphisms the isomorphism classes of cobordisms. A TQFT is then a symmetric monoidal functor
from this category to another symmetric monoidal category. For more about this, see section [3.2]
of chapter @ By direct calculation Tamanoi proved in [TamO07] that, up to some signs, string
topology has the structure of a partial TQFT: a TQFT with positive boundary.

The other observation comes from Lurie’s work on the cobordism hypothesis [Lur09]. This
discusses fully extended TQFT’s, which are obtained by adding higher and lower morphisms to
the cobordisms in a suitable way. To include the higher morphisms, the discrete morphism [¥] in
the category of cobordisms should be replaced by the classifying space BDiff { (X) of the group of
orientation and boundary preserving diffeomorphisms, or equivalently a classifying space BI'y; of
the corresponding mapping class groups. To include the lower morphisms, one needs to look not
just at ordinary cobordisms but at the more general open-closed cobordisms. See chapter [2] for
these various definitions.

From work by Costello [Cos06b] one can conjecture that string topology should similarly be
extendable to a fully extended partial TQFT. This is essentially what Godin has done: extending
the string operations to the open-closed cobordisms and the non-trivial morphism spaces.

To be precise, Godin constructs string operations for each open-closed cobordism ¥ with r
incoming circles, s incoming intervals, m outgoing circles and n outgoing intervals:

H,(BTs; £%%) ® H,(LM)®" @ H,(PM)®* — H,(LM)®™ @ H,(PM)®"

These operations fit together into the structure of d-dimensional HCFT with positive boundary,
see definition 227

2. Main theorems

This thesis is a natural continuation of Godin’s progamme. By using open-closed cobordisms
one is looking at fully-extended TQFT’s with a single object and then the natural extension is to
use multiple objects. The corresponding notion of cobordism with a B-labelled cobordism, with B
a set of labels. There is a corresponding notion of HCFT as well, called a HCFT with set of branes
B. In this terminology, Godin has shown that {H,.(LM), H.,(PM)} are a d-dimensional HCFT
with positive boundary and set of branes {M}.

Conjecture A in [God07] says one should be able to extend this to any set of branes B
consisting of compact oriented submanifolds of M: there are string operations making the graded
vector spaces { H.(LM), H.(Pp (A, B)) a, e} into a d-dimensional HCFT with positive boundary
and set of branes B. This is our main theorem [2:29] formulated with rational coefficients to prevent
problems with the Kiinneth theorem:

Theorem. Let M be an oriented compact manifold of dimension d and B = {A, B, ...} a collection
of oriented compact submanifolds. Then the set (H,(LM;Q),{H.(Pyp(A, B);Q)}) can be given the
structure of a d-dimensional HCFT with positive boundary condition and set of branes B, such that
the operations on the closed cobordisms coincide with the standard string operations.

We aim to give a complete and self-contained proof of this, which concerns chapters 2, 3, 4
and 5 of the thesis. In chapter 6 we discuss what the string operations actually do. The result can
be summarized as the following (meta-)theorem:

Theorem. All known string operations are described by the slogans:

(1) Degree zero operations are TQFT operations.
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(2) The degree one operations are TQFT operations together with a BV-operator.
(8) Operations from the stable range are zero.
(4) The genus zero operations are the BV-operad.

Finally, in chapter 7 we give some ideas in which directions one could take string topology in
the future.



CHAPTER 2

HCFT’s, with and without branes

In this chapter we introduce the notion of open-closed cobordisms, which are fundamental in
the description of string topology. We then use mapping class groups to define a prop in topological
space related to these cobordisms. Algebras over the homology of this prop will be called HCFT’s.

1. Preliminaries

In this section we will give some preliminary definitions of the types of spaces we will be
working with. We start with the spaces, with as we need more structure on our spaces to construct
well-controlled umkehr maps, we will also consider semisimplicial complexes.

1.1. Topological spaces. First of all, we fix our category of topological spaces.

Convention 2.1. With topological spaces, i.e. Top, we mean the category of compactly generated
weakly Hausdorff spaces.

The reason for this is the better behaviour of these spaces under categorical constructions.
To be precise, it is cartesian closed. For example this implies the product and mapping space
constructions are adjoint in this category, which is not the case for ordinary topological spaces.

Often we will use labels on spaces to give boundary conditions on maps from such a space to
a target space. For this we introduce the general notion of a B-labelled space. The B stands for
branes.

Definition 2.2. Let B be a set. Then a B-labelled space X is a topological space X with a
function b : X — B {0}, such that b=1(3) is closed for all 8 € B.

A morphism of a B-labelled spaces is a continuous map which commutes with the label maps.
This gives a category Topg of B-labelled spaces.

1.2. Semisimplicial complexes. To have control over our construction of tubular neigh-
borhood in chapter [4] we need to have specific choices of coordinates on our spaces. Coordinates
which are particularly suited for this construction are those which are locally similar to the stan-
dard coordinates on a simplex A" = {(to,...,t,) € R%y|> 1 ,t; = 1}. There are face maps
d; : A"t — A" for 0 < i < n given by adding an i’th coordinate equal to zero. We call a space
with such given coordinates a semisimplicial complex, a notion we define more precisely below:

Definition 2.3. A semisimplicial complex is space X with a given homeomorphism to a space
obtained from glueing sets X; of i-dimensional simplices (faces) for 0 < i < n using boundary maps
(%:Xi%Xi_l fOI‘ZZl&HdOS]SZ

X = [T xwxar]/~
neNU{0}
where ~ identifies (0;(x),t) with (z,d;(¢)). The image of a A" is called a n-simplex.
A morphism of semisimplicial complexes is a continuous map which sends each simplex linearly
and homeomorphically onto another simplex of the same dimension. This gives a category SSComp.

Note that morphisms of semisimplicial complexes cannot collapse simplices, just identify several
of the same dimension. There is a forgetful functor SSComp — Top, which simply forgets the
homeomorphism to a space glued from simplices.

7



8 2. HCFT’S, WITH AND WITHOUT BRANES

Convention 2.4. Henceforth, semisimplicial complex will be abbreviated to complex if there is
no danger of confusion.

Because we will only be able to deal with finitely many points and collapses which identify only
points, we introduce a restricted category which only contains the nice complexes and well-behaved
maps.

Definition 2.5. A 0-finite complex is one such that the set X of 0-simplices is finite. A 0-regular
morphism of complexes is a morphism which is morphisms which are bijective on all i-simplices
for i > 0.

We let SSComp,, be the subcategory of SSComp with as objects the 0-finite complexes and as
morphisms the 0-regular morphisms between O-finite complexes.

We call a complex n-dimensional if there is a cell of highest dimension n. If a complex is
n-dimensional for some n € N, it is called finite dimensional. If no such cell exists, a complex is
called infinite dimensional.

We will now discuss some examples. It is well-known that any smooth manifold M of dimension
m admits a piecewise linear triangulation, hence admits the structure of a m-dimensional complex.
If the manifold is compact, then it has the structure of O-finite complex. But not every complex
admits smooth structure.

Example 2.6. A simple example of complex which does not necessarily admit a smooth structure
is given by the geometric realisation of a graph, as in section [I.I] There a precise definition of
a graph is given, but for the moment just think of a graph as a set of vertices with some edges
between them. For any graph I' the space |T'| is given by taking a point for each vertex and an
interval for each edge, glueing these to get a space. This geometric realisation |T'| is naturally a
0-finite complex of dimension 1, with O-simplices equal to the vertices and 1-simplices equal to the
edges.

Recall that we defined a simplex to the image of a closed standard simplex A™. This means
that when we assign a label to a simplex in a complex, its face automatically get the same label.
The closure of o € X; is the set of all elements of 3 € X; for ¢ < j which can be obtained from «
by applying zero, one or more boundary maps.

Definition 2.7. Let B be a set. A B-labelled complex is a finite dimensional complex together
with a maps b; : X; — BU {0} such that if b;(a) = 8 € B, then each simplex in the closure of «
must also be assigned the label 3.

A morphism of B-labelled complexes is a morphism of complexes which commutes with the
labelling. This gives a category SSCompy of B-labelled complexes. By restricting to objects whose
underlying complex is O-finite and morphisms of complexes which are 0-regular, we obtain the
category SSCompy .

Note that there is a forgetful functor SSCompyz — SSComp which forgets about the labelling,
and similarly there is a forgetful functor SSCompz — Topyg which forgets about the homeomor-
phism with the space glued from simplices. The same holds for the regular (B-labelled) complexes.

2. Open-closed cobordisms

2.1. The notion of cobordism. The notion of cobordism is one that has proven useful in
mathematics. It forms the basis of several generalized cohomology theories and categories of various
types of cobordisms are an active topic of study. We will only be concerned with 2-dimensional
cobordisms. We will think of cobordisms as modelling the worldsheet of interacting strings in
certain quantum field theories. This should make the definitions more intuitive and add some
motivation for considering cobordisms.

The simplest case of a worldsheet should just be part of the worldsheet of a closed string
moving in a space-time. If no interactions occur, this gives a cylinder. However, we want to
model interacting strings and therefore we want to have different circles, merging and splitting
into different circles. However, since we don’t want to work with an ambient space (although the
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deepest results about cobordisms, e.g. those by Galatius-Madsen-Tillmann-Weiss [GMTW10]
and Lurie [Lur09] do use ambient spaces) we are going to think of these worldsheets as abstract
manifolds. The actual string moving about and merging or splitting should then be a map of such
an abstract cobordism to the ambient space.

2.2. Cobordisms. For cobordisms, we are moving from topological spaces or semisimplicial
complexes to smooth manifolds, possibly with boundary. The smooth structure is not strictly
speaking necessary for considering cobordisms in two dimensions, because 2-dimensional topological
manifolds have a unique smooth structure up to diffeomorphism. It is however a very useful tool
when considering these cobordisms, for example allowing one to use techniques from differential
geometry. Also see remark [Lur09] remark 2.4.30].

In this setting, a (closed) cobordism in its most basic form is a 2-dimensional smooth compact
manifold ¥ with parametrised boundary divided into incoming and outgoing boundary. This means
we equip X with a partitioning of 9% into the incoming boundary 0%;, and outgoing boundary
0% out, both of which consists of a union of connected components of 03, and diffeomorphisms
pin : |1 ST = 0%, and poue : [[ ST — 024, In this cases ¥ is said to be a cobordism between the
incoming and outgoing boundary, both of which are 1-dimensional compact manifolds.

One can glue a cobordism ¥’ to a cobordism ¥ if the outgoing boundary of ¥ is diffeomorphic
to the incoming boundary of ¥'. This is done by identifying their boundary using the maps p,
and pyy:. We denote the glueing by X' o X.. The glueing gives us the problem of giving the
smooth structure near the point of glueing. In two dimensions this is not a real problem, since
there is a unique smooth structure on each topological 2-dimensional manifold (with boundary).
Equivalently, one can demand that the cobordisms have a collar near the boundary, i.e. have a
neighborhood which looks like a cylinder near the boundary. Then the smooth structure extends
directly over the locus where the cobordisms are glued.

In the general case, an n-dimensional cobordism is an n-dimensional manifold X with boundary
0X partitioned into an incoming and outgoing boundary and both of these come equipped with a
diffeomorphisms to an (n — 1)-dimensional manifold.

Often, one requires more structure on the cobordisms. For example, we will only be working
with oriented cobordisms. In this case X is required to be orientable and equipped with a chosen
orientation. There are induced orientations on the boundary. On the incoming boundary this is
given by saying that v € T,,0% points in positive direction if the following condition holds: we take
the ordered pair of first v and then a normal vector pointing inside the surface, then if we use a
collar structure to identify these vectors with elements of 73X for a nearby Z the pair should be
an oriented basis. For the outcoming boundary we use the normal vector pointing away from the
surface.

Of course S* also has a canonical orientation coming from its standard embedding in the plane:
Sl = {2z € C||z| = 1} with positive direction in counterclockwise direction. The diffeomorphisms
Pin and poy: should be compatible with these orientations, in the sense that the p;, should be

FIGURE 2.8. A cobordism with incoming boundary S*1JS* on the left and outgo-
ing boundary S* on the right. For clarity, the parametrisations and orientations of
the boundary components are drawn. Notice that indeed the outgoing boundary
parametrisation is orientation-reversing.
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orientation preserving and p,,¢ should be orientation-reversing. These conditions guarantee that
the glued cobordisms will have an orientation as well.

Convention 2.9. Until further notice, in this and the following chapters all cobordisms are 2-
dimensional and oriented. When drawing a cobordism, the incoming boundary will be on the left
and the outgoing boundary on the right.

Remark 2.10. The step from cobordism to oriented cobordism can be generalized quite a bit.
Firstly, one can consider G-cobordisms, where G a topological group with an injective continuous
homomorphism G — GL(n). A G-cobordism is then a cobordism with a given refinement of
transition functions of tangent bundle to G.

An slight generalization is when the cobordism M comes equipped with a continuous map
f: M — BG and a isomorphism of vector bundles TM = f*¢, where & — BG is the canonical
vector bundle R" x ¢ EG using a continuous homomorphism G — GL(n), not necessarily injective.
For G = {1}, this is known as a framed cobordism, in other words a cobordism with a framing. For
G = SL(n) with the standard embedding, we get back our oriented cobordism and for G = GL(n)
with the identity map to GL(n) we get back ordinary cobordism. There is a unique choice up to
homotopy of a metric, so without loss of generality we could have replcaed GL(n) with O(n) and
SL(n) with SO(n).

However, one need not even restrict to groups. Let X be a space with a n-dimensional vector
bundle ¢, with n > dim M. Then a (X, ¢)-cobordism is a cobordism with a map f: M — X and a
isomorphism of vector bundles TM @ R*~4mM =~ f*¢ Turie’s proof of the cobordism hypothesis
in particular allows one to classify topological field theories coming from these cobordisms [Lur09l
theorem 2.4.18].

2.3. Open-closed cobordisms. In string topology we will in particular get operations com-
ing from the moduli space of these oriented cobordisms. However, we can define operations for an
even larger class of cobordisms. These are the so-called open-closed operations.

The idea of open-closed cobordisms is that instead of having a cobordism between two 1-
dimensional manifolds, we look at cobordisms between two 1-dimensional manifolds with boundary.
This means that not only can the incoming and outgoing boundary consist of a disjoint union of
circles, but they can also contain intervals. In terms of worldsheets, our closed string can evolve
into an open string and vice-versa. The open strings can merge and split as well.

Definition 2.11. A open-closed cobordism is a 2-dimensional orientable manifold ¥ with boundary
and corners on the boundaryﬂ The orientation is fixed. There are subsets 07X, the free boundary,
and 0;X, the special boundary, of the boundary 03 with the following three properties:

(1) both 94% and 95X are 1-dimensional manifolds with boundary,

(2) their union 0;X U 05X is the full boundary 0%,

(3) the intersection of the free and special boundary coincides with their boundaries, 00;% =
00:X = 053X N 0,% and with the subspace corners, denoted Corners(X).

The special boundary 0s% is a disjoint union of an incoming and outgoing boundary 0;,%
and 0,22, both of which are disjoint union of connected components of J;%. Finally, these are
parametrised, which means that there are given diffeomorphims p;, : ([ SY) U (J]I) — 9% and
pout * (JTSY) U(ITI) — Oout>. Note that this implies a labelling of these boundaries components,
but we suppressed this to make the notation less cumbersome.

We have given an example of an open-closed cobordism in figure Open-closed cobordisms
can be glued in the same way as closed cobordisms, using the p;, and p,,: maps. The implicit
labelling is used to choose which circles and intervals to glue.

LA 2-dimensional manifold with boundary and corners on the boundary is a space which looks locally like R2,
R X Rx>q or R>g xR>g and where transitions functions are required to extend to diffeomorphisms of a neighborhood
of their domain and codomain. The latter reduces to the normal notion of diffeomorphisms when both charts of are
the type R2. If the charts are of different type, then it means that the boundary is nice, which in this case means
that it allows for the connection of a collar.
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FIGURE 2.12. An open-closed cobordism between S' U S' U T U T and S* U S,
The free boundary is dotted.

There is an operation 0 from open-closed cobordism to 1-dimensional cobordisms. This maps
a cobordism to its free boundary, considered as a cobordism from the boundary of 9;,% to the
boundary of 0,,¢%. This operation is compatible with glueing. In fact, it can be made into a functor
from the open-closed cobordism category to the oriented 1-dimensional cobordism category, if we
define these correctly by adding identities and making composition strictly associative.

2.4. B-labelled cobordisms. There is one final generalization to be made. In some physical
theories the endpoints of open strings are confined to certain submanifolds known as branes. In
terms of our abstract cobordisms, this means that each component of 93 should come equipped
with the label of the brane we want it land on. This leads us to the following definitions.

Definition 2.13. Let B be a set. A B-labelled cobordism is an open-closed cobordism with locally
constant map b: 0y — B.

In particular, a B-labelled cobordism is a B-labelled space, such that all points which have a
non-empty label are in the free boundary.

It is easy to see there is a forgetful map from B-labelled cobordisms to open-closed cobordism.
We say that two B-labelled cobordisms ¥ and X’ can be glued if the underlying open-closed
cobordism can be glued in such a way that the labels on the endpoints of the outgoing boundary
of ¥ and the labels on the incoming boundary of ¥’ coincide. It should be clear what the labelling
on ¥’ o ¥ should be: there is only one locally constant map b : 95(X’ o ¥) — B which coincides
with the original labellings of ¥/, ¥ on ¥/, ¥ respectively.

We should think of a B-labelled cobordisms as a cobordism between B-labelled 1-dimensional
manifolds. In this case with a B-labelled 1-dimensional manifold S we mean a 1-dimensional
manifold with boundary and a locally-constant function S — B. Note that because 95 is 0-
dimensional, in fact any function will be locally constant. In particular we conclude that this is a
particular type of B-labelled space.

Note we have the following isomorphism classes of B-labelled 1-dimensional manifolds: the
unit circle and unit intervals with label 8 € B at 0 and label 8’ € B at 1 for all possible pairs
(8,8") € B x B. One would like to make these cobordisms into a category. There are some
problems with associativity and identities, but these go away after we pass to isomorphism classes.
An isomorphism class of a cobordism is given by the relation of diffeomorphism relative to the
incoming and outgoing boundary, which only sends boundary with label 8 € B to boundary with
label 58 € B.

Definition 2.14. Let Bord}y’ be the category with objects the subset of Zxq x (Z>0)5*® consisting
of those functions with only finitely many non-zero components.
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The morphisms from (n, {ng,g}) to (n’,{nj 4 }) is the set of isomorphism classes of B-labelled
cobordisms ¥ such that 9;, is diffeomorphic to n circles and ng g intervals with boundary labels
B and " and 0y is diffeomorphic to n’ circles and nj; 45 intervals with boundary labels 4 and
B’. Composition is induced by the composition of cobordisms.

Note that pointwise addition on objects and the disjoint union LI of surfaces on morphisms
gives Bord’ the structure of a symmetric monoidal category. The unit is the isomorphism class of
the empty cobordism.

3. Mapping class groups

An important invariant of a space is its space of self-homeomorphisms. The mapping class
groups tries to capture this information while at the same time making it computable, by looking
at the connected components of the this space. It is also intricately linked to cobordisms, e.g.
[Til97]. The properties of this group are discussed in section

3.1. The various definitions of mapping class groups. Let ¥ be a closed oriented 2-
dimensional manifold. Then the group of orientation-preserving self-homeomorphisms of ¥, de-
noted Homeo+(§]) forms a topological group if we use the compact-open topology on Map(X, X))
and the subspace topology on Homeo™ (¥) € Map(X,%). This implies that mo(Homeo™ (X)) is a
group, whose identity is given by the component of the identity map of X.

Definition 2.15. Let ¥ be a closed oriented 2-dimensional manifold. The mapping class group
I's; of a closed oriented 2-dimensional manifold is given by 7o(Homeo™ ().

Remark 2.16. Alternatively, we can define the mapping class group as Homeo™ (X)/Homeo{ (%),
7o(Diff T (X)), Homeo™ (¥)/homotopy, Diff (¥)/isotopy, where Homeog (X)) is the connected com-
ponent of the identity, Diff () is the space of self-diffeomorphisms in the C*°-topology. Fur-
thermore, in this spaces the diffeomorphisms, homotopies or smooth isotopies are required to
preserve the orientation. This definition might seem to give problems for those surfaces where
homotopy is not the same as isotopy: the disk, the annulus, the once-punctured sphere and the
twice-punctured sphere. However, there homotopy is the same as isotopy for orientation-preserving
homeomorphisms. Hence the definitions still coincide. A reference for these remarks is [FM10|
section 1.4, section 2.1].

Remark 2.17. This is not the only notation for the mapping class groups. One often encounters
Mod (%), Map(X), MCG(X) and M().

The notion of mapping class group extends to manifold with boundary, marked points and
even to labelled boundaries. We say that a map f : X — X preserves a set S C X pointwise if
f(s) =sforall s € S. It preserves S as a set if f(S) = S.

e Let X be a closed oriented 2-dimensional manifold with marked points Z, then we will
let Homeo™ (2, #) denote the subgroup of Homeo™ (X) which preserves the marked points
pointwise.

e Similarly, if ¥ has a boundary 93, then Homeot (X, 9%) denotes the subgroup of Homeo™ (X)
which preserve the boundary pointwise.

e Let X be a manifold with boundary 0¥ and corners on the boundary and a fixed subset
052 of the boundary 9% which consists of 1-dimensional submanifolds with boundary.
Then the complement of 0% is denoted by 95X and its closure consists of 1-dimensional
submanifolds with boundary as well. In this case Homeo™ (X, 9%, 9,%) denotes the sub-
group of Homeo™ (X) of homeomorphisms which preserve the special boundary 9% point-
wise and the free boundary 9¢% as a set.

e Finally, suppose we are in the previous situation but we are given a B-labelling, i.e. a
locally constant map b : 0;% — B for some set B. Then Homeo™ (%, 0%, 9,%, B) denotes
the subgroup of Homeo+(§]) which preserve the special boundary 9,3 pointwise and the
free boundary 0¢3 as a set, but only permutes components of 9y% with the same labels.

Note that each definition gets more general, encompassing the earlier definitions. Getting
mapping class groups from these definitions is nothing but applying 7.
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Definition 2.18. We define the following variations of the mapping class group for different types
of surfaces.

Let ¥ be a manifold with marked points 7, then the group I'Z is given by 7mo(Homeo™ (%, ).
For a surface with boundary, the group T'%® is given by mo(Homeo™ (3, 0%)).

e For a surface with boundary and corners on the boundary, the group F%gz is given by

mo(Homeo™ (3, 0%, 9,X)).
Finally, for a surface with boundary and corners on the boundary and B-labels on the
free boundary, the group F%;?EB is given by mo(Homeo™ (3, 9%, 9,%, B)).

Remark 2.19. Again, we could replace the homeomorphisms by diffeomorphisms and 7y by taking
homotopy classes of homeomorphisms or oriented isotopy classes classes of diffeomorphisms. These
give isomorphic groups.

Remark 2.20. What we call F% is sometimes also called the pure mapping class group and denoted
PT's.. In those cases the name mapping class group is used for 7y of those self-homeomorphisms
that preserve T as a set. If ¥ is connected, this alternative definition of mapping class group can
be obtained as an extension of the symmetric group X,, by the pure mapping class group:

0— PTE - TE » %, =0

We describe some homomorphisms between mapping class groups given by the geometry of
surfaces. We just treat the most general case, because the other cases are similar. The disjoint
union Y’ LY of surfaces ¥’ and X gives us a homomorphism between mapping class groups

D) TS5 X TS5 = Do)
for the simple reason that if we are given a self-homeomorphism of 3 and a self-homeomorphism of
Y, then we can make a self-homeomorphism of ¥'LIY by applying each of the self-homeomorphisms
to their corresponding component.

The next thing to note is that the glueing of surfaces induces homomorphisms between mapping
class groups. Let ¥ and X’ be surfaces with boundary and corners on the boundary and B-labels
on the free boundary which can be glued. Let x : Z[[%’ — X’ o ¥ be the map which glues the
two surfaces along the relevant parts of their boundary. This induces a map

0 TR X TE5E S TGRS,
since a pair of homeomorphisms f' : ¥’ — ¥’ and f : ¥ — X which preserves the boundary
pointwise can be made into a single homeomorphism f’ o f of ¥/ o ¥ by setting f’ o f to equal to
f'on ¥ and f on ¥. There is no ambiguity at the glued boundary.

In both these constructions passing to connected components doesn’t give an problem, since
both of these constructions are continuous with respect to the compact-open and product topology
and hence sends the connected components in the product to connected components.

Convention 2.21. If it is clear from the context which type of mapping class group we use, we
don’t use the decorated I', but instead denote the mapping class group with I'y.

3.2. A nice cobordism prop. To give the link between the mapping class groups and
cobordisms, remark that any B-labelled cobordism is a manifold with boundary and corners on the
boundary with special boundary 0,% the disjoint union of the incoming and outgoing boundary
and labelling on the free boundary. In particular, we have defined I'y; for a cobordism. Since the
incoming and outgoing boundary are preserved pointwise, the composition of cobordisms induces
a homomorphism of mapping class groups as earlier.

We now define a topological prop coming from the mapping class groups, which generalizes the
cobordism prop whille at the same time avoiding difficulties making some of the diagrams commute
strictly. These difficulties were previously solved by using isomorphism classes of cobordisms
instead of the cobordisms themselves. The reason for generalizing to this prop is given in section
To define this prop we use the functorial classifying space construction, see proposition
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The disjoint union of the classifying spaces of the mapping class groups for all isomorphism
classes of B-labelled cobordisms will be the total morphism space of the topological category
underlying our topological prop.

Definition 2.22. Let Bords be the category enriched in Top with objects Zsq x (Z>0)?*® such
that only finitely many integers are non-zero. Such an object represents an isomorphism class of
B-labelled 1-dimensional manifolds consisting of a number of circles and a number of intervals with
labelled boundaries.

The space of morphisms from (n, {ng s }) to (', {nj 4 }) is the disjoint union [, BI's where
the disjoint union runs over all isomorphism classes of B-labelled cobordisms ¥ such that 9;,X is
diffeomorphic to n circles and ng g intervals with boundary labels 8 and 8’ and 0y, X is diffeomor-
phic to n' circles and nj; 5 intervals with boundary labels 3 and 4’. The composition is induced
by the maps Bl's; x Bl'sy — Bl'syox given by functoriality of the classifying space construction.

Definition 2.23. The disjoint union of surfaces induces a coproduct map I'(LJ) of mapping class
groups which in turn induces a symmetric monoidal structure on Bordg, given by pointwise addition
on objects and the induced map on morphisms. The identity is the empty cobordism. This gives
Bordg the structure of a prop.

Note that applying 7o to the hom-spaces gives us exactly the category Bordj’ back again. It
is easy to see that the induced symmetric monoidal structure after applying 7y is the same as the
original symmetric monoidal structure on Bordz’. Something which will be useful later, when we
deal with homological conformal field theories, is that we could just as well have replaced 7y with
Hy, since Hy and the free abelian group on 7y of a space are canonically isomorphic for sufficiently
nice spaces (e.g. locally pathconnected).

We need a partial subprop of this prop for string topology. This has to do with the fact we
can’t construct operations for cobordisms with only incoming boundary on a connected component.

Definition 2.24. The positive boundary prop, denoted by Bord‘g, is the full partial subprop of
Bordg obtained by restricting to those B-labelled cobordisms such that every connected component
has non-empty outgoing boundary.

Remark 2.25. This is not the usual definition of positive boundary. The usual definition as in
[GodO07] is that every component has a non-empty B-labelled or outgoing boundary. However, if
we do not impose our more restrictive positive boundary condition, we get the wrong components
in our geometric realisation later on. See remark

4. Homological conformal field theories

4.1. HCFT’s. In the appendix we show that a topological prop induces a prop in graded
vector spaces after applying any generalized cohomology theory for which we can get the Kiinneth
theorem to hold. In particular, this applies to H.(—, k) with k any field. We are mostly interested
in the case k = Q.

Definition 2.26. A homological conformal field theory of dimension 0 and branes B is a symmetric
monoidal functor H,(Bordg; Q) — GrAbgrps. A HCFT of dimension 0 with positive boundary
condition and branes B is a symmetric monoidal functor H.,(Bordj; Q).

Definition 2.27. Let B be a set with fixed element M € B. Let £ be the local system over
Bordp defined in section [6] of chapter [5] A homological conformal field theory of dimension d and
branes B is a symmetric monoidal functor H, (Bordg; LX) — GrAbgrps. A HCFT of dimension d
with positive boundary condition and branes B is a symmetric monoidal functor H,(Bord}; LX) —
GrAbgrps.

In particular £ has the property that it trivializible as a virtual bundle of dimension —x(2)d
over the components of Bordg with labels only {M} and at most one boundary component not
containing an incoming or outgoing part.

Remark 2.28. To recover Godin’s definition of a d-dimensional HCFT with positive boundary
set B={M} in the previous definition.
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4.2. String topology as a HCFT. Let M be a manifold and A and B be submanifolds.
Then LM denotes the space Map(S*, M) of continuous loops in M and Pps(A, B) denotes the
subspace of the space Map(I, M) of paths p such that p(0) € A and p(1) € B.

String topology is concerned with the homology of these spaces. The central claim of this
thesis is the following:

Theorem 2.29. Let M be an oriented compact manifold of dimension d and B = {A,B,...} a
collection of oriented compact submanifolds. Then the set (H.(LM;Q),{H.(Pym(A4, B);Q)}) can
be given the structure of a d-dimensional HCFT with positive boundary condition and set of branes
B. In other words, we will construct operations:

H,(BTs; L) @ Ho(LM;Q)®" @ @ 4 pep He(Pr(A, B); Q)®7 4.5

|

H(LM;Q)%* @ @4 pep Hs(Pu(A, B); Q)¥%4:8

where r s the number of incoming boundary circles, ra g is the umber of incoming boundary
intervals with labels A, B € B, s is the number of outgoing boundary circles and s p is the number
of outgoing boundary intervals with labels A, B € B.

PROOF. The maps J, are defined in definition The compatibility with disjoint union is
theorem and the compatibility with glueing of cobordisms is theorem [5.75} These theorems
also contain the exact formulation of what this compatibility means, but it boils down to the fact
that indeed the J, are the structure maps of a HCFT. O






CHAPTER 3
Fat graphs

In the previous chapter we discussed HCF'T’s, which are algebras for a prop coming from the
homology of the mapping class groups for cobordisms. Two-dimensional smooth cobordisms can
be modelled - and must be modelled in our construction of the string operations, see chapter
- by fat graphs. After that, we describe the link between fat graphs and mapping class groups,
which will be important for our definition of HCFT’s and to be able to calculate explicitly the
string operations later on. In chapter [7] we will see how other types of graphs can be used to give
string-like operations in other situations.

1. Graphs and fat graphs

It is easy to see that if one cuts a small disk out of a torus, then the resulting surface with
boundary deformation retracts onto a wedge sum of two circles, S' Vv S'. This is exactly the space
we saw in the Cohen-Jones construction of the string product [I.6] More generally, for any surface
with boundary one can find a 1-dimensional subcomplex which sits inside it as a deformation
retract. We want to represent surfaces with boundary by these 1-dimensional subcomplex as a
way to define umkehr maps for cobordisms. To do this, we discuss graphs and fat graphs. We will
start by getting our definitions straight.

1.1. Graphs. We use a slightly non-standard definition of graphs. Instead of seeing a graph
as a collection of vertices and edges, we would rather see it as a collection of vertices and half edges
with a pairing which tells you which pairs of half edges form an edge. This definition of a graph
is equivalent to the ordinary definition, but will make it easier to write down the notion of a fat
graph, where we have to demand a structure on all half edges attached to a vertex.

Definition 3.1. A graph consists of is a quadruple (V, H, s,1) of a finite set V of vertices and a
finite set H of half edges, together with a map s : H — V assigning to an half edge its source and
an involution ¢ : H — H without fixed points, which pairs a half edge with its other half edge. We
call the map s the source map and the map 7 the edge pairing.

The cycles of i are by definition of cardinality two and are known as edges. They form a set
E.

Remark 3.2. The demand that V' and H are finite is only for our convenience. There is no
reason not to look at infinite graphs if you are interested in graph theory. However, we can not
construct string operations for most infinite graphs, so we’re not interested in them. To be precise,
the techniques of our construction works as long as we only need to construct umkehr maps for
pullbacks of finite-dimensional embeddings. So for example we could still construct an operation
for fat graphs with a infinite incoming part and only finitely many additional vertices and edges.

Similarly one can define a theory of graphs with open half edges, i.e. graphs which admit
cycles of ¢ that have cardinality 1. These cycles are usually called leaves. Graphs with leaves play
a important role in the theory of operads.

For the notion of a morphism of graphs, it is easier to work with s and i extended to V U H.

Definition 3.3. Let I' = (V, H, s,4) be a graph. The extended map §: VU H — V Ll H is given
by extending s with the identity to V. Similarly, the extended map i : VU H — V U H is given by
extending ¢ with the identity to V.

17
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Every graph gives us a 1-dimensional complex with 1-simplices the edges and 0-simplices the
vertices, where the glueing maps are provided by the source maps. To be precise, we have the
following definition of the geometric realisation of a graph:

Definition 3.4. Let I" be a graph. The geometric realisation |T'| is defined to the following space:

1

I = ((H Qu]] [072]>> /~
veV heH

where ~ is the equivalence relation identifying 3 € [0, 3], with £ € [0, 1];,) and 0 € [0, 1], with

*s(n)- 1t is naturally a 1-dimensional complex, with O-simplices the vertices and 1-simplices the

edges.

There are different notions of morphisms of graphs. We want to use two different notions of
morphism of graphs:
(1) Maps of graphs are those morphisms which induce maps between the geometric realisa-
tions by mapping vertices to vertices and possibly collapsing some edges.
(2) Simple maps of graphs not only induce maps of geometric realisation, but this map
should be a simple homotopy equivalence as well. Combinatorially, they are maps of
graphs which only collapse embedded trees.

The reason that we want to use these two different notions is that the first is necessary to
describe some of the constructions that change the homtopy type, like separating edges from
vertices, while the second is useful when describing fat graphs.

Definition 3.5. A map of graphs f:T' = (V,H,s,i) - T" = (V' H',s',i')isamap f: VUH —

V U H such that fo§ =258 o fand foi=1of.

Note that since § has image in V and &' has image in V', such maps must map vertices to
vertices. However, half edges can be mapped to either vertices or half edges. The second condition
foi=1 o f implies that if a half edge is sent to a vertex, then its other half will be sent to the
same vertex. More generally, this condition implies that f induces a map from edges of I' to edges
and vertices of I, collapsing some edges to a vertex. The collection of maps of graphs has the
following property:

Lemma 3.6. For each graph ', the identity map is a map of graphs. The composite of two map
of graphs is again a map of graphs and this composition is associative.

PRrROOF. The identity map extends to the identity V LU H — V U H. The conditions of com-
muting with § and ¢ are therefore always satisfied.

Let f:T9g — T'y and g : I’y — I's be two maps of graphs. Then §s0 fog= foS109= fogo3y
and similarly for the extended edge pairing maps. Associativity is trivial. ([l

This allows us to define our first category of graphs.

Definition 3.7. The category of Graph has as objects graphs and as morphisms maps of graphs.
Finally, we prove the motivating lemma for this notion of morphism of graphs.

Lemma 3.8. A map of graphs f : T — T induces a map |f| between |T'| and |TV].
PROOF. We want to define a map f:

i ((H@u(ﬂ[o,;))/w <<L[ QU] [0,;J>>/~

veV heH VeV’ h'EH'
This map is defined as follows: if f maps v to v/, f maps %, to %, if f maps h to v/, f maps
[0, 3]n to %, and if f maps h to b/, f maps [0, 3]x to [0, 3]x identically.
Since f commutes with the extended s and ¢ maps, this map is compatible with the equivalence
relation ~, hence induces a continuous map |f]| : |T| — |TV|. O

Corollary 3.9. The geometric realisation of graphs is a functor | — | : Graph — SSComp.
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PROOF. A quick look at the definition of the induced map shows that |g o f| = |g] o | f] and
that |id| = id|p|. O

With these properties of maps of graphs established, we can now define our notion of a simple
map of graphs.

Definition 3.10. A simple map of graphs f : I' — I” is a map of graphs with the following
properties:
(1) it is surjective,
(2) each half-edge in I is the image of only one half-edge in T,
(3) it induces a homotopy equivalence on geometric realisation. Equivalently, we can demand
that f has the property that f~!(v) is a connected tree for each vertex v € V.

We start by noting that this indeed is a good notion of morphism.

Lemma 3.11. The identity map is a simple map of graphs. The composite of two simple maps is
a simple map and this composition is associative.

PRrROOF. Using lemma [3.6] it suffices to show that the identity is surjective, injective on H,
induces a homotopy equivalence and has f~1(v) a tree for each vertex. The first two properties
and the last property are trivial; the identity is a bijection. The third property is proven by noting
that |id| = idp|, which is in fact a homeomorphism.

To see that the composition of simple maps is a simple map, we simply check all the properies.
We first note that a composition of surjections is a surjection and that if both simple maps only
map a single half-edge to each half-edge then their composition will as well. Finally, one can note
that a composition of homotopy equivalences is a homotopy equivalence or, equivalently , that if
in a tree each vertex is blown up to a tree, the result is again a tree. Associativity follows from
lemma [3.61 O

This gives us enough information to define our second category of graphs.

Definition 3.12. The category SGraph has as objects graphs and as morphisms the simple maps
of graphs.

There is an inclusion functor SGraph — Graph because every simple map of graphs is a map
of graphs. This means that the geometric realisation induces a functor | — | : SGraph — SSComp.

1.2. Constructions on graphs. We will now discuss several constructions that can be done
on graphs. In particular, we are interested in constructions that behave well with respect to
geometric realisation. We start with a natural notion of a subgraph of a graph.

Definition 3.13. A subgraph I of a graph T is a triple (V' H', s',i’) such that V' C V, H' C H,
s’ = s|g and i’ = i|gs such that s’ has image in V’and ¢’ has image in H'.

We also want to be able to take the complement of a subgraph. Taking the set-theoretic
complement gives an incorrect result, however; some half-edges are no longer connected to a vertex.
To solve this, we just naively add these missing vertices again.

Definition 3.14. Let I be a subgraph of T, then I'\I" is the subgraph of I obtained by removing
the half-edges of TV and those vertices of IV which have no half-edge in H\H' leading into them.
The edge pairing and the source map are the restrictiond of those of T'.

It is clear that |[I'\I”| and |I| are both subspaces of |T'|, their union is |T'| and they intersect
only in their common vertices, i.e. the ones that we added to make I'\T" a graph.

Next, we fix a notation for the functor that removes all half-edges, leaving just the vertices.
That this does not restrict to a functor v : SGraph — SGraph because the induced morphism can
change the homotopy type, i.e. the number of vertices.

Definition 3.15. The functor v : Graph — Graph is the functor which sends a graph (V, H, s, 1)
to the graph (V,0,0,0). It sends a morphism to the map on vertices.
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F1GURE 3.17. The effect of applying the subdivision functor sd to a graph.

We also fix a notation for the subdivision functor, with splits each edge into two separate
edges. It does restrict to a functor sd : SGraph — SGraph.

Definition 3.16. There is a functor sd : Graph — Graph which subdivides every edge. It sends a
graph (V, H, s,4) to the graph (VUE, H x{0,1},s',i’) where s'(h x{0}) = s(h) € V, s'(hx {1}) =
[h] € E, where [h] € E is the edge to which h belongs, and #'(h x {j}) = hx {1—j}. On morphisms
it is the induced map, i.e. if a morphism collapses an edge then the induced morphisms collapses
both parts of the subdivision of this edge.

Although the definition of the subdivision may seem a bit abstruse, there is in fact nothing
going on except canonically adding a new vertex for each edge and doubling the half edges. Look
at figure for a picture.

Next, we fix a notation for the separation functor, which removes the attachment of the edges
to the vertices. It does not restrict to a functor sep : SGraph — SGraph because a morphism can
change the homotopy type, again by changing the number of connected components. See figure
for an example of what this functor does on a graph.

Definition 3.18. There is a functor sep : Graph — Graph which removes the attachment of each
edge to the vertices. It sends the graph (V, H, s, ) to the graph (V U E x {0,1}, E x {0,1},¢',¢')
where s'(ex {i}) = ex{i} and i'(e x {j}) = ex {1 —j}. On morphisms it is the induced morphism,
i.e. if a morphism collapses an edge then the induced morphisms removes the component of this
edge and identifies the two vertices.

X-

FIGURE 3.19. The effect of applying the separation functor sep to a graph.
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Finally, we fix a notation for a functor half-way between separation and subdivision. It is
unfortunate to have to introduce this, but this functor appears naturally in the construction of
the string operations and cannot be written as a composition of our other functors. It is given
by applying the separation functor and then splitting each half-edge into two edges which are no
longer connected. Note that it doesn’t retrict to a functor hsep : SGraph — SGraph. See figure
[3:21] for an example of this functor applied to a graph.

Definition 3.20. There is a half-edge separation functor hsep : Graph — Graph which sends the
graph (V, H,s,i) to the graph (V U H x {0,1}, H x {0,1},s',i’) where s'(h x {i}) = h x {i} and
i'(h x {j}) = h x {1 — j}. On morphisms it is the induced morphism, i.e. if a morphism collapses
an half-edge then the induced morphisms removes the component of this half-edge and identifies
the two vertices.

1.3. B-labelled graphs. We will be interested not only in ordinary graphs, but in graphs
with labels encoding boundary conditions on maps from the geometric realisation of the graph to
a fixed target space. To do this, we define what it means for a graph to be labelled by a set B.

Definition 3.22. A B-labelled graph is a graph (V, H, s,4) with a function b: VU H — BU {0}
such that the equation boi = b holds, 3(b=1(B)) C b~(B) and when we restrict to b~'(B) the
equation bo § = b holds. Here 7 and 3 are the extended involution and source map respectively.

A (simple) map of B-labelled graphs is a (simple) map of graphs commuting with the labelling
functions. This gives categories Graphyz and SGraphg of B-labelled graphs.

In particular, the definition is tailored to make sure that the geometric realisation of a graph
is a B-labelled complex.

Proposition 3.23. The geometric realisation | — | is a functor Graphg — SSCompyg if we define
the labelling on |U| by saying that a point gets the label of the vertex or edge in which it lies.
Furthermore the image consists only of 0-finite complexes.

PROOF. The equations boi =b and bo 5 = b on b~!(B) make sure that this is well-defined, as
edges have a single label and each vertex can only get a single non-empty label. Furthermore, it
is easy to see that the second equation implies that boundary of a simplex with non-empty label
has the same label again.

That the complexes obtained this way are O-finite is a direct consequence of the fact that a
graph only has finitely many vertices in our definition. O

It is clear that the constructions on graphs given earlier extend naturally to B-labelled graphs
by keeping track of the labels correctly. We will not define these functors explictly.

. \\
o |
/

00—0 000

N PN

FI1GURE 3.21. The effect of applying the half-edge separation functor hsep to a graph.
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FIGURE 3.27. A fat graph and its corresponding surface. Note that the surface
has two boundary components.

1.4. Fat graphs. A certain type of graph will represent a surface with boundary. Intuitively,
we want to slightly thicken the edges of our graphs to finite width and the vertices to disks of finite
size. Then we say this is the surface the graph represents. However, to make this construction
well-defined we need additional data at the edge, i.e. we need to know in which order to attach
the edges of our graph to the vertices. This can be encoded by a cyclic permutation of the half
edges attached to a vertex. This leads us to the definition of a fat graph.

Definition 3.24. A fat graph is a graph T' = (V| H, s,4) together with a permutation o : H — H
such that its cycles correspond to the sets s~!(v) for v € V. We demand that H is non-empty.

Convention 3.25. When we draw a fat graph, the cyclic ordering of the half edges attached to a
vertex will be the cyclic ordering induced from the positive orientation of the plane.

Remark 3.26. A fat graph is also known as a ribbon graph, e.g. in [Kon92|, [Cos06a].

We now make precise how to construct a surface with boundary from a fat graph. This makes
rigorous the construction sketched above. Consider a finite set X with cyclic permutation o, then
we define a standard polygon with edges labelled by X.
Case #X > 3: If X contains three or more elements, we let Dx , be the regular polygon in
R2 with #X sides of length 1 and characteristic maps b, : I — 0Dx , for x € X such
that b, preserves orientation, i.e. 1 is counterclockwise from 0, and counterclockwise from
the side b, is the side by (y)-

Case #X = 2: If X contains two elements Dx , is a square | 2 with two characteristic maps
b, preserving orientation going to opposite edges.

Case #X = 1: If X contains a single element, Dx , is a interval I with obvious characteristic

maps b, : I — I equal to the identity map.

The associated surface is given by glueing edges correctly to these standard polygons.

Definition 3.28. Let I' be a fat graph. The surface associated to T', denoted Xr, is the space
given by

1

21‘* = ((H DS*I(U),U|371(U>) U (H X [07 5] X [Oa 1])) / ~
veV

where ~ is the equivalence relation which identifies {h} x {3} x [0,1] with {i(h)} x {3} x [0,1]

using the map ¢ ~— 1 —¢ of [0,1] and {h} x {0} x [0, 1] with an edge of Dy -1(s(n)) using

by,.

Ols=1(s(ny)
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&
&

F1GURE 3.29. The construction of definition for two similar fat graphs.

|

|

This has a natural smooth structure coming from the smooth structure of the intervals and
the standard polygons. We give X the orientation such that at each vertex the disk is positively
oriented.

An example of two fat graphs and their corresponding surfaces is given in figure Note
that by first glueing the two half edges, we can also construct X as

Yr= <(H Dsfl(v),a\dfl(v)) U (£ % [0,1] x [0, H)) [~
veV
Also note that X by construction deformation retracts onto I'. We therefore sometimes call '
the spline of Xp. From the construction we see that > will have at least one boundary component,
but there might be more. We want to identify these boundary components in the combinatorics
of fat graphs.

Lemma 3.30. The boundary components of Xr can be identified with the cycles of o o1 or equiv-
alently ioo.

PrROOF. We recommend drawing a fat graph and its corresponding surface to illuminate this
proof. Let & be a half edge. Then we denote the two sides of {h} x [0,1] x [0,1] by ho and hy.
We look at the boundary component of which hg forms a subset. hq is connected to i(h)o which
is in turn connected to o (i(h));. Using this we obtain that the cycle of o o7 containing h contains
a half edge in a side of each thickened edge {e} x [0,1] x [0, 1] which is a subset of the boundary
component containing hg. Since the entire boundary component is a union of such sides, we obtain
a bijective correspondence between boundary components and cycles of o o i.

For i o o it suffices to note that conjugation with i preserves the cycle structure: hence there
is bijection between the cycles of ¢ o ¢ and the cycles of i 070 0gi = o o4, where we used that
i=1qi1. |

Giving the boundary cycles is in fact equivalent to given the cyclic ordering at the vertices.
This is a consequence of the fact that ¢ is an involution, which implies that o can be reconstructed
from o o4 by precomposing with 1.

Remark 3.31. Note that each connected component of Y always has at least one boundary
component. This is consistent with the fact that string topology is a HCFT with positive boundary.

Now that we have a definition of fat graphs, we want to know what a morphism of fat graphs is.
In the case of graphs, we choose our simple morphisms such that they preserve the homotopy type
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of the geometric realisation. We do something similar for fat graphs: we want those morphisms
that induce a map between the surfaces corresponding to a fat graphs and such that they preserve
the homeomorphism type of these surfaces.

Definition 3.32. A morphism of fat graphs f : T — I is a simple morphism of graphs which
preserves the boundary cycles, i.e. we require that f doesn’t collapse any boundary circles and
that ¢’ o4’ is obtained from o o7 by removing all collapsed half edges from the cycles and then
applying f.

The last condition can be made more concrete, which is useful for the proofs.

Remark 3.33. The latter condition, in the context of simple morphisms of graphs, can be rewritten
as follows.

First note that for each b’ € H' then there is a unique h € f~1(h') which is not collapsed by f.
The condition is then equivalent to requiring that o’ oi’(h’) = f((o 04)*h) where k is the smallest
integer such that (o o i)*h is not collapsed by f.

Lemma 3.34. The identity is a morphism of fat graphs and the composite of two morphisms of
fat graphs is again a morphism of fat graphs. Furthermore, this composition is associative.

PROOF. See lemma [3.17] for the properties of simple morphisms. With this lemma, we only
need to worry about possible collapse of the boundary components. Since the identity doesn’t
collapse any edges it automatically preserves the boundary components.

We already know that a composition of simple morphisms of graphs is again a simple morphism
of graphs. It is clear that if both g : 'y — I's and f : I'¢ — I'y don’t collapse boundary cycles,
then g o f won'’t either. For the condition on the boundary cycles, we use the reprashing of the
condition in remark There is a unique hg € (g o f)~*(ha) which is not collapsed by g o f,
given by the unique hg € f~!(hy) which is not collapsed by f where h; is the unique element of
g~ (h2) not collapsed by g. Then o3 0 iz(ha) = g((01 041)*1 hy) and oy 0iy(hy) = f((00 040)*ho)
for some k; and kg. Now note that (o1 0i1)*1(hy) = f((0g 0 ip)*1T*0hg). Therefore it suffices to
note that the smallest k for which (og o ig)*(ho) is not collapsed is equal to k; + ko. But this is
clear, as every edge which is collapse has to be collapsed either by g or f.

Associativity follows from the associativity of the composition of morphisms of graphs. O

This has given us enough information to define a category of fat graphs.

Definition 3.35. Fat is the category with as objects the fat graphs and as morphisms the mor-
phisms of fat graphs.

1.5. The connected components of Fat. We will see that Fat naturally splits into disjoint
subcategories, indexed by the genus and the number of boundary components. We already know
how to compute the number of boundary components from the combinatorial data of a fat graph,
so it suffices to show how to compute the genus of X from the combinatorial data of a fat graph
r.

Lemma 3.36. The genus of X is given by g = %(f#V + #E — #{boundary components} + 2).

PROOF. By attaching a two-cell to |T'| for each boundary component we get a compact oriented
surface whose genus coincides with the genus of Y. The complex for cellular homology over R
has dimension #V in degree 0, #F in degree 1 and #{boundary components} in degree 2. Hence
the Euler characteristic x is given by #V — #FE + #{boundary components}. From the equation
X = 2 — 2g we derive the formula for g. |

Remark 3.37. Note that in figure the surface with boundary on the top has three boundary
components and genus 0, while the bottom one has one boundary component and genus 1.

We can now prove the statement that a morphism of fat graphs preserves the homeomorphism
type of the surface.

Lemma 3.38. If f : ' — IV is a morphism of fat graphs, then Xr is a surface homeomorphic to
Y.
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° — ¥

increase number of
boundary components
by 1

° — ¥

increase genus by 1

FI1GURE 3.42. Two moves which can be used to obtain a fat graph for each home-
omorphism type of surface.

PROOF. We will use the classification of connected compact oriented surfaces with boundary.
These are uniquely determined up to homeomorphism by the genus g and the number of boundary
components n. Since the morphisms of fat graphs must preserve the boundary cycles, the number
of boundary cycles must the same for I and T".

We use that the formula for g given in lemmal[3.36] Since the number of boundary components
is constant, it suffices to prove the difference of the edges and the vertices is constant under
morphisms of fat graphs. But this is easy to see form the fact that we only allow collapses of
trees. (|

Remark 3.39. There is a alternative proof of the previous statement. First note that the part of
the surface with boundary coming from a fat graph which corresponds to a tree is homeomorphic
to a disk. Also, we can identify the part of the surface corresponding to a vertex with a disk.
Thus collapsing a tree doesn’t change the homeomorphism type of the corresponding surface with
boundary.

But does every surface of genus g with n boundary components arise as the surface corre-
sponding to a fat graph? The answer to this question is yes. A more advanced case is treated by
theorem but we now give a simple construction for the case of ordinary fat graphs.

Lemma 3.40. There exists a graph T' such that v is a surface of genus g with n boundary
components.

PROOF. The underlying graph of T" has one vertex % and 4g + 2n half edges {1,...,29 +
n,1,...,2g +n}. The source map s has constant value * and i(j) = j determines i uniquely. We
set i o o as follows, clearly giving n + 1 boundary components (note that 1,2,...,n don’t appear
in this cycle):

ioc=(12---fAin+1n+2n+3---2g+nnn+1---2g+n)
As a consequence o should be:
o=(1122---nan+1In+2---n+1---29+n)
The genus of the surface Er is $(—1+4 (29 +n) — (n + 1) +2) = g using lemma@ O
Remark 3.41. There is an alternative proof of the last lemma. For this proof one notices that
there are two moves, which either increase the number of boundary components or the genus by 1.

These are depicted in figure Starting linear fat graph one can obtain all values for number
of boundary components and the genus by repeatedly applying these moves.

Corollary 3.43. The category Fat® of connected fat graphs is a disjoint union of categories Fatg .,
which are the full subcategories of Fat on the connected fat graphs which realize to a surface of
genus g with n boundary components.
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PROOF. Lemma [3.38 implies that Fat,, is a disjoint union of connected components and
lemma shows that these components are non-empty. We need to show that it is connected.
This is a consequence of theorem which we will prove later. O

For future purposes, we will describe the fat graphs in the components Fatg; and Fatg
explicitly.

Lemma 3.44. A fat graph T’ can have a corresponding surface Xr homeomorphic to a disk if and
only if it is a tree. A fat graph T' can have a corresponding surface X homeomorphic to an annulus
if and only if it consists of a single cycle with trees attached.

PROOF. In both cases it is clear that the fat graphs described have the correct type of corre-
sponding surface associated to it. So it suffices to prove the converse. In this proof, we use graphs
with open edges. These are half-edge without source.

Suppose that T" is not a tree. Let TV C T' be a maximal disjoint union of cycles in T'. Then the
set-theoretic complement of IV in T is a disjoint union of open trees. An open tree with k& open
leaves has #F — #V =k —1 > 0 and a cycle has #E — #V = 0.

If ¥ is a disk, then from the formula in lemma we obtain that #F — #V = —1. From
the earlier discussion this can only occur if it is a single tree without open leaves, because I' has
to be connected.

If ¥r is an annulus, then we first note that #F — #V = 0. T" can’t be a tree, because then X
would be a disk. Therefore there is at least one cycle and each cycle contributes zero to #FE — #V
and each tree contributes k — 1 > 0 to #E — #V. Since T is connected, if there is more than one
cycle then there must be a open tree connecting those, and this tree must contribute a positive
number to #FE — #V. We conclude that there is exactly one cycle. Furthermore, each open tree
must have £ — 1 = 0, which means that it attached to the cycle at exactly one vertex. Thus our
description of such graphs as a cycle with attached trees is correct. O

1.6. Constructions on fat graphs. We now discuss some useful functors from fat graphs
to graphs. The first is the forgetful functor, which forgets the cyclic ordering at each vertex. We
denote it by S for spline. This name was chosen because |S(I")] is the spline of .

Definition 3.45. The functor S : Fat — Graphs is the forgetful functor on objects and morphisms.

Since any morphism of fat graphs is in particular a morphisms of graphs, this is indeed a
functor. Secondly, there is a functor from the category of fat graphs to the category of graphs,
given by a assigning to a fat graphs its boundary graph.

Definition 3.47. The functor 0 : Fat — Graphs assigns a fat graph T' = (V, H, s,i,0) the graph
oI with vertices [,y (HhES*l(v){Uh}) and half edges [, .5 {ho,h1}. The source map is given
by s(ho) = v, and s(h1) = v, (p). The involution is given by i(hg) = i(h)1 and i(hy) = i(h)o.

A morphism of fat graphs assigns a morphism of graphs by the induced map on the indexing
set of the vertices and the edges. The functor 0 is called the boundary graph functor.

It is geometrically clear that the boundary of a surface with boundary maps to the spline.
This is made precise in the following proposition.

Proposition 3.48. There is a natural transformation s : 0—S given on a graph T' = (V, H, s,1)
by the morphism of graphs which sends acts on vertices by vy, — s(h) and on half-edges by h; — h.
This natural transformation is called the collapse map.

The reason we call 9 the boundary graph functor is that its geometric realisation is the bound-
ary of |T'|.
Proposition 3.49. The geometric realisation |OT| can be identified by the boundary O|T| of the

geometric realisation of T'.

PROOF. There is a homeomorphism induced by the following map on the component compos-
ing |OT'|. The vertex *,, maps to the corner by (0) of Dy-1(y) 0| iy the interval [0, %]ho maps to

kY x [0, 1] x {0} and the interval [0, 1], maps to {h} x [0, 1] x {1}. O
2 21h1 2
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FI1GURE 3.46. The boundary functor 0 applied to two similar fat graph. The first
has three boundary components while the second has a single one.

1.7. B-labelled fat graphs. If fat graphs are to model open-closed cobordisms, we should be
able to find a suitable notion of decorated fat graphs to model B-labelled cobordisms. We choose
a model first introduced by Ramirez in [Ram06].

Definition 3.50. A B-labelled fat graph is a fat graph I" with subgraph 0;I" of OI' together with
a locally constant map b: 9fI' = B.

A morphism of B-labelled fat graphs I' — I" is pair of morphisms of fat graphs f : I' — IV and
a morphisms of graphs f; : 9" — ;I such that the following diagram commutes:

9T —— T

B
ffl la(f)
B

afl“’ — oI’

?

b/
This defines a category Fatg of B-labelled fat graphs.

Definition 3.51. If a B-labelled fat graph I' satisfies the condition that the composition of ¢ :
OrI' = OI' with boundary collapse map s : 0I' = I' of proposition is a embedding, then it is
called an nice B-labelled fat graph. We denote the full subcategory of Fatg of B-labelled on these
nice fat graphs by Fat}.

Of course, we also want to keep track of the incoming and outgoing boundary.

Definition 3.52. An open-closed B-labelled fat graph is a B-labelled fat graph with a partition of
OI'\0yI" into an ordered disjoint union of graphs 9;,I" and J,:I" and a marked “starting vertex” for
each component of OT'\O;T". The graphs 0;,I" and 0,,+I" will be B-labelled, with labels appearing
on vertices coming from 0I".

A morphism of open-closed B-labelled fat graphs f : ' — I is a morphism of B-labelled fat
graphs such that the map 9(f) sends 9;,I" to 9;,I", preserving the ordering, and 9y, I’ to Oy I,
preserving the ordering, and sends starting vertices to starting vertices. This defines a category
Faty'.

These fats graphs have the property that their geometric realisation can be given the labellings
and parametrizations of boundary components to produce B-labelled cobordism.

Definition 3.53. The cobordism realisation |I'|,. of a open-closed B-labelled fat graph is ¥r as a
manifold with boundary and corners on the boundary, where we identify the boundary 9|T'| with
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|OT'|. The free boundary 0y|I'| is then |0;T'| C O|I'| and the incoming and outgoing boundaries are
|0:nT| C O|T'| and |0t I'| C O|T'|. The ordering of the incoming and outgoing boundary graphs
gives us an ordering on the boundary components. |T'|,. inherits an orientation from Xr and this
together with the choice of starting vertex gives us a canonical parametrization of these incoming
and outgoing boundary components.

It is easy to see that if there exists a morphism of open-closed B-labelled fat graphs between I"
and IV, then both the corresponding B-labelled cobordisms will representent the same isomorphism
class of B-labelled cobordisms.

Because we will need to work with just the graphs for our umkehr maps, not their associated
boundary graphs, it is inconvenient if an edge or vertex gets two labels. To solve this, we have
to resort to nice graphs. First note that if the underlying B-labelled fat graph of a open-closed
B-labelled fat graph is nice, each vertex and half-edge of I" gets a labelling.

Definition 3.54. We say a open-closed B-labelled fat graph is nice if the underlying B-labelled
graph is nice and the composition of 9;,I' — JOI' with 9" — T is injective on half-edges and sends
unlabelled edges to unlabelled edges. Furthermore, we require that if 0, maps to a labelled
vertex, then one of the preimages of this vertex lies in 0;I' N 9;,I" (since the graph is nice, it is at
most one). It is called admissible if the composition of 9;,I' — dT' with ' — T is injective on
vertices as well.

This way, we get a categories Faty™", Fat};”® of nice, resp. admissible, open-closed B-labelled
fat graphs.

Remark 3.55. We will now describe some open-closed B-labelled graphs that are nice and some
that aren’t.

e A graph is not nice when an edge has labels in B on both sides.

e A graph is not nice when an edge has a label in B on one side and an incoming label on
the other.

e A graph is not nice when a vertex has incoming label on boundary component and label
in B on another.

e A graph can still be nice when a vertex has incoming and label in B on the same boundary
component. Of course, all other boundary component must then be outgoing.

e A graph can still be nice when a vertex is labelled incoming from multiple boundary
components. If we only look at admissible graphs, this is not allowed. Only one boundary
component of a vertex can carry a different label than outgoing.

We must be sure that we do not lose any information by considering only nice open-closed
B-labelled fat graphs. A starting point to showing this is the following important result by Ramirez
[Ram06, lemma 9.

Theorem 3.56. For each isomorphism class of B-labelled cobordism there exists a nice open-closed
B-labelled graph T' such that ||, is a representative of this isomorphism class.

SKETCH OF PROOF. The proof works by first reducing open-closed B-labelled graphs to a
certain normal form and then applying an algorithm which resolves all bad edges and vertices, i.e.
edges or vertices which can more than one label applied to them. (|

However, this theorem will also follow from theorem [3.69] as long as one assumes that there
is some not necessarily nice open-closed B-labelled graph representing an isomorphism class. We
will also show that there one can represent each class with an admissible graph in the course of
proving theorem [3.69

2. The relation between fat graphs and mapping class groups

In the previous section we discovered a relation between fat graphs and cobordisms: fat graphs
correspond to splines of cobordisms. In this section we will extend this to a relation between the
category of fat graphs and mapping class groups. The idea behind these theorems is that the
classifying space of mapping class group represents the moduli space of Riemann surfaces with



2. THE RELATION BETWEEN FAT GRAPHS AND MAPPING CLASS GROUPS 29

boundary up to homotopy. Hence if we agree to pass to homology or some other generalized
cohomology theory later on, we can replace moduli spaces with the geometric realisation of the
category of fat graphs. We have the following goal in mind: using fat graphs to construct operations
parametrised by homology classes of moduli spaces of Riemann surfaces with boundary.

2.1. Base case: fat graphs. We start with the fundamental theorem underlying this theory.
The following theorem has been proven in different guises in the last twenty years, for example by
Strebel [Str84], Penner [Pen87], Kontsevich [Kon92|, Igusa [Igu02] and Costello [Cos06a]. Let
Fat§ denote the full subcategory of connected fat graphs for which every vertex has valence greater
than or equal to 3. We furthermore assume that the boundary components of the fat graphs are
labelled and the morphisms respect these labels.

Theorem 3.57 (Costello, Kontsevich, Igusa, Penner, Strebel). There is a rational homology equiv-
alence

|Fat§| ~ [[ BTs
(3]

where the disjoint union runs over all isomorphism classes of orientable closed 2-dimensional man-
ifolds with n > 1 marked points except (g,n) = (0,1), (0, 2).

SKETCH OF PROOF. We sketch Strebel’s construction using conformal geometry [Str84], as
explained by Kontsevich in [Kon92]. There are other proofs: Penner gives a construction using
hyperbolic geometry and Costello using an orbicell decomposition of the moduli space. Figure|3.58
illustrates the first part of the proof.

A quadratic differential on a Riemann surface S is a holomorphic section of (T*S)®2. This
means that it can locally by written as ¢(z)dz? for a holomorphic function ¢. A horizontal tra-
jectory of a non-zero quadratic differential is a curve along which ¢(z) attains real positive values.
These trajectory are either closed or non-closed. The closed trajectory come in families and these
families decompose the complement of the non-closed trajectories into annuli or punctured disks.
In a single annulus or punctured disks all closed trajectories have the same length.

A Jenkens-Strebel differential is one such that the non-closed trajectories have measure zero.
The fundamental theorem of the theory of these differentials is that for each choice of n marked
points {z1,...,x,} in S, where n > 0 and n > x(5) and each choice of n choice of n positive
real numbers {rq,...,r,}, there is a unique Jenkens-Strebel differential on S\{z1,...,z,} which
partitions S\{z1,...,2,} into a n punctured disks in which the closed trajectories have lengths
r1,...,Tn respectively, together with non-closed trajectories and zeroes of the differential.

The union of the zeroes with the non-closed trajectories is a graph, which becomes a fat graph
because it comes embedded into a Riemann surface. The boundary components of this fat graph
are labelled by the labels of the marked point. In fact, this is a metric fat graph, as all edges come
equipped with a length. If M, is the moduli space of Riemann surfaces, then we get a function
Mgyn xRy — Faty ,,, where Fatg, is the set of equivalence classes of metric fat graphs which
realise to a surface of genus g with n labelled boundary components. This is bijective, using a
construction similar to our construction of a topological surface from a fat graph, which needs to
be adapted to the conformal category.

In fact, if one gives Fat, , the correct topology orbispace structure, then the map M, ,, x
R%, — Fat,, is an homotopy equivalence of orbispaces. One then shows that with this topology
Fat, , is homotopy equivalent as an orbispace to |(Fat3), | with orbispace structure coming from
the action of the self-isomorphisms of the fat graphs (this is essentially [Kon92l appendix 3]).
Here (Fat3)y,, is the subcategory of Fat§ of fat graphs whose corresponding surface has genus g
and n boundary components. Finally, M, , is obtained by modding out a contractible space (the
Teichmiiller space) by the mapping class group. This action is properly discontinuously but has
finite stabilizers. From this we conclude

Bl ~g Mgn x RY ~ Faty , ~ |(Fat3),,.|

where ~g denotes a rational homology equivalence.
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The action of the symmetric group X, on Mg, x RY, permuting the labels of the marked
points is equivalent to the permutation of the labels of boundary components of a fat graphs.

Finally, we look at the restrictions imposed by the demand that n > 0 and n > x(5). This
demand implies, using the formula x(S) =2 —2g that n > 1if g > 1 and n > 3 is g = 0. This
rules out exactly (g,n) = (0,1), (0,2). In the other direction, since any surface constructed from a
fat graph has at least one boundary components and n is the number of boundary components of
the fat graph, so this first demand is always satisfied. Secondly x(S) — n is the number of vertices
minus the number of edges, like in lemma m Hence the demand that n > x(S5) translates to
the demand on fat graphs that the number of vertices is strictly smaller than the number of edges.
This is automatically guaranteed if each vertex has valence 3 or greater. |

This theorem is not as strong as one would like it to be. However, in the following statements
we can assume that it really says that there is a homotopy equivalence

|Fatg| ~ ] BT's
5]

where the disjoint union runs over all isomorphism classes of orientable closed 2-dimensional man-
ifolds with n > 1 marked points except (g,n) = (0,1),(0,2). This is because if we would have
worked with the moduli space My of Riemann surfaces of genus g with n boundary circles, then
the mapping class has trivial stabilizers on Teichmiiller space and the previous argument can be
adapted to give a homotopy equivalence My ~ BTy ,. Indeed, in the following sections we will only
use Riemann surfaces with at least one boundary component. However, this was not the situation
to which Strebel’s theory applies. We could modify the proof and make everything in this chapter
precise, but that would lead us to far astray into the territory of orbifolds and automorphisms of
Riemann surfaces.

In conclusion, to be completely rigorous one would need to replace each homotopy equivalence
with a classifying space that appears in the following sections with a rational homology equiva-
lence. It is a lucky consequence of our choice to work with rational coefficients that this doesn’t
matter, because we only using the homology of the classifying space of the mapping class group
with rational coefficients in our construction.

It is interesting to see what happens when we allow vertices of other valences as well. There
is the generalisation by Godin, which allows for vertices of valence one and two. This proves was
sketched by Godin in the beginning of theorem 3 [God07, theorem 3] and we fill in some of the
details, especially concerning the two exceptional components.

Theorem 3.59. Let Fat® denote the full subcategory of connected fat graphs. Then |Fat®| ~
BU(1)UBU (1)U (s BT's where the disjoint union runs over all isomorphism classes of orientable
closed 2-dimensional manifolds with n > 1 marked points except (g,n) = (0,1),(0,2). These
exceptions correspond exactly to the two copies BU(1).

PRrROOF. We need to show that allowing vertices of valence < 2 doesn’t change the homo-
topy type of the geometric realisation of the components of Fat® with of fat graphs with number
of boundary components n and genus g satisfying (g,n) # (0,1),(0,2) and that the geometric
realisations of the remaining components have the correct homotopy type.

We first prove we can add vertices of valence 2 and 1 to the components with (g,n) #
(0,1),(0,2). To do this, we introduce two intermediate categories Fatj 5 and Fat] ;. The cate-
gory Fat$ 5 is the full subcategory of Fat® of connected fat graphs where each vertex has valence
greater than or equal to 2 and the number of edges is stricly greater than the number of vertices.
The category Fatj 5 is the full subcategory of Fat® of connected fat graphs where each vertex has
valence greater than or equal to 1 and the number of edges is strictly greater than the number of
vertices.

Because morphisms only collapse subtrees, the condition that the number of edges is strictly
greater than the number of vertices is preserved by morphisms. Thus these are indeed full subcat-
egories.
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x (r1,r2,r3)

trajectories of length r2

trajectories of length r3 J

FIGURE 3.58. A summary of theorem [3.59] From a surface with marked points
we construct a fat graph with the non-closed trajectories as edges and the zeroes
as vertices.
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|Fats 3| >~ |Fats]: We construct a functor P, : Faty 3 — Fats and show this is a homotopy equiva-
lence by investigating the fibers. While doing this for a fiber P, /T, we define an auxiliary

3. FAT GRAPHS

P2

FI1GURE 3.60. The effect of the functor P, on a fat graph.

From now on we drop the superscript c¢’s, to make the notation slightly less cumbersome.

category [P T'| ~ |Py/T.

The functor P, acts on objects by sending a fat graph to the fat graph obtained by
collapsing the open tree consisting of vertices of valence 2 and half-edges leading into them
and pasting the remaining two half-edges together. Since the difference of the number of
edges and the number of vertices remains the same, this is well-defined because it means
that the collapse can not cause the formation of isolated vertices or vertices of valence 1

nor can it collapse the entire graph. See figure [3.60

Let’s make this precise. Let T' = (Vr, Hr, s7,iT,0r) be the open tree of 2-valent
edges and I' = (V| E, 5,4, 0) the original fat graph. Then the functor P is defined on an
object as Po(I") = (V\Vr, H\Hr, s|g\#1,,7', 0| i\ B1 ), Where we just need to say what ¢/
is: it is given by the ¢ on all edges except the ones whose partner is removed. If h, A’ both
don’t have a partner and were connected by a removed open tree, we set i(h) = h’. This

is well-defined, because a tree with only vertices of valence 2 is linear.

On morphisms P, acts by sending a morphism f to the following morphism: if an
edge is the result of collapsing an open tree of valence 2, then we collapse this edge if
and only if both parts of it were collapsed. To be precise, this map collapses an edge
consisting of half-edges {h,h'} C H\Hr if and only if f collapse the original edges h and

h' are part of.

It suffices to show that |P»| is a homotopy equivalence. For this we use Quillen’s
theorem A, here theorem The comma category P, /T is the category of all graphs
IV which admit a map f’': Po(I") — I'. We will show that this category is contractible.

Let P> T be the full subcategory of P5/T on the objects (I, f') such that f’ is an
isomorphism. We give a functor Qs : P»/T" — P’ which induces a homotopy equivalence.
Q- is given on an object (I, f’) by collapsing all edges which are collapsed by f’, thereby
obtaining a fat graph I’. Note that I' — I’ is a morphism of fat graphs. Then f

induces an isomorphism f’ : I’ — I' and any morphism (I", f’) — (I, f") induces an
isomorphism of T with T'”. Note that when we consider P, T as a subcategory of P, /T,
Q2 is a retraction of Py/T" onto P, ! I'. To show this it suffices to show that there is a
natural transformation from the identity functor of Py/T" to Q2. But this is given by the

collapse morphism I — I, We conclude that | Py ! T'| ~ | P/T| using corollary
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Finally, we show that |Py ¢ I'| is contractible. To do this, we note that (T',id) is
terminal in P, ! T: the unique map from (IV, ') to (T, id) is given by f’. Now we apply
corollary

|Faty 3| ~ |Faty 3|: There are functors I; : Faty3 — Faty 3 and Py : Fat; 3 — Fatys. The first
functor is the inclusion. The second functor, P, acts on objects by sending a fat graph
to the fat graph with each vertex of valence 1 and the edge leading into it removed,
repeating this process until no vertices of valence 1 remain. Note that this procedure is
well defined, since the difference of the number of edges and vertices remains the same.
This prevents the formation of isolated vertices.

On morphisms it is the induced morphism after finishing this collapsing procedure:
the morphism induced by f just collapse all those edges which f collapses and weren’t
already collapsed by P;. Note that the collapse map I' — P;(I") is a morphism of fat
graphs, in contrast with any hypothetical map I' — P5(T").

The P; o I; is the identity functor of Fata 3, so it suffices to prove that |I; o Pi| is a
homotopy equivalence. To show this, we produce a natural transformation between the
identity functor and I o P;. This is given on I' by the collapse map T' — P;(T).

Now for the other connected components. These are the geometric realisations of the following
two full subcategories. The category Faty is the full subcategory of connected fat graphs which are
trees. The category Fatg is the full subcategory of connected fat graphs such that the underlying
graph contains a single cycle. That these are disjoint connected components in the geometric
realisation of Fat follows from lemma [3.441

We claim that both categories are a BU(1), being related to the category of cyclic sets, see
remark [3.61}] We will calculate the homotopy type of the geometric realisation of a similar category
Z as a intermediate step.

|Z| is a BU(1): To we compute the homotopy type of |Fatr| and |Fatg|, we consider the topological
category Z,qr with objects finite sets A = {a1,...,a,} together with an injective map
$a: A — S The objects are topologized as HneN(Sl)". A morphism is a surjective
map p : A — B together with a map 7 : im(¢4) — im(¢p) which preserves the cyclic
ordering coming from S!. These are topologized as subspaces of the mapping spaces
(SHm — (SYH)™. We claim the geometric realisation of this category is contractible. To
see this, consider the constant functor Cy : Zpq, — Zper with value the singleton set {*}
which is mapped to 1. The collapse map (A, $4) — (*,1) is a natural transformation
from the identity functor to C;. This proves that Z,,, is contractible. Now note that 7,
admits a free action from the topological group U(1): a € U(1) mapped to the functor
which sends (A, ¢4) to (A, a0 ¢4) similarly on morphisms.

We conclude that the geometric realisation of Z,,,/U(1) is a BU(1) ~ K(Z,2).
Let’s take a closer look at Z,,./U(1). The space of objects consists of a disjoint union
of components Z,, each of which consists of the unique cyclically ordered set with n
elements up to ismorphism with a non-zero distance between each elements and all these
distances must sum to 27. In particular Z,, ~ int(A"~1) and is contractible. In fact, we
can describe a retraction of Z,4,/U(1) onto a subcategory Z with discrete objects space
and morphism space. This category has space of objects consisting the cyclically ordered
sets consisting of for example n elements, with distance 27” between each two elements.
The morphisms are surjective order-preserving maps.

The category Z,,,/U(1) coherently homotopes onto Z using the following homotopy
on the components of the space of objects:

((di,....dn),t) = ((1 —t)dy +t(2%),-~-,(1 —t)dn+t(2;:)>

On the morphism space, the homotopy is given by applying two such homotopies
on the source and target of a morphism. Note that because the distances are uniquely
determined by the set, we might as well forget about them.

Hence we conclude that |Z| ~ |Z,,,/U(1)| ~ BU(1).
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|Fatr| is a BU(1): We first show that Faty retracts onto the subcategory Fat, consisting of trees
with the shape of a star: there are n vertices of valence one and one vertex of valence n.

To apply corollary it suffices to give a functor @ : Faty — Faty such that
Q(Faty) C Fat, and Q|rat, = id, together with a natural transformation id—@. For
this, we let @ be the functor which collapses all internal edges, i.e. all edges that are not
connected to a vertex of valence one. On morphisms @ is the induced map. Since the
collapse map I' — Q(T") is a morphism in Faty, we get the natural transformation as well.

Finally, we show that |Fat,| is a BU(1). Let ¢ : Fat, — Z be the functor which
maps a star-like graph to its set of edges with cyclic ordering coming from the cyclic
ordering at the center vertex. The distance between the edges is of course %, otherwise
it wouldn’t land in Z. This is an isomorphism of categories. Since an isomorphism of
categories is in particular an equivalence of categories, using corollary [B:26] we conclude
that |Fatp| ~ |Fat,| ~ |Z| ~ BU(1).

|Fatg| is a BU(1): Let Fat the full subcategory of fat graphs which are a subdivided circle, then
we claim that Fato is homotopy equivalent to Fatg after passing to geometric realisation.

If T contains a single cycle §2, then T'=T'\Q is a tree and I'\T is a subdivided circle.
This construction is functorial by letting it work on morphisms by assigning the induced
morphism. Thus we have just constructed a functor P~ : Fatg — Fatp. We also have
the inclusion functor I : Faty — Fatg. It is clear that P ol is the identity functor on
Fato and we have a natural transformation from the identity functor on Fatg to I o P
given by collapsing the trees. Hence |Fatg| ~ |Fato)|.

Finally, we show that |Fato| is a BU(1). We claim that it is possible to put an
orientation on these graphs in such a way that the morphisms respect the orientation.
Let T',, denote the standard graph with vertices {1,...,n} and an edge between i and
1+ 1, modulo n. We give this the orientation that ¢ to ¢ + 1 is in positive direction. Since
any morphism of fat graphs must preserve the boundary components and therefore can’t
switch them, the morphisms between the I';,’s must preserve these. If we now extend the
orientation to all graphs using the fact that the I';,, are a skeleton, we have given exactly
such an orientation.

Now note that there is a isomorphism of categories j : Fato — Z mapping a graph
to its edges with cyclic ordering coming from the ordering of the edges with the chosen
orientation. As before, it now follows that |Fatg| ~ |[Fato| ~ |Z| ~ BU(1).

O

Remark 3.61. The dual of Z, denoted Z, is the the category of finite sets with oriented cyclic
ordering and morphisms the inclusions of degree 1, which is the category of cyclic sets in [Igu04].
By corollary Z is a BU(1) and hence homotopy equivalent to the model of K(Z,2) of given
by CP*°. Hence our proof has [Igu04, theorem 1.3] as a corollary.

Note that Igusa has already shown that the geometric realisation of Fatg is a BU(1) in [Igu02]
lemma 8.1.13].

Let Faty,, denote the full subcategory of those fat graphs which realize to a surface with
genus g and n boundary components, where (g,n) # (0,1),(0,2). These graphs are necessarily
connected and already appeared in lemma [3.43] In the next section we will need to pass to covers
corresponding to subgroups of ¥,, and hence we need to look closer at the action of this group on
BTy ,, and |Fatg ,|.

Corollary 3.62. The homotopy equivalence BTy, ~ |Fat, .| is ¥, -equivariant, where the action
on the left hand side is by permuting the marked points and the action on the right hand side is by
permuting the boundary components.

PROOF. In the proof of theorem we saw action of X,, on |(Fats)y | corresponding to the
permutation of the marked points indeed is the permutation of the boundary components.

Since our construction of the homotopy equivalence |Fat, | ~ |(Fats)g»| for g = (0,1), (0, 2)
always respected the boundary components, if we make the X, act |Faty | by permutation of the
boundary components, this homotopy equivalence will be X,,-equivariant. (I
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2.2. B-labelled cobordism graphs. We will now use the previous theorem to prove that
the geometric realisation of the category B-labelled cobordism graphs is homotopy equivalent to
the classifying space of the mapping class groups of the corresponding cobordisms. We basically
need to take care of two things: some boundary components — the fully free ones with the same
label — can be permuted, and the incoming and outgoing boundary now have starting vertices.
The first means going to some cover, the second adding circle bundles.

Theorem 3.63. Let (Faty' )¢ denote the full subcategory of connected B-labelled cobordism graphs
satisfying the positive boundary condition. Then |(Faty’)®| ~ ]_[[E] BT's; where the disjoint union
runs over all isomorphism classes of connected B-cobordisms with ordered incoming and outgoing
boundary components and satisfying the positive boundary condition.

Proor. We will work over each component separately. For this we need to know that every
B-cobordism with positive boundary can be represented by a B-labelled fat graphs. But this is a
consequence of theorem [3.56

The proof will then proceed as follows: we first consider the components of those graphs where
the corresponding surface is not homeomorphic to the disk or the annulus. Let ¥ be a fixed B-
labelled cobordism and Faty’(X) be the full subcategory of B-labelled cobordism graphs whose
corresponding cobordisms |I'|,. are isomorphic to ¥. We show that we can write |Fati’ (X)| and
BT's; as circle bundles over homotopy equivalent base spaces |Faté(2)| and BFg. We will define
these later in the proof. Finally we prove that the homotopy equivalence of these base spaces lifts
to the total spaces of the circle bundles.

After that we have to consider the cases of the disk and the annulus individually. We must do
this because some of the short exact sequences do not apply in those cases.

Defining I's, and Fg: Fix a B-cobordism 3 and collapse each boundary component to marked

point, obtaining a surface Y with marked points. We label each marked point with
an element of {1,2,...,n}, but also partly remember the labels from B via a map b :
{1,2,...,n} — B U {special}. This map b is given as follows: a marked point is given
the special label if the boundary component has a non-free part and it is marked with
the label 8 € B if the boundary component is purely free with label 5 (and it is case the
boundary component necessarily has a constant label /).

We let I's, be the mapping class group of orientation-preserving homeomorphisms
which fix the marked points pointwise. We let Fg be the mapping class group of

orientation-preserving homeomorphisms of Y which preserve special marked points point-
wise and is allowed to permute the other marked points if they have the same label.

It is clear that I's is a subgroup of I‘g and in fact is the kernel of the map from I‘g
to the permutations of the marked points with label from B. Thus, we have a short exact
sequence:

0—Tg—=TE— [[Z0'(8) =0
beB

This induces a fibration

[[=0"(8) - BTy — Brf
BeB

Defining Fat(X) and Faté(E): Let Fat(X) be the category of connected fat graphs whose geomet-
ric realisation is homeomorphic to X together with ordering on all boundary components
and a map b from purely free boundary components to B. This category is isomorphic
to the category Fat(i) of fat graphs whose geometric realisation is homeomorphic to 2
after collapsing the boundary components, replacing them with marked points, together
with ordering on all marked points and labels on some. In all cases the morphisms should
preserve the ordering and marking.
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Let FatlJ;(E) be the category of B-labelled fat graphs whose geometric realisation is
homeomorphic to ¥ with ordering on the boundary components whose boundary compo-
nent contains a non-free part and no ordering on the completely free boundary compo-
nents. We also require a map b from purely free boundary components to B.

There is a functor Fat(X) — Fat{;(E) which sends a fat graphs I' to the B-labelled
fat graph which labels each purely free boundary component according to b and forgets
the ordering on these purely free boundary components. We investigate the fiber with
the goal of applying Quillen’s theorem B, here theorem [B:40]

The fiber of the induced map over I' on geometric realisation deformation retracts onto
the geometric realisation of the category of fat graphs in Fat(f]) which are isomorphic
to I' after forgetting the ordering of the B-labelled points. It is then easy to see that
this category is equivalent to the group [[5cp S(b~1(B)) considered as a category with
one object. These correspond to all the different orderings of the purely free boundary
components of I' that are no longer distuingished after going to Fat{;(E).

It is clear that a map in Fat;; induces an isomorphism of fibers, and hence by applying
Quillen’s theorem B we get a fibration:

[[2071(8) — [Fat(S)] — [Fath(%))|
beB

BI’g ~ |Fatl];(§])|: Recall that we saw two fibrations with fiber [T,.5X(b71(8)). Our goal is to

prove that the base spaces are homotopy equivalent and we have a homotopy equivalence
BT's, — |Fat(X)|, because the positive boundary condition guarantees that the number of
marked points is greater than or equal to 1.

The key is now to note that this homotopy equivalence is equivariant with respect
to the action [[.p 2(b~1(B)) as a consequence of corollary We conclude that

|Fat{3(2)| is homotopy equivalent to BFg since the homotopy descends.

Let d denote the number of special boundary components of 3. The next step is to prove we

have two fibrations (S!)¢ — |Faty’ (2)| — |Fat{;(2)| and (S1)¢ — BI'y — BFg, where 'y, is the
mapping class group of ¥ as a B-labelled surface with boundary and corners on the boundary.

I's: is a circle bundle over I‘g: Let’s discuss the second fibration first. It comes from a short

exact sequence, induced by the map I's — Fg. This map is given by gluing a cap with
marked point to each boundary component. If the boundary component is labelled totally
with a label 8, we give the marked point the label 8. Otherwise, we give it the special
label.

We must first check this is well-defined: that is, we must check we indeed land in Fg.
The only issue is that some special marked points might be permuted. From the demand
that an element of I's, must preserve the incoming and outgoing boundary pointwise
and the purely free boundary components with the same label as a set, we see that if
a boundary component contains both a labelled part and a incoming or outgoing part,
it cannot be mapped to another boundary component by I'ss. This implies that the I's,
indeed maps into Fg.

Since the mapping class group is generate by Dehn twists, it is surjective. This is
because any Dehn twist in Fg can be made to have support disjoint from the marked
points up to isotopy. We can then cut out small disks around the marked points to get
an element of I's; is mapped to our element of I'2.

However, because this construction uses the capping of boundary compoents, we can
inductively apply the second Birman short exact sequence, here proposition [6.11} This
allows us to show that the kernel corresponds to Dehn twists about each special boundary,
because these are fixed pointwise. This is clear for completely incoming or outgoing
boundary components. But also if a boundary component only contains an incoming or
outgoing part, it must be fixed because up to isotopy we can pick representatives self-
homeomorphism for elements of I's; which fix the rest of that boundary pointwise as well.
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We don’t get Dehn twists around non-special boundaries, since we do not require these
to be fixed pointwise. Thus any Dehn twist parallel to a non-special boundary can be
isotoped away by rotating the boundary.

In the end, we obtain a second short exact sequence:

0= (2)'—=Tg—>TE =0
Now we simply apply B to this short exact sequence to get a fibration:

(8")* — BI'y — BI'§

|[Fatz (X)| is a circle bunde over |Fat{3(2)|z We will prove that |Faty’ ()] is a circle bunde over
|Fat} ()| using Quillen’s theorem B, here theoremm Let F : Faty(2) — Fat}(%) be
the functor which forgets the labelling by B on any boundary components containing a
non-free part and forgets the starting vertices as well.

Then we consider the category F'/T for any object T" of Faté(Z). We claim that |F/T|
is homotopy equivalent to (S')4. First of all, note that we have a retraction onto the
subcategory (F/I'), of pairs I and f’ : F(I") — I" where each boundary component of
IV that is not purely free has labelling from B only on single vertices.

To prove this, let P: F/T' — F/T be the functor given on objects (I, f') as follows.
If T” contains a string of edges and vertices with a single label from B which is not a
cycle, that boundary component must contain an incoming or outgoing part as well. We
unlabel each edge and keeps only the first vertex in counterclockwise orientation from
the first starting vertices. The morphism f’ : F(I') — T remain the same, except that
it now collapses what originally was an unlabelled edge instead of a labelled one. On
morphisms P is given by the same morphism of underlying fat graphs, except it now
sometimes collapse an unlabelled edge instead a labelled one. To prove that there is that
F/T retracts onto the subcategory (F/T"),, we define P; for 0 < ¢ < d to be the functor
where the construction of P has been applied to all boundary components with label
j < i. Here P, is simply the identity functor and P, = P. We will give a converging
functor system functor P; to P;11, as in definition

Fix 0 < i < d. Let T be the functor which, if the i’th boundary component is not
purely free, for each string of B-labelled edges doubles the first one in counterclockwise
direction and only puts the label on the second of these two copies. If the doubled edge
had a label on the other side, this label is extended to both copies. The map to T is
given by collapsing the first of the two copies and then applying f’. On morphisms T'
collapses both copies if the original was collapsed by a morphism. Let @ be the functor
which, for the i’th boundary component, for each string of labelled edges delabels the
first one in counterclockwise direction. The map to I' is simply f’ and on morphisms it
is the induced map. There is a natural transformation « from 7" to the identity given
by collapsing the new unlabelled edge and a natural transformation 8 from T to @ by
collapsing the new labelled edge.

We claim that there is a converging system functor with Iy, 11 = Q", Fy, = TQ" !,
Nong1 = Bo Q™ and 1my, = a o Q™ !. This stabilizes after a number of steps equal to
twice the maximum of the lengths of the strings of labelled edges in the 7’th boundary
component. On morphisms it behaves well becauses collapses can only decrease this
number. By proposition there is a sequence of d homotopies between identity
functor on F/T" and P given by the converging functor systems:

lid| = |Py| = |Pi| = |P2| — ... = |P,| = |P|
Since P is the identity on (F'/I"), and the composition of the above homotopies gives
a homotopy from [id| to |P|, we conclude that |(F/I'),| is a retract of |F/T'| and hence
both are homotopy equivalent.
So to figure out the homotopy type of the fiber, it suffices to look at (F/I'),. We will

make it even smaller. Let (F/I'); be the full subcategory of (F/I'), of fat graphs with
the correct marked points and labels such that if f': F(I'V) — T collapses a edge, each
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FIGURE 3.64. The converging functor system from id to P; at a single object.

of the endpoints is either a starting vertex or a B-labelled point. There is a retraction of
(F/T), to (F/T'), given by a functor R. This functor sends an object (I, f' : F(I') —» T)
to the fat graph where all edges are collapsed which are collapsed by f’, except those
having as endpoints a starting vertex or a B-labelled points. This collapse is a morphism
in (F/T"), and hence we get a natural transformation from the identity functor to R.

Finally, we claim that |(F/T"),| is homotopy equivalent to a product of circles. First
we let 0;" denote the relevant special boundary components of I' and N; the number
of marked or labelled points in 0;I". Fix a bijection between the marked points and
labelled points of 9;I" and {1,..., N;} which preserves the cyclical ordering. Let (F/I')g
be the topological category with object space consisting of the order preserving maps
¢; from A; = {1,..., N;} with standard transitive permutation to the universal cover of
|0;T], i.e. i — i+ 1, where we assume the positive orientation on |9;I'|. The objects are
parametrised as a subset of the mapping space [[,( )N ‘. The morphisms are the maps
7 im(¢;) — im(¢,) such that mo ¢; = ¢ and if ¢;(j) lands on a lift of a vertex of T,
¢%(j) must land on one as well. The morphisms are topologized as subsets of the mapping
space [[;(R)™: — TT,(R)":. Note that (F/T')g admits a free continuous Z-action by the
deck transformations. Hence |(F/T')g/Z]| is a BZ. Note that (F/I')g/Z is isomorphic as
a topological category to (F/T')g:1. This category is defined in the same way as (F/T')g
but with R replaced by S = |9;T|.

We claim that there is a coherent homotopy of (F/T")s1 onto the image of (F/T'),
under the functor which sends a object of (F/T'), to the map ¢;(j) given sending a j
to the vertex of 4 if none of the edges leading into this vertex is collapsed and if both
edges leading into vertex are collapsed, the image of j evenly distributing the marked or
labelled points of the interior edges of the a preimage of an edge in I' over the edge in T'.
The coherent homotopy is given by evening out the distance between different points on
an edge.

Finally, we check that any map ¢ : F/T" — F/I" induces a homotopy equivalence.
But this is clear because introducing a vertex for any collapsed an edge gives a homotopy
equivalence between (F/T")g1 and (F/T)gn.

These circle bundles are the same up to homotopy: Thus, we have constructed two fibra-
tions (S1)4 — |Faty (2)] — |Faté(2)| and (S1)? — BTy — BI‘g. Furthermore, we know
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that |Fat£(2)\ o~ BFg. The final question is whether these two circle bundles are the
same up to homotopy. If this is true, it follows that |Faty (X)| ~ BT’y and we are done.

The two circle bundles are the same if the action of 77 on the fiber is the same.
By definition of classifying spaces, the m; of both sides is Fg. In the case (S')4 —

|Faty’(2)| — |Fatf(Z)| these act by permuting the fibers of (§1)? according to X(b~*(3))
and the same holds for the other case. Hence we are done.

Next, we consider the two special cases: those graphs corresponding to cobordisms homeomor-
phic to a disk or an annulus.

The disk: Let T' be a B-labelled cobordism graph whose corresponding cobordism ¥ = |T'|,. is
homeomorphic to a disk. Then the underlying fat graph of I' must be a tree by lemma
This means we will be looking at the component Fatp.

By the positive boundary condition, ¥ must have a special boundary, and then I's; = 0
since the entire boundary must be fixed pointwise.

Let’s prove that |Fatyz’(X)| is contractible. To prove this, note that the argument
which says that |Faty (2)| is a circle bundle over |Faty| still holds. But which circle bundle
is it? If we label one vertex in each star-like graph, then the category Fat™?"**¢ becomes
contractible upon geometric realisation. We conclude that |Faty’(¥)| is contractible and
hence |Faty’(X)] is the canonical circle bundle EU(1) over BU(1).

The annulus: Let I' be a B-labelled cobordism graph whose corresponding cobordism ¥ = |T'|,.
is homeomorphic to an annulus. Using lemma we identify that this graph must be
a subdivided circle with trees attached. Therefore we will be looking at covers of Fatg.

There are two options. By the positive boundary condition, > must have either one
or two special boundary components. In the latter case the two special boundary compo-
nents can’t be switched, even if their labels would allow it, because we have numbered the
boundary components. Therefore, in the first case I's, = 0, in the second case I'y, = Z,
see lemma [6.13

Let’s start with the first case, then we must show that |Faty’(X)] is contractible. But
this will be a circle bundle over |Fats| and by the same reasoning as before, it is the
canonical bundle FU(1) — BU(1). This implies that |Fatg’ (X)] is contractible.

For the second case, we must show that |Faty’(X)| is a BZ. By the same reasoning as
before, it is a S* x S'-bundle over |Fatg|. In fact, it is (S* x S') xy 1y EU(1) — BU(1).
Using the long exact sequence of homotopy groups, we obtain that (S' x S1) x 1) EU(1)
is a BZ and we are done.

O

Remark 3.65. From the last theorem comes our motivation to change the positive boundary
condition. Note that if we have a cobordism Y homeomorphic to the disk which has no special
boundary, then Faty’(X) is isomorphic to Faty by forgetting the labelling and we know that |Fatr|
is a BU(1) from theorem m This is not contractible, which it should be because the mapping
class group of the disk of self-homeomorphisms which do not fix the boundary is the trivial group.

2.3. Nice B-labelled cobordism graphs. In chapter[5] we will construct the string opera-
tions, but it will turn out that we are only able to construct these operations for certain fat graphs.
The fat graph must be nice, i.e. the edges of the incoming boundary must be disjoint and edges or
vertices can’t be labelled from both sides at the same time. We will therefore show that imposing
these conditions does not change the homotopy type of the category.

The next result was rather difficult to prove. The problem is that it is hard to find a functorial
way of making a B-labelled cobordism graph nice. However, in several steps it is possible.

Remark 3.66. There exists an alternative proof, which works by replacing the starting point of
the proofs of the previous section, the category of fat graphs with all valences > 3, with a category
of admissible graphs. To do this, one compares it directly to the classifying space of the mapping
class groups. See the proof of [God07, theorem 4] for a proof using that technique.
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Now we prove a proposition relating nice graphs and admissible graphs. In combination with
the next theorem, this gives direct proof of a theorem of Godin [God07], theorem 4]: see corollary
It will also be used in an induction step in the proof of theorem [3.69

Proposition 3.67. Let (Faty )¢ denote the full subcategory of connected admissible B-labelled
cobordism graphs satisfying the positive boundary condition. Then |(Faty ®)¢| ~ |(Fatg™™)¢|.

PROOF. It suffices to show that the inclusion I : (Faty )¢ < (Fat}™")¢ induces a homotopy
equivalence upon geometric realistion. The difference between nice graphs and admissible graphs
is that in the former case we still allow that the collapse map ¢ : OI' — I is not injective on the
vertices of the incoming boundary, while in the latter case it must injective. Therefore, the proof
amounts to showing that we can functorially resolve these problems that nice fat graphs can have
at the vertices of incoming boundary components.

To do this, it suffices to give a functor R : (Faty ™) — (Faty )¢ such that we have Ro I =id
and there exists a natural transformation € : I o R — id. Let’s define the functor R. We start by
describing its value on a connected nice B-labelled cobordism graph I'. To do this, we let A denote
the set of vertices of OI" which lie in the interior of 9;,I" and B denote the set of vertices which lie
at the boundary of 9;,I.

We first describe the construction in words, then give it in formulas. However, the best is
probably to look at figure [3.:68] To an element a € A we are given the following associated data:
(i) the vertex c(a) € T' to which it collapses, (ii) the two half-edges hi, ho attached to a in 9;,T,
(iii) their images c¢(h1),c(h2) under the collapse map ¢ : OI' — I' in I'. We add a new vertex a
to T'. Then we disattach ¢(hq),c(hg) from c(a) and attach them instead to a. Finally we put an
edge between a and ¢(a) at the point in the cyclic order at ¢(a) where c¢(hy), c(hs) were originally.
In other words, we add in an additional edge which can be collapsed to give back the original fat
graph again. The labels and marked points extend in the obvious manner. The functor R does
this for all @ € A at the same time.

For an element b € B we similarly have the following data: (i) the vertex ¢(b) in I' to which it
collapses, (ii) the half-edge h; with incoming label attached to b and the half-edge ho with other
label, (iii) their images c¢(h1),c(he) in I'. Again we add a new vertex b to I'. ¢(hy) is disattached
and attached to b instead. Finally, we put an edge between c¢(b) and b which comes at the place
of ¢(h1) in the cyclic ordering. Again labels and marked points are clear and R does this for all
b € B at the same time.

Because I' was nice to start with, this is well-defined, as no edge in I' can be in the image of
two incoming boundary edges under c.

We now give the precise definition. Let (V, H,s,i,0) be the fat graph underlying a nice B-
labelled cobordism graph I'. Let A, B be as above. Then the underlying fat graph of R(T") is given
by V=VUAUB, H=HUAx{0,1} UB x {0,1}. The new s is given by the original one on
those half-edges which aren’t in the image of the incoming boundary under the collapse map. If h
is the image of A in 9;,T and h is attached to a or b, then s(h) = a. Finally we set s(ag) = s(a),
s(a1) = a, s(bp) = s(b) and s(b1) = b. The new ¢ is the original one on H, i(a;) = a1—;, i(b;) = bj_1
for 7 = 0,1. The new o is given as follows. In cycle corresponding to v € V| we replace a pair of
edges now attached to a by the half-edge ag and an edge now attached to b by the half-edge by.
The cycle at a is given by first a; and then the two edges in the original order. There is only one
choice for a cycle at b, since it has length 2. The edges in JI' corresponding to the new edges are
considered as parts of 0¢I' and are given the only possible color. The marked points stay where
they are.

On morphisms, R is given by collapsing the edges that were originally collapsed. Clearly,
this makes R respect composition and identity maps. The only thing we should check it that for
f : Ty — Ty, the codomain of R(f) indeed is R(I's). Because every morphism is a composition
of collapses of single edges, it suffices to show this for a collapse of a single edge. A few sketches
should convince one that this for a single edge this indeed holds.

Finally, we describe e: it just collapses the edges that were newly added by R. Clearly
this restores the B-labelled cobordism graphs to their original state and it is compatible with
morphisms. O
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F1GURE 3.68. The value R around a vertex. The incoming boundary is dotted
and the labelled boundary is red.

Finally, we prove the result that the geometric realisation of the category of nice graphs has
the same homotopy type as the geometric realisation of the full category of B-labelled cobordism
graphs, discussed in theorem [3.63

Theorem 3.69. Let (Faty™")¢ denote the full subcategory of connected nice B-labelled cobordism
graphs satisfying the positive boundary condition. Then |Faty™"| ~ ]_[[E] BT's. where the disjoint
union runs over all isomorphism classes of connected B-cobordisms with ordered incoming and
outgoing boundary components with positive boundary.

PROOF. The proof will proceed as follows. We start by saying that we call a boundary compo-
nent special if it contains no outgoing part. We will first prove that due to the positive boundary
condition we can seperate all special boundary components.

The semi-nice graphs Fat};’"(X): . In the proof of theorem we saw that without loss of
generality, we can assume that if a boundary component is not fully free then all labels
from B consist are localized to a single vertex. Denote the category of such B-labelled
cobordism graphs with corresponding cobordism isomorphic to ¥ by [Fatg’, (X)]. The
previous remarks show that

[Fatjs, (3)] = [Faty'(2)]

Furthermore, we claim that we can sure make sure that all of these labels and the
starting vertices of the incoming and outgoing boundary components are on the end of
a leaf. This of course may bring us further from niceness, but it will prove useful later
on. We denote by Faty’”(X) the category of graphs having these properties and having
correspond B-labelled cobordism isomorphic to . We call these the semi-nice graphs.

We will now show that
[Faty) " (¥)] ~ [Fatg, (2)]

To do this, we note that Faty’” (%) can be considered as a subcategory of Faty’, (%)
and hence it suffices to give a functor P : Faty,(X) — Fatg’,(X) which has image in
Faty)"(¥) and is the identity on Faty’;”"(X) together with a natural transformation
from P to the identity functor.

P is given simply by adding a new edge for each starting vertex or vertex with label
from B. This edge will be a leaf and the starting vertex or vertex with label from B is
put on at the end point of this leaf. This is compatible with morphisms. The natural
transformation from P to the identity is given by collapsing the newly added edges again.

Seperating the special boundary: We consider a new type of “cobordism”: instead of having
incoming and outgoing boundary, it has special and outgoing boundary. All our earlier
definitions for cobordisms and fat graphs representing cobordisms carry over, as well as
one replaces each mention of incoming boudary by special boundary. For clarity, the
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corresponding B-labelled cobordism graphs will be called special B-labelled cobordism
graphs.

We create a new B-labelled cobordism ¥ with the same underlying manifold with
boundary, but other labels. Suppose that there is no boundary component which con-
tains no incoming boundary, then by the positive boundary condition there exists a first
incoming boundary part which is not completely incoming. We relabel each of the in-
coming boundary parts in this boundary component outgoing, but remember which of
outgoing boundary component these are. The other boundary components we modify as
follows: if an other boundary component contains an incoming part, all incoming and
B-labelled parts become special boundary with the parametrisation induced by that of
the first incoming part on it.

The proof of theorem tells us that I'y, = I's, and that this homotopy equivalence
is induced on the level of cobordism graphs by a functor U : Fat% (X) — Fatg'(X). This
functor is produced in a similar way to the way we modified  to obtain X: if there is no
boundary component which contains no incoming boundary, then on the first incoming
boundary part which is not completely incoming we make all incoming boundary part
outgoing. On each other boundary component which contains an incoming part we make
all incoming and B-labelled parts special and we remember only the starting vertex of
the first incoming boundary part.

We will prove that |Fatyy™™(3)| = |Faty’ ()| and we will do this using an induction
over the number k of fully special boundary components for k < d, where d is the total
number of boundary components. By the positive boundary condition, this is always the
case and we need it to start the induction.

Let’s do the case kK = 0. In that case we start with a special B-labelled graph without
fully special boundary components: then collapsing all edges which are labelled on both
sides by special boundary results in a nice special B-labelled graph. The fact that each
boundary component contains an outgoing part implies that we do not collapse boundary
components.

This collapse is given by a functor @ which canonically comes with a natural trans-
formation from the identity functor to Q. We conclude that if 3 is such that k = 0, we
have

[Faty""(2)| ~ |Faty (X)| ~ BI'g

For the induction, suppose that we have k special boundary components. By the
previous results, we can restrict to the homotopy equivalent subcategory of semi-nice
graphs Fat%f;f"(f]).

If we collapse the fully special boundary component which has last boundary label,
which we denote by 0p.q%, we obtain a special B-labelled graph with (k — 1) fully special
boundary components. Because we work with semi-nice graphs, we don’t lose starting
vertices or labels from B. In fact, the resulting graph is easily seen to be again semi-nice.
So, more precisely, we define functor

C : Faty ;" (%) = Faty )" (2/0hea)

which collapses the special boundary component Opaa and labels the resulting point with
a special label. Similarly, there is a surface f)/ OpaqY is obtained by glueing a disk with
a marked point with special label to the special boundary componet Opaa® of 3. This
capping operation produces a fibration:

1
St — BFE — BFi/abadi

It therefore suffices to show that |C] is fibration with fiber homotopy equivalent to
S and the same monodromy. The fiber consists of all ways to blow up a vertex to a
circle: this indeed has the homotopy type of S*. We conclude that we have a fibration:

St — |Faty )" (8)] — |Fatiy)" (5/0baa))|
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We know that we have a homotopy equivalence of base spaces
|Fat%c,bsn(i/abadi)| ~ BTy ,..5

which implies that there is a homotopy equivalence of total spaces because monodromy is
also the same. Using the induction hypothesis we can replace the base space of semi-nice
graphs |Fatlogc7;}sn(i /Obaq®)| by the nice graphs \Fat%fiun(i /Opaa)| and then by admissiable
graphs |FatOBf;)a(§~]/8bad§~3)| using proposition When we restrict the total space of the
fibration to this space, we still have a BI'.

However, because we are now working with admissible graph we know that there
is at least one edge attached to the vertex with special label that is not incoming. By
only opening there, we get the same homotopy type for the fiber, the resulting special
B-labelled graph will be nice. This proves the induction step:

[Faty™" ()| ~ Bl'g
We conclude that |Faty™™ ()| ~ BTy, for every B-labelled cobordism with outgoing
and special boundary.
Fixing the labels from B: Finally, we need to show we can go from the cobordism with outgoing
and special boundary ¥ back to the original B-labelled cobordism Y. First of all, we note
that using techniques similar to those of theorem [3.63| one can proof that the fiber of U
is contractible.
So, we just need to be careful and remember that there are two things we need to take
care of: (i) the labels from B that we made special, (ii) possibly the incoming boundary
parts that we made outgoing. To solve the first problem, we simply note that we can

0c,a (-

restrict to admissible special B-labelled graphs Faty;"“ (%) without changing the homotopy
type using proposition [3.67]

This is useful for the following reason: if we start with a admissible special B-labelled
graph then any way to change back the special boundary to incoming and B-labelled parts
almost gives an admissible B-labelled cobordism graph. To be precise, it is admissible
except for the second problem. We conclude over any point of FatOBC’a(f]) the fiber consists
of B-labelled cobordism graphs which are admissible except for the possible incoming
parts that we made outgoing. But this problem can be resolved by adding a long linear
graph to that boundary component and moving everything that is incoming or B-labelled
on there. This is possible because there is a outgoing part on that boundary component.
The result indeed is an admissible B-labelled graph and thus we have proven

|Faty**(%)| =~ |Fat**(¥)| =~ BT's
By applying proposition again, we obtain |Faty ™" (X)| ~ BI'y, and thus we have
proven the theorem.

O

In the proof of the previous theorem, the following was already noted.

oc,a

Corollary 3.70. We have a homotopy equivalence |Faty | ~ ]_[[Z] BI's, where the disjoint union
runs over all isomorphism classes of connected B-cobordisms with ordered incoming and outgoing
boundary components satisfying the positive boundary condition.

3. Modelling glueing and disjoint union using B-labelled cobordism graphs

In the previous section we described several models for BI's; where X is a B-labelled cobordism.
In section [3.2] we saw that these spaces from a prop with composition induced by composition x of
cobordisms and addition induced by disjoint union LI. In this section we will describe up to model
these maps on the level of B-labelled cobordism graphs.
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3.1. Disjoint union using B-labelled cobordism graphs. We start with modelling the

disjoint union map
BF(l_l) : BI'ss x BI'sy — Bl'sy s

This is very simple. It is clear that if T is a B-labelled cobordism graph such that |T'|,c = X
and I is one such that |IV|,. = ¥, then their disjoint union I" U T has corresponding B-labelled
cobordism isomorphic to ¥ LI ¥’'. The only thing which we need to worry about is the ordering
of the incoming and outgoing boundary components: those of ¥’ are put after those of ¥ in the
ordering of the boundary components of ¥ LI Y.

Hence we if we do the same with the ordering of the incoming and outgoing boundary of TUT”,
we get a functor

U : Faty” x Faty — Faty

such that | U | = BT'(U). Note that L maps the nice graphs to nice graphs and similarly for the
admissible graphs.

3.2. Glueing using B-labelled cobordism graphs. Now we get to the more formidable
task of modelling the glueing of B-labelled cobordisms on the level of graphs. That is, we want to
give a functor between categories of B-labelled graphs which induces the map

BF(X) : Bl's, x Bl'sy — Bl'svox

where ¥ and Y’ are composable B-labelled cobordisms.

It turns out to be very useful to restrict to admissible graphs, because in these graphs we
have seperated the incoming parts of the boundary. Although I have though about different
constructions, Godin’s seems the most useful. The reason for this is that it makes checking that the
operations are compatible with compositions relatively easy in comparison with other constructions.

The idea of the construction is as follows: we restrict to a homotopy equivalent category
Fat&!"®(2 0 X) of Fatpy™* (%) x Fatgy"*(%'), which we call the category of glueable B-labelled graphs,

and produce a glueing map y : Fat®!"* (% o ©) — Fat% (X o X).

Definition 3.71. The category Fat®"*(X'oX) has as objects the objects of Faty* (%) x Fatyy (%),
i.e. pairs of admissible B-labelled cobordism graphs (', I"), together with an isomorphism of graphs
@ Oowtl' — 09I which preserves the boundary ordering, sends starting vertices to starting
vertices and reverses the induced orientation.

The morphisms of Fat&"(X o ¥) are those pairs of morphisms compatible with these isomor-
phisms of the boundary: if an edge belonging to the i’th outgoing boundary of I is collapsed, then
the corresponding edge of the 7’th incoming boundary of IV must be collapsed as well.

Proposition 3.72. We have a homotopy equivalence |Fat®™* (X oX)| = |Faty"*(%)| x |Faty* (%))

PROOF. Suppose that ¥ has d outgoing boundary parts and hence that ¥’ has d incoming
boundary parts.

We want to apply Quillen’s theorem A. We can not apply it directly to I, because it is not
surjective. To do this, we introduce an intermediate category Fatfgﬁe (X' o X). This category has as
objects the objects of Fat®""*(% o %) with for each 1 < i < d non-empty subgraphs C; and C/ of the
i’th components of 0y, I" and 9;,I"” respectively. These are allowed to have multiple components,
some of which are a single vertex. The idea is that these subgraphs should be considered as
collapsed already, so we demand that if C; and C! are collapsed the result is still a B-labelled
cobordism graph. The morphisms are those of Fatfgff (3 oX) additionally respecting these subsets:
the morphisms should map the C; and C! of the codomain surjectively those of the domain. Note
if an edge between two components of C; or C} is collapsed, these components are merged and
hence the morphisms need not respect the homotopy type of the C; and C..

We define functors P, @ fitting in the following diagram:

Fat®** (5 o £) ¢ Fatfie (5 o £) % Fatgr®(S) x Fatgy (%)

coll

Let P : Fat®°(X/ o X)) — Fat®'"®(X' o ) be the functor which for each 1 < i < d collapses the

coll

edges of C;Np~1(C}) in T and the edges of C!N(C;) in I'. We claim that it induces a homotopy
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equivalence upon geometric realisation. To see this, we want apply Quillen’s theorem A and hence
we look at the comma category P/(I', T, ). We will prove that this fiber has contractible geometric
realisation and in particular, that it retracts onto the single object where each C; or C} consists of
the starting vertex of that boundary part. To prove this, one can use the same technique we used
in theorem [3.63] to prove that one can assume that in those boundary components that are not
purely free, the labels from B are localized at single vertices. This technique should be applied to
the C; and CY.

Now let @ : Fat®}°(%/ o ) — Faty"* (%) x Faty**(X') be the functor that collapses the C; in
I' and the C/ in IV, This is easily seen to be surjective on objects and we claim that the comma
category Q/(T',T”) has contractible geometric realisation. The fiber consists of all ways to add
new edges to the outgoing boundary of I' and the incoming boundary of I such that we get to
two B-labelled graphs such that the outgoing boundary of the first is isomorphic to the incoming
boundary of the second. We claim that the fiber retracts onto the object where all edges are added
after the starting vertices. Again, the technique of theorem [3.63] provides a way to produce such a
retraction. ]

Remark 3.73. The technique of theorem [3.63] uses converging functor systems to move around
the collapsed parts C; and C, which in the case will be particularly involved. Alternatively, one
can use metric graphs to do this, which should give an alternative proof of this proposition, similar
to [God07, lemma 3].

For later use we describe a direct functor between the categories Fat®"®(%/ o) and Fat}*(X) x
Faty " (X’) which induces the homotopy equivalence of the previous proposition. We will use this
when we prove that the string operations are compatible with composition.

Lemma 3.74. The functor I : Fat®""*(X' o ©) — Faty “(X) x Faty *(X’) which forgets about the
isomorphism between the outgoing boundary of the first and the incoming boundary of the second
graph induces a homotopy equivalence.

PROOF. It is the composition ) o J, where @ is as in the previous proof and J includes a
pair with isomorphism into Fatfgff (X' o X)) by selecting the starting vertices as subgraphs to be
collapsed. Then P o J = id and P induces a homotopy equivalence upon geometric realisation,
so J induces a homotopy equivalence as well. ) was shown to induce a homotopy equivalence
upon geometric realisation in the previous proof. We conclude that |I| = |Q| o |J| is a homotopy

equivalence. O

Now that we have established that the category Fat®*(X’ o ¥) is a model for the category of
pairs of graphs corresponding to ¥ and ¥', we will describe the glueing functor y. We start by
defining it on the objects. The idea is that IV o I is obtained by glueing I" into I by identifying
the incoming boundary of I'V with the outgoing boundary of I".

Definition 3.75. Let I" and IV be B-labelled cobordism graphs, together with an isomorphism
© 2 OputI' = 03, I of graphs which respect the ordering, the starting vertex and reverses orientation.
Then we will now describe a B-labelled fat graph T =T" o T

We start by describing its underlying fat graph. Let (V, H,s,i,0) and (V', H',i',s’,0’) be the
underlying fat graphs of I and I To describe the edges and half-edges, we introduce an equivalence
relation on V U V' and H U H’'. We say that v ~ v’ if p(v) =v" and h ~ b’ if p(h) = h/. Then we
let the set of vertices of IV o' be V" = (VUV’)/ ~ and the set of half-edges be H' = (HUH')/ ~.
Since ¢ respects the source map and edge pairing, the source map s” and edge pairing i’/ of IV o T’
are simply the induced maps under the equivalence relation.

Finally, we need to describe the cyclic order ¢ at the vertices. The cycle at a vertex v” € V"
which is not of the type v’ = ¢(v) is simply given by the original cycle of o or ¢’, depending on
whether v/ € V or v” € V'. If v” is of the type v' = ¢(v) then there are two half-edges hi,hs € H
attached to v such that 0,,I' maps to those half-edges under the collapse map s of proposition
3.48l Let o, by the cyclic obtained from o|,-1(,) by removing these. We get the cycle of ¢ at
v" = ¢(v) by inserting this o, into o'[;-1(4(»)) between ¢(h1) and ¢(hs).
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FIGURE 3.76. Two composable B-labelled cobordism graphs and their composi-
tion. The composition should be thought of as obtained by glueing out; to inj
and outs to ing. We don’t draw ¢, because it is unique.

Next we describe the structure we need to add to make this a B-labelled cobordism graph.
The incoming boundary with its ordering and starting vertices is that of I', the outgoing boundary
that of T". The labels from B are the obvious ones coming from T" or I".

See figure [3.70] for an example of a composition of two B-labelled cobordism graphs.

If (f,9) : (T1, T, 1) — (T2, T, o) is a morphism of Fat®"®(X/ o %2), then it is easy to see that
it induces a morphism go f : 'y o'y — T’ o'y, because it is compatible with the isomorphisms ¢
and ¢'.

Definition 3.77. The glueing functor y : Fat®"(¥%/ o X) — Fat% (X' o X) is given on objects by
sending (I',IV,¢) to IV o T" and on morphisms by sending (f,g) : (I'1,T%,¢1) — (T2, T%,92) to
gof:Tioly = T%oTs.

From the construction, it is easy to see that y indeed sends B-labelled cobordism graph rep-
resenting a composable pair of morphisms ¥ and ¥’ to a B-labelled cobordism graph representing
¥ o X. It is slightly harder to see but still true that it does the same for elements of the mapping
class groups. We can therefore conclude that we have found a functor

x : Fatg"®(¥% 0 ) — Faty (X o %)
which satisfies the property that |x| is equal to BI'(x) up to homotopy.



CHAPTER 4

Umkehr maps

Generalized homology and cohomology theories are by definition functorial. This means that
to each continuous map f : X — Y a homology theory E, assigns a map fi : F.(X) = E.(Y), in a
way that respects composition and identitiy: homology is covariant. Similarly, a cohomology theory
E* assigns to each continuous map f: X — Y amap f*: E*(Y) — E*(X): it is contravariant.

These induced maps are an important part of algebraic topology and depend only on the
homotopy class of f. They are often easy to construct. For example, if a singular homology class
is represented by a singular simplex a : A™ — X, then f.(a) is represented by the composition
foa: A" =Y.

However, in certain circumstances one can construct ‘wrong-way’ maps. These are confusingly
also known as pushfowards, but we prefer the term umkehr map. For a homology theory E,, an
umkehr map induced by a map f: X — Y is a map f': F,(Y) — F,_,(X) for some n € Z. For
a cohomology theory E*, it is a map f; : E*(X) — E*~"(Y). It is easy to see why these maps are
called umkehr maps or wrong-way maps: the direction of the induced maps is exactly the opposite
of the direction that the functoriality condition of the (co)homology theory prescribes. We make
the direction clear in our convention for the sub- and superscripts. A subscript, i.e. f, and fi,
indicate covariance. A superscript, i.e. f* and f', indicates contravariance.

In this chapter we provide the necessary background to construct umkehr maps in homology
and cohomology. These constructions are by nature quite involved, using differential geometry
and stable homotopy theory, which also makes the derivation of the properties of umkehr maps
non-trivial. The fact that these constructions will be diffuclt can also be inferred from the fact
that the most basic definition of umkehr maps only works for oriented manifolds, which have a lot
of structure.

1. Tubular neighborhoods and Thom spectra

1.1. Tubular neighborhoods. In this subsection we look at a notion of “simple” neighbor-
hood of a submanifold N of a manifold M. These neighborhoods look like the normal bundle of
N in M and are such that M sits into this neighborhood in the same way as the zero section sits
in the vector bundle. They will be a crucial component of our construction of umkehr maps.

1.1.1. Definition and basic properties. In this section, let M be a manifold of dimension m
and N be a submanifold of M of dimension n. Let ¢ : N — M denote the embedding of IV as a
submanifold in M. We start with some preliminary definitions of the vector bundles playing a role
in this situation.

Definition 4.1. The restriction ¢*(T'M) is denoted by T'M|x and is called the tangent bundle to
M at N. The normal bundle »; is by definition the vector bundle TM |y /TN over N. We will
usually drop the ¢ from v;, when it is clear from the context which normal bundle we mean.

Generally, it is not the case that there is a canonical identification TN @ v = T M|y. However,
there is such an identification in two special situations. The first is when M is a vector bundle V'
over N. Then T'M is isomorphic to the vector bundle 7, TN ® 7,V on V, where w : V — N is the
projection and T'M |y is isomorphic to the vector bundle TN @V on T'N. Therefore we have that
v = TM|n/TN is canonically isomorphic to V itself and this induces a canonical isomorphism
TN ov=TM|N.

47
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Another way to get a canonical isomorphism is to introduce a metric. This will also explain why
we call v the normal bundle. If M comes equipped with a Riemannian metric, then we have an iden-
tification of v; with TN, which is given by TNy = {v € (TM|y).|{v,n) = 0 for all n € TN, }.
This makes it clear that v should be considered as the vector bundle of normal vectors to NV in M.

Definition 4.2. A tubular neighborhood for an embedding i : N — M is an embedding f : v — N
with the following properties:

i is zero-section: f restricted to the zero-section, which is canonically identifiable with NV,

is 4:
[N
0
N——=M
derivative is identity at zero-section: the composition of the isomorphism TN & v

Tv|y with the restriction df|y : Tv|y — TM|y and the projection TM|y — v is
the projection on the second component TN & v — v.

Since f is an embedding, v and f(v) look the same near the zero section as topological spaces.
The second condition guarantees using the implicit function theorem that locally near the zero
section they are also the same as smooth manifolds. This rules out some pathological examples.

Example 4.3. Consider the embedding R — R? given by z + (z,0). Then consider the map
f: R xR — R? given by (z,y) — (z,9(z,y)). We write T(R x R) and T(R?) as a pair of
points followed by a pair of components of the tangent vector. Then df sends (z,y,z’,y’) to
(z,9(z,y),2",019(z,y)x’ + Oag(x,y)y’). Then the composition of the natural isomorphism with
df and projection is given by (x,0,2',y") — (z,019(x,0)a’ + d29(x,0)y’). From this we see that
for this to coincide with the projection (x,0,2z’,y') — (z,y’), we must have 0;g(x,0) = 0 and
Oog(x,0) = 1.

In particular taking g(z,y) = y suffices. The conditions rule out g(z,y) = %3, which has the
property that f is not locally a diffeomorphism near the zero section.

Sometimes one may come across an embedding f : v — N which is the embedding ¢ restricted

to the zero section, but for which the composition TN@®v — Tv|xn ﬁ; TM|n — visnot equal to the
projection on the second component. If this composition is a projection composed with an vector
bundle isomorphism v — v, then it is clear that f can be made into a tubular neighborhoodby
precomposition of f with a fiberwise linear transformation. Therefore the demand that the total
derivative is the identity at the zero section is not that restrictive.

The most important question about tubular neighborhoods is of course whether they exist.
We can answer this question in the affirmative; the following is [Hir76l theorem 5.2].

Theorem 4.4. Fvery embedding admits a tubular neighborhood.

SKETCH OF PROOF. One first proves the existence for embeddings into R™ using the inverse
function theorem. For a general embeddings N < M one embeds M into an Euclidean space using
Whitney’s embedding theorem and uses the previously result. ([

1.1.2. The space of tubular neighborhoods. Once one knows that a certain object exists, one is
often interested in finding out how unique it is. We will do this now for tubular neighborhoods:
clearly these are not unique, but they are unique up to homotopy in a sense to be made precise.

First recall that if we have two manifolds N, M, the C™ topology on the set Map(N, M) is
given at the following set of seminorms indexed by n € Z>q. It is finer than the compact open
topology.

Definition 4.5. Let Tub(i) be the set of tubular neighborhoods for the embedding i : N — M.
We give it a topology as a subspace of Map(v, M) in the C* topology.

We want to have control over our choice of tubular neighborhoods. The following theorem and
its proof are essentially [God07, proposition 31] and give a concise answer to this question.
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Theorem 4.6. Let and M, N be compact manifolds, then the space of tubular neighborhoods Tub(i)
1s contractible for each embedding i : N — M.

PRrOOF. We already know that at least one tubular neighborhood exists. Fix one such tubular
neighborhood fy. Let Tub(4, fo) denote the subspace consisting of those tubular neighborhoods f
such that f(v) C fo(v). The proof will proceed in two steps. We first show that Tub(i) retracts
onto Tub(i, fo) and then show that Tub(i, fy) is retracts onto the point fj.

Tub(i) retracts onto Tub(i, fo): Put a smooth norm || — || on v. With a smooth norm we mean
a norm such that [|v|| depends smoothly on v. We let for v € v and f € Tub(3), ||v||s
denote d(f(v),i(m(v))). We define a function |f| : N — (0,00) as follows:

|f1(n) = max{1,inf{|[v[| [v € 77" (n) C v and f(v) ¢ fo(v)}}

This function depends smoothly on f. Because N is compact, we get a non-zero
number if we define |f| = 1 inf{|f|(n) |n € N}.
Consider the homotopy H : Tub(i) x I — Tub(i):

H(f,t)(v) = {f ((1 —tv+ tl-‘lH"UH ) if v ¢ zero-section

f) if v € zero-section

First note that H(f,0) = f and that H(f,t¢) sends the zero-section to N for all ¢
and f. Furthermore, we claim that H(f,t) for fixed f and ¢ is smooth embedding. To
prove this, we must show that it is injective and has injective derivative. For the first,
we first note we only need to look at each line in v seperately, because the homotopy

= (1 —tv+ tl‘J{(I)J‘”IU preserves the lines and f is injective on the set of lines. Fix a
vector vg # 0, then since f is injective, it suffices to show that for fixed ¢ and f, the map

/|
A= (1 —t)Avg + t—— 77— Avo
L+ [All]voll
is injective. Because both terms are strictly increasing in norm, it is clearly injective. To
show that the derivative of H(f,t) is injective, we can simply use the chain rule and note

that the total derivative of the map v +— (1 —t)v + ¢ v at vy is equal to

1+|H| Il
|| [l (o, w)

= (1—tw+t w—t Vg
L+ [[o]| (1 +[[volD)? [lvoll

Because the two terms are linearly indepedent if w is not a multiple of vy, the only
possible problem is when w is a multiple of vg. In that case it is easy to check that it is
injective.
We therefore have shown that H(f,t) is an element of Tub(4). It depends continuously

on both f and ¢, when is a homotopy between H(f,0), which is the identity and H(f,1).
We claim is that H(f,1) € Tub(s, fo) for all f. To prove this, it suffices to note that the
term inside f always has norm smaller than the smallest vector in this fiber which gets
mapped outside fo(v).

Tub(i, fo) is retracts onto the point fy: In the second step, we again construct an explicit ho-
motopy. Note the functlon G : Tub(i, fo) — Aut(v) given by f + f5 ' o f is continuous.
Then consider Hy : Tub(i, fo) x [0,1] — Tub(i, fo) given by

Hy(F8)(0) = {fogl) G(((1 = 1)) e

This is clearly continuous in f and ¢ and Hy(f,0) = f and Hy(f,1) = fo.
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1.2. Compatibility of tubular neighborhoods. Many constructions one can do on smooth
maps return an embedding when applied to embeddings. By the theorem on the existence of
tubular neighborhoods applied to the result of such an construction, we see that we find a tubular
neighborhood for the result. However, sometimes we want some more compatibility with the
construction. We will discuss several examples of this now: products and compositions. The
reasons for the looking at these constructions will become clearer when we get to the Thom spaces.

1.2.1. Product of tubular neighborhoods. In this section we discuss how to create a tubular
neighborhood for a product of embeddings. Of course, a product of embeddings is an embedding
itself and hence tubular neighborhoods for products of embeddings exist by theorem [£.4] However,
sometimes we want this tubular neighborhood to be compatible with the structure of our products.

Let i1 : Ny = My and s : No — M> be a pair of embeddings. Wewill show how construct a
tubular neighborhood for the product of embeddings i1 X i3 : N1 X Ny — M; X Ms out of tubular
neighborhoods f; and f5 for 47 and is respectively.

N1 NQ = Nl X N2
lil J/’L'Q lil Xig
M, Moy My x M,

We have already remarked following deﬁnitionthat the isomorphism T'(M; x Ms) = TM; &
T Ms is natural with map giving by the product of the the derivatives of the projections m; :
My x My — My and o : My x My — Ms to the components of the products. Similarly T'(N; x No) =
TN; ® TNy. Under these isomorphisms the quotient v = T (M7 X Ma)|n, xn,/T (N1 X N3) can
naturally be identified with (T'Mi|n,/TN1) ® (T'Mz|n, /T Ns). Hence we naturally have v;, »;, =
Vi, @ v;,, where the latter is homeomorphic as a space to v;, X v;,. We summarize this as:

T(Ml X Mg) =TM, dTM, and T(N1 X N2> =TN; ®TN, imply
Viyxiy = T'(My X Ma)|Nyxn, /T (N1 X No) = (T Mi|n, /TN1) © (TMz|n,/TN2) = vi, © v,

Using these isomorphisms, we can define the tubular neighorbood of f : Ny x No — My x M; to
be the composition of the isomorphism of vector bundles v;, x;, = vi, @ vy, with fi x fo. We now
prove that this is in fact a tubular neighborhood.

Proposition 4.7. The map f1 X fo is a tubular neighborhood for the embedding i1 X is.

PRrROOF. Firstly, it is clear that f; X fs is an embedding: it is injective because both component
maps are injective and the derivative is injective because the derivative is the direct sum of the
derivatives df; and dfs, both of which are injective on their respective components.

Secondly, note that f; x fo restricted to the zero section is the same as the product of the
restriction of f; and fs and hence equal to the embedding i1 X is.

Finally, under the natural isomorphisms T(Ny X N2) @ v4,xi, = TNy @ TNy @ v;; @ v, and
Vi xis = Viy ® 14, the composition of the isomorphism T'(N7 X No) ® vy, xin = (TWiyxis)| Ny x N,
with the map d(f1 x fa) : (T xiy)|Nyxn, — T(My X M3)|n,xnN, and the projection T(M; X
M) | Ny x Ny — Viy xip coincides with the composition of relevant maps for f; and f5. Hence it is
indeed the projection on the second component. |

We now discuss the compatibility property we have in mind for tubular neighborhoods for
products of embeddings.

Definition 4.8. A tubular neighborhood f for a product of embeddings i1 Xio : Ny X No — My x Mo
is said to be compatible with the product structure if it is a product of tubular neighborhoods f;
for 71 and f5 for is.

Our earlier construction shows that these exist tubular neighborhoods compatible with the
product structure. So these tubular neighborhoods from a subspace Tub™ (i1 X ig) of Tub(iy X ia).
As before, we would like it to be contractible because that means heuristically that the choice of
a tubular neighborhood compatible with the product structure does not matter up to homotopy.
This is indeed the case, as proven in the following corollary.
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Corollary 4.9. The space Tub™ (iy x iz) of tubular neighborhoods compatible with the product
structure is a non-empty contractible subspace of Tub(iy X iz).

PROOF. Our previous construction gives an injective and continuous map Tub(i;) x Tub(iz) —
Tub(i; X i2) onto the space Tub™ (i; X iz). A quick inspection of the topologies shows that this
map is a homeomorphism onto its image. Since the two components of the space Tub(i;) x Tub(iz)
are contractible, the result follows. O

1.2.2. Composition and tubular neighborhoods. Next, we discuss to what extent it is possible
to find a tubular neighborhood for a composition of embeddings which is compatible with the
composition in some sense.

To do this, consider the following situation: j : L — N is an embedding of L as a submanifold
of N and i : N — M is an embedding of N as a submanifold of M.

Of course a tubular neighborhood each of these three maps individually exists. For ¢ and j
this is simply theorem and for i o j it is a consequence of this theorem and the fact that a
composition of embeddings is an embedding. But we want certain compatibility conditions to hold.
A first guess might be that given tubular neighorboods f; and f; for j and ¢ one wants to construct
a composition tubular neighborhood f;.; for ioj. However, this is not possible uniquely. It is only
possible up to a contractible space of choices.

What we’ll do instead is the following: suppose that we are given a tubular neighborhoods f;
and fio;, then we will describe how to get maps which make the following diagram commute:

= a
Vioj —— Vz'|L v, —— Vi
fi

fioj
M

Let’s make this more precise. Consider the normal bundle v;,; over L of the embeddings
i o j. This is non-canonically isomorphic to v;|;, @ v, because the normal bundle v;|; & v; is
canonically the normal bundle of the embedding ¢y : L < v; as zero section. However, the tubular
neighborhood f;o; with its derivative does give such a canonical identification. So, the real question
is to find a map fy : v4|r @ v; — M, which is necessarily a tubular neighborhood.

It is certainly not true that for each f;o; we can find such a f\. The problem might be that
the image of f; is too small in the sense that im(fio;)\im(f;) # 0, because in that case we can
never reach some points in the image of f;o;. However, this turns out to be only obstruction. See
figure for a picture which makes this clear geometrically.

Lemma 4.10. Suppose that im(f;o;) C im(f;), then there exists a unique f\ which makes the
diagram commute.

Proor. The fact that f;o; and f; are injective completely determines a candidate for fy. It
thus suffices to check that this candidate indeed is a tubular neighborhood. The map f) composed
with an embedding is an embedding, hence it was an embedding itself and similarly we obtain that
fx has the other properties of a tubular neighborhood. O

We can now formulate the compatibility conditions we want.

Definition 4.12. A triple fio;, fi and f\ making the diagram commute is called compatible with
the composition i o j.
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tubular neighborhood for L
M in normal bundle to N

tubular neighborhood for N in M

FIGURE 4.11. This figures shows how a tubular neighborhoods for N in M and

for L in the normal bundle v; to N gives a compatible tubular neighborhood for
L in M.

The previous remarks show that that the compatible triples form a non-empty subspace
Tub®(i o j) of Tub(i o j) x Tub(i) X Tub(cy). We would like this subspace to be contractible,
which is indeed the case.

Corollary 4.13. The subspace Tub®(ioj) of tubular neighborhoods compatible with the composition
10J 18 a non-empty contractible space.

PRrROOF. Implicit in our discussion is a homeomorphism of Tub®(i o j) with the space Tub(i) x
Tub(L — vi|r ® vj). O

However, for our purposes another point of view is more fruitful. There is a projection map
p: Tub®(ioj) — Tub(i). This is a surjection, because given a point f; of Tub(i) we can precompose
with any element of Tub(cy) to obtain a element of Tub(i o j) which forms a compatible triple
mapping to f; under p. The fiber of this map over a point f; € Tub(4) consists of all liftings of f;
to a compatible triple fio;, fi, and fy.

Lemma 4.14. The fiber p~1(f;) is a non-empty contractible space and in fact Tub®(i o j) is a
fiber bundle over Tub(i) with contractible fiber. In other words, compatible liftings exist and are
essentially unique.

PROOF. The fiber is simply homeomorphic to Tub(y). O

1.3. Thom spaces and the Thom isomorphism. Suppose that one has a vector bundle
over a space X. Since the projection onto X is a homotopy equivalence — simply use the action
of scalar multiplication to give a homotopy between the identity map and the projection onto X
— we have that the homology of the total space is isomorphic to the homology of the base space.
One can then ask what happens if one adds a point at infinity in each of the fibers of the vector
bundle and collapses all of these together to a single point. The resulting space is known as a
Thom space and for oriented finite-dimensional vector bundles we have the Thom isomorphism
theorem describing the relation between the homology of the Thom space and the homology of the
base space. In this section we take a close look at these Thom spaces, the Thom isomorphism and
their properties.

To make sure that all our constructions are well-behaved we will assume that our spaces X
are manifolds or more generally CW complexes.

1.3.1. Vector bundles and virtual vector bundles. In this section we describe the categories of
vector bundles and virtual vector bundles, which provide the right context for the definition of
Thom spaces, Thom spectra, the Thom isomorphism and in the end, Thom collapse maps.



1. TUBULAR NEIGHBORHOODS AND THOM SPECTRA 53

We assume that the reader knows what a vector bundle is, but here is a short reminder: a
vector bundle is a bundle over a space X which is locally trivial and isomorphic to U x R™, such
that the transition functions are linear maps on each fiber.

An important construction on vector bundles is that of pullback: for any continuous map
f X — Y and vector bundle y over Y we can create a new a vector bundle f*u, called the
pullback of p along f. It is given by {(x,v) € X x p|f(x) = w(v)} with projection X given by
sending (z,v) to . We will use this pullback construction in our definition of a category of vector
bundles well-suited for working with Thom spaces and the Thom isomorphism.

Definition 4.15. The category VectB has as objects pairs (X, 1) of a paracompact space X and
a vector bundle p this space and as morphisms from (X, i) to (Y, ) the pairs (f, ) of a map of
spaces f : X — Y and an isomorphism 1 : f*\ — p of vector bundles over X.

The composition of two morphisms (f, %) : ¢ — A and (g, ¢) : A — v, where u, A\, v are vector
bundles over X,Y, Z respectively, is given by the composition of isomorphisms:

frgv EA A N ]

where f*¢ is the isomorphism obtained by pullback. To be precise, it is given by (z, (y,v)) —
(@, 6y, v)).

An important property of vector bundles is that if the base space is nice enough, i.e. paracom-
pact, then every d-dimensional vector bundle is obtained up to isomorphism as the pullback f*£ of
the canonical bundle & over the classifying space BGL(d). Furthermore, this map f is unique up
to homotopy. The space BO(d) C BGL(d) is slightly nicer and has the same homotopy type. It
is the classifying space of d-dimensional vector bundles with a metric. However, since the space of
possible metrics on a vector bundle over a paracompact base is contractible, this choice of metric
does not really matter.

A virtual bundle should be seen as a formal difference of vector bundles. The definition is
therefore quite easy.

Definition 4.16. A virtual vector bundle py — i over a paracompact space X consists of a triple
of (X, pg, ) of a space X and two vector bundles py and p_ over X.

However, we want to choose our morphisms in such a way that indeed virtual vector bundles
behave like formal differences. In other words, py @R — p_ @ R should be isomorphic to g4 — p—.

Definition 4.17. The category VirtB has as objects virtual vector bundles and as morphisms from
ft — pi— to Ay — A_, virtual bundles over X and Y respectively, we have quadruples (f,0, ¢, d_)
of amap f: X — Y avector bundle # over X and two isomorphisms

st [TAL DO = g
G AL DO

The composition of two morphisms (f,0, ¢4, ¢_) and (g, 8, %4,1%_), morphisms py — p_ —
Ay —A— and Ay — A— — vy — v_ respectively, is the isomorphism (go f, f*8 ® 0, o+, p_) where
Y+, p_ are given by the compositions
1+ Gid

ri(gof) @ B0 — f(grr@B) @ Fa @02

o (gof)r_®fBol— frrap) e’ ¥ A ae 2

Note that there is a inclusion functor VectB — VirtB where an object p is sent to ¢ — 0 and a
morphism (f, ¢) is sent to (f,0, ¢, idp).

1.3.2. Thom spaces of vector bundles and basic properties. We will now define the Thom space
of a vector bundle. This is the model case of the more advanced constructions we will do later,
which we will do in detail to get some geometric intuition for these constructions. We first define
the Thom space for a vector bundle over a nice compact space, for which this definition is easier,
and after that describe the general definition for non-compact spaces.
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Definition 4.18. Let A be a vector bundle of dimension > 1 over a compact locally compact
Hausdorff space X. Then Thom(\) = A, the one point compactification of .

Why locally compact Hausdorff? This is the right condition to demand when one wants the
one point compactification to exist. To get a feeling for this definition we look at some examples.
Suppose that X is a point and A the necessarily trivial one dimensional vector bundle R, then the
Thom space is simply the circle. The next example looks at a simple 1-dimensional vector bundle.

Example 4.19. Suppose we start with one of the simplest vector bundles over one of the simplest
spaces: a trivial 1-dimensional vector bundle over the circle. Then the Thom space of this vector
bundle is homeomorphic to the space obtained by taking a circle, a point and two cylinders S* x
[0, 1], and attaching one boundary component of each of the two cylinder to the circle and collapsing
the other boundary component to the point. This is homeomorphic to the 3(S1), the reduced
suspension of S with a disjoint basepoint added.

However, in the case of a non-compact space taking the one-point compactification will not
only compactify the fibers of the vector bundle, but also the space itself. In general we do not
want to modify our base space and therefore we have to take more care with our compactification
if the base space is not compact. This leads us to the following definition.

Definition 4.20. Let A be a vector bundle of dimension d > 1 over a non-compact space X. Then
Thom(\) is the space obtained by taking the one point compactification of each fiber of A, giving a
bundle T'(\) of spheres of dimension d with a section co()), and collapsing this section to a point:

Thom()\) = T())/oo()\)

One case remains to be defined: that of a 0-dimensional vector bundle. In this case we simply
add a disjoint basepoint.

Definition 4.21. Let A be a vector bundle of dimension 0 over a space X. Then we define
Thom(A) to be X, i.e. X with a disjoint basepoint added.

So, we have just seen two definition for the Thom space of a vector bundle over a compact
locally compact Hausdorff space. It should be clear from the definitions that these coincide. Also
note that in both cases Thom(\) comes with a canonical basepoint co, either as the new point
added by the one point compactifiction or as the image of oo(A) under the quotient map. In other
words, Thom()\) naturally lives in the category Top, of pointed topological spaces. If we do any
construction with Thom spaces which uses a basepoint we mean this basepoint, unless mentioned
otherwise.

The definition of a Thom space is natural in the sense that it is a functor from VectB — Top, .
In fact, the reason for the specific choice of morphisms in VectB is to make this a functor. In the
next proposition we define its value on morphisms and check that it is indeed a functor.

Proposition 4.22. The Thom space construction is a functor Thom : VectB — Top, .

PROOF. As stated before, we have already defined its value on objects, so it suffices to define it
on morphisms. If (f,4) : 4 — X is an morphism in VectB, then this induces a map of Thom spaces
Thom(f,v) : Thom(u) — Thom(A) as the composition of two maps Thom(v) and Thom(f), which
we will define now.

To do this, note that Thom(p) is the union of u and co as a set. We define Thom(¢))|, = ¢!
and Thom())(c0) = co. We define Thom(f)| ¢+, (z,v) = v and Thom(f)(co) = co. Therefore we
have Thom(f, 1) = Thom(f) o Thom(%)).

We should check that this construction satisfies the properties Thom(id, id,,) = idpom(u) and
Thom((g, ¢) o (f,v)) = Thom(g, ¢) o Thom(f, ). The first property is then easy to check, as both
¥ and f are then the identity maps and therefore Thom(id,,) is the identity on p and co separately.

For the second property, it is clear that both maps send oo to co. The point v € p is mapped to
¢ 1(v) = (z,0"), to v’ to P~ (v') = (y,v") to v" under the composition Thom(g, ¢) o Thom(f, ).
Under Thom((g, ¢) o (f,1)) it is mapped to (f*¢ o ~1)(v) = (x,v”) and thent o v". O
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Furthermore, the Thom space construction has several other properties which will be useful.
The first one describes compatibility with products and direct sums.

Proposition 4.23. Let p be a vector bundle over X and A a vector bundle over Y. Let m :
X XY > X and e : X XY =Y be the projections. Then 7j(u) @ 75(\) is a vector bundle over
X xY and Thom(nj () ® w5 (N)) is homeomorphic to Thom(u) A Thom(\).

Furthermore, if X =Y, then there is a natural map Thom(u & A) — Thom(u) A Thom(A).

PROOF. For the first statement we produce a homeomorphism ¢ : Thom(u® A) — Thom(u) A
Thom(A). To define this homeomorphism, we note that Thom(u) A Thom(A) has three types of
point: points of p@® A and a point at oo, obtained by collapsing Thom () x {oo}U{oo} x Thom(A).
The map ¢ is simply the identity on ¢ A and sends co to co.

Let’s now prove the second statement. If X =Y and we consider the diagonal map A : X —
X x X then the vector bundle p® A is the pullback A* (75 (u) ®75(\)). By naturality, this induces
a map of Thom spaces. O

Remark 4.24. The previous proof allows us to describe the Thom space of a direct sum of
vector bundles. Using the notation of that proof, we have that the pullback of sphere bundle of
7} (1) @73 (A) along A is exactly the sphere bundle of © @ A. But the pullback of the sphere bundle
of 7§ (1) ® 73 (A) has points exactly equal to the pair of vectors lying about the same point together
with the section at infinity. In other words, the Thom space Thom(u @ A) is homeomorphic to the
subspace of Thom(u) A Thom(A) consisting of all (v, w) such that m(v) = m2(w) together with

{oo}.
Next we look at the way the Thom space acts on trivial vector bundles or vector bundles
containing a trivial summand. This will play a role when defining Thom spectra.

Proposition 4.25. Let R" — X be a trivial vector bundle, then Thom(R") is homeomorphic to
S™ A Xy. Furthermore Thom(R"™ ® p) = S™ A Thom(u).

PROOF. For the first statement, it suffices to note that the one point compactification of each
fiber is S™. The section at co can then be identified with {1} x X.

For the second statement, we use the description of the Thom space of a direct sum. It is
homeomorphic to the subspace of Thom(R™) A Thom(u) = S™ A X4 A Thom(u) consisting of {oco}
together with all (r, z,w) such that x = mo(w). This is exactly S™ A Thom(u). O

1.3.3. Thom spectra. We would like to extend the definition of a Thom space to virtual bundles.
To do this, we will introduce in this section Thom spectra associated to virtual bundles. However,
we start by defining the Thom spectrum of a vector bundle. For background information on spectra
see section [I] of appendix [A]

For a vector bundle p over a locally compact Hausdorff space X, we get an entire sequence of
vector bundles given by taking the direct sum with a trivial vector bundle: these are given by R" @ u
for n > 0. We can take the Thom spaces of each of these vector bundles and thereby get a sequence
of spaces Thom(R" & p). Using proposition [1.25] we see that Thom(R" & ) & X" Thom(y), where
3} denotes the reduced suspension as in definition We can put all these spaces together in a
single object to form a spectrum.

Definition 4.26. Let u be a vector bundle of dimension d. Then we have a Thom spectrum X*
given by
(X"), := Thom(R" & p)
where o, : ¥Thom(R"® p) — Thom(R™" & 1) the homeomorphism indicated in proposition m
Remark 4.27. In the literature there is an alternative grading
(XY = Thom(R"~ 4@ pu) ifn > d
* otherwise

This has the property that the Thom isomorphism no longer includes a dimension shift:
H.(X*);Z) = H.(X;Z) if u is oriented.
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We will show that this gives a functor from VectB to Spectra, which restricts to the Thom
space functor when we restrict to the zero’th level.

Proposition 4.28. The Thom spectrum construction is a functor VectB — Spectra. Furthermore,
there is a natural isomorphism of spectra X* ANY* — (X x V)T (&m0,

Proor. Counsider a morphism (f, %) : p — A, then ¥ @idgn : f*AOR™ — p@R™ be the direct
sum of ¢ and the identity map. It suffices to check that that the maps Thom(f, 1 @ idgn) are
compatible with the suspension maps, but this is clear because it just corresponds to suspending
the map f. Therefore, the second statement is a consequence of proposition O

In fact, if X = BSO(d) or X = BU(d) and the vector bundle is the canonical one over
these classifying spaces, we obtain spectra M.SO(d) and MU (d) whose limits as d — oo represent
oriented or complex cobordism respectively. These play an important role in algebraic topology.
For example, their homotopy groups give the classification of manifolds up to cobordism. For us,
they will be interesting as universal cases for the Thom isomorphism.

The Thom spectra allow us to generalize the construction of a Thom space to virtual vector
bundles.

Definition 4.29. Let A be a vector bundle of finite dimension, then there exists a vector bundle
v over X such that A\ @ v is isomorphic to a trivial vector bundle R™. The spectrum X ~* is given
by X7 X", the n-fold desuspension of X”. Furthermore, for a virtual bundle y — A, we define
XHA = B XHOY,

Unfortunately, this doesn’t define a functor from VirtB to Spectra because construction depends
on a choice of v. What we do have is a natural weak equivalence between the Thom spectra for
two different choices of v. Alternatively, one can work with manifolds embedded in some Euclidean
space, e.g. as in [GMTW10].

Lemma 4.30. Let v1 and vy be two vector bundles such that X ® vy and A ® vy are isomorphic
to trivial vector bundles R™ and R™ respectively. Then there is a canonical weak equivalence
Yo X pOrL _y Y —n2 Y udre

Proor. Consider the vector bundle isomorphisms p @ vy @ R™ & Rm+n2 = ) @y @ R™,
This induces isomorphisms of spectra:

Sn2 A X HOVL o gratne p X, = SN Gt

and using the natural weak equivalence between the cotensoring and the suspension, we obtain
natural weak equivalence X2 X#®¥1 o 311 X #®r2 - We can now desuspend the map (ng +mns2) times
to obtain the desired canonical weak equivalence. O

This is enough to guarantee that we get a functor from the category of virtual bundles to the
homotopy category of spectra. We already had it on objects and iln the next proposition, we define
the value on morphisms and then shows that it respects identities and composition.

Proposition 4.31. The construction of a Thom spectrum is a functor VirtB — HSpectra.

PROOF. Let (f,0,¢4,¢-) : uy — pi— — Ay — A_ be a morphism in VirtB. Let v be a vector
bundle on Y, A_ @& v 2 R”. Then we know that pu_ is isomorphic to f*A_ & 6 and hence if 7 is
a vector bundle such that 0 @ n =2 R!, then f*v @ n has the property that u_ & f*v @ n = R**+.
Hence we can take X#+~#~ and YA+ ~*~ to be "L X#+ & v®1 apnd $—"Y M@ respectively. The
previous lemma shows that up to weak equivalence these spectra are independent of the choice of
v and 7.

Consider the isomorphism of vector bundles

FFOLeveR) S AL ef veR - A 000 f'von— ur® ffrdn

By the fact that the construction of a Thom spectrum is functorial on VectB, we obtain an
map of Thom spectra X#+®&/ V&1 _, GLAYA+®V the latter of which is naturally weakly equivalent
to 'Y A+®¥. Desuspending (n + [) times gives the required morphism of spectra.
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We should show it sends identities to identites and respects composition. The identity mor-
phism of X#+7#- is (idx,0,id,  ,id, ). If we take the n = 0 in the previous construction, we
clearly get the identity map.

Finally, let (f,0,¢4,¢-) i py —p— = Ay —A_ and (g9,8,¢4+,%-) : Ay —A_ = vy —v_ be two
morphisms of virtual bundles. Then the construction of the morphism of spectra corresponding to
(g,B,%4,%_) can be as before, using 7 such that 8@ n = R! and v such that v_ @& v = R". We
know that A_ @ f*r ®n = R, Let v be a vector bundle such that # @ v = R¥, then because
f*A_ @0 = ., we know that u_ @ f*g*v® f*n@v = R"+F Therefore in the homotopy category
our composition is represented by the composition of morphisms of spectra

Nn—k—l xp ®F g vOf nOv _y simn—ly A @f T v@n _ y-n pvi @

But now note that for the construction of the morphism associated to the composition we can
take the complement to v_ to be v and the complement to f*5& 0 to be f*n@v. This shows that
up to homotopy the construction of a Thom spectrum respects composition. O

Note that if we restrict to the subcategory VirtBg of VirtB of those virtual bundle where we
have a given isomorphism of the negative parts with a trivial vector bundle, then the construction
of a Thom spectrum is in fact an honest functor from VirtBg to Spectra.

1.3.4. Orientations and Thom classes. Now we will do some preparations necessary for defining
the Thom isomorphism, by explaining the relation between orientations for vector bundles and
Thom classes.

Let p be a vector bundle of dimension d over a space X. Then for each x € X we have a map
L+ 8¢ — Thom(y). This induces a map of Thom spectra (S%)*# — X# where the first is weakly
equivalent to LS.

Definition 4.32. A Thom class u, for a vector bundle u of dimension d is a cohomology class
H?(Thom(u); Z) such that tu is a generator of H%(S%; Z) for all x € X.

Proposition 4.33. The following three pieces data are equivalent:

(1) an orientation of a vector bundle u of dimension d on X,
(2) a Thom class u, € H(Thom(u),Z),
(3) a homotopy class of maps X* — XYHZ of spectra such that the composition

»is 2 X+ - NIHZ
is a generator of [L9S,S1HZ] = 7 for all v € X.

(4) a homotopy class of maps X — BSO(d) of spaces classifying the vector bundle p,
(5) a homotopy class of maps X* — MSO(d) of spectra classifying the vector bundle p.

PROOF. 1 & 2: Let p : 4 — X denote the projection map. An orientation is a consis-

tent choice of oriented basis in the fibers p~!(x). Each such choice is equivalent to
a choice of a generator of the d’th homology group p~!(z) U {occ}, which is isomor-
phic to H(p~1(x),00;Z). The data that this choice of oriented basis is consistent,
is equivalent to the fact that these generators patch together to a homology class in
HT(u),00(p); Z) = H"(Thom(u); Z). By definition this class gives a generator of d’th
homology group of the fiber, hence is a Thom class.

2 < 3: By definition of homology groups in terms of a spectra, a class in H¢(Thom(u);Z) is the
same as a class in HY(X*;Z), which is the same as a homotopy class of maps X* —
Y4H7Z. The condition on this map of spectra given in the proposition is nothing but a
direct translation of the condition in the definition of the Thom class.

1 & 4: A d-dimensional vector bundle with orientation is up to isomorphism the same as a ho-
motopy class of a map f : X — BSO(d). The equivalence goes through the relation
p = f*€, where £ is the canonical bundle ESO(d) x soq) R™ over BSO(d).

4 < 5: Any map of spaces X — BSO(d) induces a map X* — MSO(d) = BSO(d)¢ of spectra,
where p = f*¢ is an oriented vector bundle. One can find back f again by restricting to
X C (XH)g, homotoping the image away from oo € (BSO(d)¢)o and projecting down to
BSO(d).
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O

We want to make the link between data (2), (3) and (4), (5) more clear. This is done in the
following corollary.

Corollary 4.34. If f : X — BSO(d) is a map and ug € H(Thom(£);Z) is a Thom class for the
universal bundle, then f*ue € HY(Thom(u);Z) is a Thom class for f*¢. The homotopy class of
maps of spectra for this Thom class is given by the composition X* — MSO(d) — LHZ, where
the last map corresponds to ug.

PROOF. The Thom class u¢ € H?(Thom(€); Z) corresponds to a map M .SO(d) — S¢HZ. The
pullback f*ue € HY(Thom(f*¢);Z) corresponds to the composition X* — MSO(d) — S*HZ. To
check that this is a Thom class, it suffices to note that for an inclusion of a compactified fiber
Ly : £9S — X* the following diagram commutes:

EdS L—’> XH

o LS

MSO(d) —— xiHZ

and hence the composition ¢S = X# — Y9¢H7 represents a generator if and only if 248 A
MSO(d) — SHZ is. O

In this section we discuss orientations over Z. One can make analoguous definition with any
ring R in the place of Z. For example, if R = Z5 then it will turn out that every vector bundle is
oriented.

1.3.5. The Thom isomorphism. Now that we know what orientations are and that oriented
vector bundles have a Thom class, we will prove that capping with the Thom class induces an
isomorphism H,(X*;Z) — H._4(X;Z). For this we use the following generalization of the Serre
spectral sequence.

Proposition 4.35. Let E — B and E' — B be fibrations with fibers F and F' respectively and R
a ring. Furthermore, suppose that i : E' — E is a cofibration over identity map on B. Then there
exist a multiplicative Serre spectral sequence

H*(B,{*(F,F';R)) = H*(E,E'; R)

and a dual Serre spectral

H.(B,H.(F,F';R)) = H.(E,E'; R)
We first look at the universal case of the canonical vector bundle £ over the space BSO(n).

Proposition 4.36. There is an isomorphism H*(Thom(¢)) — H*~4(BSO(d)) induced by capping
with a Thom class u¢. There is also an isomorphism H,(Thom(&)) — H,_q(BSO(d)) induced by
capping with ug.

PROOF. Take B = BSO(d), E = T(§) the fiberwise one-point compactification of u, a vector
bundle of dimension n, E' = co(§) the section at infinity and ¢ : E/ — E the inclusion map. We
let R = Z Because p is oriented, the local system H, (F, F') is trivial and hence isomorphic to the
constant local system H,(F,F’). Now note that F' = S™ and F’ = pt, and hence H.(F,F’) is Z
in degree n and 0 in all other degrees. Hence the E2-page of the spectral sequence is localized in
a row at vertical degree n. The same holds for the cohomology spectral sequence.

Hence both spectral sequences collapse at the E2-page and we obtain that H, (T(£),00(£)) =
H,_4(BSO(d)) and H*(T(£),(¢)) — H*~4(BSO(d); R). Now note that by collapsing the
section oco(p) at infinity we have that H,(T(£),00(§)) =& H.(Thom(§)) and H*(T'(§),00(&)) =
H*(Thom(¢)) and we are done.

Using the multiplicativity of the cohomology spectral sequences, it follows automatically that
the isomorphism is induced by cupping with a generator ue € H%(Thom(£);Z) of the group at at
E$Y = 7. By using the duality of the cohomology spectral differentials with the homology spectral
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sequence ones, we see that capping with a generating cohomology class u¢ of the cohomology
spectral sequence induces this isomorphism.

To show that ug is a Thom class we use the inclusion p~! (z)Uoco — Thom(¢), where p~! (z)Uocco
has base space {z}, and naturality. It is clear that p~!(x) U oo is a S? and hence the F-page
is consists of a single Z at (d,0). A generator of this induces a generator of the fiber. But by
naturality this can be chosen to be the pullback of u.. (]

This proof also works with a general ring R in place of Z. The other case that occurs often is
Zs, because then every vector bundle is orientable. We can translate our results about the Thom
isomorphism in homology to spectra using a variation of the homology Whitehead theorem.

Corollary 4.37. The Thom class u¢ induces a weak equivalence of spectra
MSO(d) AN HZ — £*°BSO(d), ANX HZ

Proor. The map a — a N ug is known to be an isomorphism in homology by the previous
proposition. By lemma it is induced by the following map of spectra:

MSO(d) A HZ — £*°BSO(d) A MSO(d) A HZ
— N°BSO(d)y AXYHZ A HZ — £*°BSO(d), AX HZ

where the first map is induced by the isomorphism & & R® 22 ¢, of vector bundles, the second
map corresponds to the Thom class and the third map uses the ring spectrum structure on HZ.
Because all these spectra are bounded below CW spectra, the homology Whitehead theorem for
spectra applies. Here it is theorem O

We now prove that this universal case in fact gives us all Thom isomorphisms.

Theorem 4.38. If i is an oriented vector bundle of dimension d, then there is a weak equivalence
XHANHZ — X®°X | ANSYHZ of spectra, corresponding to taking the cap product with a Thom class
Uy

PROOF. Fix a Thom class u, for the canonical bundle over BSO(d) and hence an weak equiv-
alence MSO(d) AN HZ — Y*°BSO(d). A XHZ. Let f : X — BSO(d) be a map classifying

p. The taking the cap product with u, = f*u¢ is induced by a map of spectra, where the map
XH* — MSO(d) corresponds to f:

XFAHZ = S®X, AXPAHZ = X, AMSO(d) AHZ — S°X, ASHZ

where the last map is given by the weak equivalence in the previous corollary. But looking at
the spectral sequence for (T'(u),o00(p)) and using naturality, we see that capping with f*ue is
be an isomorphism and hence this map a weak equivalence of spectra by applying the homology
Whitehead theorem@ That the pullback of u¢ is a Thom class was already proven in corollary

134 O

Corollary 4.39. If i is an oriented vector bundle over X of dimension d, there is an isomorphism
H,(Thom(u)) — H.—q(X) or equivalently an isomorphism H,(X*) — H._q(X*°X,).

ProoOF. Simply apply homology to the previous weak equivalence of spectra to obtain the
second statement, which is equivalent to the first statement. O

The second of these two equivalent statements is in fact the one that will generalize to virtual
bundles.

Corollary 4.40. If uy — pu— is an oriented virtual bundle over X of dimension d, then there is
an weak equivalence X*~* N HZ — Xy A XYHZ of spectra.

PrROOF. Let p4 be of dimension m and p— of dimension . Suppose that p_ ¢ v = R"™. Write
XH+7H= a5 N7 XH+D and apply previous theorem to get

YNXHYANHZ - X, AXETlH7 5 X NS HZ

where both morphisms are weak equivalences. Hence this map is a weak equivalence itself. (]
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Corollary 4.41. If yuy — p— s an oriented virtual bundle over X of virtual dimension d, there is
an isomorphism H,(XH+7H=) = H,_4(E2°X}).

PROOF. Simply apply homology to the weak equivalence in the previous corollary. O

Remark 4.42. We have proven the Thom isomorphism for spectra using spectral sequences and
the homology Whitehead theorem for spectra. There is an alternative proof which gives more
insight when generalizing to unorientable vector bundles. This uses parametrized spectra as ex-
plained about in appendix The idea is to start with the sphere bundle S(u) over X. We can
take its fiberwise suspension to obtain a parametrized spectrum XS (p)+. Fiberwise smash with
HZ, then in each fiber we have a spectrum XS% A HZ ~ X¢HZ. If i was oriented, then the
latter gives a trivial parametrized spectrum with fiber HZ over X. Thus there is a fiberwise weak
equivalence XS (u)+ — Y9HZ over X. Passing to homotopy classes of sections we again obtain
the Thom isomorphism in homology.

1.3.6. The Thom isomorphism for unoriented vector bundles. In our construction of the string
operations we will unfortunately come across vector bundles which are not orientable. In this
section we describe how parametrized spectra can be used to give an analogue of the Thom iso-
morphism theorem. The idea is to generalize the construction above using parametrized spectra
to unorientable vector bundles.

However, we first give a proof which is a corollary of the results in the last section. To apply
these results we need to make our vector bundle oriented. There are two equivalent approaches to
doing this, essentially corresponding to the different models for local systems as explained in [2| of
appendix [A]

(1) Take a cover of your space such that the vector bundle becomes orientable, apply the
Thom isomorphism theorem and take a quotient by the deck transformations again.

(2) Tensor your vector bundle with a line bundle such that the vector bundle becomes ori-
entable, apply the Thom isomorphism theorem and after absorb the line bundle in ho-
mology by taking local coefficients.

Suppose that p is d-dimensional, then the vector bundle one should use is the orientation
bundle L = A% and the double cover X is that coming from the two connected components of
the complement of the zero section of A%u. Let’s prove that these indeed make the vector bundle
orientable.

Lemma 4.43. We have that

(1) the vector bundle p ® L over X is orientable
(2) that the pullback of p to X is orientable.

PROOF. Both claims are almost trivial. For the first, an ordered set of basis vectors v; ® \; for
a fiber of u is said to be orientable if v1 A - -+ A vy lies in the same component of the complement
of the zero section of Adu as A1 -...- Ag. This gives a consistent notion of orientation.

For the second, note that the fiber of X over a point of = exactly contains the information for
an orientation for u. Thus a consistent notion of orientation for  over X is not hard to obtain. [

We can now already define the Thom isomorphism in the case of a double cover. Let’s smash
HZ against the Thom spectrum X# of the pullback vector bundle fi of ;1 over X. Then we get a
map

XP Az HZ — S7HZ
by applying the Thom isomorphism. Both sides can be seen as a trivial parametrized spectrum.
In that case there is a Zs action on both sides coming coming from the deck transformation of the
double cover. The Thom isomorphism is clearly equivariant for this. Taking the quotient we thus
get a map
XH Ax HZ — 2HZ;

where the former is a trivial parametrized spectrum but the latter is not. This could be seen a
implementation of the Thom isomorphism for unorientable vector bundles. However, we’d rather
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twist the domain instead of the codomain. This can be done by using the associated bundle
construction, as explained in appendix |1} The result is a map

X* Ax HZp, — Y4HZ

where L is local system representing a grading-preserving local system. Alternatively, by moving
the d-fold suspension to the right hand side, one may consider this as a map

X Nx HZ, — HZ

where L is a full local system.
This formulation is also what one arrives at if one using the orientation vector bundle method.
After tensoring with the A%y, we get a Thom isomorphism:

XHOA A HZ — YIHZ

but the XH®A‘w =~ xu Nx XA, But the latter term naturally maps to a bundle with fiber
gl1(HZ), hence we can twist HZ by it. The result is a map

XM Ax HZp, — S HZ
We will not prove this, but one can show that these two constructions give the same result.

Remark 4.44. These constructions make more sense in light of the proof of the Thom isomorphism
as a map between parametrized spectra. Recall that for oriented vector bundles this was a fiberwise
weak equivalence ¥S(uu)+ Ax HZ — %2HZ where the latter is a trivial parametrized spectrum.
Exactly the same construction works for unorientable vector bundles with the modification that
Y?HZ should be replaced with the non-trivial parametrized spectrum X¢HZ,—-:. This is the proof
of the Thom isomorphism as given in [MS06].

In contrast to the Thom isomorphism for oriented vector bundles, we are now dealing with
an additional local system £. What does it remember about the vector bundle x? The previous
construction in fact shows that it remembers the determinant bundle det(u), which is the graded
line bundle A% of degree d.

All of these constructions generalize to virtual bundles p — p—. In that case the twist again
depends only on the determinant bundle, which we will define in full generality now.

Definition 4.45. Let p = py — p— be a virtual bundle with components of dimension d; and d_
respectively. Then the determinant bundles is the graded line bundle given by the 1-dimensional
vector bundle

det(p) = A% py @ A pt
in degree dy —d_.
One can find more about determinants of virtual bundles and graded line bundles in section
0. 1]
2. Umkehr map for oriented manifolds

In the previous section we described all the technical tools needed to define umkehr maps for
homology as described in the introduction to this chapter.

2.1. The Thom collapse map. Finally, we will describe a method to obtain maps from
a space to a Thom space. We will assume that our spaces are compact manifolds and we will
construct such maps from tubular neighborhoods of embeddings.

Let N, M be compact manifolds of dimension n and m respectively and let i : N — M be a
embedding with normal bundle v. Let f : v — M be a tubular neighborhood.

Definition 4.46. The Thom collapse map associated to i is the composition
i: M — M/(M — f(v)) — Thom(v)

where the map is the quotient map and the second is a homeomorphism.
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Using the contractibility of the space of tubular neighborhoods if N is compact, we can prove
the following result.

Proposition 4.47. Let N be compact, then any two Thom collapse maps associated to i are
homotopic.

PRrROOF. Use that the space of tubular neighborhoods is contractible, hence path-connected to
construct a Thom collapse map for M x I — Thom(r) which restricts to the two Thom collapse
on M x {0} and M x {1}. This gives the required homotopy. O

Of course, the contractibility also tells us that every two homotopies are themselves homotopic,
etc. Note that by looking at suspensions of the Thom collapse map, we can also regard it as a
morphism XM, — N” of spectra.

2.2. Umkehr maps. We are now finally able to define the umkehr maps in singular homology
and we will also investigate their dependence on certain choices. The context is as follows: let M
be a compact oriented manifold of dimension m and N be a compact oriented manifold of the
dimension n. Furthermore, suppose that we are given an embedding 7 : N — M. This is an
embedding of codimension d = m — n. To define the umkehr map we need to fix an convention on
the orientation of the normal bundle v. We say that the fiber of v at z is positively oriented if the
orientations of v, @ TN, and T M, coincide.

Theorem 4.48. For each tubular neighborhood f : v — M there exists a umkehr map i'(f) :
H,(M) — H._q(N). This map is independent of the choice of tubular neighborhood.

PROOF. Define 7' to be composition of the map i, : H,(M) — H,(Thom(v)) induced in
homology by the Thom collapse map with the Thom isomorphism H,(Thom(v)) — H._4(N) with
the orientation of v as defined above.

The choice of orientation uniquely determines the Thom class, so the only choice is that of a
tubular neighborhood. However, any two tubular neighborhoods induce homotopic Thom collapse
maps, which therefore give the same map in homology. |

Definition 4.49. Since there always exists a tubular neighborhood and the umkehr map 4'(f) is
in fact independent of the choice of f. For any choice of tubular neighborhood, we call this map
the umkehr map and denote it by i'.

This theorem did not use the language of spectra. However, remark that alternatively we could
have defined ' to be composition H,(3*°M,) — H.(N") — H,_4(X*°N,). Spectra only become
necessary when we are dealing with virtual bundles, i.e. in the case that instead of an embedding
t: N — M, we have an embedding ¢ : N — p where p is a vector bundle over M.

Suppose that p has dimension m. Then note that we get a morphism ¥*°u, — N which is
such that sufficiently far away from the zero section in p points are sent to co. This means that this
morphism induces a morphism M* — N". Let n be a vector bundle over M such that u®n = R"™.
Then the morphism M* — NV induces a morphism MH#®1 — N*® 1 yp to weak equivalence.

Anyway, this map is naturally the same up to weak equivalence as a morphism of spectra
YXOMy — Y- N¥®"1 - But now note that the latter spectrum is exactly the Thom spectrum
associated to the virtual bundle v — i*u. Therefore, the following theorem follows:

Theorem 4.50. For each tubular neighborhood f : v — p there exists a umkehr map i* : H, (M) —
H,—a(N), which is independent of the choice of tubular neighborhood.

PROOF. Let i to be the composition of H,(M) = H,(X°M) — H,(N*~"#) with the Thom
isomorphism for virtual bundles. O

2.3. Correspondences and push-pull constructions. The previous construction of umkehr
maps for oriented manifolds actually allows one to extend the functoriality of homology from the
category Mfd°" of oriented manifolds to the category Corr(Mfd°") of correspondences of oriented
manifolds.



3. UMKEHR MAPS FOR SPACES OF MAPS INTO ORIENTED MANIFOLDS 63

Definition 4.51. Let C be a category, then the category Corr(C) of correspondences in C is
category which has as the set of a finite sequences of morphisms in C

X+« Xi—>Xo+...2Y

modulo to the equivalence relation which replaces an invertible arrow with its inverse, reverses the
direction composes with the arrows next to it. A morphism from X < X; - Xs «+ ... = Y to
X'+ X{ = X, « ... > Y only exists if X = X' is then given by an equivalence of class of finite
sequences Y <+ Y/ — Y] « ... — Y’ such that its concatenation with X + X; - Xo+ ... =2 Y
is X + X] = X}, «+ ... = Y’. Therefore, think of morphisms as commutative triangles.

Composition of morphisms is by concatenation. The identity morphism of an object which has
Y as codomain of the final morphism is given by the equivalence class of

Yy &y Yy
Note that C embeds into Corr(C) by sending an object X in C to the class of the equivalence

class of the sequence X X x MY X i Corr(C) and sending a morphism f : X — Y to the
equivalence class of
x&Extly

The reason for the relative difficulty of the definition of this category is that push-pull con-
structions like the umkehr map construction give arrows whose codomain doesn’t just depend on
the codomain of the final morphism in a sequence but on the entire sequence. -

A strict push-pull extension is an extension of a functor F': C — D to a functor F' : Corr(C) —
D. The previous results of this section imply the following proposition.

Proposition 4.52. The umkehr map construction gives a strict push-pull extension of the homol-
ogy functor H,(—;Z) : Mfd°" — GrAbgrps to Corr(Mfd°").

PrOOF. Use the ordinary induced map in homology for arrows pointing rightwards and the
umkehr map construction for arrows pointing leftwards. O

For this reason the construction of umkehr maps is sometimes known as a push-pull construc-
tion. We would like to define something similar for slightly more general phenomena: it usually
happens that some of the objects need to be slightly modified to make the push-pull extension
well defined and thus F doesn’t strictly extend F, but only up to a natural isomorphism or weak
equivalence.

Definition 4.53. A push-pull extension for a functor F : C — D is a functor F : Corr(C) — D
together with a natural isomorphism 7 from the functor F|c to the functor I on the subcategory
C of Corr(C).

If D is a category with a notion of homotopy like a model category, then a homotopy push-pull
extension for a functor F' : C — D is such a extension where n is only required to be a natural
weak equivalence.

The reason for this definition is of course that this is exactly what happens when we stay on
the level of spectra instead of passing to homology.

Corollary 4.54. The umkehr map construction gives a homotopy push-pull construction for sus-
pension functor 3> : Mfd°" — Spectra to Corr(Mfd°").

PROOF. Again use the standard construction for the arrows pointing rightwards and the
umkehr map construction for arrows pointing leftwards, but remember to keep track of the umkehr
data by adding this to the spectrum in your domain. (Il

3. Umkehr maps for spaces of maps into oriented manifolds

In the previous section we saw how to define umkehr maps for embeddings of manifolds. The
main goal of this section is to define umkehr maps in the more advanced case of a space of maps
into a oriented manifold.
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It is known that such an umkehr map exists in the more general case of an embedding of
“infinite dimensional manifolds” of finite codimension. In this case, heuristically the normal bundle
is finite dimensional and we can still apply the reasoning of the last section. To make this precise
it turns out that one needs to look at Hurewicz fibrations over oriented manifolds. This is not the
path that we will pursue here.

The reason for this is that for the constructions in later chapters we do not just need the
existence of the umkehr map, but we need to have a lot of control over these constructions on
the level of spectra as well. To get this we use the technique of propagating flows to obtain a
well-controlled construction of umkehr maps for the spaces of maps into an oriented manifold.

3.1. Umkehr maps for mapping spaces using propagating flows. As said before, in
general an umkehr map can be constructed for pullbacks of an embedding of oriented finite-
dimensional manifolds along a Hurewicz fibration but this construction is difficult to control. It
turns out that in our special case, we can use the theory of differential equations to construct
tubular neighborhoods. This is known as the technique of propagating flows [God07, section 3.1],
which refers to [Sta05] as the source of this idea.

3.1.1. Motivating the notion of propagating flows. We will now motivate propagating flows
from the perspective of string topology. This means that we will not be proving the statements,
but merely try to give the intuition for this construction. Later on, we will make the statements
precise.

The simplest case in which this construction works is the following. Suppose that we have a
graph or fat graph I' and a oriented compact manifold M. We look at the space MT of continuous
maps from |T'| to M with the compact open topology. If v(I") denotes the graph obtained by remov-
ing all edges but keeping the vertices, then we have a map ev : MT — M*T) by precomposition
with the inclusion |v(T')] — |I'|. Now suppose that we have a map s : I — T of graphs which
identifies certain vertices, then this induces a map o = M* : M' — M and furthermore we get
a pullback diagram:

MF % MF/

where o, is the restriction of ¢ the vertices. It is know that ev’ is a Hurewicz fibration and it is
clear that o, : M*@) — Mv™) is an embedding of compact oriented finite-dimensional manifolds.
Hence there exists an umkehr map ¢' in homology.

However, to get a well-controlled umkehr map, we want to make this construction more explicit.
To be precise, if v denotes the normal bundle for the embedding o, and f : v — M v() is a tubular
neighborhood, then we want to construct a homeomorphism between ev*v and (ev’)~!(f(v)). Let
for each vertex v € v(I") the map f, : v — M denote the v component of f.

The idea is as follows. A tubular neighborhood is nothing but a well-defined way to move in
your space along the normal direction. Therefore, we want to move our maps |I'| = M in normal
directions. We already know how to move the values of these maps at the vertices in normal
directions, because the tubular neighborhood f tells us how to do this. Therefore, it suffices to
extend these instructions to all points on the interior of edges. Now, on the interior of the edge
these maps are essentially unconstrained and hence this boils down to smoothly extending the
instructions to a small neighborhood of the vertices. We will do this using the flow of a differential
equation.

We will construct a map ¢ : ev*ry — M' which is a homeomorphism onto its image. To do
this we must for each map g € o(M") find a way to flow a g(z) € g(|I'|) for a point = € |I'| near a
vertex v along a “normal direction” in M, in a way that depends smoothly on the point z and the
normal direction n € 1/|ev( ). In particular, we first look at the case where x is equal to a vertex v.
If n € Vey(g), then we should have a path v : [0,1] — M such that v(0) = g(v) and y(1) = f,(n).
Furthermore, it makes sense to try and demand that this path 7 stays within the image f(v) of
the tubular neighborhood.
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new map

flow /’

P tubular neighborhood

FIGURE 4.55. A linear graph is mapped into a manifold M. We want to map the
graph cut along the two vertices into the manifold. An element from the normal
bundle tells us through the tubular neighborhood where to map the vertices and
the propagating flow interpolates smoothly.

If we want 7 to arise from a flow, then there should be a vector field Z, , on M such that
solves the differential equation 4~(t) = Z,,(y(t)) with initial condition (0) = g(v). Because we
want v to stay within f(r) and we only need to move points close to v apart, we can try to pick
to pick the vector field Z,, ,, to have in f(v). Using the tubular neighborhood, we can then assume
that it comes from a compactly supported vector field Z,, , on v. Furthermore, we want this flow
to move only in normal direction, so Z,, ,, should be a vertical vector field: if 7 : v — M*T) denotes
the projection, then Tw(Z,) = 0.

So the question is whether it is possible to write down a compactly supported vertical vector
field Z,, on v such that it indeed has solutions like . The answer is yes and can be found as
follows. We first note that similarly to the fact that the tangent bundle TR™ is isomorphic to
R™ x R™, it is true that Tv is naturally isomorphic to 7*v, where 7 : v — M?() is the projection
of the normal bundle to it base.

In the normal bundle v, the path « should go from ev(g) in the zero section to n,, the vector
in v|ey(g) where only the v-component of n is non-zero. So we should essentially look for a smooth
family Z,, ,, of compactly supported vector fields on v such that the flow along Z,, ,, after time 1 of
the point ev(g) on the 0-section is n,. We see that this condition is satisfied if we take Z,, , any
compactly supported vector field such that on the line segment between the zero-section ev(g) and
ny in the fiber vey(g) = 71 (ev(g)) it is n,.

Thus we have now given a way to determine the value of ¢(n,g) : |[I'| = M on the vertices of
the graph not by directly using the tubular neighborhood, but using the flow of a vector field. The
idea is then to use the fact that all edges of a graphs have a natural parametrization to smoothly
flow points on the interior of the edges as well. This parametrization is given by the fact that each
edge is composed of a single interval [0, 1]. More precisely, it consists of two intervals [0, %] glued,
but if as long as our constructions are symmetric under the maps s — 1 — s, we can identity the
edge in |T'| with [0, 1].

So let e be an edge between vertices vy, v2. Let (e, s) for s € (0,1) be a point in the interior of
the edge in |T'|. Since the vector fields Z,, ,, are compactly supported, we can extend them by zero
to obtain vector fields Z,, , on M. Then we define ¢(n, g)(e, t) to be the value of £ at t = 1, where
£ is the solution to the differential equation

dg
T = 82, (§(t)) + (1 - S)Zn,vz (f(t))

with the initial condition £(0) = g(e, s). See figure for an illustration of this idea.

In the rest of this section we will make this construction precise and investigate to what extent
it depends on the choices of tubular neighborhood and the vector fields Z.

3.1.2. The space of propagating flows. We start by fixing a notation for the set of compactly
supported vertical vector fields on a vector bundle over a manifold that appear in our construction.
We also topologize this set in a natural way.

Definition 4.56. Let A be a vector bundle on a manifold M, then we denote by x. () the space
of compactly supported vertical vector fields on A. This is given the subspace topology of the space
of smooth sections of the tangent bundle T'\ with the C'**°-topology.
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Recall in our earlier discussion of the motivation behind this construction we said that we
wanted compactly supported vertical vector fields that are constant on certain line segments. This
leads us to the following definition of a propagating flow.

Definition 4.57. Let A be a vector bundle over manifold M. Then a propagating flow for X is a
continuous map Z : A — Xy.c(A\) with the property that for all v € A and for each point p on the
line segment between 7(v) and v in the fiber 7=1(v) we have that Z(v)(p) = v.

We let P(A) be the space of propagating flows of A, with the subspace topology of the compact-
open of maps from A to xu (A).

Note that the condition that the vector fields are vertical implies that they cover the identity,
i.e. that for each vector field Z(v) with corresponding flow X, : R — Diff (M) satifies mo X, (¢)(w) =
m(w) for all £ € R. This implicitly uses that these flows are defined for all times ¢t € R, which is
proposition [£.62}

We want to investigate the existence and the uniqueness of these propagating flows. It turns
out that they always exist, but they are not unique. However, we have the next best thing: there
is a contractible spaces of choices and thus they are unique up to homotopy. The following two
results about the existence and uniqueness of propagating flows appear in [God07, proposition
3.4, lemma 3.5].

Proposition 4.58. The space P(A) is non-empty, i.e. for each vector bundle A over a manifold
M there exists a propagating flow.

PrOOF. We will construct one locally and then paste it together using a partition of unity.

Let R* x R™ be the trivial k-dimensional vector bundle over R™. Then we need to construct
a continuous map Z : RF x R™ — y,, .(R* x R™) satisfying the condition defining a propagating
flow: in this case the condition is that we must have Z((x1, z2))(tx1,22) = 1 for all t € [0, 1].

To construct such Z, we first need to define a function 7 to control the vector field in the
direction of the fibers. Let n : RZ, — [0, 1] be smooth function such that

0 ifa+2<d
U(a,b): .
1 ifb<aora<l1

Furthermore, we need to control the vector field in the direction along R™. To do this we let
p:R>p — [0,1] be a compactly supported smooth function such that

(a) 1 ifa<l1
a) =
P 0 ifa>2

Then we define the vector field Z((z1,z2)) by

Z((21,22))(y1,y2) = pllly2 — z2l*)n(lle1]?, lly:|*)2:

It is clear that this vector field is vertical and depends smoothly on (y1,y2). Due to p and ), the
support of this vector field is contained in the set {(y1, y2)| ||y2 — x2||> < 2 and ||y1]|* < [|#1]|> +2}
and hence must be compact. It satisfies the condition that Z((z1, z2))(tx1,z2) = x;1 for ¢t € [0, 1]
because p(0) =1 and n(a,b) =1 is b < a. Finally, we should check that Z is continuous, but this
is clear as it depends smoothly on (z1,z2). This concludes our local construction.

We now want to patch such local propagating flows together. We now work in the context of
a vector bundle A of dimension k over a manifold M of dimension m. There is a locally finite open
cover {U;};cr such that there are charts ¢; : U; — R™ and X trivializes using ¢; : M|y, — R¥ x U;.
We define ¢; = (id x ¢;) o ;. Let {n;};cr be a squared partition of unity subordinate to this cover,
i.e. the 7; are locally finite and ), ; n? is 1 on the open neighborhood Uier Ui x Uy in M x M.

Then we define a propagating flow Z to assign to v € A the vector field

Z@)w) = 3 ni () msr(w)) o (Z(36:(0)) ($s(w))
il
where we see that all terms which are not defined are multiplied with zero anyway, so this gives
no problems. We claim that Z(v) is a compactly supported smooth vector field. The smoothness
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is clear and for compact support, it suffices to note that only finite many terms are non-zero
for fixed v and these all have compact support. It is a vertical vector field because Z is and ;
preserves vertical vector fields. Similarly, it satisfies the condition for a propagating flow, because
t; preserves the line between m(v) and v. To show that Z is continuous, we can restrict to the
case of a single chart and then it boils down to the fact that a finite sum of continuous functions
is continuous. |

Now that we know that propagating flows exist, we show that they are essentially unique.
Proposition 4.59. The space P(\) is contractible.

PROOF. We first note that the pointwise addition of vector fields makes x, () into a topo-
logical vector space. We claim that P()) is a convex subspace of this space. To do this, we note
that if Z and Z’ are propagating flows, then their convex combination tZ + (1 —¢)2’ for ¢ € [0, 1]
is a map assigning compactly supported vertical fields to elements v of A which in a point p on
the line segment between 7(v) and v has value tZ(v,p) + (1 —¢)Z'(v,p) =tv+ (1 —t)v =v. It is
well-known that any convex space is contractible. ]

3.1.3. The general setup for spaces of maps into manifold. We will now define a slightly more
general setup than the simple case of maps from an unlabelled graph into a manifold, where a
propagating flow can still be used to produce a umkehr map. We use the terminology from section

of chapter

Definition 4.60. Let X be an object of SSComp and M a manifold. Then we let MX be the
space of continuous maps g : X — M with the compact open topology.

Let B be a set of proper submanifolds of M and let Y be an object of SSCompy, where we
identify the label () with the label M. Then we let MY be the space of continuous maps g : Y — M
with the property that if b(y) = B, then g(y) € B. We give this the subspace topology coming
from the inclusion MY — MUY®) Here U(Y) is the object of SSComp underlying Y (in other
words U : SSCompy — SSComp is the forgetful functor).

For X € SSCompy, there exists a continuous map ev : MX — M¥Xo given by evaluating
a f € MX at the O-simplices. Note that the codomain may seem a bit mysterious, but is in
fact nothing but a product of submanifolds of M and in fact it is naturally homeomorphic to
[aex, (@)

In the case of a O-regular morphism, these evaluation maps detect essentially all the information
about the morphism. This is made precise by the following lemma.

Lemma 4.61. Let f: X — Y be a 0-reqular morphism and fo : Xo — Yy be its restriction to the
subspace of 0-simplices. Then the following diagram commutes and is a pullback diagram:

MYLf>MX

eVyl leVX

MYO RN MXO
M¥o

Furthermore, Mfo : MYo — MXo is the inclusion given by a product of diagonals; one for
every 0-simplex o of Yy, going from b(a) to Hﬁefo_l(a) b(B).

The previous definition in particular makes sense for objects X of SSCompy 5 and compact
oriented manifolds M. In that case we have that each evaluation map has a compact oriented
manifold as it target. Furthermore we see that M0 is an embedding of finite dimensional manifolds
with normal bundle v and that there is a tubular neighborhood upstairs for M/. In the next
subsection we will use the technique of propagating flows to explicitly construct such a tubular
neighborhood given a tubular neighborhood for M7 and a propagating flow.



68 4. UMKEHR MAPS

3.1.4. Constructing tubular neighborhoods using propagating flows. We will now prove the main
theorem about tubular neighborhoods for mapping spaces, theorem In the proof of the
theorem we want to flow along compactly supported smooth vector fields for times t = 1, —1, so it
is necessary that at least for this interval the flows exist and are unique. This will be a consequence
of the general theory as given in the next proposition.

Proposition 4.62. Let V,, be a compactly supported smooth vector field on a manifold M depending
smoothly on a parameter n € N for N a manifold. Then V,, has a unique flow ¢¢, defined for all
t € R, and this flow is in fact given by a continuous map Rx N — Diffeo(M) which is a 1-parameter
group of diffeomorphisms when restricted to a fized n € N.

PRrROOF. The local existence, uniqueness and smooth dependence on initial conditions is a
local property and thus is a consequence of the Picard-Lindelof theorem which says that solutions
ordinary differential equations in R™ of the type %’ = f(v(t)) locally exist, are unique and depend
smoothly on the initial conditions, if f is smooth. But in this case this is implied by smoothness
of our vector field.

To get from local existence to global existence, we use a theorem that the flow of a compactly
supported vector field is complete. This is true because we can restrict to the support of V', which
is compact and every the flow of a vector field on a compact manifold is always complete. All of
this implies the existence of the flow for all ¢ € R. O

For the following theorem, we just need the existence of a propagating flow. However, we
always want that our tubular neighborhood is unique up to homotopy. This is guaranteed by the
contractibility of the space of propagating flows.

Theorem 4.63. Let f : X — Y be a morphism in SSCompy ;5. Let g : v — M*X° be a tubular
neighborhood and Z € P(v) be a propagating flow. Then we can explicitly construct a homeomor-
phism ¢ = ¢g z : (evy)'v — (evx) H(g(v)).

(eVy)*l/ B

. S

MY MX
evy h
v \ s g(v)
MYo M Xo

ProOOF. We will construct the flow that we want to use, then construct a candidate for the
tubular neighborhood and show that it works by constructing an inverse.

Constructing the flow X: Without loss of generality we can replace X and Y with their corre-
sponding complexes. Furthermore, because the morphism f is O-regular, we can identify
all é-simplices of Y for 4 > 1 with a unique i-simplex of X. Therefore, every point of X
can uniquely be given by either an element of Xy or by an element of X; for ¢ > 1 and a
§ € A'. Similarly every point of Y can uniquely be given by either an element of Yy or
by an element of X; for i > 1 and a §€ AL,

Extend Z toamap Z : v — x.(M*°) using the tubular neighborhood g and extension
by 0 outside im(g), which is well-defined because the vector fields have compact support.
For o € Xy, let Z, : v — x.(b(«)) be the vector field obtained by taking only the
a-component of Z. We can pick an arbitrary extension of Z, to a map v — x.(M).

We define a compactly supported vector field on M depending smoothly on v x X, in
other words a continuous map 3 : v x X — x.(M). A point of X can uniquely be written
as either 8 € X, or a pair (§,5) with 8 € X; for i > 1 and 5§ € At. Write B, ..., S; for
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the i+ 1 vertices of the i-simplex 8 and write §= (sg,..., ;) with so+...+s; = 1. Then
we define 3 by:

3(0,0) = ZBi(v) %fxz,BEXO N
Yj—08iZp;(v) ifz=(85) €X;xA
By proposition 3 has a well-defined flow X : ¥x X xR — Diffeo(M), a continuous
1-parameter group of diffeomorphisms depending smoothly on parameters in v and X.

Constructing the tubular neighborhood ¢: We can write an element of (evy)*r as a pair
(v,h), where v € V|ey, (n) and h € MY, Then we define ¢(v,h) : X — M by

¢(v, h)(x) = (v, z, 1) (h(f(x)))

Note that if b(x) € B, then ¢(v, h)(z) € b(x) is well, because the flow was constructed
from a vector field parallel to the submanifold b(x). Therefore we obtain a function
(evx)«v — MX. To show that this is a continuous function we can equivalently show
that (evx )« x X — M is continuous. But this is a consequence of the fact that the maps
((v,h),x) = (v,2,h(f(z))) and (v,z, h(f(z))) — X(v,z,1)(h(f(x))) are continuous.

We haven’t used the defining property of a propagating flow yet. This implies that
evx (¢(v,h)) = g(v). This implies that im(¢) C evy'(g(v)).

Constructing the inverse of ¢: Next we must show that ¢ maps (evy).r homeomorphically
onto evy'(g(¥)). To do this, we construct the inverse explicitly. First note that if k' €
evy' (9(v)), then g='(evx (1)) is a well-defined element of v. We define ¥(h’) to be the
function Y — M given by

(R (y) = X(g™ (evx (W), F~ (), ~ D (1 (y))

A priori this is a function X — M, since f~! is multivalued on Y. However, we
obtain that for 8 € X, t — X(g~ ' (evx (h')), 8, —t)(W(B)) for t € [0,1] is exactly a path
between h'(8) and a point in im((fo)«). Thus (k') is indeed a well-defined function
Y — M. By the same argument as before 1 is continuous.

We claim the inverse of ¢ can be constructed as follows:

¢~ (1) = (g7 (evx (h')), v(h))

Clearly this is a continuous map, so now it suffices to show that that ¢$~'o¢ = id and
¢pop~! = id. But this follows from the group property of the flow and the defining property
of a propagating flow. Let’s calculate: ¢~tog(v, h) has a v-component g~ (evx (¢(v, h))),
which is equal to v by the propagating flow property, and hence a MY -component

Y= :{(U, f_l(y)7 _1)(:{(% Z, 1)(h(y)))
which is equal to h(y) by the group property of the flow. Therefore ¢! o ¢ = id.
For the other direction we see that ¢ o ¢~1(h') is given by

z = X(g~ evx (1), 2, 1)(X(g™ H (evx (h)), 2, = 1) (K (x)))
which is easily seen to be equal to h’ by the group property of the flow. We conclude
that ¢~ o ¢ = id.
a

Remark 4.64. We can be a bit more explicit about the tubular neighborhood ¢, connecting it to
the movitation given earlier and the presentation in the proof of [God07, proposition 3.5]. Recall
that as in the proof, we can write an element of (evy)*v as a pair (v, h), where v € v|cy, (1) and
h € MY . Then we could alternatively define ¢(v, h) as follows.

On a point § € Xy C X, then we can either define ¢(v, h)(8) = f(vg) or say that it is given
by z(8,1), where z(f,t) is the unique solution to the differential equation

dz(di, t) _ Zs(2(B,1))

with initial condition z(3,0) = h(S).
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Now we similarly define ¢(v, h) on a point (3,5) with 8 € X; for i > 1 and § € A", Write
Bo, - - ., B; for the ¢ + 1 vertices of the i-simplex § and write § = (sg,...,s;) with sg+...+s; = 1.
Then ¢(v, h)(8,5) is z((8, 5),1) with z((5, 5),t) the unique solution to the differential equation:

% - Zjosjzmz((ﬂ, 1))

with initial condition z((3,35),0) = h((8,5)). Since the solutions of these first order ordinary
differential equations coincide with the flow lines for the vector fields 3, we see that this formulation
is equivalent. However, it is less useful for showing that all maps are continuous.

3.2. Thom collapse map and umkehr map for spaces of maps into oriented mani-
folds. Now that we have given an explicit method to construct a tubular neighborhood, we can
proceed and define an associated Thom collapse map as before.

The context is as before. We start with an oriented manifold M and a set B of oriented
submanifolds of M. Let f : X — Y be a O-regular map of O-finite B-labelled complexes, then
lemma tells us that the induced map f, : MY — MX is obtained as the pullback of the
restriction (fp). : MY — M™Xo along the evaluation maps and that (fy). is an embedding of
finite dimensional manifolds, which have induced orientations from the orientations of M and the
submanifolds in B. Thus, we can canonically orient the normal bundle of this embedding by saying
that v, is positively oriented if the orientations of v, & T'N, and T'M, coincide.

We know from theorem that f. admits a tubular neighborhood g : (evy )*r — M¥X.

Definition 4.65. The Thom collapse map f, : MX — Thom((evy)*v) for f, is the map obtained
as the composition

MY — MX /(M* — g((evy)*v)) — Thom((evy)*v)
and this is equivalent to a map of spectra °MX — (MY )(evy)v,

If we use the techniques of propagating flows to construct the tubular neighborhood g, then we
see that this map only depends on a choice of element of Tub((fy)s«) X P(v) and this dependence is
continuous. Now suppose that M and each element of B is compact. Then using the fact that this
space is then known to be contractible, hence path-connected, we obtain the following proposition.

Proposition 4.66. If M and each element of B are compact, then any two Thom collapse maps
are homotopic.

To now construct the umkehr map, it suffices to note that the Thom isomorphism also applies
to this situation because (evy )*v is an oriented finite dimensional vector bundle. If d = dim M*°¢ —
dim MY, by applying homology we therefore obtain.

Theorem 4.67. Let M and each element of B be compact oriented manifolds and f: X —Y be
a 0-regular map of 0-finite complexes. Given tubular neighborhoods for Mfo : MYo — MXo and
a propagating flow on the normal bundle v of M7o, there is an umkehr map (M/) : H.(MX) —
H,_4(MY). This map is in fact independent of the choice of tubular neighborhood and propagating

flow.

We can again put the previous results into the context of correspondences and push-pull
constructions, as described in section [2.3] of this chapter.

Proposition 4.68. The umkehr map construction gives a strict push-pull extension of the functor
H.(M~;Z) : SSCompg o — GrAbgrps to Corr(SSCompy o) and a homotopy push-pull extension of
the functor %°°(M ™), : SSCompg ; — Spectra.

4. Properties of umkehr maps

What have concluded in the last two sections is that in certain situations we can define umkehr
maps on the level of Thom spaces or more generally spectra. These frameworks are equivalent as
long as we are not working with virtual bundles.
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Two cases will in particular be important to us and in our proofs we will need to use certain
properties of umkehr maps in these cases. We will assume that we have fixed universal Thom
classes. Let’s start by summarizing the results of the previous section for the two special cases.
We will treat the Thom space and Thom spectrum cases in parallel where possible.

(1) Let M, N be oriented manifolds and N compact. Suppose that ¢ : N — M is an embed-
ding with normal bundle v. Then we have umkehr maps on the level of Thom spaces or
spectra:

/' : M — Thom(v) or /RO M, — N

parametrized continuously by the space Tub(:), in the sense that each of the previous
maps is a restriction to a point of the first factor of

/' : Tub(t) x M — Thom(v) or ' Tub(t)y A XM, — N”

(2) Let M be a compact oriented manifold and f : X — Y be a O-regular map of B-
labelled O-finite complexes. Let v be the normal bundle of the associated embedding
Mo MYo — MXo. Then we have umkehr maps on the level of spectra

(M) MX = Thom(N)  or (M) :2°(M¥), - (M¥)V

where from now on we will write A" = (evy )*rv. The maps are parametrized continuously
by the space Tub(M/°) x P(v), in the sense that each of the previous maps is a restriction
of

(M7)": Tub(M°) x P(v) x M¥ — Thom(N)
(M7)'+ (Tub(MP0) x P(v)) 4 AT®(MY)y — (M)

In this section we use our results on compatible tubular neighborhoods to get results about
compatible umkehr maps. Recall the results from section We will now give the motivation for
those results: these results are exactly those that can translated to the framework of Thom spaces
and Thom spectra to give nice lemma’s about choosing the data necessary to construct a umkehr
map in such a way that it will be compatible with certain structures. We will be interested in the
following types of compatibility:

(1) Adding vector bundles in cases (1) and (2).

(2) Compatibility with products in case (1) and disjoint union in case (2).

(3) Compatibility with composition in cases (1) and (2).

(4) Simplifying subdivided simplices in case (2).

(5) Collapsing a 1-simplex in the special case (2) where the complexes are one-dimensional.

4.1. Adding vector bundles. In this subsection we give some results about the naturality
when we add a vector bundle to the source and/or the target. This can only be formulated in the
language of Thom spectra, because it involves virtual bundles.

Proposition 4.69. Let W be an n-dimensional vector space with a given identification with R™.
Suppose that we have an embedding 1 : N — M x W and associated umkehr map ¢' : Tub(1)4 A
Y°(M x W)L — NY. Then there is a canonical map

' Tub()y AX®M, — NV=W

PROOF. This map is given by noting that the map Tub(:)y A X (M x W) — N” induces a
map

Tub(l/)+ A\ EnEOOM+ — NV
by factoring over the spectrum Tub(z)+ A (M x W), where W is the one-point compactification,

and desuspending by n. Because W is trivial, we do not need to pick a complementary bundle and
NY=W is equal to "NV, O
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With the same reasoning applied to a simpler situation, we obtain the following result which
sharpens the functoriality of the Thom spectrum functor. Recall that originally, when the negative
part of the virtual bundle was allowed to be non-trivial, the Thom spectrum could only be defined
up to weak equivalence because one had to pick a complementary bundle.

Lemma 4.70. Let f : X — Y be any map of spaces and p = py — p— a virtual bundle over
Y such that p_ is trivial with a given identification with R™. Then there is a unique canonical
representative of the induced map of Thom spectra YT H — XH.

PROOF. Again we only need to note that because p_ is trivial, there is no need to pick a
complementary bundle. O

We now look at the question what happens when we have a map going into M* and a map
out of ¥*°M . The question is whether these can be composed and on what choices this depends.
The answer will turns out to be that they can be composed, but one needs to pick a connection
to identify the fiber of the pullback of u over a point v in v with the fiber of ¢*u over m(v). For
a vector bundle p, let C(u) denote the space of connections in the topology coming from their
identification as a subspace of the space of sections of the vector bundle Hom(TM & p, ).

Proposition 4.71. (1) Letv: N — M be an embedding as before with normal bundle v and
u be a vector bundle over M. Then there is a canonical map

i': (Tub(e) x C(v))4 A MF — NV RV

(2) Let f: X =Y be a O-reqular map as before and u a vector bundle over M. Then there
is a canonical map

(MF)': (Tub(MF0) x P(v) x C(1)) 1 A (MX )" — (MY )M noN

PROOF. Let’s do the first case first. It is clear that a tubular neighborhood f : v — M induces
a tubular neighborhood F' : f*u — pu. The problem is that we need to fix an isomorphism of f*u
with ¢*u @ v. This requires a choice of connection. The second case is similar. ]

This may lead one to worry whether including the choice of connection might disturb the
contractiblity of the space of choices. However, this is not the case, as the space of connections is
a convex topological space and hence we have the following corollary.

Corollary 4.72. For any vector bundle y over a manifold M, the space C(u) of connections is a
non-empty contractible space.

PROOF. The contractibility follows by convexity. The non-emptiness is a consequence of the
existence of connections on vector bundles. This is done by constructing a connection in local
coordinates and then patching these local constructions together using a partition of unity. Here
one needs to check that a certain cohomological obstruction vanishes, which can be arranged. O

Remark 4.73. The results of this section extend to the cases of products and compositions given
below. Just as one replaces the spaces of tubular neighborhoods and propagating flows with
compatible ones, the connections should be chosen compatible as well. This is not difficult and
some more details can be found in remarks in the relevant sections.

4.2. Umkehr maps compatible with products. The results about tubular neighborhoods
compatible with products in section of this chapter directly imply the following lemma if one
translates them to Thom spaces. It solves the question of finding tubular neighborhoods compatible
with the products for situation (1).

Lemma 4.74. Let iy : Ny — My and iy : Ny — My be a pair of embeddings. There is a
contractible subspace Tub™ (i1 x i2) of Tub(iy X i2) with maps p; : Tub™ (i1 x iz) — Tub(i;) such
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that the following diagram commutes:

p1Xm1 P2 XTa

Tub(i) x M; Tub™ (iy X dg) x My x My Tub(iz) x M

J J J

Thom(v1) ¢——— Thom(n] (1) x 73(v2)) = Thom(v1) A Thom(rs) ——— Thom(rs)

where the vertical arrows are given by the Thom collapse construction.

This can be translated to the language of spectra, given as the first part of proposition
There is a corresponding lemma in the framework of Thom spaces and translation of it to Thom
spectra for situation (2), where now the product of mapping spaces corresponds to the disjoint
union of O-finite complexes. This is because there is a homeomorphism MX19X2 =2 p\fX1 5 ppXe,
This homeomorphism is functorial in the following sense: let f; : X7 — Y7 and f5 : Xo — Y5 be
two O-regular maps of B-labelled O-finite complexes. Then f; U fo : X7 U Xo — Y2 U Y5 is again
a O-regular map between B-lablled 0-finite complexes and the map M /192 is sent to M7 x Mf2
under the homeomorphisms.

We want to find umkehr map data for M7/19/2 which allows a commutative diagram with the
restrictions M/t and M /> to the two components of the disjoint union. To write it down we need
to do some more work: to be precise, we need to prove properties for propagating flows similar to
those of tubular neighborhoods.

In general, let 47 : Ny — M; and i3 : Ny — My with normal bundles vy and vo. Firstly,
similarly to the space Tub™ (i1 X i3) we want to define a space P*(njv1 @ miv2) to be the space
of propagating flows which arise as a product of propagating flows on v and . Let’s make this
precise.

Definition 4.75. A propagating flow in P(7fvy @ w51s) is said to be compatible with the product
structure if its restriction to 77v; for j = 1,2 has image in those compactly supported vector field
such that only the components in the 77 (v;)-directions are non-zero and these components are
constant along fibers of the projection to N;.

We denote the space of propagating flows compatible with the product structure by P> (7511 ®
m5v2). Note that there are maps p; : P*(niv1 @ m5ve) — P(v;) for j = 1,2 and conversely a map
t:P(n) x P(rg) = P*(min @ mava).

Note that this space consists exactly of those propagating flows whose restrictions to the
components are propagating flows themselves. Again, the homotopy type of this space is easy to
determine.

Lemma 4.76. The space P*(miv; ® miva) is a non-empty and contractible subspace of P(mivy &
7'('; VQ).

PROOF. It is easily seen to be contractible because it is convex. To show that it is non-empty,
one takes elements Z; and Z; of P(v1) and P(v2) respectively and creates a Z : vy ® vy —
Xew(v1 @ v2) given by (v,w) — p(||v]|?, ||w||*)Z1(v) & Z2(w). Here p is a suitable bump function
to guarantee that the vector fields are compactly supported and || — || is a norm coming from some
metric on the vector bundles. O

We can now formulate a proposition which gives the general statement about finding umkehr
data compatible with the product structure for situation (2) in the framework of Thom spectra.

Lemma 4.77. Let f1 : X1 — Y7 and fo : Xo — Y5 be two O-regular maps of B-labelled 0-regular
complexes. There is a contractible space Tub® x P* := Tub™ (M 1) x MU2)0) x PX (i @ whis)
with maps p; to Tub(M fi)o) x P(v;) such that the following diagram commutes for j =1,2:

TubX x PX x MX1uXz 22T (g (o) P(v;) x MXi

J/(]\/[hufz)! J{(ij)!

Thom(w} (M) x 75(N2)) ————— Thom(N\j)



74 4. UMKEHR MAPS

PROOF. Say j = 1. The lower map is given by the composition Thom(n}(N7) x 75 (N3)) =
Thom(N7) A Thom(N3) — Thom(N7) of the homeomorphism of proposition with the projec-
tion on the first component. Therefore we see the map 7o preserves only those maps that were
flowed using a component of zero in the N3, because of our demands on propagating flows and tubu-
lar neighborhoods compatible with the product structures. Hence the top-right and left-bottom
compositions are equal. O

Finally, we give the translation in terms of Thom spectra.

Proposition 4.78. (1) Let iy : Ny = My and iz : No — My be a pair of embeddings. There
is a contractible subspace Tub™ (i1 x i2) of Tub(iy X i2) with maps p; : Tub™ (i1 x iz) —
Tub(i;) such that the following diagram commutes:

P2 X2

Tub(iy) 4 A S (M) —Tub* (i1 % i2)4 A D®(M; x Ma)f ——s Tub(ip) 4 A £°° (M),

1'1J( (21><12)'J/ lez

Nt e (N1 x Np)mi ()X ms(2) & Nyt A N> ——————— 3™

(2) Let f1 : X1 — Y1 and fo : Xo — Yy be two 0-regular maps of B-labelled 0-regular com-
plexes. There is a contractible space Tub™ x P* := Tub™ (M1)o x M2)0) x PX(mi1; &
T4va) with maps p; to Tub(MFi)o) x P(v;) such that the following diagram commutes
forj=1,2:

Ppj X5

(Tub* x PX)s AT (MX10Xa) (Tub(MU0) x P(v)) A B2 (M;),

J/(Mfﬂ—’fz)! J/(ij)!

(Myluyz)w;(/vl)m;(m) ~ (MM )/\/1 A (MYQ)A& (MY )Nj

5

We will later use this proposition to prove that higher string topology operations are compatible
with disjoint unions.

Remark 4.79. To get the results of section to hold for these umkehr maps compatible with
the product, replace C(v) with the contractible non-empty subspace C* (71 © m3v2) consisting of
those connections whose restriction to 7;v; for j = 1,2 is again a connection which doesn’t depend
on the other coordiante.

4.3. Umkehr maps compatible with composition. We want to construct umkehr maps
which are compatible with composition in a sense to be made precise. To do this we first note that
the results in section [I.2]of this chapter about tubular neighborhoods compatible with composition
imply the following lemma in the framework of Thom spaces.

Let’s recall the notation first. Let j : L — N and ¢ : N — M be a pair of embeddings
and ¢y : L — v; be the composition of j with the zero-section. Then there is a contractible
subspace Tub®(i o j) of Tub(i o j) x Tub(i) x Tub(:)) together with obvious projection maps
Pioj : Tub®(i 0 j) — Tub(io j), p; : Tub®(i o j) — Tub(é) and py : Tub®(i o j) — Tub(¢y).

Lemma 4.80. The umkehr map construction makes the following diagram commute:

tho(pa xid)

idxi' o(p; xid)
R —

Tub®(ioj) x M Tub®(i 0 j) x Thom(v;) Thom(v;|1, & vj)

(i05) 0 (pioj xid)
Thom(v;o;)

We can also translate the results about the liftings of tubular neighborhoods into this context.
The result we want is that data for an umkehr map for 7 lifts essentially uniquely to data of a
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compatible umkehr map of 7 o j. The diagram given this situation is as follows.

L

[
J

N

— M

%

We want compatibility in the sense of that the umkehr map construction makes the following
diagram commute:

ThOm(l/ioj)

Thom(v;) +———
g

Furthermore, these liftings are parametrized by Tub(cy) and hence form a bundle with con-
tractible fiber over Tub(¢). This solves the problem of finding compatible umkehr maps for situation
(1).

Now we want to do something similar for situation (2). Again, this will require some inves-
tigation of compatible propagating flows. To do this, we use the notation given above and do
something similar as we did when we looked at tubular neighborhoods compatible with compo-
sition. In formulating this definition, we will use that our propagating flows consists of vertical
vector fields, hence cover the identity and therefore can be restricted to submanifolds, in this case
Z; to L.

Definition 4.81. Suppose that an isomorphism v;,; = v;|r @ v; is given, for example induced
by tubular neighborhoods. A triple (2., Zi, Z;) of propagating flow in P(v;0;) X P(v;) x P(v;)
is said to be compatible with the composition if the sum of Z; with the restriction of Z; to 4|,
coincides with Z;,; under the isomorphism v;o; = v4|r, @ v;.

We denote the space of propagating flows compatible with the composition by P°(v;0;). It
comes with natural maps pio; : P°(Vioj) = P(Vioj), Pi : P°(Vioj) — P(v;) and pj : P°(Vioj) —
P(v;).

Essentially, a point in the space of propagating flows compatible with composition is given by
a propagating flow i o j and a way to extend it to v;.

Lemma 4.82. The space P°(vio;) is a non-empty contractible subspace of P(vioj) and in fact
forms a bundle with contractible fiber over P(v;)

PROOF. It is homeomorphic to P(v;) x P(v;) O

Note that although our space of compatible propagating flows depends on a choice of tubular
neighborhood, it depends continuously on this choice. This implies the following lemma:

Lemma 4.83. Let Tub® xP° C Tub®(ioj) X P(vej) X P(vi) X P(vi| L ®v;) be the subspace consisting
of compatible tubular neighborhoods with their compatible propagating flows. Then Tub® x P° is
contractible and forms a bundle with contractible fiber over Tub(i) x P(v;).

This is the correct notion of compatible propagating flow to use when talking about umkehr
maps compatible with composition. Let’s start with proving the existence of compatible umkehr
maps in situation (2) in the framework of Thom spaces.
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Lemma 4.84. Let f : X — Y and g :' Y — Z be a pair of O-regular maps between 0-finite
complexes. Then the umkehr construction gives maps making the following diagram commute:

(Tub® x P°) x MX —— (Tub® x P°) x Thom(Ny) —— Thom(NF|prz & Ny)

e

Thom(Nyoy)

PrROOF. What is the tubular neighborhood for space from Ny|yz & N, — N7 To get it,
we sent a point (w,v) over h € MZ to the vector w over the point ¢(v)(h), the propagating
flow construction applied to h and v. This makes sense because the compatibility of the tubular
neighborhoods means that fibers of Ny over ¢(v, h) is naturally the same as the fiber Ny|yz in
which w lies.

We claim that the tubular neighborhoods upstairs induced by the tubular neighborhoods down-
stairs and the propagating flow are compatible. This is true because the flows of Z; and Z; commute
and hence doing them at the same time or at different times give the same result. Now the claim
has been proven, the proof continuous as in case (1). O

We can now give the translation to Thom spectra.

Proposition 4.85. (1) Let j : L — N and i : N — M be a pair of embeddings. There is
a contractible subspace Tub®(i o j) of Tub(i o j) together with maps making the following
diagram commute:

Tub®(ioj)y AX°M; —— Tub®(ioj)y A NVi —— prilueév;

\ [ Vios

(2) Let f : X =Y and g :' Y — Z be a pair of 0-regular maps between 0-finite complexes.
There is a contractible space Tub® x P° with maps making the following diagram commute:

(Tub® x P°)y AX®(MX) — (Tub® x P°)y A (MY )WN5 —— (MZ)Nsluz Ny

(M%) Noes

We can translate the result of the proposition in terms of lifting. It is in this form that we will
use our knowledge of compatible umkehr maps to construct the string operations.

Corollary 4.86. Suppose one has a diagram of the form

y 27

g

X

where all maps are O-regular. Then given a subspace A C Tub(M"™) x P(v) one can find a
subspace A C Tub®(M/o o M9) x P°(v) of compatible liftings for umkehr data with a natural
homotopy equivalence A — A.

4.4. Simplifying complexes. Next we describe how to create umkehr maps compatible
with the following situation. Let A™ be a standard n-simplex and nsd(A™) be the non-standard
subdivision obtained by adding simplices from each of the edges of a face to the barycentre. We
assume that all the simplices in the complement of the image of interior of A™ in nsd(A™) are
labelled with a single label b € B.

If an n-dimensional B-labelled complex X contains a subcomplex of the form nsd(A™), we
can replace this subcomplex with A™ without essentially alternating the space. Let’s denote this
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FIGURE 4.87. A two-dimensional complex X with an embedded non-standard
subdivided simplex and the altered complex X\nsd(A?%). The modified part is
dashed.

altered space by X\nsd(A"™), see figure This situation often happens for the case n = 1, in
which case we want to remove subdivisions of an edge.

For umkehr maps, we are interested in situations of the form:

[

nsd(A") —— nsd(A")

o

where f : X — Y is a O-regular map of O-finite complexes and the inclusions of the subdivided
simplices is as before. Note that we have a diagram of spaces:

X%Y

- =

X\nsd(A™) T) Y\nsd(A™)

We want to figure out how umkehr maps for the top and bottom rows relate to each other.

Proposition 4.88. There exist natural homotopy equivalences Tub(M7%0) x P(v) — Tub(MfU) X
P(D) and (MY N5 — (MY \sdANNF yaking the following diagram commute:

(Tub(M5) x P4 A5 (MX), — 2 (s

Nl f

(Tub(MfO) x P(7))4 A EOO(MX\nsd(A"’))+ (Tf))t (MY\nsd(A"))Nf

More generally, one can do this for any finite number of subdivided n-simplices at the same
time.

PROOF. We first look at the underlying diagram of embeddings of finite-dimensional manifolds.
For simplicity, we assume that the label b € B is M, but the same argument works for other labels.
To write down this diagram, let X, denote the 0-simplices of X\nsd(A™) and ¢ the barycenter of
A™, ie. the additional 0-simplex in nsd(A™) € X. Then X, = Xo Uec. There is similar notation
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X X/(A)
FI1GURE 4.90. A collapse of a 1-simplex. This collapsed simplex is dashed on the
left hand side.
for Y and its O-simplices. Then we have the following diagram:

_ MFoxid ~
MY = MfYo x M ——— MXo x M = M¥Xo

MYo - Mo
Mo

This also allows us to identify naturally v with 7. Now our arguments about products of
tubular neighborhoods and propagating flows gives the desired homotopy equivalence of umkehr
data Tub(M70) x P(v) — Tub(M/0) x P(Ny). It is in fact a homeomorphism.

However, the two constructed umkehr map are different for the top and bottom row. They differ
only in the interior of A™. In the top row of the diagram in the statement of the proposition the
values of the maps to M at the barycentre are not changed by the flow, but in the bottom row they
are. However, one can clearly see that there is a natural homotopy of the flow parameters which

gives a homotopy between the two umkehr maps. This gives the desired homotopy equivalence
(MY)Nf N (MY\nsd(A"))Nf. 0

We again want to put this proposition in the context of liftings for convenient use in the
construction of compatible umkehr maps.

Corollary 4.89. Suppose one has a diagram of spaces of the form

X%Y

{ k

X\nsd(A™) 7> Y'\nsd(A™)

where the maps are induced by a 0-regular map f between O-finite complexes. Then given a subspace
A C Tub(MYf0) x P(v) one can find a subspace A C Tub®(M¥0) x P°(©) of compatible liftings for
umkehr data such that there is a natural homotopy equivalence A — A.

4.5. Collapsing a 1-simplex. Finally, we explain how to do one very particular construction:
collapsing a 1-simplex in a 1-dimensional complex. We only do this for the one-dimensional case
because the higher-dimensional analogues are much harder to formulate.

The idea is that up to homotopy having a 1-simplex with two boundary 0-simplices or just a
single 0-simplex doesn’t matter, so it also shouldn’t matter for the construction of umkehr maps.
We will show that this true up to a contractible space of choices.

We first fix some notation: let X be a 1-dimensional B-labelled complex and A! a subcomplex
which is either entirely labelled or has a single vertex labelled. Then X/A! is the 1-dimensional
B-labelled complex obtained by collapsing the image of A® consisting of two vertices and a single
edge to a single vertex. See figure
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Let X and Y be of this type, then any O-regular map f : X — Y which sends A!' C X to
A' C Y induces a map f : X/A' — Y/A'. This map will be O-regular if f was. Let vy and v
be those parts of the normal bundle of the finite-dimensional embedding M o for 0 and 1 vertex
of A respectively, and vg 1 the part of the normal bundle of the embedding M fo for the image of

Al
Lemma 4.91. Given a splitting vo1 — v1 @ va, tubular neighborhoods fi and fo for v and

vy and propagating flows Z1 and 25, there exists a contractible subspace Tubc(MfO) x P<(v) of
Tub®(M/0) x P¢(v) which makes the following diagram commute:

_ ) M L
(Tube (M) x Pe(3)), A s (/ah), M0 (ypyrany v

| |

D (MY) 4 (M)N

(M)

In fact, the spaces in the construction of the previous form a bundle over the space Tub(Mf0) x
P(v) x Split and thus the lemma can be sharpened to the following proposition:

Proposition 4.92. There exists a contractible subspace Tub®(M%0)xP¢() of Tub®(M7¥0)xP¢() x

Split with a map to Tub(M 7o) xP(v)xSplit which is a homotopy equivalence, such that the following
diagram commutes:

_ | M L
(Tube(M0) x Pe(i)), A s (XAt L (apriatys

| |

(Tub®(M70) x P<(i7) x Split) A £°(MX) T (MY )N
Finally, when rephrased in terms of liftings, we get:

Corollary 4.93. Suppose one has a diagram of the form

X%Y

| ]

X/A! T>Y/A1

where [ is O-regular. Then given a subspace A C Tub(M70) x P(v) x Split one can find a subspace
A C Tub®(M70) x Pe(i) of compatible liftings for umkehr data such that A ~ A.






CHAPTER 5

Construction of HCFT operations

This chapter is the heart of the thesis. In it we complete the technically complicated task
of constructing the HCFT operations for string topology using the umkehr maps defined in the
previous chapter. The basic setup is the same as the one used by Veronique Godin in [God07],
with modifications to allow multiple branes and a bit more exposition.

Convention 5.1. In this chapter, we fix a compact oriented manifold M and a set of branes B
of compact oriented submanifolds A of M. The category of nice B-labelled cobordism graphs with

oc,n

set of branes B, Faty"" will be denoted by Fn to shorten the notation.

1. Overview of the construction

The idea of the proof is as follows:

(1) We first explain how to construct an umkehr map from the incoming to the outgoing
boundary for a single nice B-labelled cobordism graph I". This will be a map of spectra
which depends continuously on a contractible space Umk(T") of choices for umkehr data.
The result is a map of spectra:

T Umk(D) 4 A B°(MO%n DY | — (MouT)rr

where kp is a virtual bundle to be defined in the proof of theorem [5.6

The composition of the map 71 with the Thom isomorphism is the string operation
corresponding to a single graph and can in fact be seen as a degree zero string operation.

(2) Construct functors Split : VFn — Top and Umk : VFn, — Top, containing information
about splittings and umkehr data. Here VFn is a category of simplices in Fn. Use
these to construct a supporting category VFn, which contains the addtional information

of splittings and umkehr data necessary to patch the virtual bundles k- and the maps

T together. As a result we can define functors $°°(M%=~), : VFn, — Spectra and

(M%out=)% : VFn ; — Spectra such that one can construct a map of spectra
2 hocolim (M%7 ~), — hocolim(M%ut =)~

implementing the umkehr maps in family form.

(3) The previous step requires a complicated technical proposition, the construction of spaces
of compatible choices for umkehr maps. This will have its own section, which depends
heavily on the results on compatible umkehr maps in the previous chapter.

(4) Simplify the domain and codomain of the map 3 by showing that hocolim X M%»~ is
weakly equivalent to the suspension spectrum of H[E} (|Fns| x M%) and hocolim Thom(k)
is weakly equivalent to the ind-Thom spectrum associated to an ind-virtual bundle % over
the space ][y (|Fnx| x MOour®),

Then we compose 3 with the Thom isomorphism to define a map J which gives the
string operations in family form. The induced map in homology J, will be the string
operations of theorem [2:29}

1o Ho(BUs; L) @ Ho(M?%,Q) — H,(M%+%;Q)
where the particular implementation of the local system E% is defined in the next step.

81
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\
PPN / \\. ° /
r% r%,in I_v,in

Fi1GURE 5.3. The graphs I', I'.. ;, and T',, ;,, for a B-labelled cobordism graph I

(5) We then investigate orientability issues coming from the virtual bundle x. To be precise,
we define the local system Lgf by comparing x to other virtual bundles which have the
same determinant graded line bundle. £} will arise as the determinant of a homological
virtual bundle 7 over Bl'y.

(6) Show that these constructions are compatible with disjoint union of cobordisms by first
showing how to get compatibility for the map 7 for a single B-labelled cobordism graph
and explaining how to extend these techniques to the maps J and 1.

(7) Show that these constructions are compatible with composition of cobordisms. This is a
similar, but more involved, version of the argument in the previous step.

Convention 5.2. Because being concerned about orientations will make an already complicated
argument even more difficult to follow, we will put off any discussion of orientations until section
[6] of this chapter. This is step 5 of our list.

2. Operation for a single nice B-labelled cobordism graph

We will now construct the umkehr map associated to a single nice B-labelled cobordism graph.
For examples of specific operations obtained by this construction, see section Recall that we
have a d-dimensional compact oriented manifold M and set of branes 5.

2.1. Breaking up B-labelled graphs. We start by recalling that for a B-labelled graph,
the geometric realisation |I'| can naturally be seen as a O-finite 1-dimensional B-labelled complex,
see propositi This means that we can define the mapping space MT as M!T! in the sense
of definition if Y a B-labelled complex, then we let MY be the space of continuous maps
g : Y — M with the property that if b(y) = A € B for a point y € Y, then g(y) € A. This is given
the subspace topology from the compact-open topology on the space of all continuous maps from
the space Y to M.

We begin with the definitions of graphs involved in the construction. These graph give us a
way to break up the graph into smaller pieces such that we can construct an umkehr map from
the incoming to the outgoing boundary and this can be made compatible with morphisms later
on. One can find examples of these graphs in figure in figure [5.7] and in figure in section
42 of this chapter.

Definition 5.4. Let I' be a nice B-labelled cobordism graph, then we define the following associated
B-labelled graphs. We will use the boundary collapse map s from proposition [3.:48 which sends the
boundary graph OI" of a B-labelled cobordism graph I" to the underlying ordinary graph of T

e I'. is given by
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More concretely, it is the B-labelled graph composed of the disjoint union of the following
three types of graphs: (i) s(9;,I'), (ii) a linear graph with one edge e, and two vertices
U0, Up,1 for each half-edge h of T'\s(9;,I') and (iii) the original vertices v of I'\s(9;,I").
The vertices v retain their original label and for the linear graph the labels are as follows:
the vertices vy, o are given the same label as s(h), the source vertex of the original half-
edge h, while the new half-edges of the linear graph and the vertex vy, are given the
same label as the original half-edge.
o I'. ;, is given by
hsep(T'\s(9;,I")) U 9;,, T
This is the B-labelled graph composed of the disjoint union of graphs 0;,,I" and the types
of graph (ii) and (iii) defined previously. Alternatively, it can defined as I'. with $(9;,T")
replaced by 9;,T.
o I'y in is given by
U(Sep(r\s(aznr))) U 8inr
Here one should consider v(sep(I'\s(9;,I'))) as the B-labelled graph obtained from I'\ s(9;,I")
by creating a vertex for each half edge h and labelling this with the label of s(h).

There is a number of natural maps between geometric realisations of these graphs: these are
denoted s- : [T=| — [T, sipn ¢ [T=n] = |T=| and s, @ [Tz in| = |[Tyinl. We describe them
below. All will turn out to be 0-regular maps between 0-finite B-labelled complexes obtained by
the geometric realisations of B-labelled graphs.

Definition 5.5. e 5. : |T'-| — |T'| is given by mapping the O-simplices x, to themselves
and the 0-simplices *,, , for b € s7(v) to ,. It also identifies [0, 1], and [0, 1], ,, along
*p, , and #,, .. Note that s. does not come from a morphism of B-labelled graphs,
as one of these must have picked on the edges to be collapsed, instead of glueing them
together.
® Sip i |Tein] = [T2| is given by idpsep(r\s(a;, 1)) U ||, where

$: 0l = 8(0in )

is the collapse map.
o 5, T in| = Ty inl is given by f Uids,, r, where

[+ [hsep(I\s(0inT'))| = [v(sep(I'\s(dinI")))]
is the map which collapse the edges [0, 1]¢, onto the point *,,, ,, which we can identify with

the vertex of sep(I'\s(0;,I')) corresponding to the half-edge h. Note that this behaves
well with respect to the labellings.

2.2. Motivation and a Q&A. The next theorem is fundamental to the construction of
higher string operations. The rough idea is that we want to apply our umkehr map construction
to the correspondence

OinT B Tyin € T i 255 T 25 T8 5(0puiD) < ot
This is almost a correspondence in Corr(SSCompB’O)7 except for i, Sy, tout and s. In the next
theorem we will essentially modify the homotopy push-pull extension of ¥°°(M ™) obtained by
the umkehr map construction to deal with these problematic maps. We comment on the reasons
that the problems with these maps can be solved.

(1) The underlying reason why this is possible for s, i, and s is that, after passing to
mapping spaces, these maps point in the correct direction. Hence they don’t really have
to be O-regular or surjective at all.

(2) The reason this is possible for i;,, is that this map only creates points, which is a simple
enough task such that our construction can handle it. The idea is to thicken the codomain
using some Euclidean spaces.

We will now answer a few questions about the choice of this correspondence.
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What are we trying to model: Naively, one would try write the simpler correspondence
Oin I — T+ 0y

and try to push-pull along this. However, the technology to do this is not yet available.
Essentially all we can do using umkehr maps is: (1) creating new isolated points in the
domain of the mapping spaces, (2) identify a finite number of points in the domain. To
push-pull along 9;,I" < T' one would presumably need to create the complement of the
incoming boundary. However if the complement contains a cycle, there is no way to do
that by simply creating single points without breaking up the graph.

Why do we consider a correspondence like this: Our correspondence essentially gives of map
spectra a factorisation of the push-pull construction for the naive correspondence into
maps for which we can define the umkehr maps. Because any good definition of umkehr
maps should be functorial, this implies that if one could construct the umkehr map for
the naive correspondence then the umkehr there should be equal to our composition.

If one doesn’t believe these ideas, then there is a more cynical motivation: this
corerspondence works. To be precise, the generalized push-pull construction applied to
this correspondence will give all degree zero string operations, like the string product and
coproduct, as we will prove in section of chapter [6] It will also be the basis of the
maps J in theorem [5.31and J in definition [5.43| which will induce the higher degree string
operations of definition [5.44]

Why specifically this correspondence: There are other correspondences that produce the de-
gree zero string operations. Heuristically, because any good one should be a factorisation
of the naive correspondence, it should give the same operations as our correspondence.
So the choice shouldn’t really matter.

The reason for choosing this particular one is that it is the simplest way to make
a correspondence in a natural way where all maps that, after going to mapping spaces,
point in the wrong direction will either have come from 0O-regular maps or have only minor
problems as explained above.

2.3. The construction of 7. In the next theorem we will finally. construct the operation
T, the degree zero string operations for a single B-labelled cobordism graph.

In it we use vector space W. This is an Euclidean space which admits an embedding ¢ : M — W
with normal bundle v. The embeddings A < M induce an embeddings ¢4 : A — W with normal
bundle v4 for every brane A. These conditions are exactly such that W can serve as a thickening of
some spaces involved in the constructions so that we can define umkehr maps for maps into them.
In particular, we will use the space W as space to “create new vertices”. Also see the discussion
of the map p;,, in the proof of the theorem.

Theorem 5.6. Suppose that we have fixed an Euclidean space W with an embedding M — W,
tubular neighborhoods Tub(t) x [ 43 Tub(ea) for the embeddings of M and branes A € B into W
and a choice of inner product for W in Z(W).

For every nice B-labelled cobordism graph T', there exists a contractible space Umk(T") and a
virtual bundle kr, which both will be described in the proof of the theorem, such that we have a
map of spectra

T Umk(D) . A B°(MP%nTY | — (MouT)rr

This map depends continuously on the contractible space of choices made in the beginning of
the statement of this theorem. Furthermore, if we fix a point x € Umk(T"), then we obtain a map
Tu(2) : Ho (M) — H,(M%T) in homology which is independent of x and the choices made in
the beginning, and therefore denoted by ..

PROOF. Consider the following sequence of maps of B-labelled graphs (see figure [5.7)):

Ttout

(1) DD 8 Ty 2 T 25 Tl 5 T2 (0D 2 el
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P ,/'\. < g% 5% \\
QQ QO OI‘Q OI‘<> S(0guil) r

F1GURE 5.7. This figure exhibits the B-labelled graphs used at different stages in
the construction of theorem We haven’t indicated the outgoing boundary of
I" to stop the figure from being too cluttered.

This induces a diagram of spaces as follows, where as above we have dropped the | —| denoting
geometric realisation of graphs to limit the amount of notation:

Mainr X WU(F\S(aan)) & Mru,in &) MF+,ML & MF% G-H— MF M Ms(aoutr) L) Maoutr

We will construct umkehr maps for all arrows pointing in the wrong direction, in other words,
those pointing leftwards. We will pay special attention to the choices made at each point.

The map p;,: The map p;, is induced by the embeddings ¢ : M — W and 14 : A — W for each
brane.
This can be seen by noting that M v is a product of terms of the following form:
(1) M9nT (ii) terms A for each vertex of I'\s(9;,I") with label A, (iii) terms M for each
unlabelled vertex of T'\s(9;,I"), (iv) terms A for each half-edge of I'\s(9;,I") ending on a
vertex with label A, and (v) terms M for half-edges of I'\s(9;,I') ending on an unlabelled
vertex. Thus, if one has tubular neighborhoods for the embeddings ¢ : M — W and
ta: A— M with A € B, we get a tubular neighborhood for the embedding

Qeep(C\s(@inT)) Ly j7o(sep(T\s(dinT)))

with a normal bundle which we denote by v. For convenience, we will denote the Euclidean
space Wvep(Ms@:n1))) by W, Using the results of chapter [4] the Thom collapse applied
to the tubular neighborhood induces a map of spectra

R, - 2°(M%T x W), — (M vin)”

Because of proposition we know that this is the same as a map — instead of a
homotopy class of maps, because W and hence W is Euclidean — of spectra

Rip : EOO(]W&‘”F)Jr — (Mrv,in)l/—w

The map o,: This map M vin — MT+.i» is induced by the map s, : [T+ in| = [Ty .inl-

We have already seen that MTvi» can be written given as a product of smaller spaces.
The space MT++» admits a similar decomposition and is in fact a product over the same
indexing set. The terms from the incoming and the vertices will be the same, but the
terms corresponding to half-edges of I'\s(9;,,I') are defined. We get following: (i) M%nT,
(ii) terms A for each vertex of I'\s(9;,,I') with label A, (iii) terms M for each unlabelled
vertex of T'\s(9;,I"), (iv) for a half-edge labelled completely by A we get a term P4 (A4, A),
(v) for an unlabelled half-edge ending on a vertex with label A we get a term Py (A, M)
and (vi) for an unlabelled edge we get a term Py (M, M).

Since the path spaces P4 (A, A), Py (A, M) and Py (M, M) are homotopy equivalent
to A, A and M respectively, the map o, is a homotopy equivalence.
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If we want to use o, to obtain a map of spectra wecan apply the suspension functor
%0
Sty TR (M vin) o5 £ (M)
This is a weak equivalence because o, is a homotopy equivalence. However, to com-

pose with the previous map we want to use this map to get a map of Thom spectra. The
result is a weak equivalence

S (MFv,m)ufﬁ/ N (MF%in)NfW

where N' = (0,)*v is the pullback of the normal bundle. That this map exists and is a
weak equivalence is a consequence of the fact that the construction of Thom spectra is a
functor from the category of virtual bundles. Using lemma[4.70} we furthermore see that
it is unique as a map, not just defined up to weak equivalence.

The map o;,: This map is an embedding of finite codimension induced by the map s;,, : '+ ;, —
I'.. To see that it has finite codimension, note that it can be written as a pullback over
the finite dimensional embedding 7y, : M3@@nI) 5 prv@inT) induced by the collapse
v(0inI") = s(v(9;nI")). This is shown in the following diagram:

MF+ #} MF+YM

eV:l Jevz,m

ME@nD) —— Jro(@inT)

where ev_ evaluates a map I'>= — M at the the vertices of s(0;,I') and ev. ;, evaluates
amap I'. ;, = M at the vertices of 9;,I".

We denote the normal bundle of 7;, by v;,. Using the results of the previous chapter
we conclude to determine a tubular neighborhood for the normal bundle NV;, = (ev.)*v;,
upstairs, it suffices to give a tubular neighborhood for 74, and a propagating flow on v;,
In other words, to get a tubular neighborhood for o;, we have to choose a point in
Tub(7;,) X P(vin). Each such choice gives a map of spectra

Sl () 2 5O (MT ), 5 (M Vo

Because the tubular neighborhood for N, depends continuously on the space of
umkehr data Tub(7;,) X P(vin), we see that we can combine all the previous maps into
a single map of spectra:

S! (Tub(Tin) X P(vin)) 4 A DX (M i) | — (MT+)Nin

m
To compose with the earlier map, we note that a map $°°(MT+in) — (MT+)Nin in-
duces a canonical map (MT+m)N=W _ (M )Nin®(@in)" N=W after picking a connection
in C(vn), as in proposition Hence we get a map of spectra:
Sin (’I‘ub(um) X 'P(Vzn) X C(Tl‘n))+ AN (MF+’M)N_W
— (MF— )Nzn®(a7n)*N_V_V
The map o.: This map is an embedding of finite codimension induced by the map s. : I'. — T

Note that this map can be written as the following pullback of the finite dimensional
embedding 7. : M) — M*(T+) induced by the collapse v(T'>) — v(T).

M — 2 T

M) —— proTs)

where ev. is as before and ev evaluates a map I' — M at its vertices. We denote the
normal bundle of 7. by v_.
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Thus it suffices to give a tubular neighborhood for 7. and a propagating flow on

v- to obtain a tubular neighborhood upstairs for A. = (ev)*r.. This is the same as
choosing a point in the space of umkehr data Tub(7-) x P(v-). As before we have a map
of spectra:

S%: (Tub(r2) x P(vs))s A S®(MT+) = (MD)N+
and this induces a map of spectra which can be composed with the previous map:

Se i(Tub(r2) X P(v:) X Cy, )4 A (M om0
o (MP)N:8(02) Nin®(oin0o) N =W

The map 7,,: This map is given by precomposing each element of MT with the geometric real-
isation of the inclusion 74y @ $(9putI') — T'. This is a continuous map, hence induces a
map of spectra upon suspension:

R/

out

L 2% (M) — 50 (Mo GeneD)
By simply suspending with the correct bundles, we get a map of spectra
Rout :(MF)N+@(U+)*Nin®(o'inoo'+)*-/\/’_w

— (Ms(aou,tr) ) (Tout)™ (N— @(‘7+)*Nin@(a7ﬁno‘7+)*/\[) -w

The map o: This map is given by precomposing each element of M*(wtI) with the collapse map
0 : Oputl' = 8(00utl). As above, this induces a map of spectra:

S :(Ms(aoutl_'))(Tuut)*(N+@(0’+)*Nin®(o'inoo'+)*-/\/‘)_w

— (Maoutr)(routoa')*(N+®(U+)*Nin@(0'inoo-+)*N)_W

We can now define a contractible space of choices for our umkehr map on the level of spectra.
Umk(T") = Tub(72) x P(v=) x C(v=) x Tub(7in) X P(Vin) X C(Vin)

We call this space the space of umkehr data for the correspondence [I} because it contains all
the information necessary to define the umkehr maps between the mapping spaces unambiguously.
Finally, we can compose all earlier defined maps to get an intermediate map of spectra which is
our candidate for the map in the statement of the theorem:

-[/ : Umk(r)+ A EOOMBMF — (MBOutF)(TOutOO')*(N+®(0'+)*Ni7l®(0inog+)*/\/)_w

However, clearly the vector bundle appearing on the right hand side is very complicated. We
want to simplify it.

To do this, we introduce some notation. Let V be the set of all vertices of I', ¢V the vertices
of 9;,I', siV the vertices of s(9;,I"), eV the vertices in I'\s(9;,I'), H the half-edges of T', eH the
half-edges of I'\s(9;,I'), E the edges of I" and eE the edges of I'\s(9;,I"). Note that V, iV, siV,
eV, F and eFE naturally come equipped with a map b to B. For the half edges, we also have a map
b to B be sending a half-edge to the label of the vertex to which it is attached.

Recall that v, is the normal bundle for ¢ : M — W and for each A € B with v4 we mean the
normal bundle to t4 : A — W. We have that v is isomorphic to

ve @yt
veeV
where as before if v or h is unlabelled, b is taken to assign the value M and val : eV — N denotes
the valence of v in T'\s(9;,I"). The valence is the number of half-edges attached to a vertex. This
isomorphisms holds because in I';, ;, we create a new vertex for each extra vertex and extra half-
edge. These can be indexed by the extra vertex counted with multiplicity of their valence (for the
half-edge) plus one (for the vertex itself).
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From this we see that (0, © 0ai)*N is isomorphic to the vector bundle x obtained as the
following pullback

val(v)+1
K ®v€eV Vb(v)

|

MF SN HvEeV b(v)val(v)+1

where the bottom map is the composition of evaluation at the vertices of I'\s(9;,I') with diagonal
maps and the right map is the product of projection maps.

For 74y, we can similarly note that it is isomorphic as €, ./ Tb(v)°v*(v) where coval : siV —
N U {0} denotes the covalence, i.e. the number of vertices in ¢V which are mapped to v by the
collapse map minus 1. From this we see that (0g4;,)*Nj, is isomorphic to the vector bundle r;y,
obtained as the following pullback

Tb(v)coval(v)

|

b(v)coval(v)

Rin @vEsiV

MF HUESiV

where the bottom map is a composition of evaluation at the vertices of s(9;,I") with diagonal maps.

Finally, we note that 7 is given by @,y Tb(v)"™® & @, .5 Tb(e). The first term comes
from collapsing additional edges and the incoming graph together at vertices. The second term
from glueing the two half edges. This step is made possible because I'y ;r,, '+ ;5 and I'- included
copies the vertices of I'\s(9;,I') in addition to the half-edges. Includnig these vertices makes the
isomorphism canonical: the vectors in the fiber of the normal bundle are equivalences classes
modulo the diagonal and we can pick a canonical representative by setting the component in the
v direction to be zero.

We conclude that the vector bundle A is isomorphic to the vector bundle x- obtained as the
following pullback

e —— @1}66\/ Tb(v)val(v) & GaeEeE Tb(e)

| |

MY —— HvEeV b(v)val(v) x HeEeE b(e)

where the bottom map is given the product of the composition of valuation at the vertices of
I'\s(9;»I") with diagonal maps and evaluation at the midway points of the half edges of I'\s(9;,I").

Thus, to simplify the vector bundle appearing, we need to simplify k. @ k;, ® k. The trick
is that at the vertices copies of Th(v) and Vp(v) meet. To be precise: a vertex v € eV contributes
val(v)+1 copies of v, from « and val(v) copies of Th(v). We want to cancel the Th(v) component
of a half-edge against its v,y component. However, this cancelling is not natural unless we make
a final choice: we pick an inner product on W. This gives us a method to canonically identify
a sum of T'A and vy with W. The space of inner products Z(WW) is convex as a subspace of the
space of linear maps W ® W* — R in the obvious topology and hence contractible, so there is no
danger in adding it.

Let k{ be the vector bundle constructed as the following pullback

it —— @Dy Vo) B Becer T0(€) ® B, cyiv Th(v)eoval®)
P~ Tloee b0) * Teces De) * Toeqiy Do)

In the previous discussion, we have seen that we can canonically cancel some copies of W
appearing in the positive part of the virtual bundle against some in the negative part W =
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FIGURE 5.11. An example of an admissible B-labelled cobordism graph together
with the distribution of the virtual bundle around it.

Woser(Ms(@:n1))) to obtain the following isomorphism of virtual bundles over M':

Ko @ Kin ® K — e(sep(I\s(8inl)) o "'@f: — wrT\s(8inI)

Hence if we set kp = WeT\s(@inl) then we define a virtual bundle xp by nl'f — kp. The
previous remarks show that it is canonically isomorphic to the more complicated virtual bundle
we had earlier. Furthermore, because we have only cancelled trivial bundles, the map with the
more complicated virtual bundle induces a map — uniquely defined, not just up to homotopy — of
spectra

T Umk(D) . A B°(M%TY | — (MouT)rr
This is the map in the statement of the theorem. O

Remark 5.8. The first lines of the theorem about W and tubular neighborhoods for the em-
beddings of M and A € B into W will be replaced by convention from the next section
onwards.

Remark 5.9. We noted before that the construction of the map R, has a space of choices given
the umkehr data Tub(c) x [] .z Tub(ca). The continuous dependence of the Thom collapse map
on the tubular neighborhoods implies that we could have included this space of choices to obtain
a single map of spectra:

Rin 1 (Tub(1) x H Tub(14))4 A XX (M) o (MTvin)r=W
AeB
We have not done this because for later proofs about the compatibility of this construction
with disjoint union and glueing of B-labelled graphs it turns out to be useful to fix these tubular
neighborhoods beforehand.

Definition 5.10. The map T, is called the degree zero string operation associated to the B-labelled
graph T'.

We suggest the following way to think about the virtual bundle sr in the case that I is
admissible: it is obtained by putting a Th(e) at the center of every edge e not in s(9;,I") and a
Vb(v) — W or equivalently —Tb(v) at every vertex v not in s(0;,I'). As before, if e or v has no label
b assigns the value M. See figure|5.11

This way of distributing the virtual bundle over the graph has the important property that
it behaves well with respect to morphisms of open-closed B-labelled graphs: if an edge e with
b(e) = A collapses, the T'A of the edge combines with the two factors v4 — W of the vertices to
give the following isomorphism

VAaBPTAGvA-—-WOEW=Z2v W -WeW =2y, —-W

Remark 5.12. In the proof of theorem [5.6, we saw that the map in homology can factorized as
follows:
T =040 (Tout)s © UI+ © Uén o (0v)« 0 p;n

We can say quite a bit about these maps. Because o, comes from collapsing edges to a point
and the path spaces P4(A, A), Py (A, M) and Py (M, M) are homotopy equivalent to A, A and M
respectively, the induced map (o). in homology is an isomorphism. Furthermore, if I' is admissible
then O'Z!»n is an isomorphism as well. We will see other ways to simplify this composition when we
calculate the basic degree zero string operations in chapter [6}
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3. The construction of the map between homotopy colimits

In this section we construct a map of spectra

(2) 2 hocolim £ M9~ — hocolim (M=)~
VEn, VFn,

and of course we will define the domain and codomain of this map.

Convention 5.13. For the remainder of this chapter, we fix an Euclidean space W with an
embedding M — W, tubular neighborhoods Tub(¢) x [T 4.5 Tub(z4) for the embeddings of M and
branes A € B into W and a choice of inner product for W in Z(W).

All the constructions in this section depend continuously on these choices and could be in-
cluded in our spaces of umkehr data. However, fixing these from the start simplifies the proofs of
compatibility with disjoint union and composition later on.

3.1. Heuristics for the setup of the construction. We will start by explaining the idea
behind the construction of J and the motivation behind the choices made during the construction.
In the rest of this section we will make this construction precise except for a hard technical propo-
sition, whose proof will be section [4] of this chapter.

In the previous section we saw how to construct the degree zero string operation 7 associated
to a single nice B-labelled cobordism graph. The higher string operations arise when one asks
the question whether we can construct these operations in families. With a family of operations,
we heuristically mean a set of operations for a set of nice B-labelled cobordism graphs related by
morphisms, which are compatible with these morphisms. The universal family will naturally be
parametrized by a space which is homotopy equivalent to |Fn| and exactly because it is universal,
it suffices to construct this one universal family operation to get all family operations.

What we need to do first is put the mapping spaces that appear as domain and codomain of
T in a family form as well. For example, to put space of maps M= from the incoming boundary
to M in a family form, one needs to glue all values of the functor M?»~ : Fn — Top over the space
|Fn|. This can be achieved by taking the homotopy colimit hocolim M~ over the diagram Fn.
There is a nice explicit description of this homotopy colimit as a fat geometric realisation.

The suspension functor ¥°° commutes with homotopy colimits, so the homotopy colimit
hocolim (M%), is easy to understand. For the codomain of the map 7 in theorem
we have to be more careful, but for the moment we simply need to note that homotopy colimits of
spectra exist and hence we can make sense of hocolim(M%u+~)" as a spectrum as well. It will be
a some kind of limit of Thom spectra which we call an ind-Thom spectrum.

In the previous discussion we have forgotten about the spaces of umkehr data Umk. These
should be twisted into the diagram defining the homotopy colimits by replacing Fn by the topo-
logical category Fn [ Umk. This would be possible if only Umk was a functor.

Now we come to a crucial point. It turns out that if IV — T" collapses some edges, then elements
of Umk(T’) can not naively be used to construct elements of Umk(T'). We conclude that in the
current setup Umk can not be made into a functor. Naively, one might try to solve this by just
modifying Umk appropriately, but then one runs into the trouble that there are many morphisms
into and out of IV, which means the set of extra data and restrictions one needs to take into account
quickly becomes intractable.

The trick is to replace Fn by its category of simplices VFn, which has as objects sequences
(', — ... = Tg) of composable morphisms of Fn and as morphisms the compositions of the
boundary map of the nerve of Fn. The geometric realisation of VFn is homotopy equivalent to Fn
so we could replace Fn with VFn if we wanted to. To get a feeling for why it is a good choice,
consider VFn as the category which knows about I';, but also about a finite set of possible futures
for it. In other words, using this category we can “look into the future” because one already knows
what graph one will map to some point.

Using this knowledge we will define a functor Umk : VFn — Top which extends the definition
of Umk to objects with sequences of length larger than 1. It essentially includes umkehr data for
all graphs in a composable sequence together with data to make it functorial. We have to be a
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bit careful here because we haven’t found all restrictions on our spaces of choices for compatible
umkehr maps yet.

The additional source of restrictions on Umk is that in the end we not just want a map
for each simplex in VFn, but we want to define a map of spectra 3 from hocolim X M%»~ to
hocolim(M%u+~)%. We need to choose our umkehr data such that 7 makes sense over each of
these simplices, but also that these maps coincide along the glueings of the boundary. To do this,
it turns out that Fn needs to contain data of splittings of certain linear maps and gets replaced by
Fn,. On this topological category we can define a functor Umk : VFn, — Top.

For this functor Umk, the Grothendieck construction VFn, f Umk makes sense as a topological
category. Our homotopy colimits will be over this category. It turns out that we can assume that
our homotopy colimits are glued from pieces of the form A™ x X for some space X depending on
simplices in the nerve of Fn and the functors we are taking the homotopy colimit over. Then the
space X of course includes the mapping space M?%»~, but also contains the subspace of the space
of all umkehr data which makes 7T compatible with the glueings. These spaces have the property
that we can not only define the map 7 for each simplex but these glue as well to obtain the map

2

3.2. The supporting category VFn,. Previously, we claimed that Fn needs to be replaced
by a topological category which contains the correct data to construct the map 3. This will be
done in three stages:

(1) Replace Fn by the simplex category VFn.
(2) Replace VFn by the topological category VFn, which contains data about splittings.
(3) Interweave the data of the functor Umk into VFn, to obtain VFn,.

Note that this description differs slightly from the recipe given earlier where we said that first
the splittings needed to be introduced, i.e. Fn replaced by Fn, and only then we should pass to
the simplex category. Both recipes give the same category and Godin [God07, section 3.2] in fact
introduces splittings first, but we find our recipe more convenient.

3.2.1. The category VFn. Recall that for a category C we can define the simplex category VC
with objects the k-simplices of the nerve NC for £ > 0 and morphism the maps induced by the
boundary maps. Corollary tells us that |[VC| ~ |C|.

If we apply this construction for Fn we obtain the category VFn with a geometric realisation ho-
motopy equivalent to |Fn|. The objects of VFn are sequences of objects with composable morphisms
(T'y, = ... = T'y) and such an object admits a morphism to another object (I';, — ... = I';,) with
0<ig<...<ix <nif and only if the katter sequence is obtained by removing or composing the
morphisms in the original sequence.

To be precise, if (I', — ... = I'g) has morphisms f; : I';;1 — I'; for 0 < ¢ < n — 1, then we
define ff for j > i to be the composition f;_i 0 fj_20...0 f;. In particular we conclude that there
is morphism from (I', — ... = I'g) to (I';, — ... — T';,) then the latter must have morphisms
[i,,, — Ty, given by gbij **. We conclude that if there is a morphism between two sequences, then
it is unique and given by removing or composing composable morphisms.

Finally, we fix some notation for the objects and morphsism of VFn.

Convention 5.14. An object of VFn will generally be denoted ¢ and a morphism ¢ : ¢ — &.

3.2.2. The category Fn,. To be able to glue the Thom spectra appearing on the right hand
side of equation [2| it turns that we need to compare the virtual vector bundles xr for different
graphs I'. In particular for a morphism I'' — T", we want to encode the data of isomorphisms of
vector bundles over MT
= and ki ur & K@ KF/;';MF

K| e

ko |e = R ©

Note that the restriction of /91?, makes sense because we have a map M — M r along which
we can pull it back and this map is in fact an inclusion.

We will look at the isomorphism on the left first, because . is simple and hence this is the
easier one. Recall that the negative part of kr is given by the trivial vector bundle W¥I'\s(2inI))
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This can be written in a simpler fashion: as before, we define eV’ be to the set of vertices in
I'\s(9;I") and call these the extra vertices. It is clearly true that

WU(F\ s(0inT)) _ WeV ~ W @ REV

Let f : TV — T be a morphism in Fn. This includes a map ¢ : eV’ — eV between the sets
of the extra vertices. Thus we have an induced linear embedding d : R®Y — R¢Y’. This can be
written as a product of diagonal maps d, : R — R? () for each element of v € eV. A section of
dy is a map oy, : RY'(®) 5 R such that ay o d, = idg. Note that if we let p, be the projection
map p, : R9 () — R‘fl(”)/im(dv), then we get a short exact sequence:

0— R 25 RO 22y Ra7 () fim(d,) —s 0

The section «,, is equivalent to a section 3, : RZ (@) /im(d,) — RI (@) by the demanding that
the following equation holds
d'u 0y + Bv O Py = idﬂ{q_l(v)
because d, in injective and p, surjective. We only need to check that a,, o d, = id if and only if
Py © By = id under the condition that d, o a,, + B, o p, = id. But this is easy to see. We call the
linear map «,, a splitting and 3, the corresponding dual splitting.

Definition 5.15. The space Split(f) consists of sequences of elements «, € Homvect(Rq_l(”)7R)
for all v € eV satisfying the condition «,, o d, = id and having the subspace topology of the usual
topology on the sets of linear maps between two finite-dimensional vector spaces.

We want to check that this space has the correct properties. To do this, we first take a closer
look at /ili' and K‘F",. The former is constructed as the following pullback, and the latter is of course
similar:

K —— @ pcev Vo) ® Becers T0(€) & B yesiv Th(v)oval(®)

| |

MF - H“EPV ( ) X HeEeE b(e) X HUESiV b(v)coval(v)

We will compare these pullbacks for two graphs I and T”. Under the bottom row, there is a
map MY — MU given by precomposition with the geometric realisation of IV — T' for the left
space and a map

IT o) < ] vte) x T vy — [ b@)x JJ vle)x J[ @)=

veeV eceH veSsiV v'eeV’ e’ceH’ v'esiV’
for the right space, given by mapping the component of a vertex by a diagonal map to its preimage,
the component of an edge to the component of its preimage and given by the identity on the
component of the collapsed incoming vertices. The latter makes sense because if two incoming
vertices of this collapsed type would be identified, then the number of boundary components
changes. These two maps are compatible with the two maps on the bottom row of the pullback
diagram. There is a corresponding map between the vector bundles over the right space

P vy @ @ Tole) @ P TH)*™ ™ - P weyo P Theho @ T )"

veeV eceF veEsV v'eeV’ e'ceE’ v’ esiV’

This induces a map fiff — fiff, of the pullback vector bundles.

If we now look at the quotient bundle /<;F, / HF over M", then we see that the only components
which are quotiented out are those coming from the collapsed edges. To be precise, we can only
collapse subtrees that are fully, i.e. including endpoints, labelled by a single label, say A. Thus
each single collapsed edge contributes vy & T A @ v4, while there is a map v4 into it diagonally,
etc. We see that the quotient can therefore naturally be identified with a number of copies of the

trivial bundle W equal to the number of collapsed edges and this is exactly F' by the previous

remark.
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Proposition 5.16. A point in Split(f) gives unique isomorphisms

~ 57/ MT
and ki |yr 2 e L2 |_

Kp Kp

o=
HE/|MF ~ KD @ M

PROOF. It suffices to produce maps
¢ T Kp B i |iwr — K| pr and ot ikl @ i WF — Ko | e
kp kp
which are isomorphisms on each fiber. These will be continuous as well, they are then isomorphisms
of vector bundles.

Let a be a splitting and S the corresponding dual splitting. Then the map ¢~ is given by
idw ® dy ®idw @ 8. Note here that id,, ® d,, coincides with the natural embedding kK — &k |pr.
The map ¢ is given by composing ¢ @ idy ® 8 with the isomorphism explained previously, where
¢ is the natural embedding ¢ : /ilf — mlf, |ar induced by diagonal maps. By the previous remarks
both ¢, and ¢_ are isomorphisms on each fiber. O

But furthermore, this construction can be extended to a functor VFn — Top.

Proposition 5.17. The map which assigns to an object (I'y, — ... — L'g) the space [ [y, <, 1 Split(f;)
can be made into a functor Split : VFn — Top.. o

ProOF. It suffices to give Split on morphisms and check that this behaves well with respect
to identities and composition. If a morphism is removed, we just project away that compo-
nent of Split(T',, — ... — Ty). If two arrows f; and f;—; are composed, then we define a
map Split(f;) x Split(f;—1) — Split(f; o fi—1) as follows. First note that for the composition
(qr,,s—1,) "1 (v) for v € €V is given by [] () (@riy57:,,) 71 (V). The new d;, will be

v'€(qr; q—r;) 7t

given by (Hv/e(qriﬂ—»ri)*l(v) dv/) od,. We set the new o to be equal to

O = 0y O H Oy
v'€(gr; ;1) " H(v)

This is continuous because the topology on these spaces of maps is compatible with composi-
tion. It is clear that this definition extends to compositions of more than two morphisms as well,
and that this is compatible with composition of morphisms in VFn, because all that happens is
that linear maps are put together in products and composed. Finally, when applied to an identity
morphism in VFn, nothing happens because no composable sequences are discarded nor are any
composed. O

We will now interweave the splitting data into our category VFn using the Grothendieck
construction.

Definition 5.18. We define VFn, to be the topological category VFn / Split.

Remark 5.19. One may ask why we choose to topologize the splittings, because this causes quite
some complications later on. The reason is that if we didn’t, we would change the homotopy type
of our category and we would no longer be constructing a HCFT.

More concretely, the object space of VFn, consists of a disjoint union of Split(c) over all
objects of VFn and the morphism space is given by a disjoint union

[T split(e) x {¢ € Hom(VFn)|s(¢) = o}

oc€O0b(VFn)

Hence each component consists of pairs (¢, z) where ¢ : ¢ — ¢’ and = € Split(c). We set
s(¢,x) = x and t(¢, x) = Split(¢)(x). The identity map 1 sends x to (id, ).

Note that the projection map Split(I';, — ... — T'g) — * induces a natural transformation
between Split and the functor ¢, with constant value a point *. This induces a topological functor
between VFn [ Split and VFn [ ¢, 2 VFn. This we call the forgetful functor.
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Proposition 5.20. The value of the functor Split on every object is a contractible space and hence
the forgetful functor VFn, — VFn induces a homotopy equivalence upon geometric realisation.

PRrOOF. Each Split(f) is non-empty and convex, therefore contractible. The second statement
follows by applying topological Quillen A. |

Convention 5.21. Generally, we will denote a splitting by z. An object of VFn, will be denoted
(0, 2), a morphism by ¢ = (¢, x).

3.2.3. The category VTn/ In this section we extend in a similar way as before the category
Fn, by including the information necessary to construct the umkehr maps. This means that we
will also see the exact properties that this data needs to have.

We first recall that in appendix [A] we discussed the smash product A, but also the tensoring
of Spectra over Top which we denoted by the same symbol A. The latter appears in the next
proposition. In this proposition we will also come across the category Vo of subsimplices of a
simplex ¢ in VFn. If o consists of n composable morphisms, then |Vo| 22 A™.

We will need a proposition about the existence of functor given compatible umkehr data, whose
proof will be the next section of this chapter. Together with this data comes an operation 3° for
each simplex o € Ob(VFn). The idea is that the 3% will be the restrictions of 3 to a simplex. The
third condition of the functor Umk, called “compatibility of the operations” of the proposition will
allow us to glue these. In the context of topological categories, the correct notion of a functor is
a space with action. This is described in appendix [B] but the reader should just think of it as a
functor.

Remark 5.22. In describing the conditions that Umk must satisfy, we use some functors will only
be defined following the proposition. Their definition does not use Umk, but we thought it was
better to finish the construction of VFn, in one go.

Proposition 5.23. There exists a space Umk with action of VFn, satisfying the following prop-
erties.

Contractibility: The object space Umk(Ob(VFn),) is a disjoint union of non-empty con-
tractible components Umk(c) indexed by o € Ob(VFn).

Existence of operations: For each component of the object space given by o, where o =
(Ty, = ... = Tg) there is an operation:

(3) 27 (|Vo| x Umk(0))4 A B (MP%nToy, — (pffeutloyrs

which is equal to the operation 71 of a single mice B-labelled cobordism graph up to a
difference in virtual bundles in the codomain.

Compatibility of operations: Let ¢ be a morphism between the components of o and &,
where o is as above and ¢ = (I;, — ...T;,), note that NG| includes into |[No|. Then
we have a commutative diagram:

(4) (V5| x Umk(c))4 A B°(MOinTo), —— 7
(|V&| x Umk(5)) 4 A X2 (MinTio) — (MPoutTio )
where the vertical maps will be explained later, but are purely functorial.

Definition 5.24. We define VFn, to be the topological category VFn, J Umk.

More concretely, the object space of VFn, consists of a disjoint union of components Umk(c),
which contain the information of Split(c) using the map p : Umk(c) — Split(c) which is part of
the data of a topological functor with domain VFn,.
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The morphism space of VFn, is given by the following pullbacks of diagram

Umk(Ob(VFn))) xspiis Hom(VFn,) ——— Hom(VFn,)

Umk(Ob(VFn/)) — Ob(VFn))

Using our convention on the notation of elements in Hom(VFn,) and Ob(VFn/,), we get the
following equivalent description of Hom(VFn,):

H Umk(o) x {(¢,x) € Hom(VFn)|s(¢,z) = (o, 2)}

oc€VFn

The source and target maps are given by s(y, ¢, z) = y and t(y, ¢, x) = Umk(¢p, z)(y). The
composition (y', @', z’) o (y, @, x) exists if ¢’ and ¢ are composable, i.e. ¢ : 0 — o' and ¢’ : 0/ = "
in VFn, and if in addition we have that 2’ = Split(¢)(z) and y’ = Umk(¢, z)(y). The identity map
1 sends y to (y,id, p(y)).

We have a forgetful functor VFn, — VFn which induces a homotopy equivalence upon geomet-

ric realisation. This functor factors as a composition of two forgetful functors VFn, — VFn, —
VFn. The second of these we have already seen, the first is induced by the projection of Umk(o)
to Split(o).

3.3. The functors ¥°°(M?%»~), and > (M?%u=+~),. We will now look at the functors which
associate to a simplex with umkehr data the suspension of space of maps to M from the incoming,
respectively outgoing boundary of the last graph in the simplex.

To be precise, the functor X°°(M%~~), : VFn, — Spectra is defined be the suspension of
the composition of the forgetful functor VFn, — VFn with the ordinary functor M 9in=: this
ordinary functor VFn — Top sends an object 0 = (', — ...Ig) of VFn to the space M%nTo
and a morphism ¢ : 0 — &, where o is as before and & = (I';, — ... — I';,), to the continuous

map M info® ; pfOinTo _y ppdinTig given by precomposition with the geometric realisation of the
composition of maps of B-labelled cobordism graphs fé" : Ty = To.

Similarly, one can replace the incoming boundary with the outgoing boundary or the full graph
to get the following definitions.

Definition 5.25. There are functors M, M%»~ and M%ut~ from VFn, — Top all given on
objects as follows: it sends a simplex (I, — ...T) to the mapping space of continuous maps to
M from the relevant part of 'y, the last graph in the simplex.

By suspending each of the spaces we will obtain the functors into spectra which appear in
equation [3

Definition 5.26. There are functors £°°(M ™), £°°(M% ), and £°°(M%u+~), from VFn, to
Spectra all given on objects by the suspension of the mapping space of continuous maps to M from
the relevant part of last graph in a simplex.

3.4. The functors x and (M?%v+~)%. In this section we construct the functor x : VFn, —
VirtB which will extend the virtual bundle xr appearing in theorem 5.6, Because there is a forgetful
functor VTn/ — VFn, it suffices to define the functor on the latter category and set x equal to
the composition of this functor with the forgetful functor.

We will first define a functor of virtual bundles x’ over M~ and by pull back define the functor
r of virtual bundles over M%ut—,

There is one problem though, because we haven’t defined the topological category VirtB yet.
The reason VirtB no longer suffices is that we made our space of splittings continuous. We will
construct VirtB as a category enriched in topological spaces, which is a particular type of topological
category where the object space is discrete.
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Definition 5.27. The category VirtB has the same objects as the category VirtB in deﬁnitionm
The morphism spaces will have the sets of morphsism of VirtB as underlying set. However, in VirtB
the set Homying (%, A) will be topologized as follows: a morphism (f, 6, ¢, ¢_) is considered as an
element of the connected component GL(f* Ay @ 6, uy) X GL(f*A_ ®0,u_) > (¢4, d-).

This is the correct codomain for our functor «'.

Proposition 5.28. There is a functor ' : VFat, — VirtB defined on objects by sending the

component over o = (L', — ... = T) to the virtual bundle (M%) k., over MY, where f§ :
I',, = Iy is the composition 'y, — ... — L'y and kr, is the virtual bundle as defined in theorem

(2.6,

PROOF. It suffices to define ' on morphisms and to show that it respects composition and
identities. Recall that the maps M. MTo — MTio are induced by precomposition with the
geometric realisation of the composition of morphisms f/ : I'; — T';.

We first do the construction for one morphism and then show it is continuous. Let ¢ =
(¢, ) : (0,2) — (&,Split(¢)(x)) be a morphism, and suppose that o is as in the statement of the
proposition and & = (I';, — ... — T';,). Then we define &'(v)) = (f,0,¢4,¢_) as follows, where
f=MF": MTo — MTi and ¢4 will be isomorphisms (Mfl;k)*/i% © 0= (M) RE

i »

Note that the discussion before our definition of the splitting spaces implies that there is a

canonical map k. — (M f ik)*n; given the diagonal map for collapses vertices. The bundle 6
io

will be given by the quotient bundle by pulling back this quotient even further to MTo:

(M) ki,

(MH* )k,

'k

The element Split(¢)(z) particularly includes as a component an element « of Split(f]}) and
by proposition this gives natural isomorphisms of vector bundles over M x|
(M) hp, (M) hp,

(M) b, & b, @ 2 and  (MT5)hE 2t ©

Kr Kp

ik ik

If we pull this back to MT° using M 15" to obtain isomorphisms of vector bundles

n i MY k3
¢7 . (Mfo )*KJE o~ (Mfok )*K/E ( ik) I'n
n k * e
(Mfo ) K;Fik
n i VLN
by (Mfo )*K;r (Mfok)*/’g; ( ik) I'n
» ix _
(Mo )*HFik
To show that this association is continuous, it suffices to note in proposition the maps ¢+
and ¢~ were constructed as a direct sum of a constant natural map and a tensor product idy ® S,
where 3 depends continuously on the point o € Split(f}} ).
Finally, we show that this construction is compatible with identities and composition. For the
former note that if n = 45, which in particular holds for the identity, then § = 0 and f, ¢ and ¢~
are the identity map. The latter, we remark that Split is functorial. O

I

Definition 5.29. The virtual bundle functor x : VFn, — VirtB is given on objects and morphisms
by the pullback along the natural maps Mt~ — M~ of the value of ’ on objects and morphisms.

Finally, it is now easy to define the Thom spectrum functor (M?%ut~)* that appears on the
right hand side of

Definition 5.30. The functor (M%ut=)~ VFn, — Spectra is given by the composition of x with
the Thom spectrum functor.

Note that as the notation suggests, over the component of o (M%w+~)* assigns the Thom
spectrum of a virtual bundle over the mapping space obtained by applying the functor M~ to
.
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3.5. Construction the map 3 of spectra. Now that all terms in equation [3] make sense,
we will try to glue all that 37 together to obtain a map 3, which will be a map of spectra between
homotopy colimits:

3 : hocolim X (M=), — hocolim (M%ut~)*
VFat, VFat,

The trick is to note that both sides can be modelled by glueing suspensions of fat geometric
realisations of a simplicial spectrum. To be precise, by using the appropriate modifications of
definition for the case of spectra we have that

hocolim (B*M%~), = [ ] 11 (A™ x Umk(0,)) 4 A S (M%), |/ ~pay
VFat, neNU{0} op—...—00EN, VFat

hocolim (M%) = | [] 11 (A™ x Umk(ay))4 A (M7= Toys |/ gy
Vkat, nENL{0} 0 —...— 00 €N VFat
Because we work with the fat geometric realisation, ~g, only identifies using the boundary
maps. Note that we thus disregard the degenerary maps that are part of the structure of the
simplicial spectrum.

Theorem 5.31. There is a map of spectra

3 hocolim £%° (M%), — hocolim (M %+ ~)*
VFat, VFat,

which restricts to 37 |an ., O each simplec.

Proor. We will first define the map J7 for an index 7 = 0,, — ... — 0g. It is a map from
the component (A" x Umk(a,)); A X (ML), of the left homotopy colimit to the component
(A" x Umk(0,,))4 A (M9nT0)% on the right homotopy colimit. We define it by taking the product
of the identity map on (A™ x Umk(o,))+ with the map obtained by restricting 37 : (|Voy,| X
Umk(a)4) A B%°(M%nT0) — (M9utl'o)% of proposition to the geometric n-simplex Al —
Vo).

It suffices to show that these maps glue along boundaries, this means that for each 0 < m < n,
we must show that a certain diagram commutes. For 0 < m < n — 1 we should have that the
following diagram commutes:

ar [an—1

OmT

(OmA” x Umk(0y,)) 4 A B®°(M%nTo), ———"" 5 (9,,A” x Umk(c,,)) 1 A (MPuilo)r

“J k

(85,7 % Umk(on)) A Z2 (MO0 ——5rs (A5 7 > Umk(an)) A (MO0 T0)"
But this commutes because both the top and the bottom maps are made from restrictions of
the same map 3.
Next we look at the case m = n. Suppose that 0,1 = (T’
diagram should commute:

ix = --.— I'). Then the following

27| on—1
Aot

(0n A} x Umk(0,)) 4 A B (MP%nT0)y —————— (9, A7 x Umk(ay))4 A (MPueTo)~

J J

1 . 1 .
(A5, > Umk(on—1))4 AZX(MO ), ——— (A3, x Umk(gp—1))4 A (MOuilio )
where the vertical maps are the natural functorial ones as given by the functors M%n»— M 9eut—,
# and the action of VFn, on Umk(cy,).

This diagram is commutative because the horizontal maps are obtained by restricting those of
the the commutative diagram |4/ in proposition to subsimplices of |V&]|. O
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4. Compatible umkehr maps, or the proof of proposition [5.23

In this section we will prove the main technical ingredient of the construction, proposition
It turns out that to prove the properties of Umk that are listed in that proposition, it is fact
easiest to produce spaces umk which have slightly more refined properties.

In our proof of proposition [5.23] we will work our way backwards. This means that we first
state a proposition, show how to derive proposition from it, and then prove the proposition
etc. We think that this allows the reader to best grasp the structure of the proof.

We recommend that the reader skips this proof upon reading the thesis for the first time. The
proof can be summarized as: repeat the proof of for the multiple graphs in a simplex at the
same time, while making sure that the operations constructed very similarly to 71 are compatible
along the morphisms of the simplex.

4.1. Compatible umkehr maps on the level of spaces. The idea is to first reduce the
proof from spectra to spaces. We did the other direction in our construction of the umkehr map
T for a single B-labelled cobordism graph: there we first had a map of spaces and made in into a
map of spectra. The reason for this was to simply the virtual bundles, but apart from that nothing
required us. In this case it turns out to be easier to return to spectra, so that’s what the next
proposition will do.

Proposition 5.32. There exists a space Umk with action of VFn, which has the following prop-
erties:

Contractibility: The space Umk(Ob(VFn,)) is a disjoint union of non-empty contractible
components Umk(o) for o € Ob(VFn).

Existence of operations: For each component of the object space given by o = (I, —» ... —
Ty) there is an operation:

97 1 |Vo| x Umk(c) x M%To x k~ — Thom(k})

where kf = (M7)* K )| prooure and kg = (M7)* k1 )| proours are both vector bundles
over M%wTo the latter of which is trivial.

Compatibility of operations: For each morphism v : ¢ — &, the following diagram com-
mutes:

T ivsl

(5) |V&| x Umk(c) x M%nTo x gt Thom(x])

J J

V| x Umk(3) x MP%nTio x (k= @ "m0 Y ppom (ko @ 2o
o -i d o
TN

K~ K
&

<

Q|

Assuming this, we will prove proposition by an inspection of the way that the desuspension
with parts of the virtual bundle obtained using the splitting data works.

PROOF OF PROPOSITION [5.23 The space with action Umk of proposition [5.23] is the same
as the one in [5.32] This automatically implies the first property about the contractibility of its
connected components.

The maps 37 are obtained from 717 be desuspending using the trivial vector bundle k. This
desuspension gives a unique map using lemma because k is trivial. This proves the second
property about the existence of operations and hence it suffices to prove that these operations are
compatible in the sense of the third property in proposition [5.23

We recall the notation o = (I';, = ... = T'¢) and ¢ = (T';, — ... = T';,). The two horizontal
maps in the diagram [] desuspend to:

|V&| x Umk(a) x MP%To x k= — Thom(k7)

G

VG| x Umk(6) x M%Tio x - — Thom(x})

g
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Recall that by definition for the virtual bundle x we have

n ik
kg = (M) 6 )| proouiro ki = (M)

Q

K’; = ((Mf:)*ﬁljn”MaoutFO

Py

_ ‘k _
H&' = ((Mf70 )*/{Fik)|M(’)uut1"i0

99

T, ) | M PoutTig

Furthermore, as proven in proposition the splitting data in Split(¢) included in VFn,

gives us isomorphisms

IR

¢y s (MI) R

n

o (MI) wp 2 (MI" ),

n

(MI6)* i,
(MR

i

(M),
v Ry

ik

By pulling back to the outgoing boundary, we hence obtain isomorphisms:

~ i K
¢+ . KJ+ [ (Maoutfgo)*ﬁ-/‘f fas) —0;

7 g (Maoutf(]o)*ﬁ:g
b :hy = (MOl ) "

Therefore, it suffices to show that the following diagram commutes, where m = dim

(6)

O —
(Maoutfo )*K/;

(ar’io) "y,
Fn:

G

T ivs
IV&| x Umk(o) x MOnTo x x> Al Thom(x})
Thom(qg)J(ﬁ = | Thom(4)
|V&| x Umk(c) x M9nTo _
) Oout FoO\* .+ Ko
x ( (MOoutfo" Yo i s @ ——ta Thom <(M )R @ (Mamféﬂ)*,_{>
o (Maou,tfo’o)*,{; G
idx Umk () x M0 J Thom(M/°)
|V&| x Umk(5) x MPnTio . e
no TN + M) kp,
Ty ; Thom </<V~ &5 = )
&’l =~ | Thom(¢4 )
Vé| x Umk(5) x ™ (M?%nTio x ko i S Thom (s
r r
Zk 'Lk
e
But the bottom square commutes because we know that (M 23 “ra i trivial of dimension I

and the upper square commutes due to the properties of Umk.

Qu

]

It will turn out to be more convenient to let Umk(o) contain operations for any subsimplex as
well. Essentially this happens because a “compatible” set of umkehr data admits umkehr data for
subsimplices as well. This will make the diagram [5] split into two commutative squares. We will
therefore state a more refined version of proposition [5.32] in order to prove it.

Proposition 5.33. There exists a space Umk with action of VFn, which has the following prop-

erties:

Contractibility: The space Umk(Ob(VFn/)) is a disjoint union of non-empty contractible

components Umk(o) for o € Ob(VFn).
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Existence of operations: For each component of the object space given by o = (I'yy, —» ... —
Ty) and each subsimpler & = (I';, — ... = I'y)) of o there are operations 19 for
0 < r <ig, which are compatible in the sense that the following diagram commutes:

P —lc"TCa ;
V5| x Umk(o) x M%nTo x (Mfo”)* ez ————— Thom((M/o")* k)
M2in s Thom(Mfé)
; -'&Co' P
VG| x Umk(o) x MP%=T1 s (M£i*)* s ———— Thom((M/1")* k)
MOin St Thom(Mf%)
Afindid Thom(a'i0-1)
j?Ca
V&| x Umk(o) x M%nTio x k- > Thom (k2
o o
where kT = ((Mleg)*anHMaomrio and k; = ((Mﬁg)*“ik”z\/f"’wtrio are both wvector

bundles over MV ooutio | the latter of which is trivial.

Associativity in first component: Note that the T1°<° depend on both & and o. We will
demand certain conditions on this dependence, starting with the first index. For each
composable pair of morphisms ¢ : 0 — ¢ and ¢ 10— 0, where & = (Fi” = ... =D ),
the following diagram commutes for 0 <r <ig:

K- —‘fcg id K.
(T) V8] x Umk(@) x MO%Tr x (15 @ 52 ) |(yro,0m0y "™ Thom (5% ® 22 ) loaroouersy

|

|Va| x Umk(c) x MP%Tr x g7

<;

e Thom(x})
where the vertical arrows are given by |V¢\, which is the inclusion of a subsimpex, and
the splitting data.

Associativity in second component: We now state the condition on the dependence on
the second component. Let ¢ : 0 — ¢ and 1[1 : 0 — & be a pair of composable morphisms.
Then for each ig < r < ij, the following diagrams commutes:

a5ce i
[V&| x Umk(a) x M% 1" x k7 ————— Thom((M"°)*k})
idXUrrlk(w)xidJ
|Vo| x Umk(6) x MP%Tr x k7 —r Thom((M /" ) i)

To prove proposition from this proposition is easy.

PROOF OF PROPOSITION [5.32] One can take 717 be equal to 1§<?. The commutative diagram
is then obtained by noting that the associativity conditions imply that 77|y is given by
_igc” A id after using the splitting data.

Thus the commutative diagram is obtained by stacking four commutative squares on top of
each other.

(1) The first one comes from the splitting data, i.e. similar to the top of diagram @ To be
precise, one notes that after restricting to |Vé&| both vertical arrows in the associativity
in the first component diagram for o/ = ¢’ = 0,6’ =6, ¢’ = id, ¢/ =y and r = 0 (where
we have put a prime to all the data in the associativity diagram for clarity), become
isomorphisms. Thus we can split the bundle appearing.
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(2) The second one comes from commutative diagram in the existence of the operations, for
o and & as given and r = ig, i.e. the outer square. This square should be wedged by the
trivial bundle to match with the previous commutative square.

(3) The third one is given by the associativity in the first component for ¢/ = ¢’ = 0, ¢’ = 7,
Y =id, z/}’ =1 and r = iy (where we have put a prime to all the data in the associativity
diagram for clarity).

(4) The fourth and final square is the obtained by associativity in the second component for
o' =0, =¢ =5 and r =i

O

So, it suffices to construct a space Umk with action of VFn, satisfying the properties of
proposition [5.33} This will be done in the next subsection: we will construct Umk as a disjoint
union of homotopy limits of functors from the subsimplex category of a simplex in VFn.

4.2. Constructing compatible umkehr maps for each subsimplex. In this section we
will start with a lemma in which we define the functors whose homotopy limits we will take and
only after that will we state and prove the properties which lead to a proof of proposition [5.33

Recall that Vo is the category of subsimplices of a simplex o, which in particular is a sub-
category of VFn. We define Vo, to be the topological category Vo J Split|ye, where the functor
Split : VFn — Top was defined in proposition

Lemma 5.34. For each 0 € Ob(VFn) there erists a space umk’ with action of Vo, with the
following properties:

Contractiblity: The space umk?(Ob(Voe)) is a disjoint union of contractible components
umk?’ (&) with & a subsimplex of o.

Existence of operations: For each subsimpler 6 = (I';, — ... = T';,) of o there are opera-
tions 19<7 for 0 < r < iy, which are compatible in the sense that the following diagram

commutes:
io 6T io
(8) umk? (5) x M2nTo x (Mo’ )*k; ——— Thom((M/")*x7)
MOind Thom(M?0)
GCo .
umk? (&) x M2%Tv s (MH")* sz ————— Thom((M5")*x})
MOinft Thom(Mflz)
Mf’mffgfl Thom(Mf’fg*I)
iju
umk? (5) x M9%nTio x k7 > Thom(x})
where k% = (M%) 5, )] ovarsy, and sz = (MP%)55, )] ovrs, are both vector

bundles over MV ooutio | the latter of which is trivial.
Associativity in first component: For each pair of subsimplicies 6 C ¢ C o, where ¢ =
(L;, = ... = Ty, ), the following diagram commutes for 0 < r < :

K. -'ico/\id K
(9)  umk?(5) x M%nTr x (/{g @ ﬁ) |(pr9inrry ———— Thom (/{i ® ﬁ) | (MOoutTry

J :

umk? (6) x M%Lr x k7

+

47

Thom(x})

oCo
-lr

where the vertical arrows are given by the splitting data.
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PROOF. During the proof, we will define the spaces umk?(5). To do this, we need to consider
the diagram of maps of spaces for which we need to construct umkehr maps for all maps pointing
in the wrong direction in figure which can be found at the end of this chapter. This figure
arises by considering the correspondence similar that for the construction of 7 as in theorem
for each row of diagram [§] In fact, they only differ in the choice of virtual bundle.

Recall convention [5.I3} we have fixed W and tubular neighborhoods for M < W and A < W
for all A € B already. It suffices to pick additional umkehr data to produce compatible umkehr
maps for each column of maps pointing in the wrong direction individually. Pick the data as in
the proof of theorem for the bottom line. This gives one a space umk; of umkehr data for level
1: a product of spaces of tubular neighborhoods, propagating flows and connections. Then _Igc"
is simply given by a construction very similar to 1; only the virtual bundles differ slightly.

Using the lifting propositions for compaible umkehr data we pick lifts for each square such
that the maps in the bottom square of diagram [§|exist and these squares commute. To be precise,
we need to provide lifts in three situations, starting from the right:

(1) The first lift is for the following square of B-labelled complexes, which induces a square
of mapping spaces

h.——I

|

F07+ E— Fo

Now note that that this diagram can be factored as the following diagram of O-finite
B-labelled complexes:

(10) Iy ———1

F1,+,nsd 4>F1

|

F1,+,ea7p e FO,emp

|

].—‘0’+ —> FO

where I' - ,sq is the graph where we have attached the half-edges and vertices that are
collapsed already, but they are still subdivided simplices. In I' - oxp and I'gpexp We have
removed this, ending up with complexes homotopy equivalent to I'g - and I'g with some
1-simplices expanded. See figure for an example of all these graphs.

We can lift umkehr data in the top square due to corollary that we can lift
umkehr data to the middle square is corollary and that we can lift it for the bottom
square is corollary [£.93]

(2) The second lift is for the following square of B-labelled complexes, which also induces a
square of mapping spaces

Iy2im—T1

I

Lo=in ——To
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r Mo

collapsed que .

.\.
«’

./.

-

e
o

e
[

FIGURE 5.35. An example of the diagram for a specific choice of I'y and T'y.
‘We have marked the center of the edges to be able to show the difference between
the second and third row.

This diagram can be factored in a similar fashion as:

Mzim—T1«

innsd —— 1_‘1,+

|

in,exp —7 FO,+,exp

J

Losiin ——— T+

Iy

P}

I -

s
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where I'1 - jn nsq is the graph where we have attached the already collapsed edges in the
incoming boundary, in I't + jn cxp We forget that these edges are subdivided B-labelled
complexes at the place where the half-edges meet and in I'g - ., We have expanded the
collapsed edges of the incoming boundary.

Again we can use the lifting corollaries to produce compatible umkehr data: that we
can lift umkehr data in the top square is corollary [1.86] that we can lift it to the middle
square is corollary and that we can lift for the bottom square is corollary

(3) The third is for the following square of mapping spaces, which is not induced by a square
of B-labelled complexes:

MOinT1 o PWoTi\s(@inl'1)) «—— pr(T1)v,in

| |

MOinTo  WoTo\s(@inl'0)) «—— pr(To)v,in

Now note that for the umkehr map, we are only concerned with a part of this diagram.
Let eVp and eV; denote the vertices in I'g\s(9;(To)) and I'1\s(9;n(I'1)) respectively,
considered as B-labelled complexes with only 0-simplices. Then we only need to look at:

WU(Fl \s(@inT1)) ¢—— MeV1

| |

W’U(F(}\S(ainro)) — MeVo

There is no need to lift umkehr data, because we have tubular neighborhoods for the
embedding of each copy of M or A € B into W available. Because these will automat-
ically be the same for each level, the corresponding umkehr maps will automatically be
compatible.

So we end up with a fiber bundle over umk; with contractible fiber, hence have total space
contractible. The umkehr data is this space of course gives us the operations -Igc" for level 1, but
also compatible operations -Ifc" for level 2.

By induction, after ip + 1 steps, one has a space umk;,+; which contains compatible umkehr
data for all levels and is contractible. This proves the first two properties.

The associativity in the first component is rather trivial. A subsimplex & C ¢ induces a map
umk? (§) — umk?(¢) which is simply a projection of umkehr data using the splitting maps, which
truncates the amounts of lifts from umkehr data for I'g. For ¢ we lifted ¢;, times, but for ¢ only
19 times. O

The next lemma will lead to the associativity in the second component.
Lemma 5.36. For each simplex given by o = (I'y, — ... = T'g) and each subsimplex & = (I';, —
...—=Ty,) of o, there is a natural transformation
0°<° : umk® — umk’
which is compatible with the operations in the sense that for each ig < r < ij, the following diagrams
commutes:

gCo

umk? (o) x Ml x o —————— Thom((Maoutfij ) k1)

g
05C°><idJ/

umk? (5) x MOnTr x g

Secs Thom((M‘r’O“‘f:jo )*fi;)

PROOF. Again it is not difficult to construct the natural transformation. Suppose that & C
6 Coando= (I —...> T ). Then umk’ () contains umkehr data for compatible umkehr
maps from Iy to I';;,» while umk?’ (&) contains such data for compatible umkehr maps from I';,
to I';, . We define 6 to be given by forgetting about the umkehr data for I'y to I';,—1. That
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way we obtain a map °<7(5) : umk’(¢) — umk? (). Combining these maps for all connected
components gives 7.

The commutativity of the diagram in the statement of the lemma is an obvious consequence
of our construction of §7<7. |

The next proposition finally proves proposition
Proposition 5.37. The space Umk given by

Umk = H holimy,, umk?
oc€O0b(VFn)

satisfies the properties of proposition |5.33,

PrOOF. By definition of the homotopy limit, a point in Umk(c) consists of a space of
maps |Va| — umk?(G) for subsimplices & C 0. The operations 197 are given by evaluating the
maps |V&| — umk?(5) on the point of |V&| and then applying the construction of the umkehr
maps. This proves the existence of the operations. The associativity in first component is then an
immediate consequence of lemma’s [5.34]

The action of VFn, is induced by the natural transformations 6 of the previous lemma: they
give a map

holimf®<7 : holimy,, umk? — holimys, umk?

The associativity in the second component is then a consequence of the commutative diagram
in lemma Finally, the contracibility of each component Umk(o) is consequence of the fact
that a homotopy limit of a contractible diagram of contractible spaces is contractible. Clearly each
of the spaces is contractible and the diagram Vo, has geometric realisation homotopy equivalent
to |Va|, which is homeomorphic to a standard simplex. O

5. Identifying the spectra

In this section we will simplify the domain and codomain of 3. We start with the following
theorem about those homotopy colimits, which is a relatively easy combination of standard theo-
rems about homotopy colimits and a calculation of the homotopy type of the geometric realisation
of a category.

Theorem 5.38. (1) For the homotopy colimit over Fn, or equivalently VFn or VFn,, we
have
hocolim X% (M%) ~ [[ B's A £ (M%),
(]
where the coproduct is over all isomorphism classes of B-labelled open-closed cobordisms.
(2) Similarly, for the homotopy colimit over Fn, or equivalently VFn or VFn,, we have

hocolim $°° (M%ut=) | ~ H BTUs; A £ (M%u™)
(]
where again the coproduct is over all isomorphism classes of B-labelled open-closed cobor-
disms.

PROOF. We only prove the first claim, as the second is completely analogous.
We begin by noting that indeed, the homotopy colimit is the same whether one works with

Fn, VFn or VFn,. This is because the functor $o°(M?Pn=), with its various choices for domains
can be written as:

Z‘X’(Main’)

VFn, VFn Fn Spectra

where the first two maps are the forgetful functors. We first prove that one can take VFn instead
of Fn without changing the homotopy type. To do this, we simply apply theorem which
essentially says that the homotopy colimit over G o F' is weakly homotopy equivalent to the ho-
motopy colimit over G if the comma category of F' is contractible. The condition that the comma
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category of F' is contractible is also known as the statement that F' is homotopy cofinal. We have
already seen that this condition holds for the forgetful functor F': VFn — Fn and hence this result
proves that one can use VFn without changing the homotopy type of the homotopy colimit.

To replace VFn with VFn,, one can use similar results, but it is also easy to see the result
using an explicit model of the homotopy colimit over such topological categories. Recall that we
have the following model for the homotopy colimit

hocolim (2®°M%»~), = H H (A™ x Umk(y))4 A S (MPF0) )/~
VFat, neNU{0} op—...—~00EN, VFat

where ~ is the equivalence relation for the fat geometric realisation. In other words, the homotopy
colimit is the fat geometric realisation of the simplicial spectrum whose n’th degree is

11 (A" x Umk(0,)) 4 A X (MOnTo)
Op—r...—~00EN, VFat
Because the spaces Umk are contractible, the map from these to a point is a homotopy equivalence.
This implies that the induced map from the previous space to

11 A" AR (MOmToy
on—...—00EN,, VFat
is a homotopy equivalence. Proposition give conditions under which the induced map on fat
geometric realisation is a weak equivalence. We conclude that the homotopy colimit over VFn and
VFn/, are the same.
We claim that there is as homotopy equivalence as follows

hocolim ¥°°(M%n~), ~ F A DX (MOin®
ogolim X ( )+ []Epv x|+ ( )+

where Fny; is the subcategory of the category Fn of nice B-labelled cobordism graphs whose geomet-
ric realisation as cobordism is isomorphic to ¥. We have seen in chapter [3| that |Fny| is homotopy
equivalent to the classifying space BI's. Furthermore we know that |VFng| =~ |Fng|. Hence to
prove the theorem, it therefore suffices to prove the claimed homotopy equivalence.

To prove this, we note that the functor X°°(M%»~), | restricted to the subcategory Fny, factors
as follows:

Fny, _Oim, Fng,, s 4>2 M+ Spectra
where Fnp,, » is the category of B-labelled graphs with a starting vertex and orientation on each
component, such that the realisation is homeomorphic to the incoming boundary of the B-labelled
cobordism X.. In particular, each component has a label.

We claim that the geometric realisation of Fng,, s is contractible. This is easy in comparison
to theorems we proved in chapter [3| about geometric realisations of categories of different types of
graphs. We will give a functor F' with a natural transformation to the identity functor on Fny, =
and to the constant functor with value the object Gy: this is the object for which each component
has one edge and hence is either a circle or an interval with endpoints labelled with elements of .

The functor F' adds a single new edge after the marked point on each component. This is well-
defined because the components are oriented. The natural transformation to the identity functor
collapses this edge again. The natural transformation to the constant functor collapses all other
edges. As before, this implies that upon geometric realisation the identity is homotopy equivalent
to the map to a single point and hence the geometric realisation |Fny,, x| is contractible.

Note that these natural transformations also induce natural maps (M), to £ (M%), ,
which is in turn isomorphic to (M%),

We therefore obtain a space with the same homotopy type if instead of taking the homotopy
hocolimit of the functor $°°(M?%»~), over VFn, we take the homotopy colimit of the constant
functor X°°(M%»>), over VFn. But this homotopy colimit is easily seen to be equal to

hocolim RO (MOnEY, ~ <hocFolim *) A XX (MPnE) |~ |VFn|y A D°(M%nE)
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This proves the claim and thus we have proven the theorem. O

Remark 5.39. We could have used ordinary geometric realisation instead of fat geometric real-
isation as a model for the homotopy colimits. This has nicer formal properties, but a levelwise
weak equivalence of simplicial spaces only induces a weak equivalence of the geometric realisation
if they are proper. In this case, both the simplicial spaces that would be used are proper.

They are proper because they are good: for the latter this is trivial, as each degeneracy is
a product of an identity map with the inclusion of a face A”~! — A™ and product of closed
cofibrations is a closed cofibration. For the former simplicial space one needs to investigate the
spaces of the functor Umk a bit or maybe modified slightly. The conditions of proposition
would then be be satisfied.

We therefore have identified the domain of the higher string operations. For the codomain of
3, we need to investigate the homotopy colimit of the Thom spectrum (M ?%u¢~)* over ﬁ/. This
homotopy colimit is itself almost a Thom spectrum, but the problem is that the dimensions of the
positive and negative part of the virtual vector bundle go to infinity. The result is something we
call a ind-virtual bundle. Heuristically, this is a homotopy colimit of virtual bundles, but most
importantly it has the property that the Thom isomorphism theorem on the level of spectra holds.

Definition 5.40. A ind-virtual bundle is by definition a triple (X, B,p), where X should be a
space of the form

X = hoc((:)lim K

where k : C — VirtB is a functor. We say X is an ind-virtual bundle over the space B = hocolim ok
where 7 : VirtB — Top is the projection functor to the base of a virtual bundle. Themapp: X — B
should be the one induced by .

To an ind-virtual bundle we can associate an ind-Thom spectrum as homotopy colimit of the
composition of kK with the Thom spectrum functor:

hOC(C)lim (mok)"

We call a pro-virtual bundle oriented if each virtual bundle x(C) is oriented and this orientation
is preserved by the morphisms x(f). If the dimension of the virtual bundles x(C') is constant d,
then the pro-virtual bundle is said to be of dimension d

Proposition 5.41. An ind-Thom spectrum associated to an oriented ind-virtual bundle of dimen-
sion d has a Thom isomorphism. To be precise, after fixing universal Thom classes, we have weak
equivalences of spectra

(hocglim (mo m)”) A HZ > hocolim ((7 o k)" A HZ) ~ Z°(B)4 A Y HZ

PRrOOF. The first weak equivalence is a consequence of the fact that smash products preserve
homotopy colimits in nice models of spectra. These nice models in fact are monoidal model
categories: the smash product of a two cofibrations is a cofibration which is trivial if one of
them is. See for example [HSS99] Corollary 5.3.8.]. Thus smashing with HZ preserves cofibrant
replacement and we can take it inside the homotopy colimit.

For the second weak equivalence, we use that we have a natural weak equivalence

(mok)"(C)ANHZ ~X®(mor(C)); ANSIHZ

using the Thom isomorphism theorem. Now take Y?HZ outside of the homotopy colimit again
and we are done. |

However, we also need a variation in the case where  is not oriented and may have different
dimensions over different connected components. To take care of this, let £ = det(x) be the local
system associated the the determinant graded line bundle of x over m o k. Alternatively, we can
make a graded-preserving local system L by extracting the grading shift.
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Corollary 5.42. Consider an ind-Thom spectrum associated to an ind-virtual bundle k of dimen-
sion d. After fizing universal Thom classes, we have a weak equivalence of parametrized spectra

<hocglim (mo n)") AL HZ ~ ¥%°(B), AN X HZ

Alternatively, one can absorb the d-fold suspension into the local system 1L to get a local system
L for which there is weak equivalence of parametrized spectra

(hocglim (mo n)”) Ne HZ ~¥°°(B)y NHZ
Now we can look at the map J induced by 3 after applying the Thom isomorphism and the
map J. induced by J in homology.
Definition 5.43. The map J is the composition:

~ 3 oo 6,;,,,—
(V[E](BFE>+ /\Eoo(MamE)Jr) Ap HZ = hcg%limE (M )+ Ne HZ
J/:/\CHZ

(hocolim (Maout_)“> Ne HZ
VFH/

1 ~

hocolim ¥°° (M%), A HZ
VFn,

~

200 (MOu®), A HZ 4— (]_[[E] BI's A zw(Maout2)+) ANHZ
where the middle map on the right hand side is the generalized Thom isomorphism. In the next
section we will take a closer look at the local system £ = L} see definition

This map J consists of the string operations in family form. To obtain the HCFT operations
we only need to pass to homology. We could go to homology with integer coefficients, but then we
don’t have the Kiinneth theorem to split the codomain. Therefore we decide to replace Z with Q.
This is done by smashing HZ with HQ over HZ.

Definition 5.44. The string operations in homology
H.(BU's; L) @ Ho(LM; Q)" @ @ 4 pep Ha(Prr (A, B); Q)72

-

H (LM;Q)%* @ @ 4 pep He(Par(A, B); Q)45

are given by the maps induced in homology by 1.

>

Remark 5.45. Although a priori, the local system L% lives above the entire spectrum \/[E] (BTs)+
¥ (M=), in the next section we show that it is actually obtained as a pullback of a local sys-

tem det(¢) over J[5; BI's and hence we are justified in writing the domain as I as in definition

(.44 as above.

6. Orientations and the local system E%

In this section we will finally investigate how to deal with the orientations of the virtual
bundles involved in the construction of the string operations. While doing this, we will give a
simple definition of the local system L£¥ of that appeared in the construction of J in the previous
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section and show how it simplifies in some situations. However, we start by looking a bit at the
theory of determinants of virtual vector bundles.

6.1. Properties of determinants. Recall that the Thom isomorphism for an unoriented
virtual bundle system depends on a local system. This local system, or equivalently the corre-
sponding twist of homology, only depends on the determinant graded line bundle of x, as defined
in definition Because in the next section we want to prove that certain determinant graded
line bundles are isomorphic, we start by discussing some properties of determinants of virtual
bundles. Because the determinant construction is fiberwise, it suffices to look at virtual vector
spaces. Virtual vector spaces are the local model for virtual vector bundles and hence are defined
as follows:

Definition 5.46. A virtual vector space over k is a pair of finite-dimensional vector spaces Vy —V_
over a field k. A morphism of virtual vector spaces from V; —V_ to W —W_ is a triple (¢4, ¢, 6)
of a vector space # and two isomorphisms of vector spaces:

G4V @0 =Wy

o_:V_pl—W_

This gives a category VirtVy of virtual spaces over a field k.
The analogue of fiber of a graded line bundle is a graded line.

Definition 5.47. A graded line is a one-dimensional vector space L together with an integer d € Z
called the degree.

A morphism of graded lines is an isomorphism of one-dimensional vector spaces which respects
the degree. This gives a category Grly of graded lines over k.

Definition 5.48. The determinant of a virtual vector space V =V, — V_ with components of
dimension d4 and d_ respectively, is the graded line
det(V) = A%V, ANV
with degree dy —d_.
Lemma 5.49. The determinant is a functor det : VirtVy — GrLyg.

PrOOF. We show that a morphism f = (¢4,¢_,0) : Vi —V_ — Wy — W_ induces a natural
morphism det(f) between the graded lines of the domain and codomain. The dimensions of V
and W, which are the degrees of the corresponding graded lines, are clearly the same. Therefore
it suffices to prove that there is a natural isomorphism between the one-dimensional vector spaces
of their determinants. To do this, we fix the notation that 6 is of dimension d. The coevaluation
gives us a natural isomorphism

det(V) = det(V) ® A% @ A0*
Then the idea is note that there is a natural isomorphism
ATV, @) 2 AV, @ A%
and similarly for the negative part and hence there is natural isomorphism
det(V) ® A% @ A0* = ATV, @ 0) @ ATV @ 6%)
Now use ¢4 and ¢_ to map the right hand side isomorphically onto det(W) = A%+4(W, ) ®
Ad=FA(W*), |

Suppose that & = R. Because all the isomorphisms used are continuous with respect to the
natural topologies on the spaces of linear maps, this lemma proves a corresponding statement for
virtual bundles.

Corollary 5.50. The construction of the graded line bundle det(u) associated to a (real) virtual
bundle p gives a functor det : VirtB — GrLb, where the latter is the category of graded (real) line
bundles.
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Now that we have proven that the construction of a graded line bundle actually makes sense,
we look at some of its properties. A direct sum of two virtual vector spaces is simply given by the
direct sum of their positive and negative parts. The tensor product of two graded lines is the given
by the tensor product of the corresponding one-dimensional vector space with degree equal to the
sum of the degrees.

Proposition 5.51. There is a natural isomorphism
det(V @ W) =2 det(V) @ det(W)

Proor. If V, and V_ are of dimension d; and d_ respectively and W, and W_ of dimension
e+ and e_, then we know that we have natural isomorphisms

AT (Vo @ W) 2 AV, @ AW, A== (Vo W_)* 2 AV @ AW

Taking the tensor product of these two isomorphisms together with a reordering of the terms
gives the isomorphism in the statement of this proposition. For the degree it suffices to note that
(dy +er)—(d-+e_)=(dy —d_) + (ex —e_). O

The previous proposition can be generalized to the following more advanced statement, using
the fact that short exact sequences of vector spaces always split.

Proposition 5.52. Suppose that we have a short exact sequence of virtual vector spaces
0=-U—=-V->W=0
then there is a matural isomorphism:
det(V) = det(U) ® det(WW)

As before, these two properties have corollaries for determinant graded line bundles of virtual
bundles

Corollary 5.53. Let p and X\ be virtual bundles, then there is a natural isomorphism of determi-
nant graded line bundles

det(u @ ) = det(p) @ det(N)
More generally, if k is a third virtual bundle such that there is a short exact sequence
0=>Kk—=>pu—>A—0
there is a natural isomorphism of determinant graded line bundles
det(p) = det(x) @ det(A)

If we pick an orientation of a vector space V of dimension d, then A%V is canonically isomorphic
to R. This can be used to prove the following proposition.

Proposition 5.54. Suppose that V is an oriented vector space of dimension d, then there is a
natural isomorphism

det(V @ W) = det(W)®?

PROOF. Let eq,...,e4 be an oriented basis of V, then the isomorphism from det(V ® W) to
det(W)® is given by mapping vy A ... Av: Aey A...Aeq. This is independent of the choice of
oriented basis. O

As before, we obtain a corresponding corollary for virtual bundles.

Corollary 5.55. Let p be an oriented vector bundle of dimension d, then there is a natural
isomorphism

det(p ® \) = det(\)®?
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6.2. Choosing orientations for x. We first recall the definition of the ind-virtual bundles
k. It is the homotopy colimit of a functor x : VFn , given by in proposition For a simplex
(Tp — ... = T) this is defined as the pullback ((M/0'), s, )|ps00uro Of a virtual bundle xp, over
MTn to MouTo,

The negative part of this virtual bundle is easy; it is the trivial bundle WvI'\s(@inTn)) = For
the positive part we need some notation. Let siV the vertices of s(9;,I';,), eV the vertices in
', \s(0inT'y) and eFE the edges of 'y, \s(9;,I',,). These come equipped with a map b to B. The map
val : eV — N denotes the valence of a vertex in I',\s(9;,I'y,) and the map coval : siV — N U {0}
denotes the number of vertices in ¢V which are mapped to a vertex by the collapse map, minues 1.

The virtual bundle xr,, then has positive part

nf:n —— Dcev Vbw) © Bocer Th(e) D D,csiv Th(v)covalv)

| |

M — HvGeV b(’U) X HeeeE b(e) X Hvesﬂ/ b(v)Coval(v)

The first thing we note is we might as well work over the geometric realisation of the subcat-
egory ﬁ; of admissible graphs and always assume that siV = (.

Unfortunately, there doesn’t seem to be a canonical choice of ordering the terms W in the
negative part or each of the term in the positive part. This makes sense: there is no reason to
believe that x is an orientable virtual bundle.

However, to get some grip on the graded line bundle det(x), we will replace x by a different
virtual bundle whose orientability is easy to investigate. The trick is note that the local system
and corresponding twist only depend on the determinant bundle of , as defined in definition [£.45]
That means that if we can find other virtual bundles with isomorphic determinant bundle, we can
investigate their orientations instead.

We will give an easier virtual bundle & to replace k. This was the one already hinted at before
in section [2] of this chapter, when we talked about distributing the virtual bundle over the graph.
See figure The idea behind it is that as a virtual bundle v4 — W is isomorphic to —T'A. Thus
we are tempted to replace all terms vy — W by —TA.

Definition 5.56. The modified virtual bundle % : VFn‘/l — VirtB assigns to an object ('), —

... = T'g) the virtual bundle over M%utI'o obtained by pulling back the following virtual bundle
over M'=: it has positive part given by

ir, — @eecn Th(e)

|
M —— [Leeer be)
and negative part given by
Rp —— Docev Th(v)
|
M —— Tlyeev 0(V)
Lemma 5.57. We have an isomorphism of graded line bundles
det(k) =2 det(r)

PROOF. Simply use the isomorphisms of virtual bundles vyy — W =2 —TM and vy — W =
—TA for branes A € B a number of times and note that the determinant bundle construction is
compatible with morphisms of virtual bundles according to the corollary O
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Because we have assumed M and A € B to be oriented we have canonical orientations for 7'M
and T'A for each A € B. We now claim that we can obtain the same determinant bundle as for &
by pulling back a certain determinant bundle det(\) over the base space |VFn‘/l\.

To write the virtual bundles that we will use to define det()), note that for the positive part
and the negative part we have isomorphisms

@Tb(v)%<TM® P R)@@ TAe P R

vEekE unlabelled e € eE AeB ecb—1(B)CeE
@Tb(v)%<TM® & R)@EB TAe P R
veEeV unlabelled v € eV’ AeB veb—1(B)CeV

Let a = dim(A) for all @ € B and d = dim(M). Because T'A is oriented for the determinent
over each simplex it doesn’t make a difference whether we use T'A or R*. Similarly, we can replace
TM with R? in the determinant. Using this we can find basic virtual bundles over |ﬁ?|, whose
determinant bundles can used to produce det(\). We start by defining these basic virtual bundles.

Definition 5.58. For each A € B, the basic virtual bundle A4 : VFn? — VirtB assigns to an
object (', = ... — T'g) the virtual bundle over a point with positive part and negative parts

M= P R M= P R

eeb~1(B)CeE veb—1(B)CeV

The basic virtual bundle Ay : VFn‘/l — VirtB assigns to an object (I'y, — ... — I'g) the virtual
bundle over a point with positive part and negative parts

M, = D R A\ = D R

unlabelled e € eE unlabelled v € eV

To define the virtual bundle A, we recall the tensor products of graded line bundles. For u a
graded line bundle of degree k, the tensor product u®¢ is given by the d-fold tensor product of the
underlying line bundle, now put in degree d - k.

Lemma 5.59. The pullback of the graded line bundle det(X) := det(Anr)®? @ @ 4.5 det(Aa)®* to
MPTo satisfies
det(X) = det(R)
PROOF. If we apply corollaries [5.55] and [5.53] to the right hand sides of the following isomor-
phisms

P 1) = (TM © P TA® R

vEek unlabelled e € eE AGB e€b— 1 B)CeE
P To(w) = (TM ® T TA® R
veeV unlabelled v € eV AEB veb—1( ﬁ)CeV

then we get respectively

det( @ R)®? ® ® det( @ R)®4

unlabelled e € eFE AeB eeb~1(B)CeE
det( &y R o R det( P R
unlabelled v € eV AeB veb—1(B)CeV
Tensoring the dual of the second with the first exactly gives det(\). O
We will use A to find a nice homological virtual bundle. This will allow us to do some actual

calculations later on. Let Ar,, denote the part of the geometric realisation of I',, labelled by A and
OinAr, the part of 0;,I',, labelled by A.
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Definition 5.60. The basic homological graph virtual bundle &4 : VFnL/l — VirtB assigns to an
object (I';, — ... = I'g) the virtual bundle over a point with positive part and negative part given
by
&4 = Ho(Ar,,0inAr,; R) &4 = Hi(Ar,,0inAr, s R)
We also define a virtual bundle &y : VFn‘/I — VirtB which assigns to an object (I';, — ... — T')
the virtual bundle over a point with positive and negative parts given by

&ir = Ho(Tn, 0inT U | 0inAr, ;i R) &l = Hi(Tp, 0nTn U | OinAr, i R)
AeB AeB
The full homological graph determinant bundle is given by
det(€) = det(En)®? @ (X) det(£4)®”

AeB
Lemma 5.61. We have an isomorphism of graded line bundles

det(A) = det(€)

PROOF. We note that A and A\ are the zeroth and first terms of the two-term cellular chain
complex for the relative homology groups H.(Ar,;9;»I's). By corollary in the determinant
one can cancel the kernel of the differential d of this chain complex in A} against the image of
d in \}. This proves that det(\4) = det(£4). A similar argument holds for M and hence the
isomorphism of the statement holds. O

Finally we will compare this homological graph determinant bundle to a homological cobordism
determinant bundle £ over BT's;. This allows us obtain various situations in which the local system
is easy to understand.

To define it, note that there is a B-labelled cobordism ¥ represented by I'), and hence by T;
for 0 < i <n—1 as well. We let Ay; denote the part of the boundary of ¥ labelled by A and 9;,, Ax;
the part of 0;,% labelled by A. Let 0;% be the union of the incoming and B-labelled boundary.
Then we have an isomorphism

H,(Ar,,0inAr,;R) = H,(As, 0;n AsIR)

For the brane M something special is going on, because the interior of the cobordism is of
course also labelled M. In this case we obtain an isomorphism

H,(Tp, 0inTn U | ] OinAr,;R) = H, (S, 0,5 R)
AeB

Definition 5.62. The homological cobordism virtual bundle &4 over BTy, is given by taking the
quotient by I's; of the virtual bundle, where degree 0 is positive and degree 1 negative,

H* (AZ; aznAZ)

over ET'y;, thereby obtaining a virtual bundle over BI's;. The homological cobordism virtual bundle
& over Bl'y is similarly obtained from

H.(2,8,%)

Lemma 5.63. The homotopy equivalence BI's; ~ |VFnj(E)| pulls €4 back to £4 for all A € B and
Ear back to €.

PROOF. The geometric realisation of the admissible B-labelled cobordism graphs gives a model
for the universal cobordism bundle over BI'y;. Both £4 and &4 are obtained by taking the homology
of natural subbundle of this bundle. O

Definition 5.64. The local system L is the one corresponding to the determinant graded line

bundle det(§) over BTy, defined as follows:
det(€) = det(€y) ! & () det(€4)°

AeB
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This is the local system that we have used in our statement of theorem [2.29 on the existence
of higher string operations for a general set of branes B. However, we have to be careful that this
system is compatible with the prop operations.

6.3. Compatibility of L’g’ with the prop operations. We will prove that the local system
£Jl§4 is compatible with the operations of the prop Bordzg. This is necessary to make sure that our
operations compose well.

Remark 5.65. Compare this to the results of the next subsection, in particular tells us that
over many components BI'y; the local system is trivializable. However, it is not possible to do this
in a way that is compatible with the prop operations.

Equivalently, we can check that the replacement ¢ we to define the local system corresponding
to k is compatible with these operations. This is done in the following proposition:

Proposition 5.66. The determinant graded line bundles € extends the prop structure of Bordzgr to
a prop in the category of spaces with local systems. To be precise, we must prove that there exist a
natural isomorphism

det(§n) @ det(&xr) = (BI(x))" det(Esrox)
over BT's, x BT'sy, where BT'(x) : B's x BI'sy — BTU'svo5v is the map of classifying spaces induced
by glueing of cobordisms.

PRrROOF. Consider the long exact sequence associated to the triple (X' o X, 3, 9;,3). This has
non-zero part

Hy(5,05:R) = Hy (T 0 5,05 R) = Hy (T 0 %, 5 R)
— H0(27 8”12, R) — Ho(z/ oY, 8”12, R) — Ho(z/ oY, R)

where in the two rows the last terms are naturally isomorphic to Hy (X', 9;,%'; R) and Ho (X', 0;,X"; R)
respectively using the excision axiom for homology. By correctly cancelling the kernels and coker-
nels of the maps in the short exact sequence, one obtains the natural isomorphism in the statement
of this proposition. O

6.4. Simplifying the local system £} . We will now describe a lemma which will help to
handle the local system. To be precise, we will describe when Eé/[ is trivializable, i.e. consists of
nothing but a grading shift after a choice of trivialization of the determinant line bundle.

Proposition 5.67. If 3 has no more than one purely free boundary component of each label on
each connected component, then ﬁ% is trivializable over X.

PRrROOF. The determinant line bundle is trivializable if and only if its holonomy is trivial around
each loop. But under the conditions of the lemma, without loss of generality we can assume that
each representative of a class in the mapping class group preserves each boundary component.

Now consider the non-zero part of the long exact sequence of the pair (X, 9:%):

Hi(0:%:R) = Hy(S;R) = Hy (S, 0,5 R) — Ho(9,5;R) — Ho(S;R) — Ho(Z, 9,5 R)

where all groups have compatible actions of the mapping class groups. This means that we can
express the determinant of 7 is terms of the determinants of the powers of the other groups
H,(0s3;R), H1(X;R), Ho(0:%;R) and H;(X;R) that appear here. By the previous remarks the
action must be trivial on all except H;(X;R). But the action does preserving an orientation put
on H;(X), because the mappign class group acts via the symplectic group and the action of the
symplectic group preserves the orientation. A similar argument works for H,(As, 0;»,As; R) and
this proves the statement. O

However, note that it is impossible to trivialize the local systems over all components at the
same time in a way that is compatible with the composition of cobordisms. A consequence of this
that two compositions which lead to a cobordism ¥ will give two ways to trivialize the determinant
line bundle, which may differ in sign.

However, this problem does not occur if we assume that M and all branes that appear are of
even dimension.
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Proposition 5.68. Let M be even-dimensional and let S = {X1,%,,...} be a set of B-labelled
cobordisms such that all branes A € B that appear are even-dimensional as well. Then we can
coherently trivialize the local system for all B-labelled cobordisms in S.

PROOF. For this one uses the model & for the virtual bundle. If all bundles that appear are
even-dimensional, then the order in which they appear doesn’t matter for the orientation. Thus
we have canonically fixed an orientation if we have fixed orientations for 7'M and for each T A.
This orientation is compatible with composition. O

7. Disjoint union of cobordisms

In this section we prove that the maps 3 of theorem [5.31] and hence the maps J of definition
and the operations they induce in homology, can made compatible with the disjoint union
of B-labelled cobordisms. The disjoint union of B-labelled cobordisms is described in section [3.2
of chapter [2] and is modelled by the disjoint union of B-labelled cobordism graphs as described in
section [3.1] of chapter [3

7.1. Compatibility for a disjoint union of a single pair of B-labelled cobordism
graphs. We start by showing that the construction of 7 in theorem for a single pair of nice
B-labelled cobordism graphs I and I is compatible with disjoint union in the sense of proposition
We first need to describe the maps that will appear.

7.1.1. The functors $°°(M%»~), and ©°°(M?%u~),. Recall that we had the functor LI : Fn —
Fn encoding the disjoint union of cobordisms on the level of graphs. The functors M=~ : Fn — Top
and M%uw~ : Fn — Top are compatible with this functor in the sense that there are canonical
natural transformations

L L Mainu L
MO~ x M% = "= M%"~ oLl: Fn x Fn — Top
_ _ MOoutd _
MOeut= x MOou= V=" M~ oLs: Fn x Fn — Top

These are simply given by the natural homeomorphisms M%»I" x M 0inT" o DfOin(PUTY) gng
MOinT 5 JfOinT" o2 PfOin (L) Composing with the suspension functors gives the required natural
transformations on the level of spectra.

7.1.2. The virtual bundle k. Next we discuss the virtual bundles. We claim that there is a
natural isomorphism between the virtual bundle s over M 9out (TUT') and the pull back of the
virtual bundle 7} kr @ 75k over M%utl x NfOoutl " along the homeomorphism mentioned above.

This is clear upon inspection of the definition of the virtual bundle x. Both its positive and
negative part are given by direct sums over vertices or edges and hence are compatible with disjoint
union. The result is an isomorphism we denote by k. Together with M?%=" this induces a map

(Mamn,u)liu . (Maoutr % Maautrl)ﬂfﬁrﬂﬁﬂ'gnp/ N (Maout(FUF,))Kpur/

between Thom spectra, which is in fact an isomorphism.

7.1.3. Compatibility for a single pair. We can now state and prove the proposition that our
construction of the map T modelling a degree zero string operation is compatible with disjoint
unions.

Proposition 5.69. Suppose that we have fized an Euclidean space W with an embedding M — W,
tubular neighborhoods Tub(t) X [[ 4oz Tub(ca) for the embeddings of M and branes A € B into W
and a choice of inner product in Z(W'). This is data necessary to define the spaces of umkehr data
and the maps 71 in the following diagram.
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There is a natural map Umk(U) : Umk(T") x Umk(I") — Umk(I' UT") such that the following
diagram commutes:

, CTH(T)AT(TY ,
Umk(I') 4 A 2°(M%T) ¢ A Umk(I7); A £°(MnT )+()—()> (MPoutlyrr A (D OoutT"yrirs

zl J:

(Umk(T) x Umk(T)) 4 A £°(M%nT x MOnT"), (MPoutT x N[OoutT )7l kr@ms s

Umk(u)/\Z‘x’]\/Iai"ul J(Maout"')"'u

Umk(T UTY) A £°(Min Ty (M Oout (T Y purs

T(Tur)

All the maps in this diagram depend continuously on the choices made in the beginning of the
statement of this proposition.

PROOF. Recall that Umk(T") is a product of spaces of tubular neighborhoods Tub’s, spaces of
propagating flows P, connections C and a space of inner products Z:

Umk(T") = Tub(7-) x P(v=) X C(v=) X Tub(ipn) X P(Vin) X C(vin,)

where 7. and 7;, where defined in the proof of theorem Similarly Umk(I") can be written as
follows:

Umk(T") = Tub(7% ) x P(v4) x C(v) x Tub(7},) x P(v,) x C(¥},,)

Now we note that the vector bundle 77/ for I' UT” is given by ni7- & 737~ and similar for
Tin- Hence the product of tubular neighborhoods, propagating flows and connections give us maps
Tub(7-) x Tub(7.) — Tub(rY), etc., which induce a map Umk(I") x Umk(I') — Umk(I' UT").
This is the map Umk(L) meant in the statement of the proposition.

The commutativity of the diagram can now be inferred from proposition To do this,
first note Umk(LJ) has an image in Umk(I" UT") which lies inside the product of the subspace of
the type Tub™, P* and C*, i.e. inside the subspace of umkehr data for I' UT' compatible with
the product. Furthermore one sees the maps p and p’ back from this subspace to the spaces of
umkehr data Umk(T") and Umk(I"”) for I" and I" respectively (called p; in proposition @ satisfy
(pop') o Umk(U) = id. Hence combining the two commutative diagrams of proposition @ for
each of the three times that we construct an umkehr map gives the commutative diagram in the
statement of the proposition. ([

A consequence of the previous proposition is that the degree zero string operations are com-
patible with disjoint union. In the next section we look at the higher degree string operations as
well, by considering the entire map 3.

7.2. Compatibility of 3, J and the operations with disjoint union. We now extend the
previous ideas to the family version of the string operations. This is slightly more complicated than
the compatibility for a single nice B-labelled graph, because we need to introduce an intermediate
category V(Fn x Fn) with functors as follows

VFn x VFn <> V(Fn x Fn) Y VFn

where VU is induced by U due to the naturality of the construction of the category of simplices
and ¢ is the inclusion functor. The statement that |VC| ~ |C| and the compatibility of geometric
realisation with products implies that |i| is a homotopy equivalence. We have already seen how to
thicken the left and right categories to VFn, x VFn, and VFn, respectively. We will now show

how to do this for the middle category such that there are induced functors 7 and VU such that
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the following diagram commutes:

(11) VFn, x VFn, PR V(Fn x Fn)/i VFn,

| L]

VFn x VFn ¢—— V(Fn x Fn) w5 VFn

where the vertical arrows are the forgetful functors which forget the umkehr and splitting data.

We will construct operation 3, for the middle category and show that it is compatible with
the constructions for the left and right category. This implies compatibility of 3 with disjoint
union as 7 is a homotopy equivalence. The compatibility for J and the induced map in homology
are then formal consequences.

7.2.1. The category V(Fn x Fn)/, To construct this category we need to interweave splitting
data using a functor Split,, : V(Fn x Fn) — Top and then umkehr data using a functor Umk,, :
V(Fn x Fn), — Top.

We simply define the splitting data functor by setting Split,, = (Split x Split) o ¢ and define
using the Grothendieck construction

V(Fn x Fn), = V(Fn x Fn)/Splitm

Note that the canonically this definition implies that i extends to a functor i, : V(Fn x Fn), —
VFn, x VFn,. Then we define Umk,, as (Umk x Umk) o4, and set

V(Fn x Fn), = V(Fn x Fn), /Umkm

As before, this choice for Umk,, implies that there is a canonical extension of i, to i which
makes the left square of diagram [TI] commute.

7.2.2. The operation 3,, and compatibility with the left map 3 x 3. The properties of the
components Umk, which appear twice in the definition of Umk,, imply the existence of two sets
of operations. To write them down, we first need to look at the functors involved in the domain
and codomain of these operations. We define Mna{"_, Mf;“‘_ and k., by taking the composition
of i with the product of the corresponding functors on VFn /X VFn /-

To be precise, if o x o/ = ((I',,I7,) — ... = (I, I)) is a simplex of V(Fn x Fn) then we get
two operation

27 : (|Vo| x Umk(0))4 A ST (MOnFo) — (Bf0ueTo)re
27 (|Ve’] x Umk(c”)) 4 A X (MOnTo)  — (MfOutTo)rer

We use these to create a single map 2% as follows. First note that |Vo| and |Vo'| are
naturally isomorphic to A™. The codomain of 27X will be (A™ x Umk(c) x Umk(c’))4 A
200 (MPnTo) | A £°°(MPnT0) and the domain (MPutTo)se A (MPwTo)ser The operation is
given by the composition of 37 A 29" with the map which is induced by the diagonal A™ —
AN x A™ = |Vo| x |[Vo'| and reordering the terms. The result is as follows

395"+ (A" x Umk(o) x Umk(c”)) L AD® (MPnT0)  Ax20 (MOinTo)  —y (MfOoutTo)so o (Af0outTo)ror
The properties of Umk imply that these operations Joxe’ glue to give the operation f3,, on
the homotopy colimits.
J,, : hocolim £°°(M?%n™=), A X®(M% ™), — hocolim (MP%ut™ )% A (MPourm2= )~
V(FnxFn), V(FnxFn),
where 7; : V(Fn x Fn)/ — VFn for ¢ = 1,2 is the projection on the first or second simplex.
We want to get the codomain and domain of the map 3 x J. We start by noting the functor
i induces weak equivalences of homotopy colimits which we denote as follows:

il + hocolim E°°(M%"™7) AS®(M%™7) — hocolim S%°(Mn™ =) AEX(MOmm2T),
V(FnXFn)/ VFn,xVFn,
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i2: hocolim (M%™=)% A (MP=™7)% — hocolim (MP7ut™ )% A (N ourT2 )"
V(FnxFn), VFn,xVFn,

If we model homotopy colimits by the fat geometric realisation of a simplicial space, then these
maps will induced by a map of simplicial spaces which is an inclusion of a simplicial subspace. The
homotopy colimit over a product of categories of two functors, each of which depends only on one
of the categories, can be split. The fact that the smash product is a left adjoint to an internal hom
in a nice model of spectra in particular implies that we have weak equivalences

b+ hocolim 59 (MP™ ) ASP(MP77) ;. — (hocolim 7 (M) ) A(hocolim 51 (M) ,)
VFI‘I/XVFn/ VFn/ VFI‘I/
32 hocolim (M%ut™ )% A (MOout™=)% 5 (hocolim (M?%~)*) A (hocolim (M %out~)")
VFI’]/XVFH/ VFn/ VFI’I/

This allows us to state the compatibility between the left hand side 3 A J and the middle 3,,
of diagram [T1]

Proposition 5.70. The following diagram commutes

hocolim $%°(M%n™ =), A$®(M%7™2=),  In hocolim (M%ut™ =)k A (M PeutT2=)r
V(FnXFn)/ V(anFn)/

jioiif Nljfoz‘i

(hocolim %2 (M=) ) A (hocolim $°°(M%=~),) (hocolim (M?Put=)%) A (hocolim (M Peut=)")
VFH/ VFn/ a3l VFn/ VFn/

PROOF. If we use fat geometric realisation of simplicial spaces as a model for homotopy col-
imits, it suffices prove that the diagram commutes for each individual simplex. But this follows
directly from our definition of 399 as 37 A7 . O

7.2.3. The compatibility of 3., with the right map 3. We now want to show that 3, is also
compatible with the map 2 for the right hand side of diagram To do this we first need to
describe VU, which requires describing natural transformations
Split(U

) Split o U : V(Fn x Fn) — Top
Umk(U)
Umk x Unk =" Umk ol : V(Fn x Fn), — Top

The first natural transformation is easy to write down once one recalls the definition of Split,
found in definition It is a product of subspaces of the topologized space of linear maps
HomVect(qul(“),R), where v runs over all vertices of the graph. This implies that there is a
homeomorphism Split(X) x Split(X) = Split(X x ¥’) and this homeomorphism gives the desired
natural transformation.

To define Umk (L) we simply note that we can take the products of the umkehr data, as in the
proof of proposition for each level of lifts separately. This is an inclusion which has image
inside the subspace of umkehr data compatible with the product structure. The end result is a
functor

Split x Split

VU: V(Fn x Fn), — VFn,
which makes the right square of diagram [L1| commute.
We now address the question of writing down natural maps between the homotopy colimits.
Note that there are natural transformations for the functors defining the codomain and domain of
the operations induced the natural inclusion functor VU : V(Fn x Fn) , — VFn,. Those for MOin—

and M%ut~ are induced by the natural transformations MY and M%ut" of the previous section
by forgetting the additional data. The suspension of the former will be more important for us:

»° pOint
——t

RO (M=) A DM $%(M%7) o VU : V(Fn x Fn) , — Spectra

For k we recall that we have an isomorphism between the virtual bundle ks, over M out (ToLUTp)

and the pullback of the virtual bundle 75k, @© ik, over MP%utlo x M BoutTo along the homeo-
morphism MOout(Tollo) o NfOourd 5 NfOour® yged in the natural transformation M%w“ and an
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isomorphism of Thom spectra (MPutl x NOouwT")Tire®m3hor o0 (N[OouwT)ho A (AfOeutT")ror  Using
the splitting data the composition of the latter with the isomorphism of Thom spectra induced by
the former gives a natural transformation

f'i (Maout‘—')nl_l

(MPeutTi= )" A (MfOout™i™) (M?%u1=)" 0 oV : V(Fn x Fn), — Spectra

Because these natural transformations induce maps between the homotopy colimits, in fact
strictly if we use a fat geometric realisation model, all maps in the diagram in the following
proposition are well-defined.

Proposition 5.71. The following diagram commutes

hocolim ¥%°(M%»™ =), AX®(M%™=), Jm  hocolim (M%ut™=)r A (MPoutTi—)k
V(FnxFn), V(FnxFn),

| J

hocolim ¥ (M=), hocolim (M %out=)s
VFn, a VFn,

PROOF. Again it suffices to prove the commutativity of the operations in the diagram over
each individual simplex in the fat geometric realisations which give the homotopy colimit. Using
our definition of Umk(U), this is a direct consequence of propositionbecause over each simplex
Jis simply a restriction of 7. O

Putting the commutative diagrams of the two propositions in this section on top of each other
then gives the following commutative diagram

(hocolim X% (M?n=) ) A (hocolim ¥°°(M?%»=), ) 3r3 | (hocolim (M?u:=)%) A (hocolim (M Peut=)*)
an/ an/ an/ an/
hocolim %% (M%) hocolim (M Pewt =)~
VFn, a VFn,

which exactly expresses the compatibility of J with disjoint union. This is the family version of
proposition [5.69

7.2.4. The compatibility of 1 and the string operations with disjoint union. Finally for the
string operations, we still need to apply the Thom isomorphism to the two spectra in the columns
of the previous commutative diagram after smashing HZ into each of them. This is possible,
because the local system L3 is clearly compatible with disjoint union. Again it suffices to check
the this for each individual simplex in the homotopy colimits but over those we are simply dealing
with an isomorphism of virtual bundles.

So indeed we can conclude that J is compatible with disjoint union. After passing to homology
with rational coefficients, we obtain the following theorem.

Theorem 5.72. The string operations 1. are compatible in the sense that the following diagram
commutes:

, 1.®3 /
H,(BTs; £}) ® H,(M%%;,Q) ® H,(BTsy; L) @ H,(M%';Q) =5 H, (M%w*;Q) @ H, (M%*; Q)

ﬂ f

H.(BTsus; L) © H. (M350 Q) H, (M2 (P02, )

J.

where we have shortened the large tensor product over the homology of all incoming and outgoing
boundary components, for example

H, (M9%;Q) = H,(LM;Q)®" @ (R) H.(Py(A, B);Q)¥"»
A,BeB
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The isomorphisms should be clear upon inspection of the vertical maps and are a nice piece of
additional information.

8. Glueing of cobordisms

In this final section of the chapter about the construction of string operations, we show that
the maps 3, and hence J and the operations it induces in homology, can be made compatible with
the glueing of B-labelled cobordisms. This is essentially a more involved version of the argument
that we used to prove compatibility with disjoint unions. Again we will show compatibility of the
operations with the glueing of a pair of graphs and then we will prove the general case.

Recall from definitions[3.71]and [3.75] that the functor modelling the glueing of cobordisms ¥ and
>’ on the level of B-labelled cobordism graphs is only defined on a smaller category Fat®"®(%/o¥) of
pairs of glueable admissible B-labelled cobordism graphs. Let’s recall the definition of Fat&"® (%’ o
Y). Its objects are pairs of graphs (I',T") together with an isomorphism between the outgoing
boundary O,.:I" and the incoming boundary 9;,I", which preserves the ordering of the boundary
components, sends starting vertices to starting vertices and reserves the orientations. Its morphisms
are pairs of morphisms compatible with these isomorphisms of parts of the boundary.

This category has geometric realisation homotopy equivalent to the geometric realisation of
Fn(3) x Fn(X’), so there is no loss in restricting to it. This homotopy equivalence is induced by
the inclusion functor I : Fat®(X o ©) — Fn(X) x Fn(X') of lemma

If we shorten the notation Fat®*(X' o X) to Fg(X’ o ¥), then the previous can be summarized
by the diagram:

Fn(2) x Fn(Y) «— Fg(¥ o 2) 25 Fn(X)

8.1. Compatibility with glueing for a single pair of graphs. In this section we will
compare what happens to a diagram

(I, 1) +— (I,IV,¢) — T' o
of graphs in the previous diagram
Fn(S) x Fn(Y) +— Fg(¥ o X) 2% Fn(X)

when we try to apply the construction of 7 twice in succession to the left and middle graphs and
once to the right glued graph. Of course, in general on Fn(X) x Fn(X’) we do not know how to
compose two such maps; that’s exactly why the isomorphism ¢ between the incoming boundary of
the second graph and outgoing boundary of the first graph was introduced. However, we do want
to check that two constructions of 7 for the middle individually coincide with those on the left.

We start by looking at the maps involved in stating the compatibility diagram. We do this
with a bit more generality so that we can use some of these results in the compatibility for J as
well.

8.1.1. The functors M%n— and M%w~. We will define the analogues of the incoming and
outgoing boundary functors M%»~ and M?%w~ on Fn(X) x Fn(¥'), Fg(¥’ o £) and Fn(X) and
give natural transformations between them. Intuitively, in all three cases we just want to use the
incoming boundary of the first graph.

The idea is simple if one recall that we already know how to define the functor M%»~ on
a category of the form Fn(X). It is simply the restriction of the functor M?%n~ on Fn, and this
functor sends a graph I' to the mapping space M?n»T. This takes care of the category Fn(X) on
the right: we can just take this restriction M%»~ of the ordinary incoming boundary functor.

Let 71 : Fn(X) x Fn(X’) — Fn(X) be the projection on the first component. For this category
we will use M9+~ o 7y. Finally, for Fg(¥X' o ¥) we will use M9~ oo I.

The functor M?%»~ o o I and the composition of M?%»~ o 7, with I clearly coincide, so no
natural transformation is need for the left of the diagram. For the right of the diagram we do need
one:

Oin
M% "~ om ol M Npoin— o X : Fg(X'oX) — Top



8. GLUEING OF COBORDISMS 121

It is given by noting that incoming boundary of a graph IV o T" in Fn(¥’ o X) is naturally
isomorphic to the incoming boundary of I" and hence M9~ o 7y o I(I',I") and M%»~ o x(I',T")
are naturally homeomorphic topological spaces.

Exactly the same reasoning works for the outgoing boundary, except one needs to use 7y
instead of 71. In particular, we have a natural transformation

MP%w= omyol ng M%uwt= oy : Fg(¥' o ¥) — Top

If we compose all of these with the suspension functor, we get functors and natural transfor-
mations of the incoming and outgoing boundary on the level of spectra.

8.1.2. The virtual bundle k. Next we need to discuss the virtual bundles a bit. Three virtual
bundles play a role when one tries to construct the operations. The left and middle one are
the same and are equal to kr @ p*¢d.kr, where p* is the correct composition of pullbacks along
maps to move kp from M=l " to M%u" and ¢+ is the pushforward along the homeomorphism
MOoutl' = Nf9inl” induced by ¢. On the right we will have the virtual bundle xror.

We claim that that pullback along M outX of gpvop is naturally isomorphic to k' @ p*@.kr.
To see this, recall that xp can be thought of as being obtained as follows: we call the extra vertices
and edges those that are not in $(9;,I'). The kr is obtained by putting a copy of —T'A at each
extra vertex with label A, a copy of —T'M at each unlabelled extra vertex, a copy of T'A at the
middle of each extra edge with label A and a copy of TM at the middle of each unlabelled extra
edge.

The extra edges and vertices of IV o I" are exactly given as the union of the extra edges and
vertices of I' and I'V. This explains the natural isomorphism between the two virtual bundles. We
denote it by k.

8.1.3. Compatibility of 1 with glueing. We can now state the compatibility of the construction
of 71 with composition.

Proposition 5.73. There is a contractible space Umk®™(I” o T') with natural maps
Umk(y) : Umk&™*(I" o T') — Umk(I” o I)
p1 - Umk®"(I” o T') — Umk(T')
po : Umk®™*(I" o T') — Umk(I")
such that the following diagram commutes:

Umk&®(I7 0 '), 2°° (M%), Umk(x) A id — Umk(I" o T') . A 20 (M2n(TeD)y

T(F)l

Umk(T) ¢ A (M%outT'yrr T(ToT)

) j

(MBO,“F K ®p* pukr

o

oo (MBUM(F oF))nplor
As suggested by the notation, the maps T') and V(I”) coincide with the ones constructed in
theorem [5.6] for the individual graphs.

PRrOOF. We will just define the vertical maps such that the second statement of the proposition
holds. While comparing them, we will find Umk&"*(I" o T') and Umk(7).

For convenience let’s desuspend the negative parts of the virtual bundles. Then the map on
the left is obtained by the applying the same construction as in theorem [5.6] but now to a larger
diagram of graphs

Ol &5 Ty € T 25 T 2% 5(0puel) < el

_) alnr, Gin F, Suv F/ 5_) 1—\/ Tout (8outrl) ; aoutrl

Ul’fl
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where we have used that our graphs are admissible and therefore s(9;,I") coincides with 9;,I' and
similarly for I'. The corresponding diagram of mapping spaces is

MOnT Wv(F'oF\s(amF)) L pfToviin x Wv(F'\s(BmF’)) Zin pT+ Wv(F’\s(ainF'))
(0; ML % Wv(F'\s(ai,LF')) Touy Ms(aoutl—‘) % W’u(l—‘/\s(amfl))

Ty pPoutl 5 o \s(9in") ﬂ} MOnT 5 o \s(@inl"))
Lin pToin oy ppTs T8 gyl Tt aps@oul) Ty prdoudT

where have dropped the identity maps on W in the notation of the maps on the first three lines.
On the right the map comes from the following diagram:

Oinl = 0 (T oT) €3 (I 0T )y in <= (IoT) 2 ~55 I ol 2% 5(Dpus (I 0T)) = Qg (T 0T) = DI
with corresponding diagram of mapping spaces as in the proof of theorem We want to show
that we can rearrange the first diagram of graphs in a way compatible with the umkehr maps to
obtain the second diagram of graphs. Let’s explain how to do this.

Moving the additional vertices in I", ;: We want the vertices corresponding to the extra ver-
tices and half-edges of I' to already be there in I, ;,,. Because the tubular neighborhoods
for the embedding of M and A € B into W are fixed, this requires no additional data of
tubular neighborhoods. However, because we are carrying around larger vector bundles
on our Thom spectra, we need to include the data of connections on the additional parts
of these vector bundles for the umkehr maps.

This will be the first part of the data that needs to be included in Umk&"“*(I” o T).
Let’s denote in C(I" o T").

Expanding these additional vertices: It should be clear that it doesn’t matter whether we
expand the additional vertices of (I” o I"), 4, all at the same time or whether we first do
those from T" and then those from I". After this and the previous step, the diagram of
graphs is of the form

Oinl = (I o T)y jn, «— I'= Uhsep(I"\s(9;,I")) — T U hsep(IV\s(0:nI"))
< 8(0putT") U hsep(T"\8(9inI")) <— Opus I U hsep(IV\s(0;,, "))

T ST §(0pue ) < Dl

Also note that I'- U hsep(I"\s(9;,I)) = IV o ') -..

Glueing both divided graphs at the same time: Now comes the most difficult part, where
we will argue that the two steps in which the separated edges and vertices of (I'" o T')..
are glued — first those of I'> and then those of I'. — can be combined into a single step.

This is a consequence of corollary [£.86] about umkehr data compatible with compo-
sition. The reason for is that while glueings first happened in a two steps, we now want
it to happen in a single step. This corollary tells us that we can find a contractible space
of compatible umkehr data Umk®(I” o I') with maps to p1,p2 to Umk(I") and Umk(I")
respectively, such that if we use this umkehr data as input for the construction of 7, our
umkehr maps will commute. The space Umk®(I” o T') is a subspace of Umk(I" o T').

The diagram of graphs is now equal to the second diagram of graphs and hence we
are done.

We saw that if we take Umk®"(I” o T') to be the product of Umk®(I" o I') and C, then this
umkehr data and connections first of all give an inclusion Umk(y) to Umk(IV o I'), but secondly
maps p; and pa to Umk(T") and Umk(I"”). This concludes the proof. O

This proposition tells us that degree zero string operations are compatible with the glueing
of cobordisms. Together with the previous section about compatibility with disjoint union, this
is enough prove that string topology gives H.(LM;Q) the structure of a TQFT with positive
boundary up to signs that we discuss in chapter [6]
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8.2. Compatibility for J, J and the induced maps in homology with glueing of
cobordisms. Our next goal is extend the previous argument to the map 3. As before, the
compatibility of J and the string operations J, with glueing will be formal consequences of this.

8.2.1. The category V(Fg(X' 0X)),. We first need to describe what umkehr data we want to
add to Fg(X' o X)) to get the lift in the middle of the diagram

(12) VFn, x VFn, «— V(Fg(¥ 0 %)), *— VFn,

| | |

VFn x VFn ¢——— V(Fg(X' o E))VX;) VFn

Because this is very similar to the case of compatibility of 3 with disjoint union, will skip
the description of the functors in this diagram and focues on the umkehr data that we add in the
middle: again we want to define V(Fg(X' oX)), = V(Fg(X' o %)) [ Splits™° and V(Fg(X' o ¥), =
V(Fg(¥X' o %)), [ Umk&"™® for certain functors Split®™® and Umk&™®.

We define Split®"® to be the subspace of Split x Splito I of splittings for each individual graph,
which are compatible with the isomorphism between the incoming boundary of the second and
the outgoing boundary of the first. To make this precise, recall that in definition [5.15| we defined
Split(o) to a product of subspaces of the topologized space of linear maps Homyect (R? 71(“),]1%) for
vertices v in graphs in the simplex ¢ and ¢ depends on the morphisms in the simplex. We want that
if  maps v to v/, then the corresponding elements of Homyect (Rq_l(”), R) and Homyect (}Rq_l(”/)7 R)
are equal.

For Umk®™ we can be rather concise. Motivated by our previous discussion of the compati-
bility of T with glueing, we will do the same construction as in section [4] of this chapter except for
two minor things: (1) in the definition of umk we start at level zero not with all umkehr data, but
just that subspace of umkehr data compatible with the compositions of the map first attaching
(T9)~ and then (I'g)~ in (I'p UT)~ and (2) we only lift at similarly compatible data in higher
levels.

The forgetful functor and projection onto the first element of a simplex allow us to extend
the incoming and outgoing boundary functors from the bottom row of diagram [12|to the top row.
Similarly, after including the splitting data we can define the virtual bundle functors there will be
natural transformations between these using the same argument as for a single pair of glueable
graphs.

8.2.2. The compatibility of 3 with glueing. The arguments about the existence of maps between
homotopy colimits then are similar to the arguments in the previous section about compatibility
with disjoint. Using those arguments we can write down the diagram expressing compatibility of
3 with glueing of cobordisms.

Proposition 5.74. The following diagram commutes

_hocolim_ ¥>*(M%n oy o)y _ M%XeVx  hocolim (M~
V(Fg(¥0X)), VFn,

a

hocolim (Mt~ oy o )"

V(Fg(Z'ox)), u
"
hocolim  (MPwt= oy o [)F&P=r hocolim (Mt )%
V(Fg(37ox)), (MOX) X0y VFn,

where the two maps 3 on the left hand coincide with the restriction of those constructed for each
individual graph.
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PROOF. Again it suffices to prove that the operations are compatible over each simplex in the
fat geometric realisation. But this is a consequence of proposition because of our choice of
Umk®" of suitably compatible umkehr data to make the operations 71 over each simplex compat-
ible. O

8.2.3. The compatibility of 1 and the string operations with glueing. Finally we derive the
compatibility of J and the string operations J, with glueing of cobordisms. To do this, we will
use the previous proposition. The isomorphism of ind-Thom spectra on the bottom row can be
composed with the Thom isomorphism, because the local system is compatible with glueing. The
consequence of this is the compatibility of J with glueing, as expressed by the following diagram,
where we already used our identifications of the homotopy colimits from section [5| of this chapter.

(BT x BTs)y AS®(M2% %)) Apsr HZ —— ((BTynz)) 4 A S%(MP% %)) Apy HZ

]
((BFZ,)+ A zw(Mf)mE’)+) Ay HZ, :
]
200 (MOw="), N HZ o0 (MOu=") A HZ

Passing to homology in this diagram, we finally obtain the compatibility of the string operations
J. with glueing of cobordisms.

Theorem 5.75. The string operations 1. are compatible with glueing in the sense that the following
diagram commutes:

J1. ,
H.(BTsy; L3 ® H.(BTs; L) @ H (M%®;Q) = H.(BTs; LY) @ H.(M%>"; Q)

| [

H.(BTsus; L) @ H. (M2 395); Q) H, (MOou(3527), )

Ju

where we have shortened the large tensor product over the homology of all incoming and outgoing
boundary components, for example

H,(M%%;Q) := H.(LM;Q)®*" ® (X) H.(Pu(A, B); Q%47
A,BeB

Note that the left vertical arrow is an isomorphism if there are no more than one fully free
boundary components for each label in B.
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CHAPTER 6

String topology HCFT operations

1. Overview of known operations

In this chapter we will discuss the operations that we get out of the previous construction and
the algebraic structures they put on the homology of the free loop space LM and the restricted
path spaces Py (A, B).

These operations depend on the homology groups H. (BT, £3), that in turn depend on several
parameters: the homological degree k, the genus g and the numbers of incoming boundary circles,
outgoing boundary circles and labelled intervals for each possible pair of labels. At the moment we
only know the explicitly operations for a certain range of these parameters. There are two reasons
for this. The first is that the homology groups the operations depend on are hardly known and
therefore we don’t know whether there even exist operations for a certain choice of parameters.
Secondly, even in cases when the homology is known there are often no explicits cycles of B-labelled
cobordism graphs to efficiently calculate the operations explicitly.

Genus zero operad

homology
degree k Stable range

['TQFT + BV-operator

o cFENNEENEEEEEN

0 genus g

FI1GURE 6.1. This figure shows our current knowledge of the higher string op-
erations in a simplified manner. It does not show the number of incoming and
outgoing circles and labelled intervals, but only the homological degree and the
genus.

In this chapter, we will first discuss some basic properties of mapping class groups, which
are necessary for the computations in the later sections. These later sections discuss the four
different structures listed in the figure [6.1} the TQFT structure in homological degree 0, the
TQFT structure with BV-operator in homological degree 1, the vanishing of the higher string
operations in the stable range and the operad structure in genus zero.

2. Basic facts about mapping class groups

We now state some basic facts about the mapping class group. A great source for this is the
forthcoming book by Farb and Margalit [FM10]. Because all results about mapping class group
of cobordisms are built from those about mapping class groups about surfaces with marked points
and/or boundaries, we start by introducing special notation for the mapping class group of the

127
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surface X¢ |, which is obtained as a connected sum of g tori with n marked points and r boundary

components. This group is denoted I'y .

2.1. Dehn twists. To describe certain — and in sense to be made precise, all — elements of
the mapping class groups we have to introduce the notion of a Dehn twist. These are twists done
around a curve in the surface. To make this precise, we first recall a certain notion of curve on a
surface. Let X be a surface, then a closed curve on ¥ is a map 7 : S! — X. This curve is called
simple if the map v is a homeomorphism onto its image. If ¥ has a fixed smooth structure, then
we call v a smooth curve if the map -y is smooth.

A regular neighborhood of a simple closed curve is a open neighborhood U C ¥ containing -y
together with a homeomorphism ¢ : I x S' — U such that its restriction Pl1yxst {1} x 5t
S — ¥ is equal to . By the tubular neighborhood theorem every smooth simple closed curve
admits a regular neighborhood.

Next we define our prototype of a twist. If we write the annulus as a cylinder S* x I, then
there is a homeomorphism T fixing the boundary given by (0,¢) — (0 + 2xt,t). It is the map
obtained by holding an end of the cylinder in each hand and twisting the cylinder 360 degrees.

Definition 6.2. Let v be a simple closed curve on a surface ¥ with a regular neighborhood (U, ¢),
then the Dehn twist around v is the homeomorphism 77, of ¥ given by:

T (x) = poTog l(z) ifzelU
T id if v € U

This definition is independent of the choice of regular neighborhood, because if (U, ¢) and
(V, ) are both regular neighborhoods of 7, one can construct isotopies moving (U, ¢) and (V, @)
into a regular neighborhood (W, ), where W Cc UNV.

In fact any simple closed curve v admits a regular neighborhood, not just every smooth simple
closed curve. For the proof we begin with a statement about approximation of continuous curves
by smooth curves: Every closed curve « is homotopy equivalent to a smooth simple closed curve 7.
This can be done by first using a small convolution in local coordinates to obtain local replacement
curves, glueing these local replacements together and again using a small enough convolution near
the nodes where we glue the local replacements.

This result can be improved when we look at simple closed curves using the statement that
every two homotopy equivalent simple closed curves are isotopy equivalent [FM10], proposition
1.10]. To prove this we just need to take more care when working locally. The result is the
following lemma.

Lemma 6.3. For each simple closed curve v we can find a smooth simple closed curve 7 isotopic
by an isotopy F to our original curve 7.

Using extension of isotopies [FM10l proposition 1.11], this gives us a way to use the regular
neighborhood of the smooth simple closed curve as a regular neighborhood for our simple closed
curve. The precise statement about extension of isotopies is the following.

Proposition 6.4. If F : S' x I — X is an isotopy of closed simple curves, then there is an isotopy
F:Y xI—Y such that F‘EX{O} is the identity and F‘F(SIX{O})XI =F.

In particular if F' denotes the original isotopy between v and 7, then we can extend F' to get
an isotopy F : ¥ x I — ¥ of the entire surface. Therefore, if (U, ¢) is a regular neighborhood for
the simple closed curve y = F(S* x {0}) then (F(U x {1}), F(¢ x {1})) is a regular neighorbood
for 4 = F(S' x {1}). This is summarized by the following lemma.

Lemma 6.5. Let v be a simple closed curve, then v admits a reqular neighborhood.

As a consequence of these approximation and extension theorems we obtain the following
result.

Lemma 6.6. A v is a simpe closed curve, we can define the Dehn twist T.,. Furthermore, if two
simple closed curves v,n are homotopic, the Dehn twists T, and T;, represent the same element in
the mapping class group.
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PRrROOF. The first statement is an obvious consequence of the existence of regular neighbor-
hoods.

For the second, first pick a regular neighborhood (U, ¢) for . Replace the homotopy between
~ and 7 by an isotopy F and extend this isotopy to an isotopy F' of the surface. Applying the Dehn
twist construction to each curve F(S! x {t}) with the regular neighborhood (F (U x {t}), F(¢x {t}))
we get an isotopy between the Dehn twists T, and T,. (|

We will use the notation T’, for the the element in the mapping class group represented by T,
as well. The last lemma implies that this element is well-defined.

It is well known that if we have two curves then these can be changed by a homotopy to
intersect transversely. This can be proven by working in local coordinates, patching and a small
convolution near the glueing nodes. If we have a given orientation, then we can define the oriented
intersection number of two transversely intersecting simple closed curves v, n as the sum over all
intersection points with a sign: +1 if the rotation going from tangent vector to v at an intersection
point to the tangent vector to n is going in positive direction and —1 if it is going in negative
direction. This number only depends on the homotopy classes of v and 7 (it can in fact be
determined homologically) and therefore we can extend it to non-transversely intersecting simple
closed curves. We denote this intersection number by (v, n).

Since Dehn twists around two different curves interact at each intersection point of the curves,
one expect that the commutation relations depend on the intersection number. In fact, the cases
of intersection number 0 and 1 are easy to see geometrically.

Proposition 6.7. Let v and n be simple closed curves. If i(vy,n) = 0 then T,T,, = T,T,. If
i(y,m) =1 then T, T, T, = T,,T,T,.

These will be important for calculations because we can figure out when two elements coming
from Dehn twists commute: if the isotopy classes of simply closed curves defining them have
representatives which are disjoint. This will especially be useful in the light of theorem[6.16] which
says that Dehn twists generate the mapping class group.

2.2. Birman’s short exact sequences. We often want to know how the mapping class
groups change when we modify our surfaces. The most valuable tools to do this are two important
short exact sequences. These are related to the modifications of the surface given by adding marked
points and collapsing a boundary component to a marked point respectively.

2.2.1. Adding a marked point. The first short exact sequence is for adding a marked point. To
explain it we first fix some notation. Let & be a set of points of a surface ¥ and y be an point
disjunct from Z. There is a forgetful map

F : Homeo™" (%, ZUy) — Homeo™ (X, %)

which forgets that an orientation-preserving self-homeomorphism fixes y. This induces a sur-
jective upon passing to mg, since for any element of Homeo(X, ) we can find an isotopy to a
self-homeomorphism which fixes y in addition to the points Z.

There is a second “pushing” map

P :7m(2,y) - Homeo(X, ¥ U y)

which is given as follows: for any homotopy class in 71(2,y) we can find a representative v with
a regular neighborhood disjoint from Z. Let 4 and v_ be the loops in 3 obtained as the image
of i x S and % x ST respectively in the identification of the regular neighborhood with I x S*.

Note that the restriction of the regular neighborhood of v to [§,3] x S' and [, 1] x S gives

8’8
disjoint union regular neighborhoods for 4 and v_ which are disjoint from y and #. Then these

regular neighborhoods gives allows us to define P(vy) = T, T 1 which is an orientation-preserving

self-homeomorphism that fixes y and . Note that the order of the Dehn twists does not matter,
since these are Dehn twists along disjoint curves, which commute by proposition
The sequence will be a consequence of the following theorem [FIM10].

EVy

Theorem 6.8. There is a fiber bundle Homeo™t (X, # U y) — Homeo™ (X, Z) —% ¥.
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By applying the long exact sequence of homotopy groups we get an exact sequence which is a
priori a long exact sequence, but in many cases reduces to a short exact sequence.

Corollary 6.9 (Birman). The following sequence is exact
0—— mi(X5 . Y) L A — Lgn =0

except in the cases (g,n,r) = (1,0,0),(0,0,1),(0,0,2),(0,1,1),(1,2,0),(0,0,0) (the sphere, the
sphere with one marked point, the disk, the annulus, the disk with one marked point, the punctured
sphere with two marked points, and the torus).

SKETCH OF PROOF. Apply the long exact sequence of homotopy groups to the fiber bundle
and use that the fact that if 71(3] ,,) is non-abelian, then 7T1(H0H160+(E;7n)) = 0. The abelian
fundamental groups exactly give the list of exceptions in the statement of the corollary. Finally,

one needs to identity P and F' as the maps in the long exact sequence. O

Remark 6.10. For the exceptions mentioned in the theorem, there is still a long exact sequence
which can be useful for some calculations.

2.2.2. Collapsing a boundary component. The second short exact sequence is for collapsing a
boundary component to a marked point and has a similar proof. We first fix some notation. Let
C: F;ﬁf_l — I'y , be the map which glues a punctured disk to a boundary component and extends
the self-homeomorphismh as the identity to that punctured disk. Again one can construct a fiber
bundle, although in this case the construction is more intricate. The consequence is the following
proposition.

Proposition 6.11 (Birman). The following sequence is exact

0 7 i thll C Tr

g,n+1 =0

except in the cases (g,n+1,7) = (1,0,0),(0,0,1),(0,0,2),(0,1,1),(1,2,0),(0,0,0) (the sphere, the
sphere with one marked point, the disk, the annulus, the disk with one marked point, the punctured
sphere with two marked points, and the torus)

Remark 6.12. Again there is a long exact sequence for the exceptions, which allows for some
additional calculations

2.3. Generators of the mapping class groups. In this section we will discuss a basic result
on the generators of the mapping class group. This will be necessary to prove our classification of
degree 1 operations. We start with our first examples of mapping class groups.

Lemma 6.13. The mapping class groups for the disk, the disk with one marked point, the sphere
and the sphere with one marked point, 1"(1)’0, 1"(1)’1, 1"8’0 and 1"8’1 respectively, are zero. The mapping
class of the annulus (cylinder), T3  is isomorphic to Z.

PROOF. These are lemma 2.1 and the following remark and proposition 2.4 of [FM10]. O

Remark 6.14. Later, in section of this chapter we will calculate the mapping class groups of
spheres with disks removed. They will be pure ribbon braid groups PRB,,.

In fact, we can describe the mapping class group of the annulus explicitly using Dehn twists:

Lemma 6.15. The mapping class of the annulus is generated by a Dehn twist around a closed
curve parallel to one of the boundary components.

The question naturally arises how much of the mapping class group is generated by Dehn
twists for an arbitrary surface. A simple closed curve is called non-separating if removing it from
the surface doesn’t make the surface fall apart into different connected components.

Theorem 6.16 (Dehn-Lickorish). 'y 1s generated by finitely many Dehn twists around non-

separating curves and r Dehn twists around the boundary components.
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FIGURE 6.19. The maps of surfaces involved in the homological stability of map-
ping class groups.

PROOF. This is theorem 5.1 of [FM10]. One first proves this for surfaces without boundary
components. Thus the first goal is to prove that the mapping class group I'y , is generated by
finitely many Dehn twists. The cases g = 0,1 are treated separately and the case g > 2 is done
by first applying induction on the genus and then applying induction on the number of marked
points.

The idea of the induction on g is that the connectedness of a complex of curves allows one to
prove that any element of the pure mapping class groups can be multiplied with a product of Dehn
twists to stabilize a non-separating closed curve. Then one cuts along this curve and the genus is
reduced by one, which then allows the induction hypothesis to kick in.

After that, the induction over n is done using the first Birman exact sequence, the induction
of r by the second Birman exact sequence. O

Remark 6.17. Recall that our definition of the mapping class group is sometimes known as the
pure mapping class groups, because we do not allow permutations of the punctures of the boundary
components. To give the analogue of Dehn-Lickorish theorem for the mapping class group which
is allowed to permute these, one must add some permutations to the list of generators.

The previous remark also points us to the correct generalisation of the previous theorem for
the generators of the mapping class group of a B-labelled cobordism.

Corollary 6.18. Let X be a B-labelled cobordism then the mapping class group T, is generated
by finitely many Dehn twists around non-separating curves, Dehn twists around the not purely free
boundary components and the permutations of the purely free boundary components with the same
label.

2.4. Stability of mapping class groups. Finally, we discuss results on the stability of map-
ping class groups which we will use in our proof that the string topology operations corresponding
to classes of relatively low degree with respect to the genus of the cobordism will vanish. A good
reference is the survey by Wahl [Wah11].

We start by considering the mapping class groups I'y of a surface X of genus g with 7 boundary
components. The statement of Harer stability uses the following two maps given by glueing pair
of pants to boundary components. They are depicted in figure [6.19

Definition 6.20. Let ¥} be the pair of pants, then there is a map «, : ry — F;I_} given by
glueing a pair of pants along two of the boundary components of X7 and putting the identity
self-homeomorphism on the pair of pants:

ag =T (x)(—idsg) : Ty = Ty}

Similarly, there is a map 8, : I'y — Pg*l given by glueing a pair of pants along a single
boundary component of X¢:
By =T(0)(~idsg) : Ty — TyH!
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Homological stability is the statement that these maps induce isomorphisms in homology in
an increasing range of degrees as g goes to infinity. The current best bounds on these stable ranges
are as follows:

Theorem 6.21. The map (o). : H.(BT;Z) — H*(BFZﬂ;Z) is surjective for x < 2g+ %+ and
an isomorphism for x < %g — %

The map (By)« : Hu(BT}y; Z) — H. (BT, T Z) is injective and an isomorphism for x < 29.

Remark 6.22. These isomorphisms are compatible with the action induced by permutation of
the labels of the boundary components.

We will use this to prove homological stability for mapping class groups of B-labelled cobor-
disms. Let X be a B-labelled cobordisms with two or more incoming and outgoing boundary circles.
Then there are maps a4 and 3,4, which will only glue along incoming or outgoing boundary circles,
but not along boundary components which contain labels from B.

Lemma 6.23. The induced maps (cg)« and (B4)+« for mapping class groups of B-labelled cobordisms
are injective, surjective or isomorphisms in the same range as in theorem|6.21]

PRrROOF. Let ¥ be a B-labelled cobordism. Then we have two short exact sequences relating
the mapping class group of X as a B-labelled cobordism to the mapping class groups that appear
in the previous theorem.

For convenience, we denoted the mapping class group of X as a B-labelled cobordism by Fg, its
mapping class group when we no longer allow permutations of free boundary components by Fg’l
and its mapping class group when we require that each boundary component is pointwise fixed by
I's;. Suppose that X has a genus g and r boundary components, then I's = I'y. Let d < r denote
the number of purely free boundary components.

The two short exact sequences are:

O—>Zd—>I‘;—>Fg’l—>0

0I5 -8 - H S(bB) =0
peB

It is important to note that the first one is split because the Dehn twists around the d purely
free boundary component can be taken disjoint from the other generators. Thus we obtain that
BT = (S1)4 x BFg’l. It now suffices to see that the maps induced by a4 by 54 on the left hand side
are given on the right hand side by maps which are the identity on the circles. Hence homological
stability for the left hand side implies homological stability for the right hand side, with the same
ranges.

For the second short exact sequence we get a spectral sequences for the homology of the
classifying spaces given by the following fibration:

Brgt — Br§ — [[ BR(b1(8))
BeB

To be precise, the associated spectral sequence is E2, = Hp,(B [ses 2(b7YB)); Hq(BFg’l; 7)) =
Hp+q(BI‘g) and by naturality oy and 3,4 induce maps of spectral sequences. The homology of the
base space doesn’t change and that of the fiber is stable, in fact as a module over the fundamental
group of the base. Because the spectral sequence collapses at the E2-page, we get stability for the
homology of the total space with the same ranges. O

3. The basic degree zero genus zero operations and TQFT structures

In the section we will look at the simplest string topology operations, which unsuprisingly were
also the first ones to be found by Chas and Sullivan [CS99]. These are the operations that come
from the degree zero homology the relevant mapping class groups.

We start by writing down the basic operations of this type in terms of elementary operations
in algebraic topology. After that we show that indeed these operations determine all degree zero



3. THE BASIC DEGREE ZERO GENUS ZERO OPERATIONS AND TQFT STRUCTURES 133

pair of pants

reverse
pair of pants

Cup —e

o L\

FIGURE 6.24. The three isomorphism classes of cobordisms which will give the
basic closed operations. They are listed with their name and a simple B-labelled
cobordism graph whose corresponding cobordism is a representative of that iso-
morphism class.

operations, by looking at the classification of TQFT’s. During this we find several relations between
the basic operations and we will look at some of the consequences of these.

3.1. The product, coproduct and unit maps. We will start by extracting elementary
constructions of some basic string topology operations from the complicated and pretty abstract
operations we have defined in chapter 4.

The procedure for this calculation is as follows: to calculate a degree zero operations for a
generator ag € Ho(BT's;; Q) one can take the string operation for any single graph I' corresponding
to a vertex in the connected component. One of the improvements of our treatment over Godin’s,
is that by allowing nice instead of admissable fat graphs, we can use the most simple graphs to
calculate explicitly the degree zero operations.

Because we work with the operation over a vertex of the geometric realistion, it is clear we
are never bothered much by the local system: after trivializing it, it will just contribute a suitable
dimension shift. Because there is no canonical choice of trivialization, this will cause some signs
to appear when we try to comparing different ways to decompose the operation coming from a
B-labelled cobordism into basic operations.

3.1.1. The closed operations. We will start with the original string operations, which we call
the closed operations. We discuss the three B-labelled open-closed cobordisms listed in figure
together with the nice B-labelled graphs that we will use to compute them. The resulting
operations are described below.

Closed product: We start by describing the operation coming from the generator of 0’th ho-
mology group Ho(BI pair of pants; @), which can be represented by the class of the vertex
corresponding to the first B-labelled cobordism graph in figure[6.24] We denote this graph
with I'. For the convenience of the reader, we will spell out the complete construction of
the operation in this case. We advise to take a look at section [2] of chapter [5] again for
the general construction. We need to consider the diagram of graphs:

Lin S v S im, S+ oy
OinD B Tyin < Te i 25 T =5 T 2% 5(0puil’) ¢ Oouel

In this case i, Sy, S= and i,y are isomorphisms, because no edges need to be added
to the incoming boundary. Thus the diagram reduces to

Oip I — T — Oyt
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This diagram is depicted in figure [6.25] It is easily seen that upon geometric realisa-
tion this diagram is the same as the diagram of spaces

LSt s gty gt gt
where ¢ is the map which glues the base points of the circles together and j is the pinch

map. The space S' Vv S! is called the figure eight and is sometimes denoted by 8 in the
literature, e.g. [CV06]. This induces the following diagram of mapping spaces

LM x LM &5 ps™vst 2 pay
to which we apply homology with rational coefficients. If we apply the umkehr construc-
tion to the first map and use the ordinary induced map in homology for the second map,
we get the string topology operation corresponding to I'. To see that as expected an
umkehr construction for the first map is possible, we remark that it is part of a pullback
diagram whose bottom row contains a embedding of finite dimensional manifolds:

arstvst =M LM ox LM

E’UJ/ Jev Xev

M—A)MXM

Thus, we conclude that there is a string operation pu., which we will call the closed
product for reasons to be made clear in the next section, given by

te : Ho(LM;Q) @ H.(LM;Q) — H._4(LM;Q)
z@y > (M), (M) (z®y)

Closed coproduct: Next is the construction of an operation that is very similar to the closed

product and whose construction we therefore do not discuss in the same level of detail.
This operation is the operation corresponding to the generator of the zero’th homology
group Ho (BT reverse pair of pants; @). Again we decide to use the nice B-labelled cobordism
graph listed in figure it is the second one listed and we denote it by I'. In this case
the diagram again reduces to

Oin I — T — Oyt
which is clearly seen to be the same upon geometric realisation as
stLystvst e sty st
where as before j is the pinch map and 7 the map which collapses the two basepoints.
The resulting diagram for mapping spaces is

LM &M prstvSt My« LM

If we apply homology to the entire diagram, then the second arrow is fine and gives an
ordinary induced map in homology pointing in the right directoin, but we need to apply
the umkehr map construction for the second one. The result will be a string operation
A., which we will call the closed coproduct:

A.: H(LM;Q) - Hy._4y(LM x LM;Q)
x> (M), (M) ()

OOk -

FIGURE 6.25. The diagram of graphs involved in the construction of the closed product.
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empty
set

00 «— 60 6—0 —> OE—O—9 <

FIGURE 6.26. The graphs involved in the construction of the string operation
corresponding to the cup.

Closed unit: Finally we construct a very simple operation which will serve the function of a unit
for the closed product. It is the operation corresponding to the generator of Hy(BT cup; Q).
As before we pick a nice graph, which in this case is the third one listed in figure [6.24
We need to simplify the diagram of graphs:
Ol B Ty in =T iy 5T 25 T8 5(0pul) € 9ol
We note that 9;,I' = ), which also implies that s;,, is the identity map. Furthermore,
Sy is a homotopy equivalence mapping an interval to a point, s. glues the two intervals
and i,,¢ maps a circle to an interval. Thus in this case the diagram reduces to the
following one, depicted in figure

) — Typin «— T — T <— 9ol

Let * denote a point and I and interval. With the previous remarks it is easy to see
that upon geometric realisation this diagram is the same as

0 — xUsk—TUT —T+— St

Up to homotopy we can replace I with x and reduce the diagram to a @ — *LIx —
x +— S, where we denote the last map by p. This means that the resulting diagram in
mapping spaces for the construction of the string operation is

Wx W &M x M & M2 Ly

where ¢ : M — W is a embedding in an Euclidean space. Remark that another way to
see the map M? is as the map which sends a point z € M to the loop ¢, with constant
value z. We want to apply homology to the previous diagram and then should apply
the umkehr map construction to ¢ x ¢ and A. After that we should apply the map in
homology induced by MP. Our first guess is therefore that 7, is given by (MP),A'(c x 1)".

It is well-known that (¢ x ¢) : H,(W;Q) — H,424(M;Q) sends the only non-trivial
class — the generator of Ho(W,Q) — to the fundamental class [M] ® [M] € Hy(M;Q).
The umkehr map A' is the intersection product, which is dual to the cup-product under
Poincaré duality. Hence [M] is the unit for the intersection product and A' maps [M]®[M]
to [M]. Thus we obtain a string operation 7, that we will call the closed unit as follows:

e : Q= Ha(LM;Q)
L= (MP).([M])

where of course Q is considered as lying in degree 0.

Remark 6.27. Note that we actually had to make choices in these constructions to get the umkehr
maps, like tubular neighborhoods and propagating flow. However, as we have made clear previously,
these choices come in contractible families on which the construction depends continuously, so they
all induce the same map in homology.

In the construction of unit we saw a general phenomena: creating two edges with the same
labels everywhere and glueing them is the same as creating a single edge. This is seen by a simple
generalization of the proof used there. It can be made precise using our discussion of compatible
umkehr maps in chapter Therefore, we can conclude we could have used the diagram in [6.28
instead to arrive at our construction of the closed unit more quickly.
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empty
set

o - o———————m—ml <«

FIGURE 6.28. A simpler diagram of graphs which also gives the string operation
corresponding to the cup.

pairing of strips

é

reverse
pairing of strips

CI positive
disk

FIGURE 6.29. This figure shows the three isomorphism classes of basic B-labelled
cobordisms which will give the open operations. The colours denote the labels in
B. They are listed with their name and a nice B-labelled cobordism graph whose
corresponding cobordism is a representative of the isomorphism class.

3.1.2. The open operations. Next we describe with the string operations coming from the open
part, i.e. the part where all incoming and outgoing boundary components are intervals labelled
by pairs of label A, B € B. We will determine explicit constructions of several basic operations
using the techniques of the last section. The basic operations we consider are listed in figure [6.29
Because they had to be nice graphs, some of these are not as simple as one might naively guess.
Open product: We will start by describing the operation coming from the generator of the

homology group Ho(BT pairing; @), which is represented by the first graph in figure
We denote this graph by I'. The next step is to simplify the diagram of graphs:

in D B T &5 Ty T T Z5 T8 5(0puil) ¢ Qo
There are no extra edges or vertices added, so #;,, S, and s. are isomorphisms.
Note that i,y is also an isomorphism, but although the map s is an isomorphism of the
underlying graphs, it is not an isomorphism of B-labelled graphs, because the 0y is
lacking the red label. Thus the diagram reduces to the following, depicted in figure [6.30

Ol =T < 9,,,T

We associate to the green label a submanifold A, to red a submanifold B and to blue
a submanifold C. If we go to the associated diagram of mapping spaces we therefore
obtain the diagram:

Par(A, B) x Par(B,C) & Pay(A, B) x5 Pa(B,C) &2 Py(A, C)

where as before Py(A, B) denotes the space of paths v in M such that (0) € A and
~v(1) € B and Py (A, B) xp Py (B, C) is the space of pair of paths whose endpoints in
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[ ]

F1GURE 6.30. The diagram of graphs used in the construction of the open product operation.

o

in1 - o0 - o—e —0 —— - [~

FIGURE 6.31. The diagram of graphs involved in the construction of the open
coproduct operation.

B coincide. The maps M? and M7 are simply the inclusions. The former obtained by
projecting to both components and the latter obtained by glueing the two paths together
at their endpoints, which coincide at a point in B.

If we apply homology to this diagram, we should construct an umkehr map for M?.
This is done as in general and is possible because we can indeed write it as part of a
pullback diagram over a embedding of finite-dimensional manifolds:

Pui(A, B) x5 Pa(B,0) s Py (A, B) x Py (B, C)

J( levl Xevg

B X B x B

ev

=

where evi is the map which evaluates at 1 of the first or equivalently 0 of the second
path, evp and ev; evaluate a path at 0, resp. 1, and A is the diagonal map.

We conclude that if the dimension of B is b, then we get a string operation pgpc,
which we called the open product, given by

pave : Hi(Pp(A, B); Q) ® Ho(Pr(B,C); Q) — Hiyp(Pr (A, C); Q)

@y (M) (MY (x@y)
Open coproduct: Next up is the open coproduct, which will be quite a bit more complicated
than our earlier examples because we are now adding an additional edges. This makes it

more difficult to simplify the diagrams of graphs. We will be considering the operation
corrsponding to the generator of Ho(BI'teverse pairing; Q), as represented by the second

graph of figure [6.29
In this case there is not much that we can simplify in the diagram

Tin So Sin S Tout s
Ol = Tyin =T =T — T & 5(0pul’) «— Oowl

We only have that s;, and i,,; are isomorphisms, but are therefore still left with the
following diagram, as depicted in figure [6.31

Lin » S+ Lou
OinD B Tyin & T e iy — T &2 9oy T

By recalling that the property A'o (2 x 1) = ¢! for A the diagonal and ¢ : M — W an
embedding, we can simplify the diagram slightly and remove the totally unlabelled added
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edge. Similarly, we can up to homotopy replace the added edge with single red vertex by
a red vertex. Then s, is an isomorphism and we get the following diagram after going to
mapping spaces:
Mtin M3+ Miout

C) x W +— PN](A,C) X B +— PM(A, B) XB PM(A,C) — PM(A,B) X PM(A,C)

Once we go to homology, we want to construct umkehr maps for the first two maps of
this diagram. The result is a candidate for Ay given by (Mieut), o (M*+)' o (M%n)'. To
simplify this, we will take a closer look at the first two maps. The map M?%~ is nothing
but id x g and we know that for a suitable choice of umkehr data (id x t5)' = id® (1)".
Hence = € H,(Py (A, C); Q) is mapped to x ® [B] by (M%n~)'. The second map fits in a
pullback diagram

Pa(A, B) x5 Pay(A,C) 25 Py(A,C) x B

l levl Xid
2

B M x B

Jxid

ev

ol

where j : B — M is the inclusion. But exactly the same pullback is obtained by dropping

B from the right column. This means that if M*®: Py (A, B) xp Py (A,C) — Py (A, C)

is the inclusion, then we can write Agp. as our construction applied to the diagram
Par(A,0) &5 Pyr(A, B) x5 Par(A,C) ™5" Py(A, B) x Par(A,C)

The heuristic behind this is that we are essentially introducing [B] and dropping it
again and this is the same as doing nothing. This makes sense because [B] acts as a unit
for the intersection product as coming from B and we are lifting this intersection product
to the mapping spaces. Note that it is also consistent with the dimension shifts; for let b
be the dimension of B, then the umkehr map associated with the B in the right column
shifts the degree by —d to which we should add the degree b of [B] and the umkehr map
for M* has dimension shift —(d — b).

We conclude that we get a string operation Ay, which we called the open coproduct,
given by

Agpe : Hi(Py(A,C); Q) — Hy—(4—1)(Pu (A, B) x Py (B, C); Q)
z = (M) (M*) (z)

Open unit: Finally, we advance to the open unit. This is operation coming from the generator

of Ho(BT positive aisk; Q) and represented by the third nice B-labelled cobordism graph of
figure [6.29]

The construction will be very similar to the construction of the closed unit and
therefore we won’t provide a picture of the graphs involved. Like in that case, the
diagram simplifies to

) —Tyin+—T:—T<+— ol

Now we note that using the same trick as before, we can replace the two components
of I'y in and I'. by a single one and replace the interval of I'. by a homotopy equivalent
point. The corresponding diagram of mapping spaces for the construction will then be:

W <2 B M py(B, B)

where the map ¢p : B — W is an embedding into an Euclidean space and Mt is simply
the map B — Pg(M, M) which sends a point z € B to the path ¢, with constant value
x. If we apply homology, then the umkehr map (¢5)' sends the only non-trivial class to
[B]. If b denotes the dimension of b, we therefore obtain a string operation 7, that we
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incoming
whistle
whistle

FIGURE 6.33. The incoming and outgoing whistle cobordisms, together with nice
B-labelled cobordism graphs whose corresponding cobordism give isomorphic B-
labelled cobordisms.

will call the open unit:

m : Q — Hy(Py (B, B); Q)
x> (M), ([B])

Remark 6.32. Again, the contractibility of the spaces of choices involved in the construction
guarantee that these operations are independent of any choices made for the umkehr maps.

3.1.3. The whistles. Finally, we get to two basic operations that are less obvious. These come
from B-labelled cobordisms called whistles and allow the open and closed parts to interact. These
cobordisms and nice B-labelled cobordism graphs representing them are listed in figure [6.33}

Incoming whistle: We will begin with the incoming whistle. This is the first cobordism listed
in figure [6.33] and the B-labelled cobordism graph I' next to it represents the generator
of Ho(BTincoming whistle; Q). Again we consider the diagram of graphs given by

Bin Sy Sin, S+ Tout
Oin D BTy in T iy 25 T =5 T 2% 5(0puD) ¢ Opuil

This can simplified by noting the following. Firstly, the maps s;, and s are isomor-
phisms. Secondly, because in the construction we are adding two new intervals with the
same label, we can assume it is a single interval and up to a homotopy a point making
Sy into an isomorphism. This means that we have the following diagram after going to
mapping spaces:

Pu(B,B) x W ¥ py(B,B) x BYZ Py (B,B) x5 B™S' LM
where Py (B, B) x g B is the space of paths in M both of whose endpoints in B coincide; in
other words they are loops whose basepoint is restricted to lie in B. As in the construction
of the open coproduct we can simply as follows. The introduction of a component B by
an umkehr map which occurs only to remove it again later using a second umkehr map
can be removed to get the following simpler diagram:
M Miout
Py (B,B) ¢— Py(B,B) xp B — LM

where the map M? fits into the following pullback diagram covering an embedding of
finite-dimensional manifolds:

Pu(B,B) x5 B Py/(B, B)

cvl levo Xevy

_
B X B x B
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where ev evaluates a path of Py (B, B) x g B at either of its endpoints and evy and evy
evaluate a path in Py (B, B) at 0, resp. 1. Therefore, if b denotes the dimension of B we
obtain a string operation ¢, that we will call the incoming whistle operation:

tp: Ho(Prp (B, B); Q) = Hy—y(LM;Q)
z i (M), (M) (x)

Outgoing whistle: Finally, we conclude with the outgoing whistle operation. This is the second
cobordism listed in figure [6.33] and the last basic operation we need to discuss. As
before, the nice B-labelled cobordism graph I" next it to represents the generator of
Ho (BT outg. whistie; Q). In the diagram of graphs given by

OinT <5 Tyin €5 T i 255 T 25 T8 5(0puiD) < Gouel
we have that s;, is an isomorphism. Furthermore, as in the construction of the open
coproduct and the incoming whistle, we can replace the creation of the red vertex and a
black vertex by the creation of a single red vertex. The diagram of mappig spaces then
becomes _
LM & Py (B, B) x5 B™S" Py(B, B)

where M* fits into the following pullback diagram over an embedding of finite-dimensional
manifolds:

Pu(B,B) xz B v

B——M
We conclude that if the dimension of B is b, then we get a string operation e, which
we called the outgoing whistle operation, given by

ey : Ho(LM;Q) — H,_(4-1)(Pu(B, B); Q)
z > (Miew), (M*)! ()

Remark 6.34. Again, the contractibility of the spaces of choices involved in the construction
guarantee that these operations are independent of any choices made for the umkehr maps.

3.2. Classification of TQFT’s. Our next goal is to describe the properties of the operations
defined in the previous section. This will turn out to involve the study of topological quantum
fields theories, usually shortened to TQFT’s.

In chapter [2] we defined cobordisms and more generally open-closed and B-labelled cobordisms.
One can always see cobordisms as parametrizing certain algebraic structures because they form
(partial) prop’s. In this section we make tose algebraic structures precise by looking at the link
between cobordisms, topological quantum field theories and Frobenius algebras. Good references
about this topic include [Bar05] and [Koc04]. Our motivation for discussing these results is that
we will use them to describe the structure of the degree zero operations of string topology.

In this section we will describe these algebraic structures in terms of generators and relations
for several cases, each more advanced than the previous one. The simplest case is that closed
TQFT’s and positive boundary closed TQFT’s. After that we do open-closed TQFT’s with a
single boundary label, followed by open-closed with a set of boundary labels B.

3.2.1. Closed TQFT’s. We start with the simplest case, that of closed cobordisms. This will
be the base case for our other proofs.

One can make the 2-dimensional oriented cobordisms into a category Bord™ as follows: its
objects are non-negative numbers n € Zx, representing the 1-dimensional manifold consisting
of a disjoint union of n circles. Its morphisms are isomorphism classes of cobordisms, where a
isomorphism of cobordisms is taken to be a diffeomorphism f : ¥ — ¥’ such that fop;, = pl,, and
fopout = ply;- The identity is a cylinder with one incoming and one outgoing circle. The fact that
we work with isomorphism classes of cobordisms makes sure that composition is associative and
the identitity is in fact an identity. Otherwise this would only be true up to coherent homotopy.
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cylinder pair of pants reverse
pair of pants

FI1GURE 6.37. Cobordisms inducing the distinguished operations of a TQFT.

Incorporating this data leads one to a definition of a cobordism (oo, 1)-category [LurQ9], see
chapter [7]

Remark 6.35. The reason for the my in the notation Bord™ is that this category is obtained
from a topological cobordism prop Bord which has classifying spaces of mapping class groups as
morphism spaces by applying the mp-functor.

This category has been studied quite a bit because it encodes the structure of 2-dimensional
topological quantum field theories. Note that addition of non-negative numbers and disjoint union
of cobordisms makes Bord™ into a symmetric monoidal category and in fact a prop.

Definition 6.36. Let (C,®) be a symmetric monoidal category. A C-valued topological quantum
field theory (TQFT) is a symmetric monoidal functor F' : Bord™ — C. A morphism of C-valued
TQFT’s is a natural transformation. This gives us a category TQFT¢ of C-valued TQFT’s.

Because the functor must be symmetric monoidal, a TQFT is determined on objects by its
value on 1, i.e. its value on the circle. As consequence, a TQFT consists of an object X € Ob(C)
together with operations F(X) : X®" — X®™ for each isomorphism class ¥ of cobordisms, in this
case with n incoming boundary circles and m outgoing boundary circles.

There are several distinguished operations, which we can write down directly and which are
basic in the sense that they will be shown to be the building blocks of all other operations. See
figure for a drawing of the corresponding cobordisms.

The cylinder: The cylinder is cobordism from a single incoming circle to a single outgoing circle,
and induces the identity of the object 1 in Bord™. By functoriality, we conclude that F
sends the cylinder to the identity of X.

The pair of pants: The pair of pants induces an operation p : X®? — X. If one draws the right
picture, it is easy to see that this operation is commutative. Picture the pair of pants
morphism as going from left to right, with first input circle on top, the second input
circle at the bottom. Then there is a diffeomorphism between this pair of pants and the
one with the first input circle at the bottom and the second one on top. It is given by
rotation of 180 degrees in the horizontal axis. Similarly one sees that this operation is
associative.

We conclude that the following diagrams commute:

id@p

X ®3 *> X ®2 X ®2
u@idl Ju TJ X
X®2 T> X X ®2 T> X

where 7 is the symmetry. These exactly the properties of a product and therefore we call
the operation induced by the pair of pants the product. We denote it by pu.

The reverse pair of pants: The reverse pair of pants is similar to the pair of pants, except we
now have one incoming boundary circle and two outgoing boundary circles. If we use the
same reasoning as for the pair of pants, we obtain dually that it induces a cocommutative
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and coassociative coproduct A : X — X®2 i.e. the following diagrams commute:

X —5 x®? b'e
L L
A 1d@A A
®2 ®3 ®2 ®2
X Toid X X®— X

The cup: The cup is a disk with one outgoing boundary circle and an empty incoming boundary.
Therefore it is a map 1 : 1 — X. By looking at the pictures, we see that when we attach
a disk to one of the incoming boundary circles of the pair of pants, the resulting surface
is diffeomorphic to the cylinder. Therefore we conclude that 7 is a unit for the product
1, i.e. the following diagrams commute:

19X X — X0l

n®idl Jid@n

)(®244444>)(44444—)(®2

The cap: The cap is a disk with one incoming boundary circle. Dually, it induces a counit
€ : X — 1 for the coproduct A, i.e. the following diagrams commute:

X ®2 <7X4>X®2

e®idJ( J{id@e

1®X7;%X%?;X®l

What remains is to resolve the interaction between these basic operations, in particular between
the product and the coproduct. By drawing pictures of the surfaces and using them to find
diffeomorphisms, one obtains the following result known as Frobenius compatibility:

Lemma 6.38. The following maps X®% — X®? are equal:
(L®id)o (id@A)=Aopu=(id® u) o (A ®id)

PRrOOF. Consider figure O

This proves that X is a Frobenius object in C, the definition of which is given below:

Definition 6.40. Let (C,®) be a symmetric monoidal category. A Frobenius object in C is an
object X € Ob(C) together with an associative product p : X®2 — X, a coassociative coproduct

FI1GURE 6.39. Three diffeomorphic cobordisms, which imply Frobenius compati-
bility for the TQFT operations.
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A:X®X®2 aunit n:1— X and a counit € : X — 1 which make following diagrams commute:

id®u id®A A
X®3 — X®2 X®2 Z—> X®3 X — X®2
n®idJ/ J{u X AJ Jid@A
X ®2 — X Aid X n®id X®2 —— x©3

Aid
X‘

X3 ey X2

id@u
loX¢— X —3Xol X®2¢5— x —2 xo2
n@idl lid@n e®idl lid@e
X = X e — X2 I X =X X®l

A Frobenius object is commutative if, in addition to the axioms of a Frobenius object, the
product is commutative and the coproduct cocommutative. This means that the following diagrams
should commute.

x®2 X
TJ/ X A\L X
X ©2 T) X X®2 — X ©2

A Frobenius object is called symmetric if, in addition to the axioms of a Frobenis object, the
unit and counit are invariant under the twist. This means that the following diagrams should
commute:

xe2 X 5 x 1 —1s x —25 xo2
(RN N b
X®2T>XT>1 XT)X®2

A morphism f : X — Y of Frobenius objects is a morphism f : X — Y in C compatible wit
the product, coproduct, unit and counit. Let Frobc denote the category of Frobenius objects in C.
The category CommFrobc is the full subcategory on the commutative Frobenius objects and the
category SymmFrob¢ is the full subcategory on the symmetric Frobenius objects.

Remark 6.41. Every commutative Frobenius algebra is symmetric and every commutative or
symmetric Frobenius algebra is an ordinary Frobenius algebra.

Remark 6.42. There are several alternative, but equivalent definitions of a Frobenius object.
First of all, a Frobenius object can be described as an object X which is simultaneously an algebra
and coalgebra object such that the Frobenius compatibility relation holds. One can also use the
pairing € o p and copairing A o7 to replace one of the p or A.

Although the pictures of two-dimensional cobordisms may give another impression, in fact we
are dealing with abstract cobordisms and for those the product is commutative and the coproduct
is cocommutative.

Corollary 6.43. A TQFT F with values in C endows X = F(1) with the structure of a commu-
tative Frobenius object.

The main question of the classification of TQFT’s is which objects in a symmetric monoidal
category can be the image of 1 under a symmetric monoidal functor F : Bord™ — C. Certainly
one must be able to find morphisms for the product, coproduct, unit and counit which satisfies the
relation given by above. Therefore boils down to the question whether there are any additional
building blocks or relations to ones just given. In two dimensions this question can be solved by
relatively elementary means. The main ingredient is the following lemma:
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Lemma 6.45. FEvery connected cobordism Y can be decomposed into cups, caps, cylinders, pairs
of pants and reverse pairs of pants. This decomposition can be brought into a unique normal form
Yout © Lgenus © Lin With the components of the following form (see figure M)

e the incoming part ¥, is a cup, a cylinder or a composition of pair of pants, and in the
last case first the incoming circles labelled 1 and 2 are attached to a pair of pants, then
the outgoing circle of this with the incoming circle labelled 3, etc.,

o the genus-creating part Xgenus 5 a cylinder or a composition of genus units, which are
cobordisms made by attaching the two outgoing circles of a pair of pants to the two in-
coming circles of a reverse pair of pants (see figure ,

o and the outgoing part Yoyt s a cap, a cylinder or a composition of reverse pair of pants,
and in the last case first the outgoing circles labelled 1 and 2 are attached to a reverse
pair of pants, then the incoming circle of this with the outgoing circle labelled 3, etc.

To bring it into this normal form, one only needs the following moves:
® isotopies,
removing a cylinder,
cancelling a cup or cap using the unit or counit properties,
moving a pair of pants past a reverse pair of pants using Frobenius compatibility,

exchanging pair of pants using associativity or exchanging reverse pair of pants using
coassociativity.

PROOF. One first use Morse theory of surfaces with boundary to show that there exists at
least one decomposition into basic components, i.e. unit, counit, pair of pants and reverse pair
of pants. In particular one can find a Morse function f : ¥ — [0,1] such that f~'({0}) = 8;,%,
F71({1}) = 0o, the critical points are disjoint and have image in [0, 1] disjoint from {0,1}. A
cup corresponds to a critical point of index 0, a cap to one of index 2 and a pair of pants or reverse
pair of pants to one of index 1. This proves the first part of the statement about the existence of
a decomposition.

The second statement is that we can bring this into a normal form using only moves in the
statement of the lemma. Note that we already know we can use these moves. To prove this
statement about the normal form, we assign a directed graph to a decomposition of our surface as
obtained by our Morse function. This directed graph is given as follows. There are three types of
vertices: there is

(1) a vertex for each incoming boundary circle, labelled by — and the label of the incoming
boundary circle,

(2) a vertex for each outgoing boundary circle, labelled by + and the label of the outgoing
boundary circle and

(3) an unlabelled vertex for each component of the decomposition.

Similarly, there are three types of directed edges. There is

(1) a directed edge from an incoming vertex to a component vertex if that incoming circle is
the boundary of the respective component,

incoming part genus-creating part outgoing
part

FIGURE 6.44. The normal form of a cobordism in the case of n > 3 incoming
boundary circles and no outgoing boundary circles.
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(2) a directed edge from a component vertex to an outgoing vertex if that component vertex
has the respective outgoing circle as boundary component and

(3) a directed edge from one component vertex to another for each outgoing boundary com-
ponent of the first attached to an incoming boundary component of the second.

Note that we can assume that this graph only has vertices of valence 1, 2 or 3 and that each
vertex with valence greater than 1 has at least one incoming and outgoing edge. Furthermore, we
can assume the graph contains no directed cycles. We call a graph of this type a directed 3-graph.
Because our surface is assumed connected, this graph will be connected as well.

The invariance under isotopies implies that we don’t lose any information by looking at these
directed 3-graphs. The other moves in the lemma then correspond to the following operations on
graphs:

e Removing cylinder corresponds to removing an unlabelled vertex with exactly one in-
coming and one outgoing edge. In terms of graphs, this corresponds to the following
move:

e Cancelling cups and caps means that we can remove a vertex of valence one and its
corresponding edge, as long as this edge is not connected to a vertex labelled + or —
respectively and we don’t end up with a vertex of valence 2 with two incoming or outgoing

This number is preserved by all the moves and can easily be seen to be greater than or equal to
—1.

If g = —1, then we will now show the underlying graph can not contain any cycle. For suppose
that there is a cycle, then we can pick a maximal set of disjoint cycles and removing these leaves
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FIGURE 6.46. The genus unit, both as cobordism and the corresponding directed
3-graph.

behind a forest of half-open or open trees. Each cycle has the same number of vertices as edges,
hence the remaining forest must have one more vertex than edges. There are two types of trees:
half-open trees, which have the same number of edges as vertices, and open ones, which have one
more edge than vertex. We obtain a contradiction with § = 0 as follows: each cycle contributed 0
to the genus, each half-open trees contributes 0 and each open trees 1. This means that the genus
is strictly greater than —1 while on the other hand we assumed it was equal to —1.

We conclude that if ¢ = 0 the directed 3-graph is a directed tree and this must necessarily be
of the normal form already, except for using the associativity and coassociativity to bring incoming
and outgoing vertices in the correct order.

For the induction step, assume that the statement is true for directed 3-graphs of genus §. We
will prove it for directed 3-graphs of genus g + 1. To do this, we use a special type of subgraph
called a genus unit. This corresponds to a reverse pair of pants and a pair of pants attached along
two circles.

We first claim that the moves always allow us to create a genus unit. The graph must contain
a cycle. Let n be the length of the cycle, with which we mean the number of vertices in the cycle.
We will do an induction over the length of the cycle. The first case is n = 2, in which case we
already have a genus unit. Suppose we can prove it for cycles of length n and we have a cycle of
length n 4+ 1. If there is a vertex of valence 2 with one incoming and one outgoing edge we can
remove it using the first move and we are left with a cycle of length n. So let’s assume that there
are no vertices of valence 2 with one incoming and outgoing edge in the cycle. Pick an orientation
on the cycle. Walking along it, we either move in the same direction as the edges of the graph
or in the opposite direction. Since a directed 3-graph has no directed cycles, there is at least one
vertex where the direction of the edges in the cycle changes from incoming to outgoing.

Pick one of these vertices. Then the cycle must go through either two outgoing edges of this
vertex or two incoming ones. We will assume it goes through two outgoing edges, but the proof
is similar if it goes through two incoming edges. There are two cases: either one of the edges is
attached to a vertex of valence 3 with two incoming edges or both edges are attached to vertices
of valence 3 with two outgoing edges. In the first case we can apply Frobenius compatibility to
reduce the length of the cycle with 1, in the second case we can use associativity to do this.

Hence the moves allow us to create a genus unit. The genus unit can move freely past other
vertices using the moves, so we can in fact remove it for the moment and insert it again later at
any point in the graph. If we remove it, a graph of genus § remains. This can be brough into
normal form. Now we simply insert the genus unit somewhere in the genus-creating part of the
graph and we have brought our graph into normal form. This concludes the proof. (|

This result tells us that if we know the unit, counit, product and coproduct we know the
entire TQFT and that the only relations are those given in the definition of a Frobenius object.
Therefore it implies that there is a bijective corresponce between TQFT’s with values in C and
commutative Frobenius objects in C. We can make this correspondence more precise using our
earlier definitions. Recall that there exists a category TQFT¢ of TQFT’s with values in C and a
category CommFrobc of commutative Frobenius object in C. Then the previous observations imply

Corollary 6.47. The category CommFrobc is equivalent to the category TQFTc.
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In fact, this result can be sharpened. One can show that Bord™ is a free symmetric monoidal
category on a single commutative Frobenius object and then the previous theorem is a simple
consequence of the universal property of free symmetric monoidal categories.

3.2.2. Closed TQFT’s with positive boundary. Although string topology has operations coming
from the pair of pants, cup and reverse pair of pants, there is no operation for the cap. This is
due to the positive boundary condition. One may ask whether this could solved, i.e. whether we
just have to discover a cap. The answer is no, because the existence of the cap allows one to use
the product and the cap to produce a non-degenerate pairing on C. In graded vector spaces, this
forces finite-dimensionality. However, for most compact oriented manifolds M the homology of the
free loop space H,(LM;Q) has non-zero elements in arbitrarily high degrees. In particular, Bott’s
theorem [Bot58] tells us this is the case when M is a Lie group G. In this case we have that
H,(LG;Z) is a free commutative algebra generated by finitely many generators of even degree. We
conclude that a general construction of an operation corresponding to cap cannot exist in string
topology.

So what is string topology then? In particular, from degree zero operations we get a TQFT
with positive boundary. Let Bord™ " be the partial sub-prop of Bord™ of those morphisms with
non-zero outgoing boundary components. In particular, this a symmetric monoidal category.

Definition 6.48. Let (C,®) be a symmetric monoidal category. A C-valued topological quantum
field theory with positive boundary is a symmetric monoidal functor F : Bord™ ™ — C. Let
TQFTZ:L denote the category of TQFT’s with positive boundary.

We can directly use the previous results of the previous section to prove a classification result
for TQFT’s with positive boundary, as long as we remember to discard anything having to do with
the cap.

Definition 6.49. Let (C,®) be a symmetric monoidal category. A positive Frobenius object in
C is an object X € Ob(C) together with an associative product u : X®2 — X, a coassociative
coproduct A : X ® X®?2 and a unit 7 : 1 — X which make following diagrams commute:

id .
X®3 ﬂ) X®2 X®2 L X®3 X 4A) X®2
w
/L®idJ{ lu \ Al Jid@A
X ®2 T> X ARid X neid X®2 — 5 x®3

A®id
X

®3 — v v®2
X id@u X

19X — X —3X®1

n@idl }dm

X®2 T)X <7 X®2

A positive Frobenius object is commutative if, in addition, the product is commutative and
the coproduct cocommutative. This means that the following diagrams should commute.

X®2 X
TJ/ \ Al X
X ©2 T> X X ®2 ?) X ®2

A morphism f : X — Y of positive Frobenius objects is a morphism f : X — Y in C compatible
with the product, coproduct and unit maps. This gives us a category Frobér of positive Frobenius
object in C. Let CommFrobé‘ denote the full category on the commutative positive Frobenius
objects in C.
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Now we can simply modify the result of corollary [6.47] appropriately to obtain the following
result.

Corollary 6.50. The category CommFrobér s equivalent to the category TQFT:{.

3.3. The classification of open-closed TQFT’s. However, in the case of string topology
we have seen that the incoming boundary does not consist solely of circles. There are also intervals
with prescribed boundary labels. We will therefore classify these open-closed TQFT’s. To this, we
first try to figure out what structures we get on the object corresponding to an interval boundary
with two equal labels on the boundary points.

3.3.1. The classification of open and open-closed TQFT’s. To do this, we consider open-closed
TQFT’s. These are defined in a way similar to ordinary TQFT’s, except that the boundary
components can now also be oriented intervals in addition to circles. To make this precise, we define
the category Bord]?. This category has as objects the pairs of non-negative integers (n, m) € Z2,,,
representing the 1-dimensional comapct oriented manifold with boundary consisting of a disjoint
union of n circles and m oriented intervals. The morphisms from (n,m) to (n/, m’) are isomorphism
classes of oriented open-closed cobordisms with n circles and m intervals as incoming boundary and
n' circles and m/’ intervals as outgoing boundary. This category is symmetric monoidal by addition
of numbers on objects and disjoint union of isomorphism classes of cobordisms on morphisms. To
define an open TQFT we simply apply the same construction as before.

Definition 6.51. Let (C,®) be a symmetric monoidal category. A C-valued open topological
quantum field theory is a symmetric monoidal functor F' : Bord]? — C. A morphism of an open
TQFT’s is a natural transformation and together these form a category TQFTZ" of open TQFT’s
with values in C.

Again one can try to classify these by finding elementary operations, determining their relations
and proving a result about normal forms to show that these generators and relations capture all
information. This is considerably harder than in the case of closed TQFT’s. A full proof can be
found in [LPO8§|]. We will only describe the results.

Note that the value of an open-closed TQFT on objects is completely determined by its value
on the circle and the interval. Let’s denote these objects of C by C' and S respectively. The C
stands for commutative and/or circle, the S for symmetric and/or strip.

First we give a list of candidates for elementary operations. These will be operations from
tensor products of C' and S to other tensor products of C' and S. Figure [6.52] illustrates these
cobordisms.

The cylinder, pair of pants, cup, reverse pair of pants and cap: Of course an open-closed
TQFT should at least contain all the information of a closed TQFT, so these operations
have the same properties as before, except with X replaced by C'. We will denote them
by idc, pe,ne, Ac, ec-

The strip: The strip is the cobordism from a single incoming interval to a single outgoing one.
It corresponds to the identity of the object 1 and by functoriality is corresponds to the
identity morphism of S.

The pairing of strips: The pairing of strips is a cobordism from two incoming intervals to a
single outgoing one. It looks similar to a pair of pants and in fact induces a product
s on S. There is however one major difference: we cannot switch the entries by a
diffeomorphism and hence this product is not commutative, only associative. This can
easily seen by finding a diffeomorphism between the two corresponding cobordisms. This
means that the following diagram commutes:

id
@3 1E1S o

Ms®idl Jﬂs

S®2T>S
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E}%)) o@@

cylinder pair of pants reverse
pair of pants

SER<E

strip pairing of strips ~ positive  reverse negative
disk pairing of strips  disk

D 0 QC

incoming whistle outgoing whistle

FIGURE 6.52. The cobordisms corresponding to the elementary operations of an
open-closed TQFT.

The reverse pairing of strips: The cobordism with one outgoing strip and two incoming strips
is dual to the previous cobordism. It looks similar to the reverse pair of pants and
similarly induces a coproduct Ag on S, which is not cocommutative, but coassociative.
This means that following diagram commutes:

S%g@ﬂ

Asl lid(@AS

®2 ®3
S m S
It is clear that as before, we have a Frobenius compatibility relation between the product
and the coproduct, i.e. the following should commute:

1d®Ags

S®2 S®3

Hns

As®id S ps®id

S®3 Tms> S®2
The positive disk: The positive disk is the cobordism with one outgoing boundary interval and
a free boundary interval. The operation it induces acts as a unit ng for the product ug,
similarly to how n¢o acts a unit of uc. It has one additional property, however. If we
precompose a reverse pairing of strips with the positive disk, we are allowed to switch
the outputs, by rotating the positive disk. This means that in addition to the diagram
expressing that ng acts a unit, we get a diagram similarly one of those expressing the
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symmetry of a Frobenius algebra

108 —5—5501 1T g 2 g
ﬂs®idl lid@ns K JT
S®2 4) 5(7 S®2 ST) S®2

S

The negative disk: The negative disk is dual to the positive disk, having one outgoing boundary
interval and a free boundary interval. The operation eg is a counit for Ag and similarly
to the positive disk, it symmetrizes a pairing of strips and therefore induces a symmetry
diagram dual to the one for the positive disk.

582455 g 2%, g2 592 = 5
Es®idl J{’L’d@és Tl Y
1S —/— 8/ S®1 582 ——— 8 —-—1

The incoming whistle: Until now we haven’t seen any interaction of the “open” and “closed”
operations. However, it is clearly possible let them interact. The first example takes a
cylinder and keeps the outgoing boundary the same, a circle. However, we modify the
incoming boundary and only take half of the circle to be incoming. The rest of the circle
is a free boundary. This cobordism gives us a morphism ¢ : S — C. In fact, we claim
that this is an homomorphism of coalgebras. We will show this later in lemma

The outgoing whistle: The outgoing whistle is dual to the incoming whistle. Instead of mod-
ifying the incoming boundary of the cylinder, we modify the outgoing boundary. The
outgoing boundary will be an interval and we have a free boundary component. This
gives us a morphism e : C'— S. This will be a homomorphism of algebras.

We will first look at the structure that an open-closed TQFT gives on S. We see that the
operations described above endow S with the structure of a symmetric Frobenius object. This can
be proven using TQFT’s by defining the notion of an open TQFT. In particular the restriction
of open-closed TQFT to the full subcategory on those objects consisting solely of intervals should
give an open TQFT.

Let Bordggen be the category with objects non-negative integers n € Z>o and as morphisms
from n to n’ the isomorphism classes of open-closed cobordisms with incoming boundary n intervals
and outgoing boundary n’ intervals. This can be given a symmetric monoidal structure by defining
it to be addition on objects and disjoint union of isomorphism classes of cobordisms on morphisms.

Definition 6.53. Let (C,®) be a symmetric monoidal category. Then a open TQFT with values
in C is a symmetric monoidal functor F : Bordg).,, — C. A morphism of open TQFT’s is a natural

transformation and this gives us a category TQFTZ" of open TQFT’s.
From the generators and relations described above one can see that an open TQFT should
almost be the same as a closed TQFT, except that the product and coproduct are not commutative,

but symmetric. To prove this, we need to modify our lemma about standard decompositions of
cobordisms.

Lemma 6.54. FEvery connected open cobordism Y can be decomposed into positive disks, negative
disks, strips, pairings of strips and reverse pairings of strips. This decomposition can be brought
into a unique normal form ou0Xgenus © Lin Where the components are of the following form:

e X, is a positive disk, a strip or a composition of pairings of strips, and in the last case
we first pair the incoming intervals labelled 1 and 2, then pair the output of this with the
incoming interval labelled 3, etc.,

® Yoenus 15 a composition of cobordisms of genus units,

e and You 1S a positive disk, a strip or a composition of reverse pairings of strips, and
in the last case the intervals labelled 1 and 2 are first attached and the input of this if
attached to the outgoing interval with label 3, etc.
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To bring it into this normal form, one only needs the following mowves:

isotopies,

removing a Strip,

cancelling a positive or negative disk using the unit or counit properties,

moving a pairing of strips past a reverse pairing of strips using the Frobenius compatibility,
exchanging pairing of strips using associativity or exchanging reverse pairing of strips
using coassociativity.

PROOF. One can either refer to the proof of [LIP08] or use the following tricks. Let ¥ be the
cobordisms with opposite orientation. Then, XUy ;5 2 becomes a closed cobordism with boundary
and involution ¢. One now does exactly the same proof, but equivariantly with respect to this
involution. One needs to introduce one additional move in this equivariant setting: one may
remove a twist in the fixed points of the involution using a Dehn twist in a cylinder. O

We can now make the statement of the classification of open TQFT’s precise in a way as for
closed TQFT’s. To do this we define the category of symmetric Frobenius objects in C.

Definition 6.55. Let (C,®) be a symmetric monoidal category, then SymmFrob is the full sub-
category of Frobc on the symmetric Frobenius objects.

Corollary 6.56. A open TQFT F with values in C gives S = F(1) the structure of a symmetric
Frobenius object. The category Frob’" is equivalent to the category SymmFrobc.

Now that we’ve identified the structure that an open-closed TQFT gives on the image of a
interval and a circle seperately, we need to figure out how these interact. In particular, we need
to look at the operations ¢ and e induced by the incoming and outgoing whistle respectively. We
can find candidates for the relations between ¢, e and the other operations by looking at specific
diffeomorphisms.

Lemma 6.57. The morphism ¢ is a coalgebra homomorphism, i.e. the following equations hold:
Acor=(t®¢t)oAg €cOL=¢€g
The morphism e is dual to v:
ecopco(ide®t) =esopuso(e®idg)
As a consequence, the morphism e is an algebra homomorphism, i.e. the following equations hold:
eopc =pso(e®e) eonc =1s
PROOF. See figure [6.58] O

Lemma 6.59. The following relation, called the “knowledge about the center”, holds:
pso(e®idg) =pgo (ids®e)or
PROOF. See figure O

Lemma 6.61. The following relation, called the “Cardy condition”, holds:
eot=pgoTolAg

PROOF. See figure [6.62} O

These are in fact all the relations and to state this result, we define the notion of a knowledge-
able Frobenius object, as introduced in [LP0S].

Definition 6.63. Let (C,®) be a symmetric monoidal category. A knowledgeable Frobenius object
in C, is a quadruple (C, S, t,e) of a commutative Frobenius object C' in C, a symmetric Frobenius
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FIGURE 6.58. Diffeomorphisms showing that ¢ and e are coalgebra, resp. algebra
homomorphisms and dual to each other.

(\z y

FIGURE 6.60. A diffeomorphism showing that the “knowledge about the center”
relation holds.

F1GURE 6.62. A diffeomorphism illustrating the Cardy condition for open-closed TQFT’s.

object S in C, a coalgebra homomorphism ¢ : S — C and a dual algebra homomorphism e : C' — S,
such that the following diagrams commute:

e®idg

C®S— 592 S———C
T
S®CWS®QMT>S S®2ﬁ5®2ﬁ>5

A morphism of knowledgeable Frobenius objects f : (Cx,Sx,tx,ex) = (Cy,Sy,ty,ey) is a
pair fc : Cx — Cy, fs : Sx — Xy of morphisms of commutative, resp. symmetric Frobenius
object in C, which are compatible with the algebra and coalgebra homomorphisms. This gives us
a category KFrobc of knowledgeable Frobenius objects in C.

Then the main result of [LPO08] is that the list of generators and relations for an open-closed
TQFT that we have given is complete.

Theorem 6.64. An open-closed TQFT F with values in C endows the pair C = F(circle) and
S = F(interval) with the structure of a knowledgeable Frobenius object. Furthermore, the category
KFrobc is equivalent to the category TQFTEC.

SKETCH OF PROOF. The proof proceeds in exactly the same way as our other proof. Use a
form of Morse theory for surfaces with boundary using tangent cones, to prove a decomposition
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into the standard components. To prove that the resulting operation is well-defined, one gives
a method to bring every open-closed cobordism into a standard form. It is this last step which
becomes quite involved in the proof of this theorem. O

3.3.2. The classification of open-closed TQFT’s with set of branes B. If we allow different
labels of the edges of an interval, we get more cobordisms. Again, we make our definition of

the category of cobordisms precise. It is the essentially the same definition as in chapter 2} The

category Bord® has objects the sequences Z>¢ x ZEEB with finitely many entries non-zero. The

morphisms from (n, {ny}) to (m, {mp}) are the isomorphisms classes of B-labelled cobordisms
with n incoming boundary circles, np s incoming boundary intervals with boundary labels b, b, m
outgoing boundary circles and my,y outgoing boundary intervals with boundary labels b,4’. This
is a symmetric monoidal category by addition of integers and disjoint union of cobordisms.

Definition 6.65. Let (C,®) be a symmetric monoidal category, then a B-labelled open-closed
TQFT is a symmetric monoidal functor F : Bordy> — C. A morphism of such TQFT’s is a natural

transformation and together these form a category TQFTEC’B.

Although the category of cobordisms has become more complicated, the classification of open-
closed TQFT’s still works as long as we keep track of the boundary labels. The result is a gen-
eralization of a knowledgeable Frobenius algebra object, where the symmetric Frobenius object
coming from the boundary intervals gets replaced by a large number of objects indexed by pairs
of boundary labels.

Definition 6.66. Let (C,®) be a symmetric monoidal category. A B-labelled knowledgeable Frobe-
nius object in C, is a commutative Frobenius object (C,puc,Ac,€ec,nc) together with objects
{Sab}a,beB of C and IIlOI'phiSHlS {ﬂabc 2 Sab ® Spe — Sac}a,b,ceB; {Aabc 2 Sac = Sap ® Sbc}a,b,cEBa
{€a : Saa = 1}aeBs {Ma : 1 = SaataeB; {ia : Saa = Claep and {e, : C — Suataen. These must
satisfy the following relations:

Associativity: For all a,b,¢,d € B we have
Pacd © (Habe ® ids,,) = pabd © (1ds,, @ fbed) : Sab @ Spe ® Sed —+ Saa
Coassociativity: For all a,b,c,d € B we have
(Agbe ®ids,,) 0 Agea = (ids,, @ Aped) © Dabd : Sad = Sab ® Spe @ Sed
Unit: For all a,b € B we have
Haab © (Na ®idg,,) =idg,, : Sab — Sab
Lapp © (1ds,, @ np) = tds,, : Sap —> Sab
Counit: For all a,b € B we have
(ea ® idsg,,) © Agap = ids,, : Sab — Sab
(ids,, @ €p) 0 Agpp = ids,,, : Sab —> Sab
Frobenius compatibility: For all a,b, c,d € B we have:
(ids,, ® pave) © (Dadp @ ids,.) = Dade © fabe
= (Haba ® ids,,) o (idap @ Apde) : Sab @ Spe — Sad @ Sac
Symmetry: For all a,b € B we have
€a O [laba = €b O flbab O T : Sab @ Spa — 1
Agpa 0N =T 0 Apap 01y 1 1 = Sap @ Spa
Homomorphism properties: For all a € B we have:
Acotg=(tqg ®la)0Ag,, : Saa = C €COLlyg =€ :Sgq — 1
€c o e o (ido ® tg) = €4 0 laaa © (6a ®ids,,) : C @ Sqq — 1
€a O e = Paaa © (€ ®€g) : C R C — Suq ea0€c =€4:1— Saa
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Knowledge about center: For all a,b € B we have:
Haab © (€aq ® ids,,) = ftavs © (ids,, @ ew) 0T : C'® Sap — Sap
Cardy condition: For all a,b € B we have:
€a O la = flaa © T © Aaa : Saa = Saa

Theorem 6.67. An B-labelled open-closed TQFT F with values in C gives the set C = F(circle),
Sap = F(interval with labels a,b) the structure of a B-labelled knowledgeable Frobenius object. Fur-
thermore, the category TQFTCC’C’B s equivalent to the category KFrobg.

3.3.3. The classification of positive open-closed TQFT’s with set of branes B. Finally, we de-
scribe the result which is most relevant to the construction of this thesis. It is also the most
complicated one. The positive boundary condition tells us that each connected component must
have a non-empty outgoing boundary. This means that the cap and the negative disks are ruled
out. This amounts to dropping the counits and changing the axioms referring to them. The next
definition is phrased slightly akwardly to avoid repeating the entire list of axioms of a B-labelled
knowledgeable Frobenius object

Definition 6.68. Let (C,®) be a symmetric monoidal category. A positive B-labelled knowledgeable
Frobenius object in C is a B-labelled knowledgeable Frobenius object without the counits € and €,
or axioms referring to these.

A morphism of positive B-labelled knowledgeable Frobenius object is a set of morphisms com-
patible with all the structure maps. This gives a category KFrob?’+.

From the previous results, it is clear that a B-labelled open-closed TQFT with positive bound-
ary gives us such a positive B-labeled knowledgeable Frobenius object. A more precise version of
stating this is the following corollary.

Corollary 6.69. The category KFrob?’+ is equivalent to the category TQFT?’+. The equivalence
is given by sending a TQFT F to C = F(S') and S, = F (interval with labels a,b).

3.4. The closed case. We will now describe what the B-labelled closed TQFT with positive
boundary structure on H,(LM) is like. In other words, we restrict our attention to the string
operations coming from those cobordism ¥ with no free boundary.

To do this, we must look at the way the local system interferes with our classification. This
turns out not to be that difficult: we recall from proposition m that the local system £?3/[ is in
fact trivializable in this case. This is the case exactly because in the closed case we have no free
boundary.

To get operations depending on the zero’th homology with local coefficients, one needs to to
trivialize the virtual bundle determining the local system L& by picking bases of the homology
groups that appear in our definition of the virtual bundle 7. This gives a problem: two compositions
of cobordisms may be isomorphic, but our choice of trivializations of the virtual bundles may not
agree. This means that signs will appear and hence we are not able to prove that string topology is
a “reall” TQFT with positive boundary, but only an analogue of a TQFT with positive boundary
with additonal signs in the axioms.

However, if we just pick trivializations we make sense of the individual operations: for each
closed cobordism ¥ the generator of Ho(BT's;Q) gives us an operation from H,(LM;Q)®" to
H.(LM;Q)®* which shifts the dimension by x(¥X)d. These operations satisfy the relations of a
commutative Frobenius algebra with positive boundary up to some sign and grading. This deserves
a slogan reflected in figure

Degree zero operations are TQFT operations.

In next section we will figure out what these signs are and how to fix them to get the conventions
in the literature.
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3.4.1. Determining the signs. As said before, the HCFT structure with the local system E%
in theory takes care of all of the signs. However, to do calculations and use the classification of
closed TQFT’s with positive boundary, we want to use the explicit representatives of the closed
operations coming from classes in the ordinary rational homology of the mapping class groups, not
homology with local coefficients. Indeed, for those obtained in section [3.1] of this chapter we have
implicitly chosen such trivializations and therefore signs might appear when we compose them.

We will determine the signs that appear in the relations between the closed product p., the
closed coproduct A, and the closed unit 7. both to demonstrate the technique and to pin down
our variation of a TQFT with positive boundary with signs. We start with the commutativity
relations. For this we let T' denote the twist induced by the cobordism consisting of two cylinders
which interchange the first and second boundary components.

Lemma 6.70. The closed product is commutative up to a sign in the following sense:
ea @) = (—1), 0 T(a @ b) = (1) (b @ a)

PROOF. Let 2(2)’1 denote the pair of pants cobordism with two incoming and one outgoing
boundary circle. Then the local system L% is completely determined as the d’th power of the
determinant of the virtual bundle HO(ZS’l, 8,»,2]3’1; )—H; (Zg’l, 6in2(2)’1; R) =2 0—R. The generator
x of Hj is represented by a path from the first to the second incoming boundary circle. Then the

twist 7" applied to = sends it to —z. Thus the sign of the determinant changes by (—1)¢. a

Lemma 6.71. The closed coproduct is cocommutative up to a sign in the following sense:
Au(a) = (~1)'T 0 A(a)

PrROOF. Now let 2(1)’2 denote the reverse pair of pants cobordism with one incoming and two
outgoing boundary circles. Then the local system is the d’th power of the determinant of the
virtual bundle HO(Z(I]‘Q,&-”E})’Z;R) — H (2(1]’2,81-”2(1)’2;11%) >~ 0 — R as well, where the generator y
of Hi is given by the difference of the loop around the first outgoing boundary circle and the loop
around the second outgoing boundary circle. Then 7' sends y to —y and hence the sign is (—1)%
again. (|

Next we get to the associativity and coassociativity.

Lemma 6.72. The closed product is associative up to a sign in the following sense:
te(a @ pe(b®@c)) = (—l)d,uc(,uc(a ®b) ®c)

PROOF. Let Zg’l be the genus zero surface with three incoming and one outgoing boundary
circles. We have that Ho(Eg’l, 8in23’1; R) — Hl(Eg’l, OinZg’l; R) = 0 — R?, where the latter can be
chosen to be generated by x12 and w23, the paths from the first to the second and from the second
to the third incoming boundary circle respectively.

In the left hand side tensor product of the two generators x for Hl(Zg’l,()mZg’l; ) used
before is mapped to 12 A z23 in the determinant bundle, while in the left hand side it is mapped
to x13 A x23. Now use that x13 = —x19 — x23 to see that the latter is equal to —x12 A 223. We
conclude that a sign (—1)¢ appears. O

Lemma 6.73. The closed coproduct is strictly coassociative:
(Ac®id) o Ac(a) = (id @ Ac) 0 Ac(a)

PROOF. Again we have that Ho(24°, 8;n 20" R) — Hi (2%, 9in 20 % R) = 0 — R?, where the
latter can be chosen to be generated by z1,x2,x3, the loops around the first, second and third
outgoing boundary circles subject to the relation s = —z; — 2.

In the left hand side, the two generators x are sent to (x1 — x2) A (1 + x2 — x3) = 221 Az3 —
2x9 A xz3. On the right hand side they are sent to (xo — x3) A (z1 — T2 — x3) = 2x2 A1 — 223 A 1.
These two elements can easily be seen to be equal using the relation. (Il

The unit is next. The following is a relatively easy consequence of the previous lemmas and
will not be proven.
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Lemma 6.74. The closed unit n.(1) is a left unit, but only a right unit up to sign.
Finally, we do the Frobenius compatibility.

Lemma 6.75. The correct signs for the Frobenius compatibility relation are:
(p®id)o(id® A) = (-1)?Aop= (id® p) o (A @ id)

PROOF. Let 23’2 be the genus zero surface with two incoming and two outgoing boundary cir-
cles. Then we have an isomorphism of virtual bundles HO(Z(Z)’Z, ﬁinZg’Q; R)—H; (2(2)’2, 8in2(2)’2; R) =
0 — R2. The latter is generated by x, the path from the first incoming to the second incoming
boundary circle, and y, the difference of the loop around the first and second outgoing boundary
circle.

Clearly, the middle maps the generators of the local system of its components to x A y. The
first and third differ from this by a minus sign. ]

One thing to take away from this discussion, as expected from proposition [5.68] is that if M is
even-dimensional then the degree-zero string operations endow the vector space H,.(LM;Q) with
the structure of a TQFT with positive boundary. However, if M is of odd dimension, then signs
appear. In this next section we will show to fix part of these signs in accordance with the literature.

3.4.2. Fizing the signs. The previous results have some pretty nasty signs. There is a way to
fix some them in a way that makes our results fit with the literature. Unfortunately, it is not that
clear what it means for the signs to fit with the literature, because it is safe to say that almost
every paper in string topology — including this thesis — has some sign errors. The only author I
trust concerning signs is Tamanoi and his convention is the one that we will use. In particular see
[TamO08al.

Definition 6.76. Define the modified closed product fi. to be
fiela @ b) = (—1)leltd-lab  (a )

This fixes the product in such a way that it becomes a graded-commutative associative product
on the shifted homology H.(LM;Q) := H.1q(LM;Q).

Lemma 6.77. The modified closed product fi. satisfies:
fic(a ® b) = (_1)(|a|—d)(|b\—d)ﬂc(b ® a)

fic(a ® fic(b® c)) = fic(fic(a ® b) @ c)
The closed unit 1n.(1) is both a left and a right unit for the modified closed product.

Of course, as a result the signs in the Frobenius compatibility relation change. This is to be
expected; in the end we are just shuffling around signs and there doesn’t seem be a way to make
all signs behave nicely.

Remark 6.78. The modified closed product fi. is what is called the string product in the literature.
We will also denote it as - : H.(LM;Q) @ H.(LM;Q) — H.(LM;Q).

3.4.3. The string coproduct is almost trivial. All this is of course very interesting, but becomes
even more interesting when one sees that one can use it to derive some nice results about the
operations. For example, using a bit ingenuity one can derive an easy formula for the closed
coproduct from this, which we will do now. In the following sections we will see many other
applications of the HCFT structures.

To get a nice formula for the coproduct, we will use Frobenius compatibility together with
the following direct calculation, due to Tamanoi [Tam07]. To state it, recall that the connected
components of LM are in bijection with the conjugacy classes of 71 (M). It is also useful to reread
the definitions of the basic closed degree zero string operations earlier this chapter.

Lemma 6.79. Suppose that M is connected, then the closed coproduct A. applied to the closed
unit nc(1) is given by x(M)[co] ® [co], where [co] € Ho(LM;Q) represents the connected component
L.M of constant loops and hence [co] ® [co] the connected component of LM x LM corresponding
to the pairs of loops that are both constant.
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SKETCH OF PROOF. One easily sees that A.(7.(1)) is given by some multiple of [c¢o] ® [co]
because it must be in degree zero and can be seen to lie in the connected components of pairs of
loops that are both constant. One can then find the multiple by evaluating at the base point. The
naturality of the cap product allows one to show that the multiplying is given by cap product of
the Euler class e(M) of M with the fundamental class [M]. This is known to be x(M) as it is
the number of zeroes of a generic vector field, which shown to be equal to the Euler characteristic
using the Gauss-Bonnet theorem. O

For full details of the previous proof see [TamO08a]. The following calculation is then purely
formal using the HCFT properties.

Proposition 6.80. The closed coproduct A. vanishes on everything except classes containing a
non-zero multiple of the closed unit. The closed unit n.(1) is sent to x(M)[co] ® [co] as in the
previous lemma.

PROOF. Let a € H,(LM) not be a multiple of the closed unit. Then we can write it as a
product a - n.(1) or n.(1) - a, where we use - instead of u. for the closed product.
By Frobenius compatibility we have equations up to sign

Ac(a) = Aca-ne(1)) = a- Ac(ne(1)) = x(M)(a - [co]) ® [co]
= Ac(ne(1) - a) = Ac(ne(1)) - a = x(M)eo] @ (a - [eo])

From the first line we obtain that A.(a) € H._4(LM;Q) ® Ho(LM;Q) and from the second
line that A.(a) € Ho(LM;Q) ® Hy_q(LM;Q). Thus A.(a) = 0 unless a lies in degree d. In that
case we must have a - [¢g] = [¢g], which only happens if a = 7.(1). This proves the proposition. [

Heuristically, this proposition says that the string coproduct is almost completely trivial. This
implies that there is no hope if one wants to extend the degree zero string operations to a full
TQFT. In a full TQFT the product and coproduct are dual to each other and one can’t have that
the product is rich but the coproduct is almost trivial.

3.5. The open-closed case. From the previous results of this section we see that the
degree zero operations for the open-closed cobordisms give the vector spaces H,(LM;Q) and
{H.(Pr(A, B);Q)}a,Ben} the structure of an open-closed TQFT with set of branes B and posi-
tive boundary condition, up to some signs.

Although it is possible to figure out exactly what exactly these signs and grading shifts are,
we do not feel that this would be enlightening for the reader. We will however spend a bit of time
looking at the open coproduct to show that it has analogous properties to the closed coproduct.

Lemma 6.81. Suppose that the brane A is connected, then the open coprodct Agyqq applied to the
open unit n, satisfies:

Agga © Ua(l) = X(A)[GJO] & [aO}
where [ag] € H.(Pa(A, A); Q) represents the connected component of constant paths.

This is done by repeating the proof for the closed case. Similarly, the proof for the closed case
also gives us the following proposition:

Proposition 6.82. The open coproduct Ayqq vanishes on everything except classes that are a
non-zero multiple of 1n,(1), which is sent to x(A)[ag] ® [ao].

4. The basic higher degree genus zero operation: the BV-operator A

In this section we will define the basic higher degree genus zero operation. This is the BV-
operator A, which is of degree 1, and it remains the only known non-zero string operation of
non-zero degree which can not be written as a composition of a BV-operator with operations of
lower degree.

The BV-operator should be thought of as the string operation corresponding to a Dehn twist.
This statement will be made precise in this section. After that we will investigate some of its
properties and use the fact that mapping class groups are generated by Dehn twists to classify
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FIGURE 6.84. A pair of morphisms representing a loop in |Faty ™™ (Xqy1)| ~
BFCyl >~ Sl.

all degree 1 operations. In section [6] of this chapter we will see more of the interaction of the
BV-operator with the degree zero operations.

4.1. The BV-operator. Our goal will be to extract the BV-operator from our general def-
inition of the string operations and look at some of its properties. After that we define a derived
operation known as the string bracket.

4.1.1. The BV-operator. The BV-operator is very easy to define, but more difficult to extract
from our definition of the string operations. We begin by giving the easy definition and then show
how to obtain this description from the general definition of the operations.

There is an action of the circle on LM given by rotating the loops:

p:SYx LM — LM
(0,7) = (t =yt +0))
Definition 6.83. The BV-operator A : H,(LM;Q) — H.1(LM;Q) is given by
A(a) = pu([S'] % a)

The idea is that the BV-operator arises by rotating the parametrisations of the incoming and
outgoing boundary of the cylinder a single time with respect to each other. This might be difficult
to see from our definition of BI'cy.

Recall though that we have proven in theorem that the category of B-labelled cobordism
graphs whose corresponding cobordism is a cylinder with one incoming and outgoing boundary,
has the homotopy type of a circle. We first need to find a nice way to represent the generator of
H,(BI'.y1) in terms of B-labelled cobordism graphs.

Lemma 6.85. The loop representing the generator is given by the pair of morphisms depicted in
figure [6.57)

Now that we have found a nice representative, we can compute the corresponding string oper-
ation. We do not need to worry about the local system, because no collapses happen and the local
system is therefore trivial without dimension shift.

Proposition 6.86. The operation corresponding to the generator of Hy(BLcy1) is given by the
BV-operator.

PRrROOF. How can the construction of the map J. in homology from the map of spectra ]
be concrete in this case? Because there is no local sytem nor any shift, we can simply restrict
the zero’th component of the spectra. Then given a closed singular 1-simplex S — BI'¢y the
corresponding string operation is obtained by looking at corresponding map J: S x LM — LM
and evaluating the induced map in homology on [S?].

In this case we need to find a way to write our two singular 1-simplices as a closed 1-simplex.

oc,n

The idea is that the second of the two morphisms A! — |Fat};"" (Xcy1)| can be reversed to give a

oc,n

map S — [Faty ™" (Eey1)|-
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The corresponding string operation is easy to determine, because it doesn’t do anything but
change the relative parametrisations of the boundaries. To write it down, we first give the homotopy
H:1x8'— S where we see S! as [0,27] with identified end points. H is given by:

1 if s < 4 and 0 < 2m(5 — s)

27 . 1 2
H(s,0) = m9 if s <35 and 6 > 27(5 — s)
) 1 ift >1and @ >2n(3 —s)
g0 ifs>gand<2n(3—s)

The string operation map 1 : S* x LM — LM then given on a loop v € LM by sending it
to the 1-parameter family of loops I(s,7)(0) = v(H(5%,6)). The trick is now to note that I is
homotopic to p. What does H do? It starts with half of the circle contracted, which it expands
until s = % After this it contracts the other half of the circle until it is completely contracted at
s = 1. This is homotopic to a rotation of the circle, as a quick sketch shows.

We conclude that J and p induce the same maps in homology and hence the string operations

1.([S?] x a) is equal to p.([S'] x a) = A(a). O

4.1.2. The BV-operator, Dehn twists and a classification of all degree 1 operations. We will
now place the BV-operator in the context of mapping class groups. As stated earlier, the mapping
class group of the cylinder is Z, generated by a Dehn twist with respect to a simple closed curve
going around the cylinder once. The BV-operator corresponds to the string topology operation
which comes from the generator of the first homology of this mapping class group. This first
homology group is the abelianisation of the already abelian mapping class group of the cylinder
and hence we could say that the BV-operator directly corresponds to this Dehn twist. The leads
us to the following slogan:

BV-operators are Dehn twists.

Let’s see what this means using the results of section of this chapter. Obviously there are
more Dehn twists in mapping class groups than just the one in the mapping class group of the
cylinder. However, consider a Dehn twist 7', around a simple closed curve y in a cobordism . We
know that this curve v has a regular neighborhood U homeomorphic to the cylinder, such that the
Dehn twist can be considered as localized to this regular neighborhood.

This implies that the isotopy class self-homeomorphism 7', of 3 has a representative given by
the identity homeomorphism on ¥\U and a simple Dehn twist around a cylinder on U. Suppose

that ~ is non-separating, then we can find other simple closed curves 71, ...,7, such that the set
{7,71,---,7n} of simple closed curves is separating. Let Uy,...,U, be regular neighborhoods for
Y1,-.-,7Yn- Then we can write the cobordism ¥ as a composition:
n
N =30 (Uu]_[m) 0%
i=1

but more important we can write the class corresponding to T, in H,(BI's; Q) as being the image
of the class in

n
Hy(BT's,;Q) ® (Hl(BFcyl; Q) ® ® Ho(BT 15 Q)) ® Hy(BT's,;Q)

i=1
given by the tensor product of generators. Hence the string operation corresponding to T, is
nothing but a composition of degree zero string operations with a BV-operator. To be precise it
is given by the composition

de(les,]) o (A ®@id) o Ju([es,])

where J,([es,]) for i = 1,2 denotes the degree zero string operation coming from the generator of
the zero’th homology group of BI's;,. This argument can be generalized to the following theorem:

Theorem 6.87. FEvery degree one string operations can be written as a sum of compositions of
degree zero string operations with a BV-operator.
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PRrROOF. Because the mapping class group is generated by Dehn twists, for all open-closed B-
labelled cobordisms 3 we have that H; (BI'y; Q) has a basis of Dehn twists on 3. Hence any degree
one string operation can be written as a sum of string operations corresponding to Dehn twists.
Applying the previous argument to each of these Dehn twists separately, the theorem follows. [

The previous theorem is an important consequence of the idea behind our slogan and deserves
to made into a slogan itself, reflected in figure

The degree one operations are TQFT operations together with a BV-operator.

In the next section will also see how the BV-identity can naturally be deduced using similar
ideas. We will sharpen the previous result in the section on vanishing results.

4.1.3. The BV-identity from the Lantern relation. We are now interested in the properties of
A. Because the homology of BI'wy is concentrated in degrees 0 and 1, the composition A? must
be zero because there is no non-zero class in Ha(BT'¢y1) to which it could correspond.

This makes one suspect that A might behave like a derivation with respect to the string
product. In the next example we take a small look at derivations.

Example 6.88. Derivations come in different orders. In the ungraded case, a first-order derivation
is a linear map d which satisfies d*> = 0 and d(ab) = d(a) - b+ a - d(b). Think of the derivative -
working on products of functions. This also suggests a way to generalize the defining equations of
a first-order derivation to higher order derivations. The second derivative D := % doesn’t behave
well with respect to products with two terms, giving the following expression:

d? d2 d%g df d

) = T 08 0

This is not expressible in terms of D again. However, D does behave well with respect to triple

products:

d d2 g d2h df dg df dh . dgdh
d 2 f d2h
—dx2<fg)h+—dx2<fh)g+f—dx2<g )= L oh— 1T~ gt

This suggests the following definition for a second-order derivation in the ungraded case. It is
a map D satisfying D? = 0 and the identity

D(abc) = D(ab)c + D(ac)b+ aD(bc) — D(a)bec — aD(b)c — abD(c)

In general, n’th-order derivations are defined to be linear maps that square to zero and satisfy
an identity as above for n-ary products.

We claim that the BV-operator is such a second-order derivation with respect to the string
product in a graded sense. To prove this, we need to look at the lantern relation in the mapping
class groups. The lantern relation is a relation between certain Dehn twists in the sphere with four
disks removed [FM10) section 6.1].

Proposition 6.90. The Dehn twists around the simple closed curves ay,...,aq4,2,Yy,z depicted in
figure satisfy the relation

ToTo,To,Ta, =TT, T,
in the mapping class group Tg of the sphere with four circles removed. This is called the lantern
relation.

Remark 6.91. Note that the ordering the a;’s in the left hand side of the Latern relation doesn’t
matter, because they are be represented by simple closed curves which are pairwise disjoint. Also
note that in the right hand side, only the cyclic ordering matters.

The mapping class group I's is isomorphic to the mapping class group of the sphere with four
disks removed, considered as a B-labelled cobordism with three circles incoming and one outgoing.
Using the ideas of the previous section, we see that the lantern relation should give a relation
between BV-operators applied to different classes. The following proposition makes this precise.
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FIGURE 6.89. The curves that play a role in the lantern relation.

Proposition 6.92. The BV-operator A satisfies A? = 0 and the BV-identity up to sign with respect
to the closed product. In terms of the modified closed product the BV-identity is the following one:

Ala-b-¢)=Aa-b)-c+ (=D)la-A®D-¢) + (=)t Afa - ¢)
—Aa) -b-c— (=D)4a-A®b) - e — (=)l HPlg . b A(e)

PRrROOF. The claim that A% = 0 has already been proven, so let’s get the to the BV-identity.

In the sphere with four disks removed, considered as a B-labelled cobordism with three circles
incoming and one outgoing, we call ay the curve around the outgoing component. The lantern
relation implies that the sum of the operations corresponding to the T, is the same as the sum
of the operations corresponding to T, T, and T,,. The operation corresponding to the Dehn twist
T,, gives the term A(a-b-c) in the BV-identity, the Ty, for ¢ = 1,2, 3 give the last three terms of
the right hand side and T}, T}, and T, the first three terms of the right hand side.

The only problem are the signs. These can be determined by looking at the differences between
the trivialisations of the local system and our formula for the modified closed product. O

Similarly there is a reverse BV-identity for the coproduct, by taking the lantern relation for the
sphere with four circles, considered as B-labelled cobordism with one incoming boundary circles
and three outgoing ones. This doesn’t seem to be nearly as useful as the BV-identity, mainly
because the coproduct is pretty boring, see [6.80

4.1.4. The string bracket. The string bracket is operation which can be written in terms of
the BV-operator and the string product. We will spend some time on it for two reasons: firstly
because it is a very natural operation to consider and secondly because it will appear in section
[6] of this chapter. The string bracket measures the extent to which the BV-operator fails to be a
derivation.

Definition 6.93. The string bracket [—,—] : H.(LM,Q) ® H.(LM;Q) — H._q411(LM;Q) is
given by
[a,0] = A(a-b) — Ala) - b— (=1)1"a - A(b)

It gives the shifted homology of the loop space LM the structure of a 2-Poisson algebra, see
theorem [6.128
5. Tamanoi’s vanishing results and the stable range

In this section we combine our results from the previous sections to prove a result of Tamanoi
about the vanishing string topology operations coming from homology classes in the image of the
stabilizing map and some other nice vanishing results.
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5.1. Vanishing results. We start with a nice selection of vanishing results. That is, we will
describe a number of compositions of string operations which induce the zero map in homology.
These all depend on the fact that string coproduct is almost trivial, in the sense of proposition
Apart from this, the proofs consist of manipulations using the HCFT structure. Note that
this differs from Tamanoi’s original proofs, which depended on explicit calculations.

We start by looking at the interaction of the BV-operator with the coproduct.

Lemma 6.94. The following two compositions are zero:
(A®id)o A, =0=(id® A)o A,

PRrROOF. It is suffices to recall proposition together with the fact that the action of S on
the constant loop cq is trivial. O

We now give our promised sharpening of theorem [6.87

Proposition 6.95. If a homology class in Hi(BT's; Q) can be represented by a Dehn twist along
a simple closed curve v which is either (1) non-separating, (2) separates ¥ into two components
which both contain at least one original outgoing boundary circle, then the corresponding string
operation vanishes.

PRrROOF. Let U denote a regular neighborhood of 7. In both cases we can find other sim-
ple closed curves 7i,...,7, and n with regular neighborhoods Uj,...,U, and V such that our
cobordism can be written as a composition:

Y =30 ((UI_IUl) oEé’QI_IHUl) 1
=2

where 26’2 is a reverse pair of pants with the curves v and v, as outgoing boundary and the curve
1 as incoming boundary. This can be proven by cutting ¥ along v and applying our results on
normal forms of cobordisms from section to the resulting surface(s).

The string operation dorresponding to this decomposition includes the composition of a BV-
operator and the closed coproduct and by the previous lemma should therefore be zero. O

There is a similar statement about the vanishing of degree one operations in corollary
obtained using the homological stability of the mapping class groups. Finally, we will look at the
interaction between the closed product and coproduct. It should come as no suprise that there is
a vanishing result to be found there. This will be the basis of the results in the next section.

Proposition 6.96. The following composition is zero:
He © Ac =0

PRrOOF. The image of A, is Q[cg] ® [co] according to proposition The product p.([co] ®
[co]) = [co] - [co] must be zero, because it lies in H_4(LM;Q) which must be the vector space {0}
by definition. O

This tells us about vanishing of closed degree zero operations.

Corollary 6.97. Let X be a connected B-labelled cobordism, then if the genus of ¥ is greater than
or equal to 1, the degree zero corresponding string operations vanishes.

PRrROOF. From the classification of TQFT’s, we know in normal form at least one genus unit
appears. This must give the zero operation according to the previous proposition. O

Remark 6.98. Tamanoi gives large list of other vanishing compositions of operations in [TamO08c].
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5.2. String operations from the stable range are zero. In this section we will combine
the vanishing result given in proposition with the stability as reflected in lemma [6.23] From
this we will derive that all operations coming from homology classes in the stable range are zero.
For this we will use theorem [6.21] in the guise of lemma to show that in a certain range
an operation can be replaced by the composition of that operation with a closed product and
coproduct.

Proposition 6.99. Let ¥ be an operation of degree k coming from a connected B-labelled cobordism
of genus g having at least one incoming or outgoing boundary circle. Then V is identically zero if
E<2g+4 1

=3 3

PROOF. In the stated range both (o). and (8,)« are isomorphisms. This means that ¥ is
the same operation as the composition of ¥ with the operations obtained by glueing first a pair
of pants along a single boundary circle and then a pair of pants along the two boundary circles of
the previous one.

This means that if there is an incoming boundary circle then we can write

U =Uo (u.0oA.®id)

which must be zero due to proposition [6.96] If there is an outgoing boundary circle then similarly
we can write U = (.0 A, ®id) o ¥ = 0. O

This deserves a slogan which appears in figure [6.1
Operations from the stable range are zero.

Corollary 6.100. Operations of degree 1 are zero for connected B-labelled cobordism of genus
g=>1

PROOF. For g > 1 the bound of the previous proposition is satisfied for degree 1 operations. [

6. The genus zero operad

In this section we discuss the operations coming from genus zero cobordisms by looking at the
operad obtained by restricting the prop to those cobordisms having a single outgoing boundary
circle and no free boundary. This leads us to the well-known BV-algebra structure in string
topology.

6.1. An operad in the moduli space of genus zero Riemann surfaces. Let D, for
n > 1 be a n-punctured disk. Then we claim that the mapping class group I'y, is isomorphic to
PB,, the pure braid group on n-strands. We start with the definition of the pure braid group
group. Although there are definitions in terms of generators and relations, the simplest one is
geometric.

Definition 6.101. Let C(C,n) be the configuration space of n-ordered points in C = R?. Let ¢
be e2™/™ and ¢ = 3(1,(,¢%,...,¢"1). Then PB, = m(C(C,2),¢).

Remark 6.102. The choice of basepoint £ is not important, because any other choice will give an
isomorphic group. However, this choice turns out to be a convenient one for comparison with the
mapping class group.

One can find generators and relations for PB,,, but for us it suffices to note that using Seifert-
van Kampen we can conclude PB,, is generated by homotopy classes of based loops v;; for 1 <
1 < j < n. These loops can be obtained by letting the ¢’th point circle around the j’th point in
counterclockwise direction.

Let’s get back to the mapping class group. The n-punctured disk D,, can concretely be
represented by D\&, where D = {z € C||z| < 1} is the unit disk. There exists a natural map
F :Tp, — PB,. To define it, consider the isotopy ¢, : C — C for ¢ € [0, 1] given by z — (1— 3t)z.
We define F' by:

F(g)(t) = ¢12,9¢:(€)
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where ¢ is extended by the identity outside the disk. This extension is well-defined because g is
the identity on the boundary. Because g fixes the boundary and the punctures, we note that this
is indeed a loop. An isotopy of orientation-preserving self-homeomorphisms induces a homotopy
of loops, so the homotopy class of F(g) is well-defined.

Proposition 6.103. F':I'p, — PB, is an isomorphism of groups for n > 1.

PRrROOF. It is clearly a homomorphism, because the concatenation F(g) * F(g’') is homotopic
to F(g'g) by the homotopy

s> (G119 05t (€)) * (d1-5t9¢:(E))
for s € [0, 1].

To show that it is injective, let L1, ..., L, be the isotopy classes of paths produced by ¢(§)
for t € [0,1]. Then we note that from F'(g) we can reconstruct the image of the Ly, ..., L, under
g up to isotopy. Because D\{Ly,...,L,} is simply connected and connected, this determines g
completely by Alexander’s principle.

To see that F' is surjective, it suffices to see that the classes 7;; are in the image of F'. But
these classes are produced by the Dehn twist along a loop around the ¢’th and j’th point. O

As a corollary, we see that because PB,, is generated by the loops v;;, I'p,, is generated by
the Dehn twists around loops around the ¢’th and j’th point which we denote by S;;.

Now we blow up the punctures of D,, to circles, thereby obtaining a surface with boundary
3", Tt is a disk with n disks removed or equivalently a sphere with n + 1 disks removed. This
blowing up only adds Dehn twists along these boundary components to the mapping class group,
as proven in the next proposition. To pin down the exact group, we make the following definition.

Definition 6.104. PRB,, the pure ribbon braid group, is the product PB,, x Z™.

Remark 6.105. This definition makes more sense in the context of the total braid group B,
defined by w1 (C(R? n)/%,, [£]), where the symmetric group ¥, acts on C(R?,n) by permuting
the component of a configuration. It is clear by covering space theory that PB,, is the kernel of
the homomorphism B,, — ¥, given by the monodromy. Hence we get a short exact sequence of
groups:
0—PB,—B,—%X,—=0

We note that C'(R?,n) is homotopy equivalent to the configuration space of embedded disks
in R2. If we add a framing of this disks, the fundamental group of the space obtained this way is
known as the ribbon braid group RB,. It can be seen to be isomorphic to the semidirect product
B,, xZ", where the semidirect product is given by the action of X(n) on Z™. Again we have a map
RB, — ¥, and PRB,, is in fact the kernel of this map.

Proposition 6.106. I's» is isomorphic to PRB,,.

PROOF. By the exact sequence of proposition blowing up the points to disk gives a short

exact sequence of groups
02" —-TI¥" -TIp, —0

where the Z™ map to the product of Dehn twists around the boundary components. It therefore
suffices to show that these Dehn twists commute with the S;;. But this is clear, because the simple
closed curves defining the Dehn twists along S;; and the boundary components can be taken to be
disjoint. 0

The prop structure of Bordg by general theory restricts to an operad when we just look at
the spaces with n incoming boundary circles for n > 0 and 1 outgoing boundary circles. Further-
more, the spaces Bord;g(n, 1) obtained this way are a disjoint union of classifying space BT's; for
isomorphism classes ¥ of B-labelled cobordisms with the correct incoming and outgoing bound-
ary. In particular, it is a disjoint union of spaces (Bordj(n, 1)), m. of surfaces with m connected
components whose individual values of the genus sum to g and r purely free boundary components.

The composition in the prop is given by glueing of surfaces. Because a glueing of connected
components is connected, the spaces with m = 1 are stable under composition. Because genus
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is additive, the spaces with ¢ = 0 are stable. Finally, because glueing cobordisms with no free
boundary gives again a cobordism with no free boundary, the spaces with r = 0 are stable.
Therefore, we can make the following defininition.

Definition 6.107. The operad Oy is the operad in Top given by Og(n) = (Bordg(n7 1))o,1,0 with
composition induced by the prop. We call it the topological genus zero operad.

The operad ’Hg{o is the operad in GrVectg given by ’Hg{o(n) = H.((Bordf;(n,1))0.1,0; L) with
composition induced by the prop. We call it the homological genus zero operad for set of branes
B.

As an intermediate we define the operad HJ given by H3(n) = H.((Bordf(n,1))o.1,0;Q). We
call this operad the degree zero homological genus zero operad.

We will see that these operads control essentially all string topology operations coming from
genus zero surfaces with no free boundary. In the next section, we describe the specific structure
this operad gives on H,(LM;Q); that is, we will calculate the degree 0 homological genus zero
operad.

6.2. The degree 0 homological genus zero operad. The first step would of course be to
calculate the homology of Oy and the maps induced by the operad structure to get a full description
of HY. To do this, we shall will relate the Op(n) to the framed little disks operad and exhibit its
homology.

To do this, we will first define the little disks operad and first show it is homotopy equivalent to
Oy as an operad. This is not as easy as it seems: a direct proof would require explicitly exhibiting
maps compatible with the operad structure. Hence we take a detour through a recognition theorem.
This reduces the proof to showing that the framed little disks operad is a KEgrp-operad, i.e.
the operad structure lifts to a ribbon braided operad structure on the universal cover, which is
contractible and has free action of the ribbon braid groups. We also think this is of independent
interest, because as far as we know this theory doesn’t appear in the literature.

6.2.1. Recognition theorems for topological operads. To state and prove our recognition theo-
rem, we generalize operads to allow different group actions than the symmetric groups. Sequences
of groups that could give the group actions for these generalized operads will be called equivariance
systems.

Definition 6.108. A pre-equivariance system £ is a non-symmetric operad in the category Set,
i.e. an operad without any group actions or equivariance conditions. We denote its components
by E, and the composition by x. We require that each F, is a group with a group homomorphism
p: E, — ¥, and the composition is a group homomorphism y : E, X H:.l:l Ey, = Exn g, where
FE, acts via Y,, the symmetric group on the components of the product. There are two maps that
we want to give a special name:

Strand splitting map: This map is given applying

n
X: B x [[ Ex, = Bxr 4,
i=1
to (o, (€k,,--.,e€k,)), where ey, denotes the identity element of Ej,. We denote it by
a: B, — Eyn g, and it is a group homomorphism
Disjoint union map: This map is given applying

n
X : En X HEkI — EZ:L=1k7
i=1
to (en, (01,...,0n)). We denote it by 8 : [[;_; Er, = Ex:nk, and it is a group homo-
morphism as well.
A morphism of pre-equivariance systems is a morphism of non-symmetric operads in Set such
that each of the components is a group homomorphism. This gives a category PEqSys of equivari-
ance systems.
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Remark 6.109. Unfortunately, there doesn’t seem to a simpler way to write down this definition.
At first one might naively hope that a pre-equivariance is a non-symmetric operad in the category
Grp of groups, but for the major examples the composition maps x are not homomorphisms.

We will now treat an example of a pre-equivariance system which we will need to continue
with our definitions.

Example 6.110. There is one very important pre-equivariance system, which we denote by Es.
It is the pre-equivariance system of symmetric groups and has the symmetric group X, has n’th
component. The non-symmetric operad structure is given by defining x (o, (11,...,7,)) for c € &,
and o; € Xy, as follows:
e Let a(o) be the block permutation associated to o on the set {1,...,Y"" | k;} given by
making it permute the blocks {d>7_, k; +1,..., zill i}
e Let B(71,...,7,) be the permutation of {1,...,>" , k;} given by putting the individual
permutations side-by-side such that 7; acts on the set {Zz;ll ki+1,....5°7 )

We then define the operad maps by

x(o, (115, m)) = a(0)B(71, -, Tn)
The notion was chosen suggestively: one can check that indeed the o and [ defined here are
the strand splitting and disjoint union maps. Hopefully the drawings in example [6.113| make clear
why these maps were named in this way.

Definition 6.111. An equivariance system is a pre-equivariance system & together with a mor-
phism p : £ — Ex of pre-equivariance systems. The maps p : E,, — X,, are called the permutation
maps and should coincide with those given in the definition of a pre-equivariance system.

A morphism of equivariance systems is a morphism in the category PEqSys/Ex. Hence we
obtain a category EqSys of equivariance systems.

Remark 6.112. There is no reason to limit oneself to equivariance systems in Set, like we have
done. The definition can be amended for group objects in C instead of groups. The only thing one
needs to think about is what happens to £, but if C admits arbitrary coproducts, one can make
sense of the symmetric groups internally in C by making [,,, 1 into a group object.

Example 6.113. There are several important examples of the equivariance systems. We will later
see that these give types of operads that appear naturally.

Trivial equivariance system: We can define an equivariance system &, with each component
the trivial group. Because this has one element in each component there is only one
choice for the operad structure. The map to £x are uniquely defined by the fact that
all maps must be homomorphisms: the single element of the n’th component should be
mapped to the identity of X,,.

Symmetric groups: Of course the identity homomorphisms ¥,, — 3, give a map of pre-equivariance
systems from &y to £x. It shows that the symmetric groups indeed form an equivariance
system.

We want to spend a bit of time explaining how to visualize all the data of an equiv-
ariance system. To each permutation o € ¥,, we can assign a drawing given by putting
n ordered points at the top, n ordered points at the bottom and drawing a line between
a point ¢ at the top and a point j at the bottom if o(i) = j. The composition is then
giving by putting one of these drawings on top of another one.

The strand splitting maps a are given by splitting each line in the drawing with a
number of parallel lines. The disjoint union maps 8 are given by putting the drawings
horizontally next to each other.

Braid groups: Heuristically, each way to refine the permutation groups should give an equivari-
ance system. The first example of this is given by the braid groups B,,. Together they
form an equivariance system £ with n’th component the group B,,.

Each element of a braid group can be visualized by a braid, with strands going from
points at the top to points at the bottom and then composition is simply attaching
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the bottom of one braid to the top of another. The strand splitting maps « are given by
literally splitting each strand into a number of parallel strands and the disjoint union maps
[ are given by putting a number of braids next to each other. Finally, the permutation
map p : B, — X, is the induced permutation of the strands of the braid obtained by
following each strand from top to bottom.

Ribbon braid groups: The equivariance system associated to the ribbon braid groups is similar
to the one associated to the braid group. Recall that the ribbon braid groups are given
by RB,, = B, X Z™ and should be visualized as coming from braids where each strand is
given a finite thickness and hence is a ribbon: the Z’s keep track of the number of twists
in each ribbon. Using the exactly the same definitions for the composition, «, 8 and p as
for the braid groups now gives the ribbon braid groups the structure of an equivariance
system. We denote it Egp.

Note that by forgetting the thickness of the ribbons or, equivalently, projecting away
the factor Z™, we obtain a map RB, — B,. These maps together from a map morphism
833 — 513-

Next we will define the notion of an operad over an equivariance system €. To do this, recall
the definition of an operad as given in definition There we first defined symmetric sequences,
which will be replaced by £-sequences in this section.

Definition 6.114. Let C be a category, then a £-sequence P is a set of functors E,, — C, where
the group FE,, is considered as a category with a single object. We denote the image of this single
object as P(n).

A morphism of £-sequence is a set of natural transformations and this defines a category £Seq
of £-sequences.

Using this, we can define the notion of a £-operad by introducing a composition which satisfies
the correct axioms.

Definition 6.115. Let (C,®) be a symmetric monoidal category, then a £-operad is a £-sequence
O together with a set of composition maps x : O(n) ® O(k1) ® ... @ O(k,) — O, k;) and a
unit map u : 1 — O(1) satisfying the following axioms:
Associativity and unit: These are the same as for an ordinary operad, see definition [B.74]
£-Equivariance: The composition maps y should be equivariant in the sense that the follow-
ing two diagrams commute for all o € E,, and (71,...,7,) € [[\—, Ek,:

O(n) ® O(k) ® ... @ Okn) —2 75 O(n) © Okip(1) @ . .. ® Okiy(my)

(51, ki) O(SI, ki)

where p(o) € X, acts by the symmetry of the symmetric monoidal category.

a(o)

O(n) @ Olk1) ® O(ky) 222 ET (1) @ O(k1) @ O(kn)

O, ki) 01, ki)

Remark 6.116. We conclude that equivariance systems over s, give operads with different equiv-
ariance conditions. There are generalizations of this construction. For example, if C is not sym-
metric monoidal but braided monoidal, then it naturally supports a notion of braided operad.
Then alternative equivariance conditions for braided operads can be constructed by considering
equivariance systems over £g.

B(Tlrnﬂ—n)

For each of the equivariance systems described above, we will give the corresponding notion of
operad.
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Example 6.117. The trivial equivariance system imposes no equivariance conditions at all. In
this case we thus recover the notion of a non-symmetric operad. For the equivariance system &y,
we simply get the usual equivariance conditions using the symmetric groups. In other words, we
recover the notion of an ordinary (symmetric) operad.

The operads corresponding to the equivariance systems £ and Erp were considered by
Fiedorowicz [Fie99] and Wahl [WahO01] respectively. They are called braided and ribbon braided
operads and are closely related to the little disks and framed little disks operads to be considered
later in this section.

Operads for different equivariance systems are related to each other if there exist maps between
the equivariance systems. Clearly, if £ — F is any morphism of equivariance systems, this allows
us to see a F-operad as a £-operad.

More interestingly, if £ — F is an epimorphism, i.e. surjective in each degree, then we can
make a F-operad O/K out of a £-operad O. Consider the kernels K, of the maps E,, — F,,. Then
E, /K, 2 F, and therefore if we take the quotient of O(n) by K,, we get a space on which the
original F,-action induces an action of F},. The equivariance of the composition means that there
is an induced F-operad structure on these spaces. The resulting operad is O/K.

There is a simple method to make a £-operad in topological spaces. From the standard
method to construct product-preserving classifying space functor B : Grp — Top, one also gets an
associated product-preserving universal cover functor £ : Grp — Top which produces a contractible
space with free G-action for each group G.

Thus, using this functor one can make a topological operad EE. It has the property that
each component is contractible and the F,-action is free. We give a special name to the class of
E-operads with those properties.

Definition 6.118. A £%-operad is a topological £-operad such that the n’th component is con-
tractible and has free E,-action.

There is a simple relation between the non-symmetric operad BE and the £%°-operad EE: the
latter is the universal cover of the other and if we use the canonical morphism of equivariance
systems £ — &, to make a non-symmetric operad out of E€ we exactly get BE back again.

Definition 6.119. Let £ — F be an epimorphism of equivariance systems. Then a £-operad
structure of O is said to extend a F-operad structure on P to a £-operad structure if there is an
isomorphism of operads between O/K and P.

We can rephrase the previous remarks as saying that the &,-operad structure on BE can be
extended to a £-operad structure on its universal cover £E. This universal cover operad has the
property that each component is contractible with free E,-action. We introduce a name for a
generalisation of this property.

Definition 6.120. Let £ — F be an epimorphism of equivariance systems. An F-operad O is
said to be a K&-operad if its universal cover O has a £-operad structure extending the F-operad
structure such that O is a £*°-operad.

The next theorem will show that this property exactly characterizes operads which are homo-
topy equivalent to a cover of BE as an operad.

Theorem 6.121. Let £ — F be an epimorphism of equivariance systems and O be a F-operad.
O is a KE-operad if and only if EE/K and O are weakly equivalent, i.e. there is a zigzag of weak
homotopy equivalences between them.

PROOF. (=): As before, let K,, denote the kernel of the map F,, — F,,. Then E, /K, = F,
and hence the quotient of the n’th component of a £-operad by F), gives a F-operad. If
we apply this to E€ and O we quotient out all deck transformations, hence get EE/K
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and the original F-operad O. Now consider the following diagram of operads

O——— O x BE ——— EE

J |

where the top row consists of £-operads and the bottom row of F-operads. Both maps
on the top row are homotopy equivalences, because they are maps between contractible
spaces. Because they are E,-equivariant and hence K,-equivariant, the induced maps on
the bottom rows are also homotopy equivalences.

(«<): For the converse, the Boardman-Vogt cofibrant resolution of topological operads gives us a
homotopy equivalence W(EE/K) — O. Note that inside EE/K (n) there is a canonical
basepoint e/K,, by taking e € E,, the identity. These basepoints form a non-symmetric
operad and by functoriality of W we get maps W(e/K) — W(EE/K) — O, where
W(e/K)(n) is contractible for all n € N. We will use these to produce basepoints for lift
of the operad structure.

In the following diagram we have to construct a lift 4:

On) x Olky) x ... x Olky) s O(ST k)
O(n) x O(k1) x ... x Olhy) ————— O(Y k)

To do this, we pick for each n € N one lift W(e/K)(n) of W(e/K)(n) C O(n)
to O(n) and demand that 4 sends W (e/K)(n) x W(e/K)(k1) x ... x W(e/K)(ky) to
W (e/K)(32"_, ki). This completely defines 4. Tt is not hard to see that the associativity
axiom holds due to the uniqueness of lifts after specifying basepoints which should be
mapped to each other: the map 4 o (§)*™ is a map lifting v o v*™ which maps the
basepoints to the correct basepoints. Hence it must coincides with the lift of yo~*™ that
the construction produces.

To construct the action of E,, on O(n) we use a similar method. For g € E,,, consider
the path a4 in O(n) from any point z( in the image of W(e/K)(n) in O(n) to (¢K)zo.
This has a unique lift @ to O(n) such that the lift starts at a point Zo € W(e/K)(n).
Then g acts on O(n) by the unique lift of the map (gK) o7 : O(n) — O(n) which sends
Fo to a(1).

O

The Salvatore-Wahl recognition theorem and Fiedorowicz recognition theorems are special
cases of the previous theorem. For example, if F = £s and £ = £ with the canonical map to
&y, then this theorem implies the following: any KEp-opeard has a zigzag of weak equivalences to
the classifying space operad B(PB,,) which is homotopy equivalent to F€g/K. By showing that
the little disks operad Dy is KEp, which we will do in proposition [6.127] Fiedorowicz proved a
characterization of operads which admit a zigzag of weak equivalences with the little disks operad.

Corollary 6.122 (Fiedorowicz). An operad O is weakly equivalent to Do if and only if it is a
KEp-operad.

By applying the same reasoning to F = & and £ = Exp and showing the framed little disks
operad fDs is KErp, which we will do in corollary one obtains a similar characterization
of operads which admit a zigzag of weak equivalence with the framed little disks operad.

Corollary 6.123 (Salavatore-Wahl). An operad O is weakly equivalent to fDsy if and only if it is
a KErp-operad.

We need a slight variation of our the Salvatore-Wahl theorem, because for us the main operad
of interests is not fDy, but Oy.
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DHOE)-C

FIGURE 6.126. An example of a composition x : D2(2) ® Da(1) ® D2(2) — D2(3).

Corollary 6.124. An operad P is weakly equivalent to the genus zero operad Oy if and only if it
is a KERpB-operad.

6.2.2. Little disks and its homology. Using corollary we conclude that to calculate the
homology of the degree BV-operad H{ it suffices to find an K&gp-operad, i.e. an operad with
contractible universal cover which it is itself a Egp-operad with free action of the ribbon braid
groups. Preferably this should have a homology which is not that hard to compute. Our choice
for such an operad will be the operad of framed little disks.

For the remainder of this section we will first define the little disks operad and show it is is a
KEpg-operad. After that we will compute its homology operad. Then we introduce the framings to
obtain the framed little disks operad, show it is a KErp-operad and compute its homology operad.
In the end, we will find out what the string topology operations coming from genus zero are. Let
D? denote the unit disk.

Definition 6.125. The little disks operad Dy has as n’th component the space Da(n) of embed-
dings [[}_, D? < D? where each individual component is a composition of scaling and translation.
This space has the subspace topology coming from the compact-open topology on the space of all
maps from [[}_, D? to D*.

The composition maps 7 are given by composition of the embeddings and the symmetric groups
act by permuting the labels of the disks.

We have drawn several elements of the little disks operad and their composition in figure[6.126
There is nothing special in this definition about the fact that the disks are 2-dimensional. The
analogous construction for arbitrary d gives an operad known as D, the little d-disks operad.

Proposition 6.127. The little disks operad Dy is a KEg-operad.

PROOF. By shrinking the disks, it is easy to see that Ds(n) is homotopy equivalent to the
configuration space C(D?,n) of n numbered points in the open disk D?.

To show that its universal cover is contractible, it suffices to prove that m(C(D? ,n)) vanishes
for k > 2. We will do a bit more and prove that m(C(D*\{x1,...,2;},n)) vanishes for k > 2,
where x1, ..., are [ distinct points. Since C'(D?\{x1,...,2;},1) =~ V;St, the case n = 1 is clear.
Let’s do an induction over n. Consider the fibration

C(D*\{z1,...,z1, 2141 },n — 1) = C(D*\{21,...,21},n) = D\{z1,..., 21}

The 7y for k > 2 of the middle term lies between 74 (C'(D?\{x1,...,2;, 2141}, n — 1)), which
is zero by the induction hypothesis, and 74 (D?\{z1,...,2;}), which is zero since this space is
homotopy equivalent to a bouquet of circles.

Finally, we need to describe a lifting of the operad structure to a braided operad structure on
the universal cover. To do this, we use essentially the same techniques to lift operad structures as
used in the proof of the general recognition theorem. In other words, we pick certain basepoints in
the universal cover and create the operad maps by picking those lifts to the universal covers which
send basepoints to basepoints.

To do this, consider the connected contractible subspace Dg(n) in Ds(n) obtained by making
disks out of n segments on the equator and labelling these from left to right. This lifts to a disjoint
union of contractible subspaces in the universal cover ng(n) For each n € N, pick one of these
components Dy (n). We define the lifted composition map 4 by saying it is in the unique map in
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the diagram
~ ¥

Dy(n) x Da(k1) x ... Da(ky) -~y D30 k)

| |

D%(n) x Do(k1) x ... x Da(ky) B EE— Dy (30, (ki)

which sends Dg(n) x Do(k1) X ... x Do(ky) to Do (>°i, ki). Because Dy (n) is connected and con-
tractible, this defines 4 completely and associativity holds as in the proof of the general recognition
theorem.

To construct the action of B,, on O(n) we lift certain loops. For any point zo € Dy(n), let a;
be the loop in D?(n) which rotates the i’th and (i + 1)’th intervals amongst each other. This path
lifts to a path &; in D, (n) if we specify that it starts at the unique lift g € bo(n). We let o; act
on Dy(n) as follows. It is the unique lift in the diagram

D2 (’I’L) —_— DQ (?’L)

p(oi)
which sends Zg to &;(1). That this action is free is a consequence of the fact that the action of the

symmetric group on Ds(n) is free and that the loops «; exactly generate the fundamental group,
which by definition is PB,,. |

We will not give a complete proof of the homology of this operad, because take would take too
much space. Instead, we refer to a well-written exposition by Sinha [Sin10]. There one finds the
following result:

Theorem 6.128. The homology operad associated to Do is the (2-)Poisson operad. This is the
operad whose algebras are Poisson algebras with a product - of degree 0 and a bracket [—,—] of
degree 1. These satisfy the following relations:

Graded commutativity: a-b= (—1)lltlp . q,

Associativity: a-(b-c)=(a-b)-c.

Derivation: the bracket is a derivation of the product: [a,b - c] = (=1)1*lIlb - [a, c] + [a,b] - ¢,

Anti-symmetry: we have that [a,b] = (—=1)1/1PI[b, a],

Jacobi identity: and [[a,b], c] + [[b, c],a] + [[c, al,b] = 0.

SKETCH OF PROOF. We use again that each of the components of the little disks operad Ds
is homotopy equivalent to a configuration space. We will start by producing explicit cycles in
this configuration space. A solar system configuration cycle is a map (S')* — C(D?,n) of the
following form: one fixes a planar binary tree with k internal vertices, a root and n labelled leaves
and lengths €,,,..., €, € [0,1) which become a lot smaller each step further away from the root.
Then one produces the solar system configuration cycle by mapping (61,...,0;) to an element
(21,...,zy) of the configuration space with i’th component x; given as follows: z; a sum over all
vertices on the path from the i’th leaf to the root of terms =e,, (sin(6;), cos(6;)) where the choice
of + depends on whether the path goes into the vertex from the left or right.

By applying the induced map in homology to the fundamental class of (S*)*, one finds can-
didates for classes in H(C(D?,n)). In particular, the class in degree 1 coming from the obvious
solar system configuration S — C(D?,2) will give the bracket. Then one shows that this bracket
satisfies the antisymmetry and Jacobi relations.

Similarly, by mapping a configuration to angles between certain pairs of elements, one obtains
many maps C(D?,n) — (S*)* and the image of the dual of the fundamental class under the
induced map in cohomology gives candidates for classes in H*(C(D?,n)). It is then not such a
difficult task to check that these cohomology classes pair perfectly with the explicitly constructed
homology classes.
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After that a spectral sequence argument using the Serre spectral sequence applied to the
fibration we used to show that D? is a K&g-operad can be used to show by induction that all of
Hy(C(D?,n)) and H*(C(D? n)) is obtained this way. To find the operad structure, one uses the
Fulton-MacPherson compactification which is homotopy equivalent to the little disks operad. Here
the radii in the solar systems can be taken infinitely small, which make it easy to calculate what
happens when one applies an operad composition map to a number of homology classes. O

Remark 6.129. The reason this is called the 2-Poisson operad has to do this the degree of the
bracket and the signs. If one replaces the little disks with little d-spheres, the homology of the
resulting operad D? will be the d-Poisson operad. Sinha’s article describes this general case.

6.2.3. Framed little disks and the homology operad HQ. Our next goal is to explain how to
modify the little disks operad to obtain a Egp operad. This will be the framed little disks operad
fDs. After that we compute its homology.

This will give us the structure that comes from genus zero string topology operations if the
target manifold is O-dimensional, because we didn’t take into account the local system. However,
these calculations are of independent interest, because the framed little disks operad fD, for
example also acts on Q22X for any topological space. This gives an additional structure on the
homology of double based loop spaces.

The framed little disks operad is a special case of a semi-direct product operad. This is a
general construction of a new operad from an operad which allows for a group action compatible
with the operad structure. We discuss semi-direct product operads in the framework of £-operads.

Definition 6.130. An topological E-operad O is said to carry a compatible action of a topological
group G if each O(n) admits an G-action A\. The composition should be equivariant for these
actions, in the sense that the following diagram commutes:

G x O(n) x Oky) X ... x Okn) =X G x O(XT_, k)
‘ro(An+1><idX("+1))J
Gx0O(n)xGx0O(k) x...x GxO(ky) A
)\X(n+1)l
O(n) x O(k1) x ... x O(kyp) ————— O, ki)

where A, 11 is the (n + 1)-fold diagonal map G — G™*! and 7 is the appropiate permutation of
the factors of the product.

There is a more concise way to describe these compatibility conditions. This uses our previous
remark that equivariance systems can be made internal to the category one is working in if it has
enough coproducts. The category Top satisfies this condition.

From a topological group G and an equivariance system £ one can create a new equivariance
system & x G. It is given by setting (€ x G),, = E, X G", where the semi-direct product comes
from the action of E, on G™ via p : E,, — X, acting on G™ by permuting the factors. The
strand-splitting maps is given by diagonals, the disjoint maps by the canonical maps and the map
to & by the composition of the projection £ x G — £ with the map £ — &x.

Then a £-operad with compatible action of G is the same as a (€ x G)-operad. From an
E-operad O with compatible action of G we can construct a new E-operad O x G. The idea is
to take as spaces O(n) x G™ and use the action to extend the original operad structure to these
spaces.

Definition 6.131. Let O be a topological £-operad with compatible G-action. The semi-direct
product operad O x G is given by spaces (O x G)(n) = O(n) x G™ with the groups E,, action
acting by the original action of O(n) and by the action of the symmetric action via p : E,, = X,
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rotate them all
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FIGURE 6.133. To show that the action of a rotation of the little disks is compat-
ible, we need to show that rotating each element individually and then composing
gives the same result as rotating the composition of these elements. This figure
makes it plausible that this is indeed the case.

on G™. The composition maps are given as follows
X (O(n) x G™) x (O(ky) x G¥) x ... x (O(kn) x GF») = O k1) x GXi=r b
i=1
((xmglv s 7g7l)7 (l‘1,g%, s 7911;1)7 RN (xnag?v s 79?71)) = (X(xmglxlv cee 7g’rbxn)a (glg%a cee 7g’rbglrgln))

Note that the semi-direct product £-operad O x G always has a map of £-operads to O gives
by projection on the first component. However, there is also a map O — O x G given by putting
identities in all components GG. This implies that algebras for O are in particular algebras for
O x G, but vice-versa also algebras for O x G are algebras for O. Heuristically, the first map adds
operations coming from G which act trivially in the algebras, while the second map forgets about
these operations from G.

Remark 6.132. A nice mnemonic is the formula:
FOOOGE (FxG) OO FO(0OXG)

We want to apply this construction to the ordinary operad @ = D, and G = S'. Our first
claim is of course that the little disks operad Ds admits a compatible action of S'. This is the
action of S1 given by rotation of the configuration of the disks. In figure we show that it is
a compatible action.

Definition 6.134. The framed little disks fD, is the semi-direct product operad Dy x S*. Al-
ternatively, one can describe fD>(n) as the space of embeddings [}, D? — D? such that each
individual embedding is a composition of scaling, translation and rotation. This is given the sub-

space topology, composition is composition of embeddings and the symmetric group permutes the
labels.

To describe the homotopy type of fDs, we note that S* = BZ and prove the following proposi-
tion. To do this, we first sketch the general context. The notion of compatible action is not limited
to topological spaces, but also works in the category of groups, Grps. So let A act compatible
on an equivariance system &£. Then there exists a semi-direct product operad £ x A, which is
an equivariance system by the composition p : € x A — £ — Ex of the projection on the first
component with the original map p : £ — Ex. Recall that for each (possibly topological) abelian
group A, the classifying space BA is a topological group.

Proposition 6.135. If O is an F-operad with compatible BA-action which is a K&-operad, then
O x BA is an F-operad which is a K(E x A)-operad.
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PROOF. It is clear that each space (O x BA)(n) will have a contractible universal cover O(n) x
EA™ with free action of E,, x A™.

The £ x A-operad structure on the universal cover is given by lifting the operad actions of
O x BA as before. To do this, we pick a basepoint of EA and use the basepoints in O(n) x EA™
given by the product of the basepoint of @(n) with the basepoints of the EFA. This allows us to
lift the composition map. Similarly, we lift the original actions of F;, to actions of F, x A™. The
direct description of the composition of the semi-direct product operad implies that equivariance
holds only if A acts on E,, x A™ in the composition. O

Remark 6.136. The second mnemonic for working with these kinds of objects is:
FOKEOBASFO(KEXBA) & FOK(EXA)

In the previous proposition, one can construct the compatible action of A on £ directly. It
is given by simply applying 7 to the compatible action of BA. It is then easy to check that a
compatible action of S' on D, gives an equivariace system g x Z which is isomorphic to Egp. As
a consequence we therefore have the following corollary:

Corollary 6.137. The framed little disks operad fDy is a KErp-operad.
Our recognition theorems then imply that indeed up to homotopy Oy is modelled by fDs.

Corollary 6.138. The genus zero operad Oq is weakly equivalent to the framed little disks operad
fDs.

This means that to calculate the homology of the operad Oy, it suffices to calculate the
homology of the framed little disks operad. This is not that hard given the homology of the little
disks operad, because the homology of S! is easy.

Theorem 6.139. The homology operad associated to fDsy is the (2-)Batalin-Vilkovisky operad
whose algebras are BV-algebras with a product - and a map A of degree 1. These satisfy the
following relations:

Graded commutativity: We have that a -b = (—1)lellblp. q.

Associativity: a-(b-c)=(a-b)-c.

A is second order derivation: The map A satisfies A2 = 0 and the BV-identity:

Ala-b-¢)=Aa-b)-c+ (=D)la- A -¢) + (=)l Afa - ¢)
—Aa)-b-c— (=D)l4a-A®b) - c— (=)l HPlg . b A(e)
One can recover the bracket from the relation:
(=D)lla,b] = Ala-b) — Aa) - b— (=1)\%la - A(b)

PROOF. Because fDy(n) =2 Da(n) x (S1)", we get new classes in the homology coming from
H.((SYHY™ Z) = Aglaq, . .., a,] where |a;| = 1. In particular note that D(1) is contractible, hence
H.(fD2(1);Z) = Azla]. We shall denote the operation of degree 1 on algebras induced a by A.
Since x(a,a) =0 € H,(fD2(1);Z) for dimensional reasons, we have that A% = 0.

We have that z ® Hle a;’ € H.(fDa(n);Z), with ¢; € {0,1}, can be obtained from the
composition map and H.(fD3(1);Z) as follows:

n

€ € €

x® Hai = x«(x,ay,...,a5)
Jj=1

This implies that it suffices to calculate the interaction of A with the product and bracket
operation to get to know the entire homology operad structure. We denote a point in fD5(2) by
(z1, €1, ¢1, T2, €2, ¢2), i.e. we give the center of the disk, its radius and the angle of rotation. Let X
be a sphere with four disks removed: it thus has boundary circles Si,...,S}. Let 61 : U; — S! be a



6. THE GENUS ZERO OPERAD 175

local coordinate around the i’th boundary circle that coincides with the boundary parametrization
at the boundary circle. Now consider the following map:

fiX = fDy(2)
((3,0), 1,61, (—3,0), 5,0) if x € Uy
((£,0),4.0,(=3,0. 1,62) ifo e Uy
z— < ((3cos(63),0), 1,0, (3 sin(63),0), 1,0) if x € Us
((5 cos(—04),0), 5, =04, (5 5in(—04),0), 1, —64) if x € Uy
smooth interpolation otherwise

Then the f,.([X]) exhibits f.([0X]) as a boundary. But the latter class is represented by the
linear combination of operations A(a - b) — A(a) - b — (=1)!%la - A(b) — (=1)1%l[a, b], which must
hence be zero. Hence, the bracket can be written completely in terms of the BV-operator and the
product, and therefore does not have to listed as a basic operation.

Now the BV-relation follows fromm the fact that the bracket is a derivation. We put b=»5-¢
and consider the following expression

0=la,b-d — (—1)lp . [a,¢] + [a,b] -
Each of the terms can be written as:
[a,b-d = (=D)A(@-b-¢) = (=1)IA(a) - b-c—a-A®b-c)
_(_1)IaHb|b_ la,c] = _(_1)|allb|b.A(a . C)(_l)lallblb.A(a) . c(—1)|“|“’|+‘“‘b-a -Ale)
[a,b]-c= (=D)IA(a-b) - c— (=1)*A(a) - b-c—a-A®D) ¢

Adding all these gives the BV-identity multiplied (—1)%/ after using graded commutativity
to simplify the expression. Thus we have shown that there is a map from the BV-operad to the
homology operad of fD,.

To show that they are equal, we remark that although we have see exactly how the product
and bracket interact with the BV-operator, we haven’t shown that we can drop the axiom that
the bracket should be a Poisson bracket. To do this, we note that BV-relation implies that if one
tries to define a bracket using the formula, this will be a Poisson bracket. This is quite a tedious
calculation, hence we won’t do this. O

Remark 6.140. There is an analogue of the framed little disks operad for higher dimensions.
This operad, called the framed little d-disks operad fDy is the semi-direct product Dy x SO(d).
Its homology describes so-called d-BV algebras. For more about this, see [CV06].

Remark 6.141. There is another KErp-operad known as the cactus operad. It is used in the
book by Cohen and Voronov [CV06] to produce the BV-algebra structure on the homology of the
free loop space instead of our more abstract mapping class group operad Oy.

6.3. The homological genus zero operads for set of branes B. Now we get to the operad
coming from a d-dimensional HCFT: the operad H/, given by Hy((n) = H.((Bord} (n,1))o,1,0; L&)
This means dealing with the local system £ coming from the virtual bundle . Finally, we discuss
the examples in the literature.

From the previous section it is clear that up to signs and grading shifts the homology of the
free loop space is a BV-algebra. Hence the closed product satisfies the BV-identity up to sign, as
we already saw in proposition [6.92] The question that remains is which signs and grading shifts
appear.

Proposition 6.142. If one uses the modified closed product as in definition [6.70 for the product
and A for the BV-operator, then H,(LM;Q) = H.1q(LM;Q) is a BV-algebra and the bracket
coincides with the string bracket as in definition [6.93.

ProOF. We already know that the grading shift will be by —d for the closed product and +1
for the BV-operator. Any modification of signs in the closed product give another way to make



176 6. STRING TOPOLOGY HCFT OPERATIONS

H.(LM;Q) into a BV-algebra up to signs, so it suffices to find a modification which has the correct
signs.

For this it suffices to note that lemma [6.70 and [6.92 show that the modifications made in
the modified closed product satisfy the correct signs to make H,(LM;Q) = H,q(LM;Q) into a
BV-algebra. ]

Definition 6.143. If a graded vector space V, is such that V.4 is a BV-algebra, then we call V'
a degree d BV-algebra.

So, the calculation of genus zero string operations results in the following theorem.
Theorem 6.144. The homology H.(LM;Q) of the free loop space is a degree d BV-algebra.

This theorem gives us the final slogan from figure [6.1
The genus zero operations are the BV-operad.

6.3.1. Ezxamples. Finally, having determined that the homology of LM, where M is a d-
dimensional manifold carries the structure of a degree d BV-algebra, we look at some examples.
None of these examples is easy to calculate, so we’ll just list the results and give references to the
literature. The hope is that the reader gets some idea of the complexity of the structure that string
topology gives on the homology of the free loop space.

Spheres: Spheres are among the basic building blocks of algebraic topology. It is therefore inter-
esting to see what structure the genus zero part of string topology gives on the homology
of LS™. It turns out that we don’t need to switch to rational coefficients here to have all
instances of Kiinneth theorem that we need.

The string topology structure of the spheres was first determined completely in
[Men09]. The result is the following:

Theorem 6.145. Let n > 1, then we have that as a ring with the string product
H,. n(LS™Q) = Qun—1] ® Agla—y], where |up—1| = n —1 and |a_,| = —n. The
BV-operator is given by:

Alup_y @a_p) =kuy"j @1
Af_1®1)=0

Lie groups: A lot is known about the string topology structure on the homology of LG for a G
a compact Lie group, not only the genus zero part. The following two facts simplify a
lot of the operations and make them calculatable by elementary means: the first is that
LG = G x QG and the second is that G is parallellizable, hence has Euler characteristic
0.

The main reference is [Hep10], which looks at the family of Lie groups SO(n) and
some special cases like S = SU(2) and describe a method to calculate the BV-algebra
structure coming from string topology. One can find results about other string operations
and calculations of the BV-algebra structure for the families SU(n), U(n), Sp(n) and the
exceptional Lie groups Gy and Fy in [Kup10].

Projective spaces: A second class of spaces for which the string topology structure is known is
the class of projective spaces. Although the string product was determined earlier using
a spectral sequence argument, the full BV-algebra structure was given in [Hep09]. That
article gives a nice description of a purely topological method to calculate the string
topology structure, but the results are too long to quote here.

Surfaces: Vaintrob has shown how to calculate the string topology BV-algebra structure on
H,.(LY), where ¥ is a compact oriented surface in [Vai07]. We give a more elementary
calculation in [Kup11b|. He proves a theorem comparing H, (LX) with HH*(Z[m (X)])
in the case that X is a manifold which is also an Eilenberg-Mac Lane space K (m(X), 1).
In particular, this is the case for compact oriented surfaces: the surface of genus g has as
only non-trivial homotopy group

7r1(29) = <0417‘-‘>a9751='~-759>/([a1751]"'[agvﬁg] =1)



6. THE GENUS ZERO OPERAD 177

The result is the following theorem, which uses the Goldman bracket described in

section [I.1]
Theorem 6.146. We have that

Hy(L%; Q) ife=0
H.(L%;Q) = gl(z;(@) @ Ho(LE;Q)/Qo thi - ;
0 otherwise

The only non-zero string products are on Hy and are given by
(@) (d,7) = (a@d )y + (@@ + (@ @)y +{r,7}

where ® is the intersection product and {—, —} is the Goldman bracket. The BV-operator
is non-trivial only on Hy and is there equal to the projection Ho(LX; Q) — Ho(LX;Q)/Qo.






CHAPTER 7

Perspectives on string topology

In this chapter we will discuss different ways to look at string topology. In the first section
we look more closely at the role of fat graphs in our construction and the scope this gives for
generalisation.

In the second section we look at two other methods to construct the string operations and try
to explain the advantages and disadvantages of these methods in comparison to the one sketched
in the previous chapters.

1. Other categories of graphs

In some sense the string topology operations are not that dependent on the fat graphs and
their relation to moduli of Riemann surfaces. First of all, we will explain how one can extend the
string operations to Klein surfaces and then we will speculate about other spaces of graphs that
might support string operations.

Let’s explain the first remark: what we mean is that for each simplex in |Fat};”"| the con-
struction of the string operations doesn’t really depend on the fat graph structure. It does need
to know the incoming and outgoing parts and the labels from B, but not the cyclic permutation
at each vertex. These only start to play a role when one wants to glue all the operations together
over the geometric realisation into one map. By using other categories of graphs, one can alter
the construction of string operations as follows: still do the same construction over each simplex,
but glue these together in a different way. We will give a simple example of this and then sketch
a more general theory.

1.1. Klein surfaces and Moebius graphs. Every orientable 2-dimensional manifold with
boundary can be given the structure of a Riemann surface with boundary and the rational homology
of the mapping class groups in fact calculates the rational homology of the moduli space of such
Riemann surfaces with boundary.

One may ask what happens when we drop the orientability assumption. Then Riemann sur-
faces are replaced by the more general notion of a Klein surface. A Riemann surface is locally
modelled on C and has biholomorphic maps as transition functions, i.e. holomorphic maps with a
holomorphic inverse. A Klein surface is also locally modelled on C, but the transition functions are
now allowed to be both holomorphic maps with holomorphic inverse and antiholomorphic maps
with antiholomorphic inverse. Examples of Klein surfaces without boundary include the real pro-
jective plane RP? and the Klein bottle K and there is a classification of connected Klein surfaces
with boundary: there are the orientable ones, indexed by the genus and the number of bound-
ary components and the unorientable ones, indexed the number of crosscaps and the number of
boundary components.

Like for Riemann surfaces with boundary, we can make a moduli space of Klein surfaces with
boundary. Again, its rational homology is computed by the rational homology of the corresponding
mapping class group, which now no longer cares about preserving the orientations. This becomes
interesting once we note that there is a graph model of this classifying space. To obtain it, we need
to replace the fat graphs by Moebius graphs. Let’s define these, following Braun [BralQ].

We first consider a generalisation of fat graphs: bicoloured fat graphs. A bicoloured fat graph
is a fat graph (V, H,s,i,0) with a map ¢ : H — {0,1} colouring each half-edge with a colour.
Morphisms of bicoloured fat graphs are morphisms of the underlying fat graphs which preserve the
colouring.

179
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F1GURE 7.1. Two representative bicoloured fat graphs of the same Moebius graph
and the corresponding unorientable Klein surface with boundary. The left part of
the Klein surface is supposed to represent a twisted ribbon, as in a Moebius band.

There is an equivalence relation ~ on these graphs. We saw that two bicoloured fat graphs
are equivalent if they are related by a finite number of the following moves: given a vertex v € V,
switch the colours of all the attached half-edges and reverse the cyclic ordering of these half-edges.

See figure

Definition 7.2. A Moebius graph is an equivalence class of bicoloured fat graphs under the equiv-
alence relation ~. A morphism between two Moebius graph is an equivalence class of morphisms of
bicoloured fat graphs between two representatives. This gives a category Moeb of Moebius graphs.

There is the following theorem, which is very similar to theorem which was one of the
starting points for our construction of the string operations.

Theorem 7.3. Let Moeb® be the category of connected Moebius graphs. Then we have a rational
homology equivalence:
[Moeb®| ~q HBI‘E
(]
where the disjoint union is over all isomorphism classes of connected Klein surfaces except for a
finite number of exceptional cases.

It doesn’t seem difficult to modify the definition of a nice B-labelled cobordism graph to this
setting and hence get a definition of a nice B-labelled cobordism Moebius graph. The idea is note
that a Moebius graph has a canonical realisation as a Klein surface with boundary and hence we
can use the same techniques to label parts of the boundary incoming, outgoing or with an element
of B. The realisation of a Moebius graph is constructed similarly to the surface with boundary
associated to a fat graph, but when two edges with different colours are paired, we don’t put a
strip but a twisted strip in the corresponding Klein surfaces. For example, a single vertex with a
two half-edges of different colour attached it to gives a Moebius band.

An inspection of the construction of the string operations in chapter [f] suggests that similarly
it should be possible to construct a map of spectra:

Jk : hocolim MP"~ — hocolim (Mt ~)*

n,oc n,oc
Moeb Moeb

for some virtual bundle x and where mg’oe is a modification of Moeby ** which includes compat-
ible umkehr data. This map Jx can be composed with a Thom isomorphism after smashing with
HZ and this induces string-like operations upon passing to homology. These operatoins should be
compatible with disjoint union and composition of not necesssarily orientable cobordisms. There
is a corresponding notion of a HKFT, a homological Klein field theory.

Conjecture 7.4. Let M be a d-dimensional compact oriented manifold and B be a set of com-
pact oriented submanifolds of M. Then the set (H.(LM;Q),{H.(Pun (A, B);Q)}) can be give the
structure of a d-dimensional HKF'T with positive boundary condition and set of branes B.



2. OTHER METHODS OF CONSTRUCTING STRING OPERATIONS 181

If we just look at the connected components of [Moeb | corresponding to orientable Klein
surfaces with boundary, then we see that this is a finite cover of |Fat}y’’| corresponding to the
choices of orientation for each connected component. Thus the previous conjecture implies that
(H.(LM;Q),{H.(Pym(A, B);Q)}) is a d-dimensional HCFT with positive boundary condition and
set of branes B.

1.2. Graph spaces. In fact, fat graphs and Moebius graphs are special exmaples of C-labelled
graphs for a cyclic operad C. A C-labelled graph is a graph T' = (V, H, s,i) with an element of
C(s71(v)) for each vertex. For example, fat graphs are Ass-graphs, where Ass is the associative
cyclic operad. Similarly, Moebius graphs are Assh—graphs7 where Ass” is the associative operad
with involution.

We believe that it is possible to define string operations for each type of C-graphs for which
is it possible to give a natural boundary. This seems to be not only the case for Ass and Ass",
but all cyclic versions of the framed little disks operads. We will denote these operads by FEj for
ke {1,2,...,00}. Note that E; ~ Ass, because up to a homotopy an embedding of a number of
intervals into a circle is the same as given a permutation up to cyclic reordering.

There are two particular cases we want to remark upon. The first is F5, which turns out to be
related to 3-manifolds. A theorem of Giansiracusa [Gial0Q] can be rephrased as saying that Eo-
graphs model 3-handlebodies and there we should get string operations indexed by the homology
of mapping class groups of 3-handlebodies as well.

The second case is Fo, >~ Comm. The reason for looking at this case is the following: it is
the simplest of the E}, and in some sense the universal one, because the construction of the string
operations doesn’t care about the data at the vertex and this operad puts no new data there. Let’s
make this precise: a map C — D of cyclic operads induces a map between C-graphs and D-graphs.
Because every Ej maps into E., we can pull back the string operations for F, to Ey. We believe
E, is universal in the sense that the string operations for any cyclic operad are obtained as a pull
back in this way. In particular, we make the following conjecture:

Conjecture 7.5. String operations can be constructed over Eo-graphs and the pull back of these
string operations to E1-graphs gives the string operations for fat graphs.

The hope is that the induced map in homology from the geometric realisation of the category of
FE-graphs to that of E.-graphs will tells us something about the string operations. For example,
we believe it can be used to derive Tamanoi’s result of the vanishing of string operations associated
to stable homology classes.

2. Other methods of constructing string operations

In this section we discuss two alternative methods for constructing the string operations. The
first is closely related to the approach explained earlier in this thesis, but uses a different model
for the classifying space of the mapping class group. The second approach differs on a very
fundamental level: instead of constructing the operations and noticing that they form something
like a topological field theory, one classifies all objects that could carry the structure of such a field
theory and tries to find an object that naturally gives string topology.

2.1. Radial slit configurations. As the reader may have noticed, Godin’s construction is
hard. One first needs to do quite a bit preparatory work about B-labelled cobordism graphs.
Although the idea of constructing the operations one simplex at a time and glueing these together
is not that hard, one needs a lot of technical lemma’s to actually pull it off.

One gets something back in return: the technique is flexible and can easily be modified to
include multiple branes — like we did in this thesis — or to use other category of graphs. If one
is not interested in this flexibility, but just wants to get to the operations as quickly as possible,
there exists an alternative construction.

This alternative construction is called the radial slit model and a full account is given in
[Kuplla]. The backbone of this alternative construction is the replacement of the geometric
realisation of the category of B-labelled cobordism graphs with a different model for the classifying
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FIGURE 7.6. A genus 1 surface with a single incoming and outgoing boundary
circle can be obtained by glueing four cuts in a single annulus.

space of the mapping class group: Bodigheimer’s radial slit configuration space [B6d06]. The idea
behind this space is that one can obtain every Riemann surface with at least one incoming and
outgoing boundary component by glueing a certain number of annuli with cuts together. See figure
[7.6] for an example.

Essentially, Bodigheimer’s radial slit configuration space contains the all possible choices for
making cuts on annuli and glueing these together to a surface. These spaces turns out to carry
natural families of fat graphs. For each of these one can construct a string operation very similar
to the one constructed in theorem for single nice B-labelled cobordism graph. The great
advantage of this model is then the following: the umkehr maps appearing in these constructions
are significantly easier and more uniform that those in theorem[5.6] This dramatically reduces the
amount of technical lemma’s that one needs.

One advantage of the radial slit model is therefore that it is significantly simpler than Godin’s
construction. A second advantage is that there is a very natural candidate of a compactification to
which one might be able to extend the string operations. This would give new relations between
string operations and possibly depend on the smooth structure. Related work was done by Poirier
[PoilQ].

The major disadvantage of this model is it can only model the closed operations. It there-
fore lacks all the operations coming from open-closed cobordisms, let alone those from B-labelled
cobordisms.

2.2. Costello and Lurie’s universal construction. In this section we describe a com-
pletely different method to construct the string operations. We start with a warning: the details
of this approach still have to filled in and this means that some of the following definitions and
statements might need to be amended. It was first conjectured in [Cos06b], which also provides
the general idea of the construction, and made more precise in [Lur09], as a consequence of the
proof of the cobordism hypothesis.

There are important shifts in perspective from Godin’s construction of the string operations.
The first is that these constructions work on the chain level: this means that the operations
constructed this way will be between copies of C.(LM;Q) and related chain complexes. The
second is that one starts by constructing only the open operations and then uses some universal
construction to obtain the closed part.

I do not know of a proof that shows that Godin’s construction and this constructoin give the
same operations. Presumably this follows from universality, but I do not know how to prove that
Godin’s construction is universal. The reason for comparatively many words on this construction
is that it really sheds a new light of string topology, but also that it shows how string topology
was and still is a motivating example in the exciting new field of topological field theories.
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2.2.1. A chain level approach to string topology. We begin in this subsection and the next how
Costello’s proposes to construct the string operations. In the two following these subsections we
get to Lurie’s refinements.

Their constructions aim at a more refined construction than this thesis. While we only look
at the homology of the loop space and path spaces and want operations between tensor products
of these, they want to use the singular or cellular chains or cochains of these spaces. Think of it
as the difference between wanting a associative algebra structure on homology or a A..-structure
on the original complex.

The motivation for this more refined construction lies in links with Floer homology, where
one is also interested in chains. Furthermore, the (co)chains have the property that they preserve
enough information of the rational homotopy type on one’s space to be able to do geometric
constructions, while on the other hand being linear, which makes many tools available.

Convention 7.7. We will work with a field of characteristic 0. This way we do not need to worry
when we use orbispaces instead of spaces.

The notion of a HCFT is replaced by that a TCFT when one is working on the chain level.
We describe the most general case of a set of branes B. The definition of a TCFT with branes B is
obtained essentially by replacing in the definition of HCFT all homology with singular or cellular
chains, but now everything only has to commute up to natural quasi-isomorphism. We will thus be
working with the prop with components C,(Msx; £L89) where My denotes some model for moduli
space of B-labelled cobordisms of type ¥ and a £ is Q-local system.

Definition 7.8. A d-dimensional TCFT is a chain complex A, which is an algebra up to quasi-
isomorphism over the prop C.(Ms;Q), i.e. a symmetric monoidal functor up to quasi-isomorphism

Thus, if we have a single brane M, we want to get operations of the following type in the end:
O (Mx; £8) @ Cu(LM; Q)%™ @ Cu(M;Q)®" — Cx(LM;Q)®" ® Cu(LM; Q)%

where ¥ has m, resp. n, incoming boundary circles and intervals and r, resp. s, outgoing boundary
circles and intervals.

However, recall that we need to worry about the positive boundary condition. This condition
is implemented for TCFT in the same way as for HCF'T: we restrict the TCFT to those cobordisms
which have the property that every connected component has non-empty outgoing boundary.

Remark 7.9. In Costello and Lurie’s work they are looking at TCFT’s or more general field
theories with negative boundary. However, by taking a suitable notion of opposite category one
can move between the two types of boundary conditions.

2.2.2. Universal TCFT’s. Costello describes in [Cos06b|] a very interesting construction of
TCFT’s, originally motivated by Gromov-Witten theory. To describe it, we introduce some no-
tation. TCFT’s use moduli spaces My, of open-closed cobordisms. A d-dimensional TCFT addi-
tionally uses the local system £2?¢ over these moduli spaces. One can restrict attention to those
cobordisms which only have intervals as incoming and outgoing boundary: we denote these OMy;
and we have an embedding ¢ : OM — M. Clearly the local systems restrict as well and the
resulting structures are called a d-dimensional open TCFT’s.

The idea is that for each open TCFT there exists a homotopy universal extension to an open-
closed TCFT. The idea of this construction is pretty easy: given an open TCFT A, we can create
a TCFT ' A, by homotopy Kan extension.

oM % Ch
Ll VIL!A*
M

There are two issues with this: first of all, one needs to develop homotopy theory of symmetric
monoidal functors. Costello does this in an ad hoc fashion, but recents results on model categories
of oco-operads allow one to make this precise.
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More importantly, this is only useful if we can construct open TCFT’s. It turns out that this
is a lot easier than construction an open-closed TCFT and furthermore, we can calculate what the
universal open-closed TCEF'T will assign to the circle. The important input for these results is the
dual ribbon orbicell decomposition of the moduli space of Riemann surfaces, described in [Cos06b]
and in more detail in [Cos06al. This gives an explicit generators and relations description of cellu-
lar chain complexes of the open moduli spaces. One therefore obtains an explicit characterization
of open TCFT’s, which is the analogue of the statement that commutative Frobenius algebras
give ordinary TQFT’s. Recall that an A, -category is a weaker version of the notion of a linear
category: the composition need not be associative but only associative up to coherent homotopies.

Definition 7.10. A d-dimensional positively dualizable A, -category on a set of branes B is an
Aso-category A together with cotraces k[d] — Hom(X, X) satisfying the following properties

Branes: The object of A are indexed by B5.
Non-degeneracy and symmetry: The cotrace is non-degenerate and symmetric.

Using the previously described generators and relations for the cellular chains on moduli space
of Riemann surfaces, Costello was able to prove the following theorem.

Theorem 7.11. The category of d-dimensional open TCFT’s on a set of branes B is equivalent
to the category of d-dimensional positively dualizable Ay -categories on a set of branes B.

In particular, a d-dimensional open TCFT is given by a d-dimensional positively dualizable
Ao -category.

Furthermore, Costello was able able to describe exactly what cells with which boundary maps
one has to add to OM to get to M. This allows one to compute that the homotopy universal
TCFT associated to an open TCFT assigns to the circle.

Theorem 7.12. Let A, be a open TCFEFT with associated positively dualizable Aoo-category A,
then the homotopy universal TCFT ' A, assigns to the circle a complex quasi-isomorphic to the
Hochschild homology chain complex HC\(A) of A.

It should be the case that the R-valued chain C,(Py(A, B);R) of the restricted path spaces
play the role of the positively dualizable A..-category associated to the open part of string topology.
Cohen, Blumberg and Teleman sketch a partial proof of this result [BCTQ9].

2.2.3. The cobordism hypothesis in general. In chapter 5 we saw that 2-dimensional oriented
TQFT’s give rise to Frobenius algebras and the previous section we found similar statement for
TCFT’s. The obvious question is what the resulting structures on the state spaces of other TQFT’s
are, but of higher dimensional TQFT’s or TQFT’s with different structures. This leads naturally
to the world of higher category theory.

The cobordism hypothesis — now the Lurie-Hopkins theorem — answers this question in the
case of extended TQFT’s. What is an extended TQFT? To answer, it is useful to go back to the
motivation of TQFT’s. In the physics literature field theories are often demanded to be fully local,
i.e. to only depend on data in a neighborhood of a point. This means that one should be able
to cut up your space-time, i.e. the manifold, into small pieces, do calculations there and glue the
results together.

Recall that a classical n-dimensional TQFT assigns data to (n—1)-manifolds and n-dimensional
cobordisms between (n — 1)-dimensional manifolds. The classical axioms of a TQFT thus do not
fully reflect this locality, because only codimension 1 cuttings are allowed. One way we therefore
want to extended our definition is to also assign data to manifolds of lower codimension, i.e. extend
downwards.

On the other hand, category theory has taught us that it is often useful to keep track of
isomorphisms instead of identifying isomorphic objects. Thus two diffeomorphic n-manifolds need
not be assigned the same data, but only isomorphic data and we should keep track of these
isomorphisms. In turn, these isomorphisms themselves should not be unique, but only coherent
up to higher isomorphisms. The conclusion is that we also want to extend our TQFT’s to assign
data to diffeomorphisms, isotopies between these, etc., i.e. extend upwards.
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This poses a technical problem, which is solved by treating the n-dimensional cobordisms not
as a category, but as an (co,n)-category. A heuristic definition of an (oo, n)-category is that it
consists of sets of objects and n-morphisms for all n € N, such that for all £ > n the k-morphisms
are invertible. Of course, what is left vague about this definition are the compatibility conditions
between these morphisms. There exist several models of (0o, n)-categories to write these down
precisely. In the case n = 1, quasicategories have proven to be a great tool for proving statement
about higher categories. Because in our case we are dealing with cobordisms, which are inherently
topological, a topological model for (co,n)-categories suits best. This is given by the model of
n-fold complete Segal spaces.

Definition 7.13. A Segal space is a simplicial space X such that for all n,m > 0 the following
diagram is a homotopy pullback square:

Xn+m — Xn

|

Xy — X

where the maps are the natural ones coming from the simplicial structure. A Segal space is said
to be complete when the degeneracy map Xy — Z C A} is a weak homotopy equivalence, where Z
is the subspace of X of elements which are invertible in the 7y of following homotopy pullbacks
{z} X}/’ifo X1 x}o {y} for some z,y € Xo.

Definition 7.14. A (oo, 1)-category is a complete Segal space.

Heuristically, we can interpret the conditions of a complete Segal space in the language of
categories as follows: the space Xj consists of the k-morphisms, the first condition tells us that
composition is possible and unique up to homotopy and the second condition tells us that if a
morphism is invertible it comes from a path in the space of objects.

To get a (00, n)-category, we simple iterate this construction in categories of simplicial spaces:
previously we have defined the case n = 1. In the category of k-fold simplicial spaces, a map is a
weak equivalence if and only it is a levelwise one. A similar definition exists for homotopy pullbacks.
A k-fold simplicial space is essentially constant if it weakly equivalent to a k-fold simplicial space
which is constant in the first direction.

Definition 7.15. Let n > 2. A n-fold Segal space is a n-fold simplicial space ) such that the
following conditions hold. Each Y is a (n — 1)-dimensional Segal space and ) is essentially
constant. Furthermore, for each n,m > 0 the following is a homotopy pullback diagram of (n— 1)-
fold simplicial spaces:

yner E— yn

|

yn — yO

Y is said to be complete if each ) is, and if the simplicial space Vi o,...,0 is.
Definition 7.16. A (0o, n)-category is a n-fold complete Segal space.

The next question is how to describe the correct cobordism (oo, n)-category Bord,,. The idea is
that a Bord,, should be a (0o, n)-category because we can cut the cobordism in n different orthogonal
directions. The number of cuts in each direction is the simplicial degree in that direction.

Definition 7.17. For V a vector space (PreBord! )x,.. 1. consists of the collections (M, (t} <
s Sty )y, (t5 <o <t ) where M is a n-dimensional submanifold of V' x R™ and n + 1
sequences of real number. These should satisfy the following conditions:
(1) the projection M — V x R™ — R" is proper,
(2) the projection M < V x R"® — R" — RU+1-7} is submersive at each # € M such that
its image in R* lies at any of the points {t,,...,%;, },
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(3) for every subset S of {0,...,n} the projection M < V x R® — R™ — R* does not have
the point (t;, ,...,t;, ) as critical value for any choice 0 < js, < ks,

We let (PreBordy, )k, ... &, = 1irnv6\/ect(PreBordr‘f)kl7”_,;c .

n

This definition is given in [Lur09l section 2.2], inspired by [GMTW10]. There one also finds
a sketch of the following result.

Lemma 7.18. There is a completion Bord,, which is a n-fold complete Segal space and hence by
definition a (0o, n)-category.

The cobordism hypothesis is concerned with classifying fully extended TQFT’s, which we can
define precisely now.

Definition 7.19. A n-dimensional (fully extended) TQFT with values in a (0o, n)-category C is
a symmetric monoidal (co,n)-functor F : Bord,, — C.

To write down the cobordism hypothesis, we need to discuss symmetric monoidal (oo, n)-
categories and dualizable objects in these categories. We have seen a glimpse of this in our discus-
sion for ordinary 2-dimensional TQFT’s: a Frobenius algebra is an algebra satisfying some strong
dualizability conditions. For example, these conditions force it to by finite-dimensional.

Because the general definition of a fully dualizable object is quite involved (see [LurQ9} section
2.3]), we will just give the definition for a low n. Specifically, we will give the definition for n = 2
from [Lur09, section 4.2]. The general definition is similar to this one.

Definition 7.20. Let C be a symmetric monoidal (0o, 2)-category. Then an object X € C is called
fully dualizable if the following two conditions hold:

(1) there exists an object XV dual to X: this means that there exist 1-morphisms
evy XXV 1
coevy : 1 3 XV X

such that the following equations hold: (idx o coevy)o (evx ®idx) = idx and (coevy ®
idxv) o (idxv X 61})() =idxv.

(2) The map evy : X ® X¥ — 1 has a left and right adjoint: this means that there exist
morphisms evk : 1 - X ® XV and evd : 1 - X ® XV and for each of these two
2-morphisms n*, e, n’ el acting similarly to the unit and counit of an adjunction.

Heuristically, the first condition say that X has a dual. More general, it has a left and right
dual, but the fact that the category is not only monoidal but symmetric monoidal implies that these
coincide up to isomorphism. The second condition makes more sense in this light: the evaluation
also has a left and right dual. It is a consequence that then the coevaluation has a left and right
dual as well.

Theorem 7.21 (Hopkins-Lurie). Let C be a symmetric monoidal category, C¥ be its fully du-
alizable part and (C¥)™~ by the (oc0,0)-category obtained by throwing away all non-invertible
morphisms. Then the last space has a canonical SO(n)-action and there is a canonical equivalence
of (00, n)-categories
Fun®(Bord,,, C) — ((Cd"“l)N)hSO(”)
In particular, a n-dimensional TQFT considered as a symmetric monoidal (co,n)-functor F' :
Bord,, — C can by identified uniquely up to homotopy by the SO(n)-invariant fully dualizable object

Remark 7.22. The SO(n)-action acts on the framings in the framed case: we want to take
invariants because we want to work with oriented cobordisms. The easiest case is that of a framed
cobordisms, in which case no group actions or homotopy fixed points appear.

There are many interesting corollaries that follow from this statement. For example, Bord,,
is itself the free symmetric monoidal (co,n)-category generated by on a single fully dualizable
object. This is the analogue of the theorem which says that the ordinary 2-dimensional cobordism
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category is the free symmetric monoidal category generated by a commutative Frobenius object.
This makes Bord,, the universal example of a n-dimensional fully extended TQFT, which we will
use later on to see what kind of TQFT operations we should get.

However, for string topology we are of course not interested in these full TQFT’s: we have
the positive boundary condition to worry about. The solution to this problem is given in the next
subsection.

2.2.4. The 2-dimensional non-compact cobordism hypothesis. Now we discuss a special case of
the cobordism hypothesis that is particularly relevant to string topology. We fix modifications of
the previous results coming from the positive boundary condition and discuss a special type of
target categories: associative algebras in an (oo, 1)-category.

We first need to deal with the positive boundary condition. This is done by replacing the
(00, 2)-category Bordy with a suitable (0o, 2)-category of ‘non-compact’ cobordisms:

Definition 7.23. For V a vector space the space (PreBordy ™)y, &, consists of the collections
(M, (ty < ... <tp),(t5 < ... < 7)) with M a 2-dimensional submanifold and ¢}, ... L5 two
sequences of real numbers.

These should satisfy the conditions of definition together with the additional condition
that if a connected component of M has non-empty intersection with the fiber of the projection
on the first component M < V x R? — R? — R! over ¢}, then it has non-empty intersection with
the fiber over t} for 5 > 4.

We set Bord3® to be the completion of limy evect (PreBord) ™).

The additional condition gives the positive boundary condition. As before Bordsy“ is a 2-fold
complete Segal space and hence can be seen as a (00, 2)-category. It is of course symmetric monoidal
as well. There is an alternative way to define this non-compact version, which makes a lot of sense
in the context of our proofs of the structure of ordinary TQFT’s using Morse theory. Recall that
Morse theory naturally gives handle decomposition of your manifold.

Remark 7.24. The (0o, n)-category Bord,, has a filtration
FioFo—>FL—=>...=>F,

given by taking Fj to be cobordisms with a handle decomposition with only handles of index < k.
This filtration is used in one of the inductive steps of the proof of the cobordism hypothesis.

In the case n = 2, to impose the positive boundary condition we want make sure we don’t
attach a 0-handle, because it closes off a circle. So, we note that there is an alternative filtration

G 1—=G =G —...=G,

by taking in Gy only cobordisms with a handle decomposition with only handles of index > n — k.
So, one can also take Bord;“ to be the subcategory G; of Bord,.

We now define fully extended TQFT with positive boundary. The following definition is a
natural extension of the definitions of the last subsection.

Definition 7.25. A 2-dimensional (fully extended) TQFT with positive boundary condition and
values in a (00, 2)-category C is a symmetric monoidal (oo, 2)-functor F' : Bordy — C.

There is a corresponding version of the cobordism hypothesis for this type for TQFT’s. To write
it down, we need to identify the correct analogue of a fully dualizable object. The positive boundary
condition in fact means that one can drop some of the dualizability conditions. Intuitively, one
might think that objects no longer need to be dualizable, but is the wrong intuition: the objects
corresponds to the 0-dimensional cobordisms, the evaluation and coevaluation to the 1-dimensional
cobordisms and finally adjoints of the evaluation to the 2-dimensional cobordisms. Because we are
essentially only restricting the 2-dimensional cobordisms, we turn out to lose some of the conditions
on the adjoints.

Definition 7.26. Let C be a symmetric monoidal (oo, 2)-category. Then an object X € C is
positively dualizable (the opposite of what Lurie calls an Calabi-Yau object) if it satisfies the
following two conditions:
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+
coevy

FIGURE 7.28. Part of the structure of the generating positively dualizable object
in Bord5°.

(1) X has a dual XV.
(2) There is a SO(2)-equivariant morphism 1 — evx o coevx acting as a unit for the adjunc-
tion between evx and coevy.

Here the SO(2)-equivariance of course turns up because we are dealing with oriented cobor-
disms. Now we can state the 2-dimensional non-compact cobordism hypothesis. There is a general
version, which gives the full structure of all positively dualizable objects at the same time in terms
of an equivalence of (0o, 2)-categories. However, Because we only want to look at a single TQFT
at a time we will just state a simple version [Lur09) theorem 4.2.11].

Theorem 7.27. Let C be a symmetric monoidal (00,2)-category. Then there is an equivalence
between symmetric monoidal functors F : Bordy® — C and positively dualizable objects in C, given
by mapping F to F(x).

Again we have that Bordy“ is itself the free symmetric monoidal (0o, 2)-category on a single
positively dualizable object. In this example, it is easy to see how to interpret a positively dualizable
object X and its structure maps geometrically: see figure [7.28

Remark 7.29. There is an opposite notion of negatively dualizable object. This is called a Calabi-
Yau object in [Lur09} section 4.2]. The notions of positively and negatively dualizable objects are
opposite, in the sense that by reversing the directions of the 2-morphisms and higher dimensions,
one is transformed in the other. Hence results about one are easy to translate to results about the
other.

For string topology as developed in this thesis, positively dualizability makes more sense. For
string topology developed from rational homotopy theory, negatively dualizability makes more
sense.

2.2.5. String topology as a positively dualizable object. Our next goal is to explain how one can
fit string topology into the previous framework. We start by looking at a way to create (oo, n+ k)-
categories out of (0o, n)-categories and use this to find candidates for (co,2)-categories in which
one can realize string topology.

Then we look at specific choices for positively dualizable objects in these categories. This last
part is speculative and may be incorrect.

We start by discussing E,-algebras, as in [LurQ09, section 4.1]. The idea is easy: given a
symmetric monoidal (oo, 1)-category C, a F,, algebras in C heuristically is an object in C possessing
n commuting associative algebra structures. This is made precise in the following definition.

Definition 7.30. Let C be a symmetric monoidal (0o, 1)-category. Then we define alg'(C) to be
the (oo, 1)-category of associative algebra objects in C. Inductively, we can then define alg™(C) to
be alg’(alg" " (C)). We call alg”(C) the (0o, 1)-category of E,-algebras in C.

An FE,-algebra in the (oo, 1)-category of (oo, k)-categories is a F,,-monoidal (oo, k)-category.
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The trick is that under certain technical assumptions of sifted colimits — summarized by the
adjective “good” — an E,-monoidal (0o, 1)-category can be used to produce a (oo, n + 1)-category
or alternively a (oo, n)-category with duals (i.e. every object is fully dualizable).

Proposition 7.31. If C is a good E,,-monoidal (00, 1)-category then for each two E,-algebras A, B
in C, there is a E,_1-monoidal (00, 1)-category Bimoda g of A, B-bimodules in C.

One can inductively define a (co,n + 1) category Alg,, (C) with objects the E,-algebras in C
and morphism (0o, n)-category Alg(,_,)(Bimoda 5(C)).

The choice of name for these algebras is actually quite natural: the F,-algebras can be iden-
tified with algebras over the operad D,, of little n-disks, see [Lur09] claim 4.1.16].

So, in particular we are interested in the case n = 2. In this case, the construction gives
interesting results when we apply to it produce FEj-algebras in a Es-monoidal (oo, 1)-category.
Any symmetric monoidal category is Fs-monoidal by taking both assocative algebra structure to
be equal (the symmetry makes them commute). Thus, we look at categories of the form Alg, (C).
A criteria for an object of this category to be positively dualizable can be given in terms of a
criteria on the underlying object in C. The result is the following:

Proposition 7.32. A object A € Alg,(C) is positively dualizable if A is an associative algebra
object in C with a SO(2)-equivariant cotrace

cotr: 1 — A
Sl

where fsl A is the Hochschild homology A® agaoe A. This map should be such that the composition
1— A— / A A®A
51 50

identifies A with its dual AV .

Let M be an even-dimensional manifold. Lurie proposes to use as C the chain complexes over
the periodic ring R = Q[t,¢~!] with |[¢t| = 2. Then C,(2M; R) is easily seen to be an associative
algebra object in C by concatenation of loops. Indeed, the Hochschild homology of C.(QM; R) is
known to be quasi-isomorphic to C,(LM; R). The fundamental class gives the cotrace. The reason
for the assumption that M is even-dimensional and the use of R is that otherwise we need to deal
with orientations and degree shifts.

So, how can we do that? Lurie suggests using 2-gerbes, but it is hard to makes this precise.
Maybe it is easier to use a more geometric category than chain complexes. In particular, one is
inclined to take C = Spectra for a suitable model of spectra, e.g. symmetric or orthogonal spectra,
because this would probably simplify the task of comparing it to Godin’s construction of the string
operations.

Although it seems like one can obtain the open part of string topology by taking the ring
spectrum M ~TM A H7Z with cotrace given by the fundamental class, this doesn’t seem to assign
the correct value to the circle. Maybe we need to use a parametrized spectra over some base which
allows one to keep track of the twistings.

Conjecture 7.33. There is a suitable category of (possibly parametrized) ring spectrum in which
there is a positively dualizable object such that one recovers string topology when one takes the
homology of corresponding fully extended field theory.






APPENDIX A

Spectra

In this appendix we sketch some of the background of the theory of spectra that is used in this
thesis. In particular, the string operations are originally constructed as maps of (parametrized)
spectra. We start with the ordinary case and then discuss the theory of families of spectra, which
are known as parametrized spectra.

1. Spectra

1.1. Basic definitions. Spectra are a model for cohomology theories and are indispensable
when working with generalized (co)homology theories other than singular (co)homology. But even
in the case of singular (co)homology, they provide a nice framework in which to do homotopy
theoretical manipulations.

One of the problems of working with spectra, however, is the multiplicity of available models.
Much can be done in the classical theory of spectra, but then one has the large problem that the
homotopical structure is not compatible with the internal smash product, which has the additional
problem that it is difficult to define. To remedy this, people have come up with other models of
spectra, like S-modules, symmetric spectra and orthogonal spectra. However, we will mostly need
results from the classical and only occasionally remark that a certain manipulation can be justified
by using a more advanced model of spectra.

Our main references for the classical theory of spectra are [Ada74] and [Rud08]. The main
reference for symmetric spectra, our prefered advanced model of spectra, are [HSS99] and [Sch07].
Alternatively, one can use orthogonal spectra [MS06]. These have the advantage of being more
convenient for the theory of parametrized spectra.

Convention A.1. Occasionally, our notation will be slightly ambiguous, as in the case the tensor
A and the smash product A. Usually it is clear from the context what is meant, and if this is not
the case, it will be because the ambiguity doesn’t matter up to homotopy. This way we keep the
notation clean.

To start with our definition of spectra, we first recall the definition of the reduced suspension
and wedge sum operations on pointed spaces.

Definition A.2. Let X and Y be pointed spaces then the wedge sum X VY is given by X U

Y/(xx U*y). The reduced suspension XX = S' A X of a pointed space X is the pointed space
St x X/(Stv X).

Definition A.3. A spectrum E is a sequence {E,, },cz of pointed spaces together with embeddings
on : LE, = E,;1 called structure maps. A morphism of spectra f : E — F is a sequence
fn : En — F,, compatible with the structure maps o,,. This defines a category Spectra.

Because we are concerned with (co)homology, we are interested in the homotopy theory of
spectra and we need a notion of weak equivalence. To define this, we simply copy the definition of
a weak equivalence of topological spaces. To do this, we first need to define homotopy groups of
spectra.

191
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Definition A.4. Let E be a spectrum, then we define the homotopy groups of spectra mi(E) to
be lim;, o0 Tk4n(Ern) of usual homotopy groups of spaces over the system given by:

[Sktn B, —— [BSk BB, —— [S* L B, 1]

/]t (XS] [0" 0 %]

Note that we can use this to define a functor 7, from Spectra to GrAbgrps. It suffices to note
that a morphism of spectra f induces maps m(f) on homotopy groups and m, is then simply
obtained by taking a direct sum of all m;. Note that in contrast with normal topological spaces,
the homotopy groups can also be non-zero for negative integers.

Definition A.5. A map f: E — F is a weak equivalence if the induced maps 7. (f) : m.(E) —
7« (F') is an isomorphism in all degrees. We say that two spaces are weakly equivalent if there is a
zigzag of weak equivalences between them.

Definition A.6. The homotopy category of spectra HSpectra is the same with object spectra and
as morphism the weak equivalence classes of morphisms.

For spectra F, F' we usually denote the sets of morphisms from F to F' in HSpectra by [E, F].

Remark A.7. Recall that Whitehead’s theorem says that a map between CW-complexes that
induces an isomorphism on all homotopy groups, called a weak equivalence, is in fact a homotopy
equivalence. There is a notion of homotopy equivalence for spectra such that a version of White-
head’s theorem holds. Using the standard theorems on CW approximation, up to homotopy we
can assume that all E,, are CW complexes and the structure maps o, are cellular. Such a spectrum
is called a CW spectrum. In the case of a map between two CW spectra, we can also assume that
fn are cellular.

A subspectrum E’ of a CW-spectrum E is a sequence of cellular subcomplexes E!, compatible
with the structure maps oy, i.e. 0,(XE},) C E]_,. Hence the sequence {E} },cz with restricted
oy, is itself a spectrum. E’ is called cofinal if for each cell e of E there is an integer n such that X"e
is a cell of E’. Then two maps fy, f1 from E to F are said to be homotopic if there exists a cofinal
subspectrum E’ of E and a map of spectra f : E/ A I such that restriction of f to E' A {i,}
for i = 0,1 is f; restricted to E’. A homotopy equivalence is a morphism of spectra admitting a
inverse up to homotopy.

In this situation the Whitehead theorem holds. A morphism between two CW spectra is a
homotopy equivalence if and only if it is a weak equivalence.

Remark A.8. In symmetric spectra one should be careful because this is not the correct notion
of a weak equivalence if one wants to get the same homotopy types as in the classical theory
of spectra. This naive notion of weak equivalence does coincide with the correct one for fibrant
objects.

1.2. Examples of spectra. We now give three basic methods of constructing spectra: sus-
pension spectra, Eilenberg-Mac Lane spectra and the Brown representability theorem.

The easiest way to construct a map X E,, — E,,;1 is to simply define E, ;1 to be X E,,. In this
way, one can start at any Fj and work upwards to get candidates for structure maps. If we start
at k = 0 and thus set Ej = * for negative k and Fy arbitrary, we obtain the notion of a suspension
spectrum.

Definition A.9. Let X be a pointed space. Then the suspension spectrum %°°X is given by

X ifn>0
YX,=<X ifn=0
* ifn<0

Convention A.10. If there is no chance for confusion, we denote ¥X>°X simply by X. Later we
will see that for the purposes of (co)homology there is no essential difference between a space and
its corresponding spectrum.
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Note that any map f : X — Y induces a morphism of spectra on the suspension spectra and
this assignment is functorial. Hence we get a functor X°° from spaces to spectra. It is easy to
see from the definitions that this functor preserves weak equivalences. Furthermore, note that the
homotopy groups of spectra m,(X°°X) are the stable homotopy groups of X, usually denoted by
72 (X).

*

Remark A.11. In general, one has be to careful identifying a space with its suspension spectrum.
The reason for this is that although >°° preserves weak equivalence, it doesn’t detect them. In
other words, the stable homotopy type is less able to distinguish spaces than the ordinary homotopy
type.

An example for a map of spaces that is not a weak equivalence, but whose image under »°°
is one, can be given as follows: let X be any connected acyclic CW complex with non-trivial
fundamental group (necessarily perfect). Then X — x is not a weak homotopy equivalence by
looking at 71, but XX — X« is. This implies that X°°(f) induces a weak equivalence of spectra.

The most important of the suspension spectra is the one corresponding to S°. It occurs enough
to give it its own symbol: S. One of the reason for its importance is the following lemma, which
we will later state in a more general form:

Lemma A.12. There is a natural isomorphism between mo(E) and [S, E].

This concludes our discussion of suspension spectra. For the construction of Eilenberg-Mac
Lane spectra, we remember that for any abelian group there exist CW-complexes K (A, n) for n > 0
such that H™(—; A) is naturally isomorphic to [—, K (4, n)]. Now remember that H" oY is naturally
isomorphic to H"*!. From this one can deduce that there is a map XK (A4,n) — K(A,n+1) which
is a homotopy equivalence. Using a standard mapping cone construction, we can therefore find a
new sequence of Eilenberg-Mac Lane spaces such that the following definition gives a spectrum:

Definition A.13. Let A be an abelian group. Then the FEilenberg-Mac Lane spectrum HA is
given by

K(A,n) ifn>0

* ifn<0

(HA)n = {

Remark A.14. The construction HA can be made explicit using proposition [B:37] Remember
that for any group G, the functorial classifying space BG exists. However, if we apply this to an
abelian group A then BA will again be a abelian group object in Top, and we can iterate the
construction of B in the context of categories enriched in topological spaces to obtain a sequence
of spaces B™A. Tt turns out that are these are models for K (A, n). If one looks at the details of the
construction, one sees that B"T1A is constructed from B"A by taking a quotient of [[,~, A* x
B"A x ...x B"A. The term A! x B"A is attached to * at the boundaries of A, and this gives a
map LB"A — B"t1A.

So for cohomology with coefficients in an abelian group A we have a representing spectrum.
Natural questions may arise about the uniqueness of this spectrum and the uniqueness and existence
of spectra representing other generalized cohomology theories. To formulate the answer we need
to define a special class of spectra. First we note that a spectrum FE leads to a cohomology theory
E, using E.(X) = [X, E,] only if the adjoint E,, — QFE,;1 of 0, is a weak equivalence. The
class of spectrum with this property are called the 2-spectra and in fact every spectrum is weakly
equivalent to an Q-spectrum. Then there is a theorem known as Brown representability, which
tells us that Q-spectra are essentially the same as cohomology theories.

Theorem A.15. For each generalized cohomology theory E* there is an Q-spectrum E representing
it and this is unique up to weak equivalence.

Many explicit examples of spectra representing well-known generalized cohomology theories
exist: Fredholm operators commuting with Clifford actions for K-theory and Thom spectra over
classifying spaces for cobordism theories are well-known examples.
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1.3. Suspension, desuspension, tensoring and cotensoring. In this section we discuss
several easy to define operations on spectra and discuss there relations. The first thing we note
is that the we can always shift the index of the spectrum. This gives the first and most general
definition of suspension and desuspension.

Definition A.16. Let k € Z, then we define the functor ¥* : Spectra — Spectra by (X¥FE),, =
E, . The structure maps o, are shifted accordingly.

The functor X0 is the identity. If k& > 0, we call ¥* a suspension functor and ¥ := X! is
called the suspension functor. If k < 0, we call ©¥ a desuspension functor and ¥~ is called the
desuspension functor.

It is clear that =% and =% are mutually inverse. As an example note that £*S look as follows:
in degree n, where n > k, it is S”**. In particular, directly using the definition of the homotopy
groups of spectra, we can prove the following;:

Lemma A.17. There is a natural isomorphism m,(E) = [XFS, E] for all k € Z.

However, this definition of the suspension functors may seem a bit forced. However, we will
see that up to weak equivalence X is equal to functor on spectra that is defined topologically in a
natural way. The desuspension functor X! will be a inverse to this functor up to weak equivalence.
The existence of this inverse is one of the great advantages of the category of spectra and the reason
for calling the study of spectra stable homotopy theory.

To prove the existence of topological version of the suspension functor, we first note that
Spectra is tensored and cotensored over Top,. We start by defining the tensor:

Definition A.18. There is a functor A : Top, x Spectra — Spectra given by (X A E),, = X A E,,
where the latter is the smash product of topological spaces. It is called the tensoring operation.
The new structure maps o, are given by the smash product of the identity map of X and the
original o,,.

Proposition A.19. The tensoring operation A has the following properties:

Preserves equivalences: For all pointed spaces X,Y and spectra E,F, if f : X — Y isa
weak equivalence or g : E — F is a weak equivalence, then the induced maps f A id :
XNE—=-YANEandidNg: X NE — X NF are weak equivalences.

Associativity: For all pointed spaces X,Y and each spectrum E there is a natural weak
equivalence ( X NY)ANE~X AN (Y ANE).

Unit: The one point space x is a unit for A: for each spectrum E, there are natural weak
equivalences ¥ N\E ~ E ~ E A x.

A direct consequence of the definition is that X A XY is naturally isomorphic to 3°(X AY')
as (X A ¥°°Y), is nothing but X A (S1)"™ AY, and we can simply move the smash of circles to
the left to obtain (SH)"" A X AY = (Z°(X AY)),.

The smash with the circle plays an important role in the definition of a spectrum. This means
that it is useful to define a functor implementing this operation on the level of spectra and the
tensoring operation has given us a method to produce this implementation: S'A— is the topological
version of the suspension functor. Its most important property is the following:

Proposition A.20. Let E be a spectrum, then LE is naturally weakly equivalence to S* A E.

This is not strange, as S'AE and ©F are equal in degree greater than zero. This is particularly
fruitful when applied to E = S. It is clear that S* A'S = £>°S!. If one now recalls that we wrote
mo(E) as [S, E], and thinks of S as S° then the following will come as no suprise: using the tensor
we can similarly define the higher homotopy groups of spectra in terms of a topological operation
on spectra.

Lemma A.21. There is a natural isomorphism m,(E) = [(SY)" A'S, E], where we wedge with S*
k times, for every k € Z>.

For completeness, we also explain the cotensoring on Spectra. As expected, this is done using
the pointed mapping spaces, which are adjoint to smash product of pointed topological spaces.
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Definition A.22. There is a functor Map : Top, x Spectra — Spectra called the cotensoring
operation. It is contravariant in the first entry and covariant in the second entry and is given by
Map(X, E), = Map(X, E,), where the latter is the mapping space of topological spaces in the
compact open topology. The new structure maps o, are induced by postcomposition with the
original ones.

Proposition A.23. The cotensoring operation Map has the following properties:

Preserves equivalences: For all pointed spaces X,Y and spectra E,F, if f : X = Y
is a weak equivalence or g : E — F is a weak equivalence, then the induced maps
Map(f,id) : Map(X,FE) — Map(Y, E) and Map(id,g) : Map(X,E) — Map(X, F) are
weak equivalences.

Associativity: For all pointed spaces X,Y and each spectrum E there is a natural weak
equivalence Map(X,Map(Y, E)) ~ Map(X AY, E).

Unit: The one point space * is a unit for N\: for each spectrum E there are natural weak
equivalences Map(x, E) ~ E.

1.4. The smash product. The most useful feature of the category of spectra is the existence
of a symmetric monoidal structure up to homotopy, with product known as the smash product.
This gives a symmetric monoidal structure on the homotopy category. The exact incarnation of
this product depends on the model of spectra and in the classical theory is not easy to give a
definition. The interested reader may look at [Ada74, chapter 5. We will only claim that it
should be thought of as the generalization of the smash product of pointed spaces.

In any case, for our purposes it suffices to note the most important properties of the smash
product and to draw a few elementary conclusions from these.

Theorem A.24. There exists a product \ on Spectra with unit S. This is called the smash product.
More precisely this is a functor A : Spectra x Spectra — Spectra with the following properties:

Preserves equivalences: For all spectra E, F,G and each weak equivalence f : E — F the
mnduced map ENG — F NG is a weak equivalence.

Associativity: For all spectra E, F, G there is a natural equivalence (EAF)AG ~ EN(FAG).

Commutativity: For all spectra E, F there is a natural equivalence E AN F ~ F N E whose
square is weakly equivalent to the identity.

Unit: For each spectrum E there are natural equivalences SANE ~FE ~ E NS.

Compatibility with suspension: For all spectra E, F' there are natural equivalences E X EN
F~YXEAF).

Tensor can be written as smash: For a pointed spaces X and a spectrum E, the cotensor-
ing X N\ E is naturally equivalent to X*°X AN E, where X*°X 1is the suspension spectrum
and N\ the smash product.

Remark A.25. In the correct model of spectra, like symmetric spectra, this smash product will
make the category of spectra into a symmetric monoidal model category, which means that the
smash product is compatible with the model category structure. This property was actually the
reason why we called symmetric spectra or orthogonal spectra correct models of spectra. For more
details, see [HSS99] or [MS06].

An easy corollary of this is that XX A X°°Y is weakly equivalent to (X AY) by first
taking out X by seeing it as a tensor and then using that X A X°°Y is naturally isomorphic to
EX(X AY).

1.5. Homology and cohomology theories. Earlier in this section we gave the example
of spectra arising from generalized cohomology theories. We want to write essentially all of the
basic constructions in cohomology and homology theories in terms of spectra. Of course, a natural
question is then whether we can also interpret generalized homology theories in terms of spectra.
This is in fact the case under some mild conditions:
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Theorem A.26. Let E be an Q-spectrum, then the functor E, : Top, — GrAbgrps given on a
pointed space X in degree k by

Ek(X) = nh—>Holo 7Tn+k(X N En)

and given on a morphism f by the map induced by f Nidg, , is a generalized homology theory.
Dually, the functor E* : Top, — GrAbgrps given on a pointed space X in degree k by

EN(X) = [X, By

and on a morphism f given by the map induced by postcomposition by f, is a generalized cohomology
theory.

In fact this construction can be extended to the entire category of spectra, by precomposing
with a functor Q®X>® = lim; QFX* which makes every spectrum into a weakly equivalent (-
spectrum. This can be seen as a fibrant replacement in a model category structure on spectra.

Using the fact that the tensor X A — can be written in terms of the smash product XX A —,
we see that F,(X) can also be defined as 7, (XX A E) = [2FS, 2 X A E]. Note that the latter
describes homology purely as internal to homotopy category of spectra. Similar, E*(X) can be
written as [ X, F].

Using this description, we can find out how the suspension and desuspension functors act on
the (co)homology theories corresponding to a spectrum.

Proposition A.27. We have that (X"E)*(X) = E*T"(X) and (X"E).(X) = F._n(X).

PROOF. The first statement is easy: (X"E)*(X) = [X, (S"E)x] = [X, Epyx) = EF(X). For
the second statement, note that for a term in the limit defining Ex(X) we have that [SFS, XX A
YNE] = [k ¥ X A E, which is a term in the limit defining Ex_,, (X). O

Because we are mainly interested in singular (co)homology, one may ask whether the general-
ized homology theory corresponding to the Eilenberg-Mac Lane spectrum H A which represented
cohomology with coefficients in an abelian group A, is in fact homology with coefficients in A.
This is true because the homology theory associated to H A will satisfy the dimension axiom and
hence must be equal to singlar homology. We record this result in the next lemma.

Lemma A.28. Let HA be the Eilenberg-Mac Lane spectrum for an abelian group A. Then the
associated generalized homology theory (HA), is naturally isomorphic to singular homology with
coefficients in A.

Note that in this way we can naturally extend homology and cohomology to spectra: for a
spectrum E we have that H.(F;A) = m.(EANHA) and H*(E; A) = [*E, HA|.

If we have a pointed space X, then the suspension spectrum still has all the information about
the homology. This can be seen by considering the following string of equations:

Hy(X;4) = lim w5 (X A (HA)R) = (B X A (HA)x)

The reader should compare this to our earlier remark [A.T1] where we saw that up to homotopy
we can lose information about the noncommutative part of the fundamental group.

An important statement is that when we are dealing with CW spectra, the Whitehead and
homology Whitehead theorems hold under certain conditions. One might think that this would
require some notion of a simply connected spectrum, however the previous remarks show that if
we can just suspend, which is invertible in the category of spectra, we lose the non-commutative
part. Hence we do not need to worry about simply connectedness. Alternatively, one can think of
this that weak equivalences of spectra only care about the stable homotopy theory, which is weaker
than ordinary homotopy type, and hence under milder conditions a Whitehead theorem holds.

Let’s define some notions used in the Whitehead theorem for spectra. We say that a spectrum
E is bounded below if there exist a N € Z such that m;(F) = 0 for ¥ < N. One should this
condition as saying that the spectrum looks like a space, in the sense that its Postnikov tower is
bounded below.
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Theorem A.29. Let E,F be two spectrum which are bounded below and let f : E — F be a
morphism of spectra such that the induced map in homology is an isomorphism in all degrees.
Then [ is a weak equivalence. Furthermore, if E,F are in addition CW spectra, then f is a
homotopy equivalence.

The next thing we want to describe in terms of spectra are the cup and cap products. These
only exist for spectra satisfying some additional properties. In the case of cup products, one way
to see this is to note that we only have cup products in singular cohomology if our coefficient group
is a ring. The correct notion is that of a ring spectrum.

Definition A.30. A ring spectrum is a spectrum E together with an weakly associative product
@ ENAFE and weak unit 1 : S — E. This means that the following diagrams should commute up
to coherent weak equivalence:

id ~ ~
EANEANE S ENE SAE<S—E—5EAS
id/\p,J/ J{# nAidJ ln/\id
E/\EﬁE EAE?E(*}LE/\E

A ring spectrum is called commutative if, in addition, the product is commutative up to weak
equivalence. This means that the following diagram should commute up weak equivalence:

ENE

I

ENE——E

where 7 is the twist mapping a point (e, e’) to (¢, e).

A morphism ¢ : E — F of (commutative) ring spectra is a morphism of spectra intertwining
the product and unit up to weak equivalence. This means that the following two diagrams should
commute up to weak equivalence:

AN
EAE- AR s, g
ME\L J{MF A 1]
E—F r

¢

The product of a ring spectrum F induces a product in the cohomology as follows. Let X be a
pointed space and A : X — X A X be the diagonal map. Then we get a map U : E*(X)® E*(X) —
E*(X) as follows:

(X, En] % [X, Ep] — [X A X, En A Ep] 25 [X A X, Engm] 2 [X, Enm]

It is easy to see that if the ring spectrum is commutative then the induced product is graded
commutative.

Because we are interested in singular cohomology, we want to compare this to the more ele-
mentary definitions of the cup product. First note that if R is a commutative ring, then HR is
a commutative ring spectrum. To see this, note that because the classifying space construction
is functorial and preserves products it sends algebra objects in Grps to algebra objects in Top.
Using this technique, we obtain a spectrum H R which is an algebra object in Spectra and hence
in particular a commutative ring spectrum. The consequence of this is the first part of the next
lemma.

Lemma A.31. Let R be a commutative ring, then HR is a commutative ring spectrum and the
induced product on cohomology with coefficients in R is the cup product.
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Next we want to describe the cap product for spectra. The idea is that we can produce maps
N: EYX)® E.(X) = E._q(X) for all d € Z as follows: it suffices to produce the maps on each
term [S"t* X A E,] in the colimit defining the E-homology. On such a term we define it by

(X, Ed] x [S"F, X A E,] "8 (X By % [S7HF, X A X A By — [S™E, X A By A By

VAR [S7 XA Eogyn] — [T XA By

Of course, this definition has been chosen such that this construction indeed gives the usual
cap product.

Lemma A.32. The operation N induced by HR on homology with coefficients in R is the cap
product.

2. Parametrized spectra

Finally, we make a few remarks about parametrized spectra. Our motivation for this is that
ordinary spectra are insufficient to model homology with local coefficients, which we will need to
describe the Thom isomorphism for vector bundles which are not orientable. Because every vector
bundle is locally trivializable, one can apply the Thom isomorphism locally and try to glue all
of these together. In essence, a parametrized spectrum is the result of this glueing procedure: it
should be thought of as a bundle of spectra over a base space.

2.1. Definitions and basic constructions. As in the case of spectra, we give a naive
definition. This is certainly not good enough for the applications we have in mind, so in reality
one must use a good model of parametrized spectra based in turn on a good model of spectra.
One such a framework is given in the book by May and Sigurdsson [MS06] and is based on the
theory of orthogonal spectra. To give the naive description, we first discuss parametrized spaces
and ex-spaces, which are the parametrized analogues of spaces and pointed spaces.

Definition A.33. The category of parametrized spaces over base B is the slice category Top/B.
Thus a parametrized space is a pair of a space X and a map p : X — B. Morphisms are
commutative triangles.

The category of ex-spaces over B has as objects triple consisting of a space X with two maps
s: B — X and p: X — B such that their composition po s : B — B is the identity. Morphisms
are commutative diagrams.

The first map of an ex-space should be though of as giving a basepoint for each fiber of the
second map. It is possible to define a fiberwise suspension functor ¥ g for ex-spaces over B and
this is enough to give a naive definition of a parametrized spectrum.

Definition A.34. A parametrized spectrum E over B is a sequence {E,, },cz of ex-spaces over B
with fiberwise embeddings o,, : ¥gE,, — E,,41. A morphism of parametrized spectra is a sequence
of maps of ex-spaces compatible with structure maps o,,.

Now one can repeat all the definitions of the theory of spectra in this fiberwise context to
get fiberwise smash products, fiberwise mapping spectra, parametrized (commutative) ring specta,
etc. On the other hand, one can also introduce many constructions from bundle theory to this
context: pullbacks, associated bundles, etc. As an example we show how to define the generalized
homology associated to a parametrized spectrum.

Definition A.35. Let E be a parametrized spectra over B, then the E-homology E.(B) of B is
given by
Ex(B) = lim [S"™" x B,E,|p

n—00

where S"t* x B is the trivial ex-space with fiber S"** and [—, —]p denotes the set of fiberwise
homotopy classes of maps of ex-spaces over B.
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The reader may wonder how one produces parametrized spectra. There is a general method
which uses the theory of twists of generalized (co)homology theories. This theory roughly says
that for each commutative ring spectrum E there is a topological group gl; (E) of automorphisms
of F as a commutative ring spectrum. With this in mind, we now describe several methods to
produce parametrized spectra with an eye towards applications in this thesis.

Example A.36. Trivial parametrized spectra: There is a simple method to turn a spectrum
F into a parametrized spectrum E over B: simply set E,, = E,, x B. This is an ex-space
with p the projection on the second component and s the map sending a point in B to
the basepoint of F,, in the corresponding fiber.

Alternatively, F can be seen as a parametrized spectrum over the single point * and
then E is the pullback of E along the terminal map B — .

Group quotients: Let G be a topological group. Suppose that we have a commutative ring
spectrum E with automorphisms gl, (E), a space B with G-action and a homomorphism
G — gl,(E), then we can construct a parametrized spectrum over B := B/G.

One starts with the trivial spectrum E over B and defines E/G over B/G by identi-
fying the fibers of E over a orbit of G with each other using the elements of gl; (F). The
results indeed is a parametrized spectrum over B.

Associated bundles: The group quotient construction can be used to construct new parametrized
spectra in a way reminiscent of the associated bundle construction. Suppose that E is a
parametrized spectrum over B with fiber a commutative ring spectrum E and let F' be
another commutative ring spectrum. Then the automorphism spaces gl; (E) and gl, (F)
are well-defined. Suppose that we have a topological group G with homomorphisms
G — gl (FE) and G — gl (F).

Then one can form the associated spectrum E X F' by taking the new base space
B x G with fibered spectrum 7{E Apx ¢ F' and taking the quotient by G as before.

Pulling back the universal parametrized spectrum: Like a principal G-bundle can be con-
structed by pulling back the universal G-bundle EG over BG, a parametrized spectra with
fiber E in particular can arise from a map to Bgl, (E) by pulling a universal parametrized
spectrum with fiber E.

2.2. Homology with local coefficients. We will use these techniques to discuss the prop-
erties of homology with local coefficients.

2.2.1. Homology with local coefficients. We start by looking at grading-preserving local sys-
tems. In this case homology with local coefficients can be obtained by using singular chains which
don’t have constant coefficients, but coefficients depending on the image of the barycenter. We
will give the classical definition as in [Hat02] section 3.H]. For that we first need define the notion
of a bundle of abelian groups.

Definition A.37. A bundle of abelian groups is a covering space A of B with projection map
p: A — B satisfying the following two properties:

(1) Each fiber has the structure of an abelian group.

(2) There is an abelian group A such that for each point of B there is an open neighborhood
U and a homeomorphism of p~(U) with A x U which is given by an isomorphism of
groups in each fiber.

Remark A.38. A bundle of abelian groups with fiber A should not be confused with an A-
principal bundle. They are in fact equivalent to Aut(A)-principal bundles, as we will show later.
This difference is similar to that between a R™-principal bundle and a n-dimensional vector bundle,
which is equivalent to a GL(n)-principal bundle.

The idea is to define homology with local coefficients in a bundle of groups A as follows: It
is given by the homology of the chain complex of singular simplices of B with a choice of lift to
A. This chocie of lift is equivalent to a choice of point in the fiber above the barycenter because
simplices are contractible, but it is easier to describe the boundary maps using lifts. The boundary
of a singular simplex is given by its ordinary boundary together with the restriction of the lift to
this boundary. We denote this homology by H.(B,A).
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There are alternative constructions using parametrized spectra. The most obvious one gener-
alizes the construction of the Eilenberg-Mac Lane spectrum H A by iterating the classifying space
functor. Let A be an abelian group and suppose that A is a bundle of groups over a base space B
with fiber A. Then applying the iterated classifying space fiberwise, one obtains a parametrized
spectrum HA.

Lemma A.39. The homology with local coefficients H,(B;A) is naturally isomorphic to HA.(B).

It turns out that HA can also be obtained by the group quotient construction as described
earlier. To see this we note that gl (HA) is weakly equivalent to Aut(A) and a bundle groups with
fiber A is the same as a Aut(A)-principal bundle. Let A be the total space of this Aut(A)-principal
bundle, then HA is obtained by taking the quotient by Aut(A) of the trivial parametrized spectrum
HA over A.

2.2.2. Grading-preserving local systems. These remarks allows us to relate local coefficients to
twists. Although we have referred to them, let’s give a naive definition of a twist.

Definition A.40. A grading-preserving twist of a commutative ring spectrum F is gl, (F)-principal
bundle.

Using the associated bundle construction for parametrized spectrum, a non-trivial twist can
be used to create a non-trivial parametrized spectrum. The twists of homology figure quite promi-
nently in this thesis, so we give them a special name.

Definition A.41. A grading-preserving local system is a grading-preserving twist of an Eilenberg-
Mac Lane spectrum.

We just describe the most important case of local system: those by Z,. These are give all the
grading-preserving local systems for homology with coeflicients in Z or equivalently Q, but can
twist all other coefficient groups as well. The idea is that the group Zs should be thought of as
multiplication by 1 and in this guise is homotopy equivalent to gl, (HZ). Because multiplication
by —1 is an automorphism of every abelian group A, we have a map Zs — gl (HA) for all abelian
groups A and hence can twist all coefficient systems with these twists.

These local systems can be modelled in various ways, alluded to earlier.

Lemma A.42. The following four pieces of data are equivalent up to homotopy:

(1) A grading-preserving local system for HZ.
(2) A Zs-principal bundle L.

(8) A bundle of abelian groups L' with fiber Z.
(4) A 1-dimensional real vector bundle L.

PROOF. (1) < (2): A grading-preserving local system of HZ is a gl, (HZ)-principal bundle.
Because gl,(HZ) is homotopy equivalent to Aut(Z) = Zo, this is the same as a Zo-
principal bundle.

(2) & (3): This is the associated bundle construction in one direction and the automorphism
bundle construction in the other.
(2) & (4): Both are classified up to homotopy by CP°.
]

We will concretely describe the homology with local coefficients corresponding to corresponding
to a piece of data as above in several different ways. This gives the promised alternatives to applying
the classifying space functor fiberwise.

(1) In the most alternative is the associated bundle construction specialized to give a bundle
of groups from a A grading-preserving local system in the guise of Zs-principal bundle.
Here one uses that any abelian group A is a Zs-module under multiplication with +1.
The principal bundle can be seen as a double cover and one then defines the A, to
be A xz, L. Now apply the iterated classifying space functor to obtain a parametrized
spectrum HA .
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(2) Alternatively, one can first form the trivial parametrized spectrum HA over A X Zs and
use the group quotient construction.
This generalizes to give a way to construct HA g, out of HA, and a local system
L'. Indeed, the result of this is weakly equivalent to applying B fiberwise to the local
system obtained by twisting A by £ ® L.

One can externally multiply local systems: the fiberwise smash gives us a fiberwise weak
equivalence HA Agp HA" — H(A x A'). If HA' = HZ,: is the homology with local coefficients
obtained by applying the previous construction to local systems with fiber Z, then H(A x Z,/) is
naturally isomorphic to HA. as before. Hence we can also define HAz as HAAp HZ .

Suppose that one has a map of parametrized spectra f : HA — HA/ covering a map of base
spaces f : B — B’. We claim that one can transfer the twist to the other side. The idea is that
the associated bundle construction is natural. Given a local systems £’ on B’ we get a map

f~®£/ : HAf*,C’ — HA[/@[//

If we set £’ = £71, then we thus have found a way to move local systems from the codomain
to the domain. Similarly, we can move them from the domain to the codomain.

2.2.3. General local systems. Finally, we explain the general twists for homology with local
coefficients. The grading-preserving local systems were represented by Bgl; (E), but more general
ones might modify the grading. For homology this is simply given by shifting the grading for each
connected component, which can be represented by the space Z. A full local system for homology
with coefficients in an abelian group A over B can therefore be seen a map B — Bgl, (HA) x Z.

There is an obvious way to represent these twists is by graded 1-dimensional vector bun-
dles which extends the method of representing grading-preserving twists by 1-dimensional vector
bundles.

Definition A.43. A graded line bundle over B is a 1-dimensional real vector bundle together with
a locally constant map B — Z.

Note that this is a like a vector bundle, but modelled on the category of graded lines of
definition [5.47] Finally, we describe homology with local coefficients coming from a graded line.

Definition A.44. Let A be an abelian group and £ = (A, d) be a graded line bundle over B. Then
the parametrized spectrum H A/ is by definition the suspension X¢ of the parametrized spectrum
H Ay, where X is considered as a grading-preserving local system.

This last definition is the one that appears naturally in the context of the Thom isomorphism
for an unorientable vector bundle p. The vector bundle will be the determinant line bundle det(u)
and the degree shift will be its dimension.






APPENDIX B

Categorical constructions

In this second appendix we bring together the background of various definitions and construc-
tions used in this thesis. They all fit together under the vague banner of categorical constructions,
but include such diverse topics as category theory, homotopy theory and the theory of props and
operads.

1. Categories, symmetric monoidal categories and topological categories

We will assume that the reader has a rudimentary knowledge of category theory. Therefore, we
will only treat three specific refinements of the notion of category: symmetric monoidal categories,
enriched categories and internal categories. In particular, we will look at the topological cases,
because these appear naturally in this thesis. Our main sources for this are [MLIg| and [Kel05].
To do this, we will quickly repeat two equivalent sets of axioms for categories.

1.1. Two definitions of a category. We start with the definition as given in most elemen-
tary texts about category theory.

Definition B.1. A (small) category is a set Ob(C) and for each pair (X,Y) € Ob(C) a set
Hom(X,Y'). There should be a composition map o : Hom(X,Y) x Hom(X,Y) — Hom(X,Y) and
an identity morphism idxy € Hom(X, X). This data should satisfy the following axioms:

Associativity: The composition map is associative.
Identity: For any morphism f we have that ido f = f and foid = f.

This definition turns out to be well-suited for the enriched case. In particular, it is exactly the
definition of a category enriched in Set. There is an alternative definition which is well-suited for
categories internal to a category.

Definition B.2. A (small) category is a pair of sets Ob(C), Hom(C) together with maps 1 :

Ob(C) — Hom(C), s,t : Hom(C) — Ob(C) and o : Hom(C) xop(c) Hom(C) — Hom(C), where

Hom(C) x op(cyHom(C) is the subset of Hom(C) x Hom(C) of those pairs (f, g) such that t(f) = s(g).
This data should satisfy the following conditions.

Correct source and target of composition: The following diagram commutes:

Hom(C) +— Hom(C) x op(c) Hom(C) — = Hom(C)

Ob(C) ¢ Hom(C) ————— Ob(C)

Correct source and target of the identity: The following diagram commutes

/\

Hom(C) —— Ob(C) «—— Hom(C)

203
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Associativity: The following diagram commutes

Hom(C) X op(c)y Hom(C) X oy Hom(C) oxid, Hom(C) X op(c) Hom(C)

idx{ J

Hom(C) xob(cy Hom(C) Hom(C)

Identity: The following diagram commutes

idx1 1xid

Hom(C) X op(c) Ob(C) —— Hom(C) X gp(c) Hom(C) ¢+—— Ob(C) xop(cy Hom(C)

Hom(C)

As said before, this definition will be seen to naturally generalize to an internal category. In
particular, it is exactly the definition of a category internal to Set.

Lemma B.3. These two definitions are equivalent.

PRrOOF. If Cis a category in the sense of the first definition, then setting the set of morphisms
to be Hom(C) = [y y Hom(X,Y), s(f) = X and ¢(f) =Y for f € Hom(X,Y), o the coproduct
of the original composition map and 1(X) = idx, defines a category in the sense of the second
definition.

Similarly, if C is a category in the sense of the second definition, then setting Hom(X,Y) =
sTH{X}) Nt=1({Y}), o the restriction of the original o and idx = 1(X), defines a category in the
sense of the first definition. |

Remark B.4. The reader may wonder about the word “small” in these two definitions. The reason
for this is that they exclude examples like the category of sets, because these don’t have sets of
objects or morphisms, but classes. This can be solved by either keeping track of the cardinalities
involved or working with a hierarchy of Grothendieck universes.

1.2. Symmetric monoidal categories. We will now give the definition of a symmetric
monoidal category, which we will use when discussing the cobordism categories and enriched cat-
egory theory.

Definition B.5. A monoidal category is a category C together with a functor ® : C x C — C
and 1 : *x — C, where * the discrete category with a single object. There should be three natural
isomorphisms « : ® o (id X ®)— ® o(® x id) and g, : id x 1—=>m; and ng : 1 X id—my. These
are called the associator and the left and right units respectively. These functors and natural
transformations should satisfy the following axioms:

Pentagon axiom: The following diagram commutes:

(WeX)eY)eZ —"—-WeX)a(Y®2Z2) ——We (X (Y ®2)

la@id Tid@a

We(XeY))eZ We(XeY)®2)

[0

Identity: The following diagram commutes:

X®(1eY) = (X®)eY
XY

If the associator « and the units nr and 7y, are always identity morphisms, then the symmetric
monoidal category is called strict.
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An important remark about monoidal categories is that we have Mac Lane’s coherence theorem,
which says that if we have two valid terms consisting of objects, units, tensors and brackets, then
all ways of getting from the first term to the second by applying associators and units gives the
same morphism.

Definition B.6. Let T denote the twist functor of C x C, i.e. the functor given on objects by
T(X,Y) = (Y,X). A symmetric monoidal category is a monoidal category with an additional
natural isomorphism ¢ : ® o T—>® called the symmetry. This symmetry should satisfy the
following axioms.

Idempotence: The following diagram commutes:

XV —5YoX

L

X®Y

Compatibility with associativity: The following diagram commutes:

(XoYV)0Z "X eZ) ——(YeZ)oX

c@idl l

(Y®X)®ZT>Y®(X®Z)T®C>Y®(Z®X)
Compatibility with units: The following diagram commutes:

19X ——— X®l

R

Mac Lane’s coherence theorem extends to this context as well: if we have two valid terms
consisting of objects, units, tensors and brackets, then all way of getting from the first term to
the second by applying associators, symmetries and the unit maps gives the same morphism. In
practice this means that we don’t need to worry about the exact way in which we use symmetry
and associativity.

Remark B.7. Some of these axioms are redundant. Because the compatibility with the units
defines ng in terms of 77, we can remove it from the axioms.

Example B.8. We list some symmetric monoidal categories.

e The category Set of sets. This has as tensor product the usual products of sets. A
generalisation of this is the category of simplicial sets SSet, where the tensor product is
given by the degree-wise product of simplicial sets.

e The category Top of topological spaces with tensor products the space with underlying
set the product set and the product topology. There are variations on this: the category
CW of CW-complexes, the category of CW), of the spaces with the homotopy type of CW-
complexes, the category CGWHTop of compactly generated weakly Hausdorff spaces. In
some of these cases we need to modify the product by applying the Kelleyfication functor.
The last two variations are useful, because in this case the product admits a right adjoint.
In particular in [I.2) of chapter [2] we decided to use CGWHTop.

A generahzatlon of Top is the category of spectra Spectra. There are several different
models, which are morally equivalent. It is always true that homotopy category of spectra
HSpectra is symmetric monoidal, but for a symmetric monoidal smash product on spectra
one needs to pick a nice model of spectra. See appendix [A] for more information about
these.
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e The category Vect; of vector spaces over a field k. The tensor product is the ordinary
tensor product of vector spaces. This is a special case of the category Modg of R-modules
for a commutative ring R. Another special case is R = Z, in which cases we obtain the
category of abelian groups Abgrps.

We can also take into account a grading on the abelian groups. This is useful when
dealing with homology or cohomology groups. The tensor product then becomes (V ®
W)n = @ppi—n Vi @ Wi. The resulting category is denoted GrAbgrps.

Alternatively, we can look at formal differences of vector spaces to get the category
VirtVy, of virtual vector spaces over a field k. These play a role in modelling virtual vector
bundles, just like vector spaces model vector bundles.

e The two-dimensional cobordism category Bord™ has a objects the non-negative integers
and morphisms the isomorphism classes of oriented two-dimensional cobordisms. This is a
symmetric monoidal category, with product on objects being addition and on morphisms
disjoint union of cobordisms. This is the object underlying the theory of topological
quantum field theories, as in section of chapter [0}

1.3. Enriched categories. In category theory, we have learned that it is often useful to
abstract algebraic structures such that we can define them in other categories than the category of
sets. The idea is that any object whose axioms can be defined as a collection as sets and functions
satisfying certain commutative diagrams can be abstracted to any category by defining it to be
a collection of objects and morphisms which satisfying the same commutative diagrams in that
category.

If we are working in a symmetric monoidal category, we can also abstract structures in which
the commutative diagrams contain products. These are replaced by the tensor product.

For example, the notion of an algebra can be given in terms of axioms involving a product map
and unit map which satisfy associativity, commutativity and identity properties. These axioms can
be written in terms of diagrams and by demanding that similar commutative diagrams exist, we
get the notion of an algebra object. For example, a monoid in Top is nothing but a strict H-space.

We can therefore apply this procedure to the first form of the axioms of a category, thereby
getting a notion of a category enriched in a monoidal category. These are categories where the
morphisms have been replaced by object of a symmetric monoidal category.

Definition B.9. Let (C,®) be a monoidal category. A category D enriched in C is a set of
objects Ob(D) and for each pair (X,Y) € Ob(D) an object Hom(X,Y) € C. There should be
composition morphisms o : Hom(X,Y) ® Hom(Y, Z) — Hom(X, Z) and identity morphisms idx :
1 — Hom(X, X). This data should satisfy the following axioms.

Associativity.: The following diagram commutes:

Hom (W, X) ® (Hom(X,Y) ® Hom(Y, Z)) —22% Hom (W, X) ® Hom(X, Z)

(Hom(W, X) ® Hom(X,Y)) ® Hom(Y, Z) i Hom(W,Y) ® Hom(Y, Z)

Identity.: The following diagrams commute:

1® Hom(X,Y) % Hom(X, X) ® Hom(X,Y)



1. CATEGORIES, SYMMETRIC MONOIDAL CATEGORIES AND TOPOLOGICAL CATEGORIES 207

Hom(X,Y) ® 122%™ Hom(X,Y) @ Hom(Y,Y)

N
Hom(X,Y)

We said before, an ordinary category is a category enriched in Set. There exists natural
extensions of the notions of functors and natural transformations to the enriched context. For
completeness’ sake we spell them out.

Definition B.10. Let (C,®) be a monoidal category and D, E be categories enriched in C. An
enriched functor F': D — E is a map of sets f : Ob(D) — Ob(D) together with a set of morphisms
F : Hom(X,Y) — Hom(f(X), f(Y)). These morphisms should satisfy the following axioms:

Compatibility with composition: The following diagram commutes:

Hom(X,Y) ® Hom(Y, Z) — Hom(f(X), f(Y)) @ Hom(f(Y), f(2))

Hom(X, Z) Hom(f(X), f(Z))

Compatibility with identities: The following diagram commutes:

/W‘

Hom(X, X) —>H0m , f(X)

F

Definition B.11. Let (C,®) be a monoidal category, D, E be categories enriched in C and F,G :
D — E enriched functors. A enriched natural transformation § : F'——G is a set of morphisms
Bx : 1 —= Hom(f(X), g(X)) such that the following diagram commutes:

1 ® Hom(X, VY29 Hom(f(X), g(X)) ® Hom(g(X), g(Y))

Hom(X,Y) Hom(f(X),g(Y))

"RIJ /

Hom(X,Y) ® 1 —— Hom(f(X), f(Y)) ® Hom(f(Y), g(Y))

More complicated constructions like limits, colimits, Kan extensions, etc. are not always
straightforward and we will only introduce them where they are required. The interested reader
can consult [Kel05].

1.4. Internal categories. However, we can go one step further and try to get the objects
to be an object of category instead of a set of object. To do this we use the second formulation of
the axioms of a category.

First we remark that in the process of transferring definitions from the world of sets to category
theory, sometimes the operation we need to transfer is to be defined on a certain subobject. If this
suboject is given by equations, then we can write this subobject in terms of category theory, by
replacing its definition with a certain limit, for example a pullback. To make this work, one needs
to assume that the category one is working in is sufficiently complete. This will always be the case
in those situations we will be working with.

A topological category is something stronger. We also put a topology on the objects.

Definition B.12. Let C be a category with pullbacks. A category D internal to C is an object
Ob(D) of D together with an object Hom(D) of D, together with maps 1 : Ob(D) — Hom(D),
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s,t : Hom(D) — Ob(D) and o : Hom(D) xoppy Hom(D) — Hom(D), where the pullback is taken
over the diagram

Hom(D) X op(p) Hom(D) —~— Hom(D)

Hom(D) ———————— Ob(D)

This data should satisfy the following conditions.

Correct source and target of composition: The following diagram commutes:
Hom(D) +—— Hom(D) X ob(py Hom(D) —" Hom(D)
| g |
Ob(D) — Hom(D) e Ob(D)

Correct source and target of the identity: The following diagram commutes
Ob(D)
S N
Hom(D) —— Ob(D) —— Hom(D)

Associativity: The following diagram commutes

Hom(D) X oppy Hom(D) x opp) Hom(D) oxid, Hom(D) X op(py Hom(D)

Hom(D) xop(py Hom(D) Hom(D)

Identity: The following diagram commutes

idx1

—2% Hom(D) X on(p) Hom(D) £

Hom(D) X Ob(D) Ob(D) Ob(D) X Ob(D) Hom(D)

We want to the generalize the notions of functor and natural transformation to this setting,
looking at the set-valued case and enriched case for advice. For the rest of this section, we implicitly
fix a category with pullbacks to work in.

Definition B.13. A internal functor ' : C — D between internal categories is a pair of morphisms
Ob(F) : Ob(C) — Ob(D) and Hom(F') : Hom(C) — Hom(D), such that these morphisms commute
with the morphisms s, ¢, o and 1. More concretely, this means the data should satisfy the following
conditions:

Correct source and target: The following diagram commutes

Ob(C) +—— Hom(C) —— Ob(C)

Ob(F)J JHom(F) JOb(F)

Ob(C) +—— Hom(D) —— Ob(C)
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Compatible with composition: The following diagram commutes

Hom(C) xop(c) Hom(C)HMhom(D) X ob(py Hom(D)

Hom(D) Hom(D)

Hom(F)
Compatible with identities: The following diagram commutes

ob(C) 22, on (D)

{ Jl
Hom(C) = Hom(D)

Definition B.14. A internal natural transformation 7 between internal functors F,G : C — D is
a morphism 7 : Ob(C) — Hom(D) such that the following diagrams commute

Ob(C)

o |
n

Ob(D) +—— Hom(D) —— Ob(D)

Hom(C) _(mos)xHom(&) Hom(D) xop(py Hom(D)

Hom(F)X(not)J/ lo

Hom(D) X op(py Hom(D) ———— Hom(D)

1.5. Topological categories. We will be interested in the previous notions of enriched and
internal cateogires for the case C = Top. This is a very nice kind of symmetric monoidal category,
because the categorical product coincides with the tensor product.

Definition B.15. A category enriched in topological spaces is a category enriched in Top, as
above. A topological category is a category internal to Top.

Remark that a topological category with discrete object space is a category enriched in topo-
logical spaces. If the morphisms spaces are discrete as well, we simply get back an ordinary
category.

1.5.1. Constructing topological categories using spaces with action. In this section we describe
a method to produce new topological categories using so called spaces with an action of a category.
These should be thought of as functors from a topological category to Top.

Definition B.16. Let C be a topological category. A space with action A is consists of a space
A(ODb(C)) together with a surjective continuous map p : A(Ob(C)) — Ob(C) and a continuous map
a : A(Ob(C)) xop(cy Hom(C) — A(Ob(C)), where the former space is obtained as the following
pullback:

A(OB(C)) % op(c) Hom(C) —— Hom(C)

| |

A(Ob(C)) —————— Ob(C)

These should satisfy the following axioms:

Compatibility with source and target: For any point (z, f) € A(Ob(C)) xop(c) Hom(C)
we have that ¢(f) = p(a(z, f)).

Compatiblity with identity: For any point of the form (x,id), we have that a(z,id) = x.
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Associativity of a: The two maps A(Ob(C)) xon(c) Hom(C) xop(c) Hom(C) — X (Ob(C))
obtained by either applying a twice, or by first composing the morphisms and then
applying a, are equal.

Our remark that these spaces with action should be thought of as functor into Top can be
made precise in the case that C is an ordinary category.

Lemma B.17. Let C be an ordinary category seen as a discrete topological category, then the
notion of an ordinary functor F : C — Top and a space with action A are equivalent.

PROOF. Suppose that we are given an ordinary functor, then this determines a space with
action A by setting A(Ob(C)) = [[ycop(c) F'(X), giving p value X on the component F'(X) and

determining a using the fact that F"(Ob(C)) X on(c)Hom(C) is the space [ |y copc) (]_[f:XHY F(X))
and setting on a component F'(X)¢ by F(f).

For the converse, we set F(X) to be equal to p~1(X) for each object X € Ob(C). Similarly a
determines F'(f) by restricting a to the part of F(Ob(C)) X op(c) Hom(C) belonging to p~*(X) x
{r}. O

An important construction is the topological version of the Grothendieck construction. We
use it chapter [f] to interweave the data of the functors Split and Umk into the category VFn.

Definition B.18. Let C be a topological category and A be a space with action. Then we define
C | A to be following topological category.

It has the object space A(Ob(C)) and the morphism space A(Ob(C)) xopcy Hom(C). The
source map is given on (z, f) by x and the target map by a(z, f). The composition map is given

by (2, f) o (z, f) = (¢, f o f) and the identity map by 1(z) = (z, 1(p(z))).

2. Geometric realisation, homotopy colimits and homotopy limits

In this section we discuss an collection of related concepts that play a role in this thesis. All
are concerned with making topological spaces out of other objects and determining the homotopy
type of this space.

2.1. Geometric realisation of simplicial sets and simplicial spaces. Remember that A
is the category with objects the finite ordered sets [n] = {0,...,n} for n € NU{0} and morphisms
the order-preservering maps. A simplicial set is a functor A°? — Set. Alternatively, we can
characterize a simplicial set by a sequence of sets and morphisms satisfying certain commutative
diagrams. The category of simplicial sets is denoted by SSet.

The description of a simplicial set as a functor of A°P into Set means that we can define a
simplicial object in any category C as a functor A°? — C. A cosimplicial object is a functor A — C.

Let X be a simplicial set. We will construct the geometric realisation of X as a space with
one topological n-simplex for each n-simplex of X, which is attached to the (n — 1)=simplices and
(n + 1)-simplices corresponding to degeneracy and boundary maps respectively.

Definition B.19. There is a cosimplicial object A’ in Top. This is given by A} = {(to,...,t,) €
0,11 32 ti = 1}

Definition B.20. The geometric realisation of a simplicial set X is the topological space given by

T IT arx{e}]/~

neNU{0} r€X,,

where the equivalence relation ~ identifies the following points: (dt,z) ~ (t,0z) and (ot,z) ~
(t, sx).

Proposition B.21. The geometric realisation preserves products if one of the simplicial sets has
countable many elements.
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This theorem can be made to hold for any simplicial set if one works in the category of
compactly generated Hausdorff spaces or if one applies the Kelley functor.

We now want to generalize this to simplicial spaces. We start by defining these. Recall that
we defined a simplicial set to be a functor A°? — Set. To define a simplicial space, we simply
replace Set by Top. This gives a category STop of simplicial spaces.

Definition B.22. The geometric realisation is of a simplicial space X is the topological space
given by

H A" x X, | [/~

neNU{0}

where the equivalence relation ~ identifies the following points: (dt,z) ~ (t,0z) and (ot,z) ~
(t,sx) and the quotient is given the quotient topology.

Remark that a simplicial set can be seen as a simplicial space which is discrete in each degree.
Then the definition of the geometric realisation of a simplicial set given previously coincides with
this one. One can also extend the definition of geometric realisation to other cocomplete categories
with a nice cosimpicial object or categories tensored over Top. In particular, we will sometimes be
interested in simplicial spectra and their geometric realisation.

2.2. The nerve and geometric realisation of categories. We will discuss a method to
create a space out of a category. This will be useful as a way to build complicated spaces from a
combinatorial structure as encoded by a category.

2.2.1. The never and geometric realisation of a category. The nerve N'C of a category C is
a simplicial set containing all the information about the category. It is given by considering
the cosimplicial object in Cat given by n — [n], the linear category with object {0,...,n} and
morphisms from ¢ + 1 to i. Then N;C = Fun([k],C). More concretely, the k-simplices of A'C are
composable strings of £ morphisms:

x, I~ I x,
We will now discuss some properties of the nerve construction.

Proposition B.23. The nerve extends to a functor N : Cat — SSet. It preserves products, i.e.
N(C x D) isomorphic to N'(C) x N (D).

The geometric realisation gives a way to construct a space from a simplicial set, so it in
particular applies to the nerve of a category.

Definition B.24. The geometric realisation |C| of a category C is the geometric realisation of the
simplicial set A,C. Since the construction of a nerve from a category and the geometric realisation
of a simplicial set are both functorial, we obtain a functor | — | : Cat — Top.

Note that because both the nerve A and the geometric realisation |—| of simplicial sets preserve
products, the geometric realisation of categories will preserve products as well.

2.2.2. Natural transformations and homotopy equivalences. We want to understand when the
geometric realisations of two categories are homotopy equivalent. The most important proposition
in this respect is the following.

Proposition B.25. A natural transformation n between two functors F,G : C — D induces a
homotopy |n| between |F| and |G|.

PRrROOF. We note that two functors with a natural transformation between then is the same as
a functor C x [1] — D, where [1] is the category consisting of objects {0, 1} with a single morphism
0 — 1 in addition to the identities. Note that are functors d : C < C x [1] for i = 0, 1 given by the
X — X x {i} on objects and by f — f x {i} on morphisms. This way we obtain a commutative
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J\

Cx
le /
C

If we now apply geometric realisation everywhere, we obtain a commutative diagram:

diagram in Cat:

€l
. |£]
io
C x 1" p|
i1
T G|
€l
where we have used that |[1]| = I and the [1] has countable many simplices, from which it follows
that |C x [1]| 2 |C| x |[1]|. This displays |n| as a homotopy between |F| and |G]. O

The proposition has many corollaries, most of them nothing more than looking at particular
classes of functors and natural transformations and replacing each natural transformation by a
homotopy upon geometric realisation.

Equivalent categories: Remember that an equivalence of categories is a pair of functors that
are inverse up to a natural transformation.

Corollary B.26. Fquivalent categories have homotopy equivalent geometric realisations.
In particular, a category has the same geometric realisation as its skeleton.

Retraction on subcategory: A direct application is the following condition from a homotopy
equivalence in the special case of a category which retracts onto a subcategory.

Corollary B.27. Let D be a subcategory of C. Then |C| is homotopy equivalent to |D|
if there exists a functor R : C — C which coincides with the identity functor on D and
admits a natural transformation n : R—idc or v’ : idc—=R. In this case we say that C
retracts onto D.

Proor. It suffices to note that R can be seen as a functor C — D and together with
the inclusion I : C — D forms an equivalence of categories. O

Adjoint functors: Adjoint functors can be defined using the unit and counit natural transfor-
mations, leading to the following corollary.

Corollary B.28. Let F: C — D and G : D — C be such that F' 4 G are adjoint functors,
then |F| and |G| are inverse up to homotopy and induce a homotopy equivalence between
|C| and |D|.

PROOF. One of the equivalent characterizations of adjoint functors, is that there
exist natural transformations € : FG—=id and 7 : id—GF, known as counit and unit
respectively. Applying the previous, this proves the result. O

Note that this result can be generalized quite easily. There is no difference between

FG—=id and id—— F'G after applying homotopy. Similarly id—GF and GF—id both
give the same result.

Initial or terminal object: One example where the remark after the last corollary is useful is
the following lemma.
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Corollary B.29. The geometric realisation of a category with a terminal object is con-
tractible. Dually, the geometric realisation of a category with an initial object is con-
tractible.

PROOF. Let X be the terminal object. In this case it suffices to show that there is a
natural transformation from identity to the the functor C'x. Such a natural transforma-
tion ¢ : id——Cx is given by setting cy the unique map from Y to X. (|

Opposite category: A geometric realisation does not remember the direction of an arrow and
therefore should not be able to distinguish between a category and its oppostie. This can
be proven using the earlier corollary on adjoint functors:

Corollary B.30. The geometric realisation of a category is homotopy equivalent to the
geometric realisation of its opposite category.

ProOOF. Let ArTw(C) be the twisted arrow category. An object is an arrow f: X —
Y and morphism from f to g is a commutative diagram:

x—L sy

|

ZT>W

Projection on the source is a functor ArTw(C) — C°P and projection on the target
is a functor ArTw(C) — C. Both of these functors admit adjoints, hence we obtain
homotopy equivalences

|CP| ~ |ArTw(C)| ~ |C|
]

Category of (cos)simplices: Let C be a category. Then we define VC to be the category with
objects the k-simplices of the nerve NC for k£ > 0 and morphism the maps induced by the
boundary maps. Note that VC is isomorphic to the category of simplices of NC ordered
by coinclusion, i.e. there is a map o — ¢’ if 0/ C 0. We call VC the category of simplices.

Corollary B.31. The geometric realisation of VC is homotopy equivalent to the geomet-
ric realisation of C.

PRrROOF. Let P : VC — C be the functor which maps a sequence (X; — ... = X,,)
to X7 and a morphism (X; — ... = X,,) — (X;; — ... = X, ) to the composition
X —>...— Xi0~
The comma category X\ P of this functor is the category which has as objects the
sequences (X1 — ... = X)) together with a morphism X — X;, and morphisms as
before which are additionally compatible with the morphisms from X. This category is
isomorphic to the category of sequences (X — X; — ... — X,,) with morphisms which
never remove X. This has a terminal object X, hence is contractible
Using alternative formulation of Quillen A, here given in the lemma following theorem
we conclude that |P|: |VC| — |C| is a homotopy equivalence. O
2.2.3. Converging functor system. Often if one wants to link the geometric realisation of two
functors by a homotopy, one tries to construct a zig-zag functors and natural transformations
between the two functors. Sometimes it is not possible to give to control the length of the zigzag
for every object and morphism at same time, but we do know that the length of each zigzag is
‘finite’ for every individual object and morphism. This leads us to the definition of an converging
functor system.

Definition B.32. A converging functor system is a sequence of functors (F,)pen from C to D and
natural transformation (7, )nen where either 7, : F,,——=F, 41 or 0, : Fry1——F,, e.g.:

FleFy—sFy—s ...

The functors F,, and natural transformation 7, should satisfy the following properties:
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(1) for each object X in C there exists a N € N such that for n > N the value F,(X) is
constant and the component of 7, on X is the identity map for n > N,
(2) for each morphisms f there exists a N € N such that the value F,,(f) is constant.

The two conditions make precise the idea that length of the zig-zag is finite for each individual
object and morphism. The next lemma explains what a converging functor system is supposed to
converge to.

Lemma B.33. The functor F : C — D given on an object X by F,,(X) and on morphisms by
F,.(f) for n sufficiently large is well-defined.

We say that such a converging functor system goes from Fj to F.

PROOF. The definition of an converging functor system implies that F' is independent of the
choices of n for each object. It clearly sends identities to identities, since F;, does this. Therefore
it suffices to check associativity. To prove this, for a pair of arrows f: X — Y, ¢g:Y — Z pick
n large enough such that F,,(f) and F,(g) have stabilized. Then F(g) o F(f) = F,(g) o F,.(f) =

Fa(go f) = F(go f). O

We will now prove that a converging functor system going from Fj to F' induces a homotopy
between |F}| and |F|.

Proposition B.34. A converging functor system induces a homotopy between |Fy| : |C| — |D| and
|F'| : |C[ — [DI.

PROOF. Let h,, : |F,| X I — |F,+1] be the homotopy obtained from 7,,, possibly reversing the
direction if 1,41 is a natural transformation from F, 1, to Fj,.
Then we set the homotopy h to be equal to h; on the interval ¢t = [0, %], ho on the interval

t = [%, i], etc. Since the 7 stabilize for each object and morphism and the geometric realisation
has the weak topology, h will be a continuous map. Clearly at ¢t = 0 it is |F}| and one can check
that at ¢t = 1 it is | F|. O

2.2.4. Group actions. Another way to calculate the homotopy type of the geometric realisation
of a category is to look at group actions on it or on related categories.

An action of a group G on a category C is a map p from G to functors C — C such that
p(gh) = p(g) o p(h) and p(e) = idc. An action is called free it is free on objects. Necessarily it
is then free on morphisms as well, because the source map partitions the morphism set and if an
action is free on objects, it permutes these partitions.

This makes the nerve A(C) into a simplicial G-set, i.e. a simplicial object in the category of
G-sets or equivalently a simplicial set with G-action compatible with the simplicial maps.

Proposition B.35. Let C be a category and G — Fun(C, C) be a free action of a group G on C.
If |C| is contractible and there is a surjective functor m : C — D such that 7 identifies two objects
or two morphisms if and only if they are in the same G-orbit, then |D| is a K(G,1).

PROOF. The nerve N (C) is a simplicial G-set, hence |C| is a G-space. If the action of G on C
is free, this action on |C| is free. Hence |C|/G is a K(G,1).

Hence it suffices to show that |D| can be identified with |C|/G. Since quotients commute, it
suffices to show that N (C)/G can be identified with A/(D) using 7 by looking at the concrete
construction of the geometric realisation. But this is clear from the demands on 7. O

Remark B.36. This result is phrased in a way that is well-suited for applications. It is in fact
possible to describe D uniquely up to isomorphism. It is the category C/G with objects Ob(C)/G
and morphisms Mor(C)/G. This only is a category if the G-action is free. Otherwise one might
get problems with composition. This can be seen if one looks at the definition of the composition.

The composition is given as follows: let [f1] and [f2] be two morphisms, then their composition
is given by choosing a representative of f; and the unique (this uses freeness) representative of f,
which makes the composition of representatives in C possible.

If the action of G is not free, then it is still possible to describe a category D such that |D|
is weakly homotopy equivalent to the homotopy orbit space |C|pg. It is given by Thomason’s
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homotopy colimit construction for the diagram G — Cat which describes the category with G-
action.

A corollary is the following theorem, showing that indeed |G| is a BG and hence the terminology
of classifying space for the geometric realisation of a category has some merit to it.

Proposition B.37. There is a functor B : Grp — Top such that BG is a K(G,1) and B preserves
products.

PROOF. The space BG is obtained by applying geometric realisation to a group G seen as a
category with one object and only invertible morphisms. It suffices to show that this is a K(G, 1).
To do this, we define the category EG with objects indexed by G and the sets of morphisms from g
to h just the single arrow (g, h) and composition (g, h) o (h, k) = (g, k). Then |EG| is contractible,
because it has a terminal object e; every object h has a unique arrow (g, e) to it.

Furthmore, EG admits a G-action given by mapping g to the functor F, which sends an objects
h to the object gh and a arrow (h, k) to the arrow (gh, gk). This action is free.

The functor 7 : EG — G which maps an object g to the single object and a morphism (h, k)
to the morphism kh~! identifies two object or two morphisms if and only if they are in the same
G-orbit. We conclude that |G| is a K(G,1). O

2.3. Quillen’s theorem A and B. Quillen’s theorem A and B are terribly useful theorems
to help calculate the homotopy type of the geometric realisation of categories. The original proofs
can be found in [Qui73].

The context is as follows: we have a functor F' : C — D. Quillen’s Theorem A tells us when
the geometric realisation of this functor is a homotopy equivalence. In essence, it tells us that this
is the case if the geometric realisation of each fiber is contractible. The fiber over an object Y of
C in this case is the geometric realisation of the the comma category F/Y. This has as objects a
pair (X, f) of an object X of C and a map f : F(X) — Y and as morphisms ¢ : (X, f) — (X', f/)
the morphisms w : X — X’ such that fo F(w) = f’.

Theorem B.38 (Quillen’s theorem A). Suppose that |F/Y| is (weakly) contractible for all objects
Y of D, then |F|: |C| — |D| is a (weak) homotopy equivalence.

There is an alternative formulation of this theorem, pointed out by Quillen directly after the
statement of theorem A. It uses the comma category Y\ F. This has as objects a pair (X, f) of an
object X of C and a map f : Y — F(X) and as morphisms ¢ : (X, f) — (X', f’) the morphisms
w: X — X' such that F(w)o f = f'.

Lemma B.39. In Quillen’s theorem A, one can replace the condition that each |F/Y| is con-
tractible with the condition that each |Y\F)| is contractible.

PrOOF. Consider F°P : C°P — D°P, then the comma category F°P/Y has as objects a pair
(X, f) of an object X of C and a morphism f : Y — F(X) and as morphisms ¢ : (X, f) = (X', f/)
the morphisms w : X’ — X such that F(w) o f/ = f. This category is clearly is isomorphic to
Y\F. Hence |F°P| is a homotopy equivalence if and only if each |Y\F| is contractible. But we
know from the geometric realisation of a category is homotopy equivalent to that of its opposite,
which proves the lemma. (|

Quillen’s theorem B is more advanced, explaining what can be done if the fibers are not
contractible.

Theorem B.40 (Quillen’s theorem B). Suppose that |F/Y | is (weakly) homotopy equivalent to a
space X for all objects Y of D and each morphism f :Y — Y’ induces a homotopy equivalence.

Then there is a homotopy fibration X — |C| N ID].

2.4. The nerve and geometric realisation of topological categories. We will now
describe a notion of nerve and geometric realisation of topological categories, which extends the
usual definition of geometric realisation of a normal category when we see the latter as a topological
category with discrete object and morphism spaces.
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We start by noting that we can define the nerve N'C of a topological category D to be the
following space in degree k:

NkC = Hom(D) XOb(D) - -+ XOb(D) Hom(D)

k+1
As before, this construction satisfies the following properties:
Proposition B.41. The nerve extends to a functor N : TopCat — STop, which preserves products.

Definition B.42. The geometric realisation of topological category C is given the geometric
realisation of the simplicial space N'C. This gives a functor | — | : TopCat — Top.

One can prove a lot of the same theorems about the geometric realisation of normal categories
as well in the case of topological categories, with analogous proofs. However, there are some things
to be careful about. In particular, one is interested in the situation where a map X — ) of
simplicial spaces is a weak homotopy equivalence in each degree. This is the generalization of an
isomorphism of categories and hence should give a weak equivalence of geometric realisations. It
turns out that this is true only under certain conditions.

Definition B.43. A simplicial space X is said to be good if each degeneracy map s; : X,,_1 — X,
is a closed cofibration.

A closed cofibration is a Hurewicz cofibration which is also closed. It is known that a product
of closed cofibration is a closed cofibration, which we will use at some point.

Proposition B.44. If X and Y are good simplicial spaces and f : X — Y is a map of simplicial
spaces which is a levelwise weak equivalence, then |f|: |X| — |V| is a weak equivalence.

2.5. The fat geometric realisation. The previous result only works for good simplicial
spaces. Clearly this is a weakness and it turns out that one can trade in a good property of the
geometric realisation to solve this problem.

The idea is not to quotient out the degeneracies in the definition of the geometric realisation

Definition B.45. The fat geometric realisation || — || : sSet — Top is a functor given on an object
X by

1T T &> fe} |/~

neNU{0} z€ X,
where the equivalence relation ~g, identifies the following points: (0t,x) ~ (¢, 0z).
The fat geometric realisation is homotopy equivalent to the ordinary geometric realisation, but

no longer preserves products. It doesn’t really help when working with simplicial sets, but is good
for simplicial spaces.

Definition B.46. The fat geometric realisation || —|| : sTop — Top of simplicial spaces is a functor
given on an object X by

H A? X Xn / ~fat
neNU{0}
where the equivalence relation ~rg,, identifies the following points: (¢, x) ~ (¢, Ox).

Now we can see the advantage of using the fat geometric realisation: we no longer need
conditions like being a good simplicial space to get a weak equivalence of fat geometric realisations
from a levelwise weak equivalence.

Proposition B.47. If X and )Y are simplicial spaces and f : X — Y is a map of simplicial spaces
which is a levelwise weak equivalence, then ||f|| : ||X]| = ||V|| is @ weak equivalence.

Of course, this condition of goodness must appear somewhere and in fact appears when trying
to compare the fat and ordinary geometric realisation.

Proposition B.48. If X is a good simplicial space the quotient map ||X|| — |X| is a weak
equivalence.
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2.6. Bisimplicial sets and homotopy colimits. In this section we will discuss homotopy
colimits and in particular the model that we will use in this thesis.

2.6.1. Bisimplicial sets and homotopy colimits of simplicial sets. A bisimplicial set is a simpli-
cial object in SSet or equivalently (using an internal hom adjunction) a functor X, : A°P x A°P —
Set. These form a category SSets From this second description it is easy to see that there is a
diagonal map A° — A° x A°P which induces functor diag : SSety — SSet.

There is a categorical generalisation of the bar construction, usually used to construct nice
resolutions in homological algebra. In this construction we will see a bisimplicial set as a simplicial
object in simplicial sets.

Definition B.49. Let J be a small category and F' : J°P? — SSet and G : J — SSet be functors.
Then B..(F,J,G) is the bisimplicial set given in degree n by the simplicial set

B,..(F1,G) = [[ FU G(5(0))

jin]—J
where the coproduct runs over all functors j : [n] — J.

Definition B.50. The homotopy colimit hocolimj F' is by definition the diagonal simplicial set
diag B« (Cy, J, F'), where C, is the unique functor on J with codomain the terminal category .

We state some theorems on the diagonal functor in relation to homotopy colimits.

Theorem B.51. Let X,Y be bisimplicial sets f : X — 'Y be a map of bisimplicial sets such that f,
is weak equivalence of simplicial sets between X,, and Y, for alln € Z>y. Then diag(f) : diagX —
diagY is a weak homotopy equivalence.

We prove that the homotopy colimit indeed satisfies one of the properties that one want the
homotopy colimit to have.

Proposition B.52. Let n: F — G be a natural transformation between functors F,G : J — SSet.
Then there is an induced map hocolim 7 : hocolim F' — hocolim G. Ifn is such thatn; : F(i) — G(i)
induces a weak homotopy equivalence in geometric realisation for all objects i of J, then hocolimn
18 a weak homotopy equivalence.

PROOF. There is an induced map on bar constructions B, x (x,(J),n) : Bu(x,J,F) —
B, (,J,G) given by applying id x n;) on each component.

The assumption that n; : F(i) — G(i) induces a weak equivalence in geometric realisation
implies that the restriction Bj.(x,J, F) — Bp.(*,J,G) induces a weak homotopy equivalence.
This means that the previous theorem applies. O

2.6.2. Homotopy colimits of geometric realisations of categories. We will often be concerned
with a set of categories that we want to glue in some way. This can achieved through an alternative
construction of homotopy colimits in categories, known as Thomason’s theorem [Tho79]. First we
recall the Grothendieck construction.

Definition B.53. Let F : J — Cat be a functor. The Grothendieck construction J [ F' is the
category with object pairs (i,z) with ¢ an object of J and x an object of F(i). The morphisms
(i,x2) — (j,y) are pairs (f,¢) with f:i — j and ¢ : F(f)(z) = v.

Theorem B.54. Let F : J — Cat be a functor. The |J [ F| is weakly homotopy equivalent to
hocolim¢ | F(7)].

This can be proven using a general theorem of Hirschhorn about homotopy right cofinal functors
|[Hir03l Theorem 19.6.7(a)] and some properties of homotopy left Kan extensions. The former is
very useful and we therefore state it here.

Theorem B.55. Suppose that we have functors F: C — D and G : D — SSet such that the comma
category F/D for all objects D € D is (weakly) contractible. Then there is a weak equivalence

hocglim GoF ~ hocglimG

This theorem is turn in a general model category, like Top or Spectra.
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2.6.3. Homotopy colimits of spaces. Finally, we end with a concrete model for the homotopy
colimit of a diagram of spaces. Let F': J — Top be a diagram of spaces. Consider the associated
functor V(Sing,(F)) : J — Cat, which sends an object j € J to the category of simplices of
simplicial set Sing, (F(5)).

Now Thomason’s theorem implies that the homotopy colimit hocolim; |V (Sing, (F))| is given
by:

hocolim; |V (Sing, (F))| = |J/V(Sing*(F))|

I 11 A" x |V(Sing, (F))|(jo) | / ~

neENU{0} jn—...—JoENRI
where ~ is the obvious equivalence relation used in the geometric realisation. The latter can be
seen as the geometric realisation of the good simplicial space F given in degree k by
i = 11 |V (Sing..(F))](jo)
Je—.—=JoENRJ
However, often it more convenient to use the fat geometric realisation. To do this, we note

that F is good so that we have a homotopy equivalence between its ordinary and fat geometric
realisation. Then if we form the simplicial space F given in degree k by

Fr = 1T F(jo)

Je—>...—=joENRJ

there is a levelwise weak equivalence between F and F. This uses the fact that every space is
weakly equivalent to the geometric realisation of the simplex category of its singular simplicial set.
We conclude that 3 ~
hocolim |V (Sing, (F))| ~ |F| =~ ||F|| = ||F]|
We take the last to be the definition of the homotopy colimit of a diagram of spaces. This
clearly agrees with theorem[B.54]and is one of the many weakly equivalent definitions of a homotopy
colimits.

Definition B.56. The homotopy colimits of F': J — Top is the fat geometric realisation of F:

hocolim; F' = || F|| = H H A" x F(jo) | / ~tat

neENU{0} jn—>...—joENRJ
Remark B.57. This can be proven by noting that for the usual definitions of homotopy colimits
of diagrams of spaces in the literature, the cofibrancy conditions is not needed for an objectwise
weak equivalence to induce a weak equivalence of homotopy colimits. Hence the objectwise weak
equivalences |V (Sing, (F))| — F' induce a weak equivalence
hocolim; |V (Sing, (F'))| ~ hocolim; F’

2.7. Homotopy limits. Finally, we give the definition of a homotopy limit of a diagram of
spaces. Because this only appears once, we will not go into details much.
Definition B.58. Let F': J — Top be a diagram of spaces, then the homotopy limit holim;F is
defined to be the subspace of

II I re®

neENU{0} jn—...—Jo EN,J
of sequences of maps f, for 7 = (j, — ... = jo) such that the following diagrams commute: For
all 1 <14 < n we have the diagram

Fai
A1 =275 F(jo)

d

A" *f)F (jo)
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and for ¢ = 0 we have the diagram:

fq0,-

APt —" F(j1)

1

A™ — F(jo)

3. Props and operads

In this section of the appendix we describe how to encode algebraic structures using categorical
techniques. In particular we will define props and operads and look at some of their properties.

3.1. (Partial) props. In this section we will describe a very general notion of objects encod-
ing algebraic structures. These are modelled on the endomorphisms of an object in a symmetric
monoidal category (C,®). For any object X, set Endx(n,m) = Hom(X®" X®™). There is a
composition map

Endx(n,m) ® Endx(m, k) — Endx(n, k)
and the tensor product induces a map
Endx(ni,mi)®...... Endx(ng,mg) — Endx(ny + ...+ ng,my + ... +my)
Our next generalisation uses larger set of objects {X, ..., Z}: in this case we set
Endx,  z((nx,...,nz),(mx,...,mz)) = Hom(X®"X @ ... ® 292 XX @ ... @ Z9™%)

and we want to axiomatize the algebraic structure of these endomorphism objects. We begin by
giving the definitions and some examples. After that we treat a general construction of new props
from old ones. and use this to describe the homology prop associated to a topological prop.

3.1.1. Definitions and examples of a props. Recall that we want to axiomatize the algebraic
structure in the endomorphisms

Endx, . z((nx,...,nz),(mx,...,mz)) = Hom(X®"X @ ...@ Z9"2 XO™Mx @ . ® 7%7m%)

between product of several products in a symmetric monoidal category. We start by giving a way
to keep track of the products of objects using so-called colourings.

Definition B.59. Let B be a set of colours. A colouring is an element of the subset of Z5, of
functions such that only finitely many integers in the image are non-zero. We can add colourings

pointwise, that is, (f + ¢)(8) = f(8) + g(8).

We can consider the colourings in ZEO as a symmetric monoidal category, discrete and with
tensor product given by pointwise addition. We denote this category by C%.

Definition B.60. Let (C,®) be a symmetric monoidal category. A B-coloured sequence with
values in C is a symmetric monoidal functor C¥ — C.

Analogously, we can look at pairs of colourings. Again these can be added pointwise. We can
consider the colourings in Zgo X Zgo as a symmetric monoidal category, discrete and with tensor

product given by pointwise addition. We denote this category by C5.

Definition B.61. Let (C,®) be a symmetric monoidal category. A B-bicoloured sequence with
values in C is a symmetric monoidal functor C5§ — C.

A bicoloured sequence P may seem like something with not much structure, because there are
no morphisms in C5, but there is in fact quite a lot going on. To see this, we note that the data is
equivalent to picking a set of objects P(f, g) with maps coming by tensor product and symmetric
group actions coming from the symmetry. This gives us the following equivalent but more explicit
definition of a B-bicoloured sequence.

Definition B.62. A B-bicoloured sequence P with values C is a set of objects P(f, g) of C indexed
f,g € Ob(C¥) together with two sets of maps:
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e Aleft action A of [[5.5Xf(5) and a right action p of []5.5 Xg(5) on P(f, g).
e Addition maps v : P(f1,f1)® ... P(fn, f1) = P(fi+ ...+ fu, f1 + ...+ f}) for each
set {(f1. f1),-- -, (fu, f)} in Ob(CE).

These maps satisfy the following conditions:

Compatibility A and p: Note by definition of an action, we have that first multiplying in
the group and then applying A or p is the same as applying A or p twice. However, these
are also compatible in the sense the following diagram commutes

idXp

Hses Zrs) x P(f.9) x [pen Zgs) — pen Erp) x P(f.9)

mdl JA

}“j;g) X IIﬁGE?ZQ(B) o \}j(fvg)

Associativity of v: Because addition is associative, the same should hold for the tensor prod-
uct. That is, for each set {(f1,1, f11):-- - (fi,e05 f10)s (F21, £31)5 -+ (fn,15 £ 1)} the fol-

lowing diagram commutes.
n k v n k k
®i:1 ®j:1 P(fi,jv le,J) ? ®i:1 P(Zj:l fi,jv Zj:l fL/,j)
k n n n k
®j:1 P(Zi:l fi.,j’ Zi:l fz/J) 5 ’ P(Zi:l Ej:l fi,j7 Zi,j fz/g)

Equivariance of v: The addition maps v should be compatible with the groups actions. That
means that the following diagram should commute for each {(f1, f1),..., (fn, f})}.

Qi (H,ees Srp) < P(fis 1) x pen Ef;(ﬁ)) — =, Qi P(fis f7)

BXVXﬁl JV

Mpes Bxi, s *x PO fis D £) x ges Exy o) —5 PSS fi iy D)

where 3 : [[ X, — X5y, is the disjoint union map, i.e. puts a number of permutations
next to each other.

We can now give the abstract definition of a prop, which is essentially a B-bicoloured sequence
with additional strucutre. However, we start with a more abstract definition.

Definition B.63. Let (C,®) be a symmetric monoidal category. A B-coloured prop P in C is a
strict symmetric monoidal category P enriched in C with objects the objects of C¥ such that the
tensor product of P is induced by the tensor product of C%.

We will unwind this definition to make it more tractable. On the objects, the fact that P is
symmetric monoidal implies that we have an action of [], .z X ¢@) on the object f. This induces
corresponding actions on the morphism objects, giving left and right actions of symmetric groups.

But there is of course much more structure on the morphism objects P(f,g) € C. The fact
that the tensor product of P comes from addition in Z§0 implies that we have tensor product maps
X:P(fi,f1)®...QP(fn, fl) = P(fi+..., fn, [1+...+ f}) for each pair of sets {f1,..., fn} and
{fi,..., f,} in ZB,. This should be associative, commutative and respect units.

In addition, we have composition maps between the morphism objects and these must be
compatible with the tensor product. This gives us the following description.

Definition B.64. Let (C,®) be a symmetric monoidal category. A B-coloured prop in C is a
B-bicoloured sequence P in C together with three sets of maps:

e A left action of [[5.5X(5) and a right action of [[5.5 () on P(f,g).

e Composition maps x : P(f,g) ® P(g,h) — P(f,h) for all f,g,h € Z5,,.
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e Unit maps 7y, : 1 = P(1;, 1) where 1, is the function which is 1 on b € B and zero on all
other elements of B.
These operations are subject to the following conditions:

Associativity: There are three associativity axioms: associativity for -y, associativity for x
and compatibility of v and x. The first already appears in the axioms of a B-bicoloured
sequence and therefore will not be repeated here. The associativity of y is expressed by
the demand that the following diagram commutes:

P(f,q) @ P(g,h) © P(h,i) 2% P(f,h) ® P(h,i)

id®xJ{ | lx.
P(f,9) ® P(g,i) ———— P(f,9)

The compatibility of v and x is expressed by the commutativity of the following
diagram:

®n

Qi1 P(fi, 1) @ P(fi, fi') &y P(fir £7)

POz i 2 [ @ POy J1 220 ) — POy fo i 1)

Equivariance: Both the maps v and x should be equivariant with respect to the actions of
the symmetric groups. Because the equivariance of v is already included in the demand
that P is a bicoloured sequence, we just need to write down the diagrams expressing
equivariance for x . There are two: the first one expressing “external equivariance” and
the second one expressing “internal equivariance.

AR
[ses Zrs) X P(f,9) @ P(9,h) x [T Snis) —2 P(f.9) @ P(g, h)

id X x X idl JX

Mses Srs)  PUR) % Tpes Snis) —5r——— P )

P(f.9) % T1sen S % Plo.h) 2% P(f,) @ P(g, f)
idx)\l J{X
P(f,9)® P(g,h) < P(f,h)

Identity: The maps 7, should acts as left and right identities for x, in the sense that the
following diagram commutes:

19510 @ P(f,g) < P(f,9) ——— P(f,g) ® 12290

I ®idl lid@)l—l M

Qs P16, 1)) @ P(f,9) P(f,9) @ Qpep P(1p, 159"

’v®idl lid@y

Example B.65. The collection Endx (n,m) is a prop of sets with a single colour. Similarly, the
collection Endx, . z((nx,...,nz),(mx,...,mz)) is a prop of sets with set of colours {X, ..., Z}.
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Every prop has an underlying category enriched in C, given by using the colourings as objects
and the object P(f,g) as hom-objects. The composition is then simply the map x.

Sometimes we aren’t as lucky as to be able to define a full prop, for example because we don’t
want to allow morphisms mapping to some objects. The result is a partial prop.

Definition B.66. A partial prop is a prop in the sense of definition such that the objects
P(f,g) and the composition are defined for only a subset of the pairs f,g € Zgo and then possibly
only on a subobject of P(f,g) ® P(g,h).

This may seem a bit of a unwieldy definition, but we will now recall two important examples
of props that appear in this thesis, making clear the need for the definition of a partial prop.

Example B.67. We freely use the definitions from section 2.I] The isomorphism classes of 2-
dimensional closed cobordisms form a prop Bord™ in Set on a single colour denoting the number
of boundary circles. The open-closed cobordisms similarly are a prop in Set on two colours denoting
the circle and the interval, and the B-labelled cobordisms are a prop on colours the union of a
single colour denoting the circle and pairs of lements in B x B denoting intervals with two boundary
labels.

Of course intuitively we have an idea of when two cobordisms are “nearby”, in the sense of the
moduli space obtained from the Teichmiiller space of conformal structure. This leads to a prop
in Top given by moduli spaces of cobordisms with composition induced by glueing. This is made
precise most easily using our nice cobordism prop Bordg consisting of the classifying spaces of the
mapping class groups of B-labelled cobordisms.

If we want to restrict to the positive boundary cobordisms, as is necessary in string topology,
we need to restrict to the partial prop Bordg in Bordg where we don’t allow connected component
with empty outgoing boundary.

3.1.2. Constructing props. There is a simple way to construct a new prop from an old one.
This requires a symmetric monoidal functor F' : C — D. Recall that a symmetric monoidal functor
has natural maps F(X)®@ F(Y) — F(XQ®Y). It is clear that any such symmetric monoidal functor
will send a bicoloured sequence to a bicoloured sequence, simply by composition of functors. It
also sends props to props.

Lemma B.68. If P is a prop in C, then F(P) can be given the structure of a prop in D.

PRrROOF. It suffices to describe the composition maps for F'(P). But these are simply described
by

F(P(f,9)) ® F(P(g,h)) — F(P(f,9) @ P(g,h)) "% F(P(,h))

O

We will now discuss an important example of this construction, which will be used throughout
this thesis.

Example B.69. Consider the case C = Top, D = GrAbgrps and F' is any type of homology with
coefficients in a principal ideal domain R, denoted by H.(—; R). Here Top is a symmetric monoidal
category with the cartesian product. One can also replace Top with Spectra, which has a symmetric
monoidal smash product in good models. Anyway, Kiinneth theorem tells us that there is a natural
short exact sequence

0— P Hi(X;R)®@rH;(Y;R) — Hu(XxY;R) — D Tor{'(Hi(X; R); H;(Y;R)) — 0
i+j=Fk itj=k—1

and hence the first map of this short exact sequence gives us the maps H,(X;R) ® H.(Y;R) —
H.(X xY;R) needed to make H,(—; R) into a symmetric monoidal functor. We conclude that if
‘P is a prop in topological spaces, like the nice cobordism prop from section then H,(P;R) is
a prop in graded abelian groups.

Note that if R is a field &, then the maps H.(X;k) ® H.(Y;k) — H.(X x Y;k) are in fact
isomorphisms. This will be important in the theory of algebras over a prop.
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One can also ask about the situation for other generalized homology theories. In general
one can prove the existence of a Kiinneth spectral sequence which has the tensor product of the
generalized homology on the E2-page and converges to the generalized homology of the product.
One can use this to prove that for example complex K-theory and complex cobordism are give
symmetric monoidal functors Top — GrAbgrps.

3.1.3. Algebra’s over props. We stated before that props should be though of as encoding
generalized algebraic structures. How do they do this? We will now describe this by defining
algebras over props. We first give the abstract definition and then describe a more down-to-earth
version of it.

Definition B.70. Let C be a symmetric monoidal category and P a (partial) prop in C. A algebra
over P is a C-enriched symmetric monoidal functor A : P — C.

If one unpacks all the definitions, this boils down to the following.

Definition B.71. Let P be a prop in C on a set of colours B. An algebra A over P consists of
objects Ag for 5 € B together with operations:

n:P(f,9)® R)(Ap)* D — R)(A45) @

BeB BseB
which are compatible with the addition maps, composition maps, group actions and identities.

Example B.72. The objects X, ..., Z form an algebra over the endomorphism prop Endx, 7.

Note that applying a symmetric monoidal functor to an algebra A over a prop P doesn’t
return an algebra without further conditions. The problem that there is no guarantee of a map
F((Ap)®fB)) — F(Ap)®/P). This does occur if we impose the conditions that the natural maps
F(X)® F(Y) = F(X ®Y) are isomorphisms. An example of this is the functor associating to a
space its homology with coefficients in a field k. Hence an algebra over a topological prop gives a
homology algebra over the homology prop as long as we work with field coefficients.

3.2. Operads. An operad is a restriction of the structure of a prop. In fact, any prop contains
an operad. We will discuss the case that occurs most often: an operad on a single colour. The
general case with multiple colours is slightly closer to a prop and therefore might seem more natural
to discuss instead, but will not be used in this thesis.

Recall that the axioms of a prop were derived by looking at the structure of the endomorphisms

EndX,m’Z((nX,. .. 777,2), (mx,. . .,mz)) = Hom(X®"X X...Q0 Z®nZ,X®mX X...Q0 Z®Tﬂz)

of several objects. A single colour corresponds to a single object, so in that case we are in fact
modelling our prop on Endx(n,m) = Hom(X®" Y®™). These endomorphisms have addition
operations, coming from the coproduct, and composition operations. The idea of an operad is just
to look at the structure of

Endx (n) = Hom(X®", X)
and just look at the composition operations, since then the addition operations no longer make
sense. The result of axiomatizing this is the following set of definitions.

Definition B.73. Let Sym; be the category with objects n € N and morphisms Hom(n,n) = %,
the symmetric group and Hom(n,m) = () for n # m. Let C be any category, then a symmetric
sequence O in C is a functor O : Sym; — C.

In other words, a symmetric sequence consists of a sequence of object labelled by an integer
together with an action of a symmetric group. This is the analog of a B-bicoloured sequence for
operad, which for convenience already includes symmetric group actions that appear only later in
the definition of a prop.

Definition B.74. Let (C,®) be a symmetric monoidal category, then an operad O is a symmetric
sequence O together with a set of composition maps x : O(n) @ O(k1) ®...@ O(k,) = O, ki)
for integers n, k1, ..., k,, and a unit map w : 1 — O(1) satisfying the following axioms:
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Associativity: The composition maps should be associative, in the sense that for all choices
of integers the following diagram commutes:

Om) © OF) © 00 ® ... 0 O(f,) —25 0(n) © O, 11y) © ... © O(SH, 1)

X®id®"J lx

O k) ®@O(1) ®...@0(,) N O i, S8 1)

where for a sequence k = (ky, ..., ky) of integers O(k) is by definition O(k;)®. .. O (ky).
Unit: The unit map u : 1 — O(1) should behave as a left- and right-sided unit, in the sense
that the following two diagrams commute:

O(n) 24 0(1) ® O(n) O(n) %(1) ®...00()
O(n) \ O(n)

Equivariance: The composition maps x should be equivariant in the sense that the following
two diagrams commute:

O(n) ® O(ky) ® O (k) —— 27 O(n) © Okia(r)) © - . © Olkiy(a)

xl lx
O k) — O k)
where p(o) denotes the permutation o as acting by the symmetry of the symmetric

monoidal category and a(o) : 3, — Xy-n . is the strand splitting map which sends o
to the appropriate block permutation of set (1,...,> 1 | k;).

O(n) ® O(k1) © O(kn) 221220 () @ O(ky) @ O(k»)

O 1L, ki) 01, ki)

where (8 : [, Sy, — Y5on , is the disjoint union map which puts the permutations
next to each other.

B(T15ee,Tn)

Almost by definition, the following is true:

Lemma B.75. Let P be a prop with set of colours B. Then if one sets O(n) to be P(n - 1p,13)
where 1y is the function having its only non-zero value 1 at b € B with symmetric action from the
left, the symmetric sequence O(n) can be given the structure of an operad by setting composition
maps xXo to be

Xo:0(n)@0(k)®...0 O(k,) — O(i k;)

(xvl'lv"'axn) — X(x,’y(mla"'axn))

Remark B.76. Note that it suffices to start with a partial prop which is defined for the sets
P(n - 1;,1,) that we use. In particular, we can construct operads from the positive boundary
cobordism prop of section [2.1

Hence we can create at least #B differents operads from a prop P. Furthermore, it is clear
that we can still apply a symmetric monoidal functor F' to O to get a new operad F(O). If O is
obtained from P in the manner described above then F(Q) is the same as the operad obtained
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from F(P) in the manner describe above. Finally, algebras over operads can be defined. Because
they feature prominently in some sections of this thesis, we give this definition.

Definition B.77. An algebra A over an operad O in C is an object A together with operations:
n:0(n)® A®" — A
which are compatible with composition, the group actions and the units, in the following sense:
Compatibility with composition: The following diagram should commute:

n i n
OM) ® O(k1) ® ... ® Oky) © A® Zim K E1 0 () @ A®™

O(X1, ki) @ A® T ks — :

Equivariance: The following diagram should commute:

oc®id®™

O(n) @ A2 225 0(n) @ A®™

id®p(0)l ln

O(n) ® A®" ———— A

where p(c) is o acting by the symmetry of the symmetric monoidal category.
Units: The following diagram should commute:

N

Again we can try to apply a symmetric monoidal functor to an algebra over an operad. Because
in contrast to the case of an algebra over a prop we do not need to split the codomain, any symmetric
monoidal functor F sends an algebra A over an operad O to an algebra F'(A) over an operad F(O).

Example B.78. In section [3.2] of chapter [2] we see that commutative Frobenius algebras are
algebras over the operad obtained by restricting prop Bord™ of two-dimensional cobordisms. In
that chapter can also find how Poisson algebras and BV-algebras arise as algebras over an operad.
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CONSTRUCTING HIGHER STRING TOPOLOGY OPERATIONS USING
RADIAL SLIT CONFIGURATIONS

A.P.M. KUPERS

ABSTRACT. In this note we describe a new method to construct higher string topology opera-
tions and show that these endow H.(LM) with the structure of an HCFT. More generally the
same techniques endow Fy(LM) with the structure of a ECFT, where FE is a commutative ring
spectrum. Our construction is based on radial slit configurations and is elementary, except for
some applications of parametrized spectra.
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INTRODUCTION

String topology is the study of the algebraic structure on the homology H,(LM) of the free loop
space of a compact oriented manifold induced by the merging and splitting of strings. More gener-
ally one can also look at the algebraic structure on E,(LM) for E, a generalized homology theory.
The worldsheets of strings merging or splittings are 2-dimensional compact oriented cobordisms
with incoming and outgoing boundary circles.

Originally people defined such string operations for each isomorphism class of cobordism: Chas
and Sullivan [CS99] constructed these on the chain level using transversal intersections, inspired
by the Goldman bracket on free homotopy classes of curves on a surface. Later, Cohen and Jones
[CJ02] found a homotopy-theoretic construction of these operations using the Pontryagin-Thom
collapse map. In the end, all give the shifted homology H,..4(LM) the structure of BV-algebra
[CV0G).

The next step in this direction was to replace the isomorphism classes of cobordisms with
moduli spaces of these cobordisms. This was done in an important article by Godin [God07],
who defined string operations indexed by the homology groups of the moduli spaces of cobordisms
by generalizing the technique of Cohen and Jones. This endows H,(LM) with the structure of
a d-dimensional HCFT, as defined in [God07]. If one just considers the homology of the moduli
spaces of genus zero cobordisms with many incoming but one outgoing boundary components, one
recovers the BV-algebra structure.

The work of Godin contains many interesting ideas, but requires advanced techniques and is a
bit intimidating on a first read. In our opinion, this is a consequence of the choice of model for the
moduli space: the geometric realisation of a category of ribbon graphs. In this note we use a differ-
ent model which significantly simplifies the construction. This model is Bodigheimer’s radial slit

Date: June 7, 2011.



2 A.P.M. KUPERS

configuration model [Bod06]. It has the additional advantage of having a natural compactification.

It seems probable that one can extend the string topology operations to this compactification, see
[Poil(] or section

In the first two sections we describe those parts of Bédigheimer’s model that will be used in our
construction of the string operations. In the following two sections we construct the operations
and show that they are compatible with the prop structure of the moduli space. After that, we
show that our construction indeed recovers the degree zero string operations and make it plausible
that they are equal to Godin’s. Finally, we take a look at possible applications and extensions of
this construction.

1. RADIAL SLIT CONFIGURATIONS

We begin by describing the model for the moduli space of Riemann surfaces with incoming and
outgoing boundary that we will use. It is a variation on Bodigheimer’s model, as found in [Bod06].

Remark 1.1. Although we will define everything we need for our construction, a reader familiar
with Bodigheimer’s model may find it helpful to know that our model differs from that in [B6d06]
in the following aspects:

we have non-permutable boundary components,

fixed inner radius 1 of the annuli,

constant outer radius R > 1 of the each of the annuli,

marked parametrisation point on each outgoing boundary component,
no connectedness requirements,

and additional parameters controlling partial glueings.

1.1. Radial slit preconfigurations. We start by describing spaces of radial slit preconfigura-
tions, which will be the basis of the model of the moduli space of Riemann surfaces with boundary
that we will use. We fix integers h > 0, m > 1 and n > 1. One should think of h as minus
the Euler characteristic, m as the number of incoming boundary circles and n as the number of
outgoing boundary circles.

We first define our particular model for the annulus.

Definition 1.2. For R > 1, we define Ag to be the annulus {z € C|1 < |z|] < R}. The inner
boundary 9;,Ag is the subspace {z € C||z| = 1} and the boundary J,,:Ag is the subspace
{z € C||z| = R}.

Using this, we can define the space of radial slit preconfigurations. In this definition we will
use the notion of a radial segment. For any zg € A the radial segment through zq is given by
{z € C|arg 29 = arg z and |{y| < |z| < R} C Ag.

Definition 1.3. The space of possibly degenerate preconfigurations PRad;lfg (m,n) is given by
a subspace of ([[/~; C)?" x Sap, x Sap x {0,1}?" x (1,00) x ([]i~, C)™ x [0,00)*" of elements
L=((\w06,R, }3, F) The (; are called the slits, A the slit pairing, w the successor permutation,
O the ordering set of exceptional indices, R the outer radius, the P; the parametrisation points
and the ¢; the partial glueing parameters. We will use the subspace of such data subject to the
following conditions:

If a slit ¢; lies in C;, then it lies in the annulus A C C;.

If a parametrisation point F; lies in C;, then it lies in the outer boundary OpuiAr C C;.
The slit pairing A consists of h cycles of length 2.

The successor permutation w consists of a disjoint union of m cycles.

The cycles of w consist exactly of those indices of slits ¢; lying on one of the annuli and
the permutation action of w on these (; preserves their weakly cyclic ordering coming from
the argument in counterclockwise direction.

e The so-called boundary component permutation A o w consists of n cycles.
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o We demand that P; lies in the subset O; of H?Zl(aoutAR) which we will now define.
The n cycles of A o w partition the outer boundaries of the annuli into n parts O; for
1 < i < n, overlapping only in single points. To be precise, O; is the union of the parts
in the outer boundary between the intersection of outer boundary of the annulus with
the radial segments through ¢; and ¢, ;) respectively, for all j in a cycle of w. In terms
of a notion to be defined later, in definition [I.9} O; is the preimage of the i’th outgoing
boundary component of the surface with boundary F'(L).

e The set O is a subset of the exceptional indices such that for each exceptional pair {i,j}
the subset © contains either i or j. Here the exceptional indices are by definition those
indices 7 of slits (; which lie on the same annulus with just a single other (; and have the
same argument as that ;.

e Each t; is zero unless (; and (,(;) have the same argument. In that case we demand
0 <t < min(|Gl, [Cu|) — 1.

We now explain the idea behind this definition; the precise definitions are given in section [1.2
The idea of the radial slit preconfigurations is that we have a number of annuli in which we have
a number of slits, given by the ;. We cut the annuli along the radial segments {z € C|arg ¢, =
arg z and |(x| < |z| < R} from the outer boundary through the slit (. Along these cuts we glue
the annuli together into a surface. There are several types of preconfigurations we sometimes need
to worry about: if two or more slits lie on the same annulus and have the same argument. To be
able to refer to these easily we introduce the following nomenclature.

Definition 1.4. A radial slit preconfiguration is called special if there exist ; and (; lying on
the same annulus such that arg ; = arg (;. A radial slit preconfiguration is called exceptional if it
is special and has non-empty set © of exceptional indices. If a radial slit preconfiguration is not
special, it is called generic.

To decide which cuts to glue we use the pairing A. In the generic case we have a canonical cylic
ordering of the slits on an annulus using the argument. However, this is not the case if we are
dealing with a special configuration, i.e. we have slits ¢; which lie on the same radial segment.
Then the surface obtained from glueing is not unambiguously defined unless we introduce some
additional data: this is the ordering w which keeps track of the cyclic ordering of the (; on the
same radial segments. However, even this cyclic ordering is not unambiguous in the case that there
are only two slits ¢; and (; on a boundary component, which happen to lie on the same radial
segment. The set O fixes this by keeping track of whether (; touches the (; from the left or right.

There is a canonical parametrisation of the incoming boundary given by the parametrisation of
the inner boundaries of the annuli as subset of C. However, to get a canonical parametrisation on
the outgoing boundary, which corresponds to the decomposition O; of the outer boundaries of the
annuli given by the boundary component permutation Aow, we require the parametrisation points
P;. Finally, there is a contractible space of possible ¢; for each preconfiguration with slits lying on
the same radial segment. These parameters control to which extent certain edges of graphs that
we will obtain from a radial slit preconfiguration in section are “zipped”.

Note that we haven’t demanded that there must be a slit on each annulus or that all annuli are
connected by slits. The latter amounts to allowing disconnected surfaces and the former to includ-
ing the cylinder as a possible connected component. This is a slight extension of Bodigheimer’s
model which will have the advantage of making the prop structure more natural.

1.2. Non-degenerate preconfigurations and their corresponding surfaces. We will now
describe how the data of a preconfiguration allows one to construct a surface which is possibly
degenerate, in the sense that it can be obtained from a non-degenerate surface by letting embedded
arcs or cylinders shrink to points. In proposition we will give conditions under which this
surface is not degenerate.

We start by defining a space F(L) of associated radial sectors and af that we will define the
equivalence relation =y on F (L) which explains how these radial sectors should be glued. The
result will be a surface F'(L).
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Definition 1.5. Let r denote the number of annuli containing no slits. The radial sector space
F(L) is a disjoint union of 2h + r spaces Fy, called radial sectors. Let R denote the outer radius of
the radial slit preconfiguration L. There are four cases, see figure

Ordinary sectors: If k # w(k) and arg (x # arg k), then we set,
Fy ={z € Ag| arg (x < argz < arg ()}
Thin sectors: If k # w(k), but arg (y = arg (,x) and k € O, then we set
Fp={z € Ag| argz = arg (.}
Note that in this case F} is nothing but a line segment, which is called a thin sector.
Full sectors: If k # w(k), but arg (s, = arg(,m) and w(k) € O, then we set Fj to be the
annulus Ag, cut open along the segment arg z = arg (;, which is doubled.

Also, if k& = w(k), then we set Fj to be the annulus Ag, cut open along the segment
arg z = arg (g, which is doubled. These radial sectors are called full sectors. Note that
full sectors only appear over exceptional components, i.e. components with points having
exceptional indices.

Entire sectors: If an annulus is the j’th one in the ordering of the annuli which does not
contain a slit, then we set Fopy; = Ag.

It is intuitively clear that these radial sectors depend continuously on the radial slit preconfigu-
rations. As long as there are no full sectors, this can easily be made precise by seeing the sectors as
subspaces of a trivial H2h+r Ag-bundle over PRad?®?. However, for full sectors we need to be more
careful, because in those a single radial segment of the cut annulus is doubled. The next lemma
shows with what one has to replace the trivial bundle ]_[2h+r AR to describe the radial sectors as
a bundle over PRad?®?.

Lemma 1.6. There exists a space A over PRad?? such that F(L) is canonically a subspace of the
fiber over L.

Proof. Let PRad? — PRad® be the 22"-fold cover corresponding to the map z — 22 on the
slits. Thus a quotient by a free action of (Z3)2" of this cover gives us back our original space. Let
Aoy — Ap be the double cover of the annulus corresponding to the map z — z2. The group Zs acts
on this by permuting the two sheets. We let

2h
Ay = ((HA2 HAR> X (2,)2n PRad’
i=1

where (Z2)2" to left just acts on (Hfﬁl As) and acts on each of the components As by an individual
Zsy of deck transformations. Thus we see that F(L) has 22" possible lifts to A2. Pick one lift for
a point in each connected component of PRad® and extend this lift uniquely to the rest of the
connected component. This gives a subspace F C Ay over PRad?. Now we can take the quotient
by (Z2)?" of the base and identify the two copies of F(L) in fiber by the natural homeomorphism
given by the deck transformation. The result is the space A over PRad?. ]

There are canonical subspaces of the radial sectors, along which we would like to glue.

Definition 1.7. Let Fj, C F(L) be an ordinary or thin radial sector, considered as a subspace of
Ap. Then we define the subsets a;j (L), B,;t (L) and v (L) as follows

a;(L) ={z € Fy|argz = arg Gy (k) and |z] < |§w(k)|}
oy (L) ={z € Fy|argz = arg ¢ and |2 < [Gk[}

) =
(L) ={z € Fy|argz = arg (k) and [z] > [Cum |}
By (L) ={z € Fy|argz = arg (} and |z| > |Cx|}
= {2 € Fillz| = R}
e ={z € Fillsl =1}
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FIGURE 1. An ordinary, thin, full and entire sector with corresponding o, 8% and 7*.

If F was full, then we note that the o; (L), BiF(L) and 7 (L) need a slightly different defini-
tion. Denote by S]j the copy of the radial segment {z € Ag,|argz = argz} that bounds F}, in
counterclockwise direction, the .S~ the one that bounds F}, in clockwise direction. Then we define:

af (L) = {z € S |1z] < [Com |}
o (L) ={z € S [z < [Gl}
B(L) ={z € S{I1zl > [Comm I}
B (L) ={z € S |12] = |Gkl}
v = {2z € Fillz| = R}
Y = {2z € Fillz| = 1}

Finally, if F}, was entire, no glueing should happen. See figure[I]for a picture of these subspaces.

Next, we define the equivalence relation ~,, which glues the radial sectors along ai(L) and
BE(L). We also define a subrelation ~;, which only partially glues the radial sectors.
Definition 1.8. The equivalence relation ~; makes the following identifications:

o 2 € oy (L) is identified with z € o,

z € oy (L) is identified with z € aj},l(k),
z € B (L) is identified with z € Btw(ry) and
z € B, (L) is identified with z € :;r*l()\*l(k))'
There is a subrelation ~;, which just makes the following identifications:

o 2 € qf (L) is identified with z € o, if 2| < tx + 1,

o z € oy (L) is identified with z € aj},l(k) if 2] <ty + 1.

We can now define the surface corresponding to a radial slit preconfiguration. See [B6d06),
section 4.6] for a proof that these surfaces are in many cases smooth and come with a canonical
conformal structure.

Definition 1.9. We define the surface corresponding to a radial slit preconfiguration to be
F(L)=F(L)/ ~1

In figure [2| we give an example of a radial slit configuration whose corresponding surface has
genus 1 and a single incoming and outgoing boundary component. Further examples can be found
in figure We recommend that the reader tries to draw some examples as well.

In section 4.5 of [B6d06] the following criterion is proven.

Proposition 1.10. The surface F'(L) is degenerate if and only if L satisfies at least one of the
following two conditions.

e Some (; lies in O;nAR or Oyt AR.

o There is a pair (i,7) such that ¢; and (; lie on the same annulus Ag, i € © and §; = ¢
such that |G| > |G| = || for all k € I between i and j in the induced cyclic ordering of
the indices of ¢ on the annulus Ag.

If L doesn’t satisfy either of these conditions we call it non-degenerate. If it is non-degenerate or
just satisfies the first condition we call it semi-degenerate. If it is not non-degenerate or semi-
degenerate, we call it degenerate.
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(3

FIGURE 2. Four steps in the process of obtaining the surface corresponding to a
radial slit configuration. For the convenience of visualization these steps do not
correspond exactly to the steps of the glueing process defined in this section.

(03 (D

FIGURE 3. An example of a degenerate radial slit configuration with its associated surface.

1

In other words, we claim that there is a small problem when a slit lies on the boundary, but
that there is a big problem if two slits coincide or a slit is squeezed in between two larger slits. By
looking at the corresponding surfaces, e.g. figures [3] and one sees that this is indeed the case.
These types of degenerations are sometimes called harmonic degenerations.

Definition 1.11. The space of radial slit preconfigurations PRad is the subspace of PRad? con-
sisting of those preconfigurations that are non-degenerate. Similarly, the space of semi-degenerate
radial slit preconfigurations PRad® is the subspace of PRad consisting of those preconfigurations
that are semi-degenerate.

Note that we have a sequence of inclusions

PRad < PRad® — PRad?®

1.3. Radial slit configurations and labelled radial slit configurations. In fact, using the
previous construction one almost gets a bijection between surfaces with conformal structure and
non-degenerate preconfigurations. To make this a bijection, at least up to a small homotopy, we
need to identify a small number of points. The only reasons that we don’t get an actual bijection is
that we introduced the partial glueing parameters ¢ and required that all outer radii of the annuli
are equal.

Anyway, if one tries to find preconfigurations which lead to the same suface with conformal
structure, one is naturally led to the definition of the radial slit configurations. These will be
the result of taking the quotient by the following two equivalence relations. To define these, we
need look at a bit closer at the special configurations. For a special configuration, there is a tree
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FIGURE 4. An example of the tree that appears for a part of a special configura-
tion. The partial glueing parameters are denoted by grey lines. We have decided
to leave out the parametrisation points to make the figure less crowded.

1 1

FI1GURE 5. The blue slit jumps over the red one and hence these two configurations
are identified by =;. Note that we implicitly assume that the partial glueing
parameter is maximal.

for each point on the incoming boundary for which there are multiple slits on the radial segment
through this point. This is given drawing an edge from this point to the slits on the radial segment
and identifying points using the partial glueing parameters as in ~. The modulus gives a height
function and we can define points 7;; be the points on that tree with maximal modulus where the
edges corresponding to (; and (; are attached. See figure E| for an example.

Definition 1.12. On PRad we have two equivalence relations =; and =s. The relation =
identifies two preconfigurations in two situations.

Jumps of slits: Suppose that two or more slits lie on the same annulus and have the same
argument, but different modulus. In other words, one lies on the radial segment through
the other. Then under certain conditions the slits with larger modulus can jump across
one with smaller modulus in counterclockwise direction. To be precise, a slit next to (;
can jump if the partial glueing parameter ¢; corresponding to the jump slit is equal to
|Cw(iy| — 1. In this case all slits ¢; such that 7;; lies above ¢; in the tree must jump as well.
See figure [f] for a simple case and figure [f] for a more complicated one.

Jump of parametrisation points: If a parametrisation point lies on the radial segment
through a slit, we can move it to the other slit in the pairing. We say L = L’ if they differ
as in figure

The equivalence relation =5 identifies two preconfigurations if =; identifies them or if the fol-
lowing additional situation occurs:

Renumbering: The idea of this identification is that labels on the slits are superfluous for
the surface obtained by taking the quotient by ~. Thus, we let =5 take the quotient by
the symmetric group Sy, where the group Sap acts L as follows: o € Sy, acts on the ¢ by
permutation, sends A to coXoo !, sends w to o owo o !, acts trivially on R and acts on
ﬁ, t'and © by the obvious induced permutations.
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O

FIGURE 6. A more complicated slit jump. Note that because the partial glueing
parameter of the bottom green slit is above the point where the blue slit attaches
to the red one, it must jump as well. Also note that the other green one is not
allowed to jump, because its partial glueing parameter is too small.

1
2 - 2
1
3 3

FiGURE 7. The parametrisation point of the first boundary component jumps
across one of the red slits.

Of course it is possible to give explicit formules for the new data L’ in terms of the original L
when a slit or parametrisation point jumps. These can be found in [B6d06l section 7]. Furthermore,
note that these equivalence relations make sense for PRad® and PRad?? as well.

Definition 1.13. We define a labelled radial slit configuration space LRad and a radial slit con-
figuration space Rad as follows

LRad = PRad/ =;
Rad = Rad/ =»

Note that we have projections p=, : PRad — LRad, p=, : PRad — Rad and p : LRad — Rad,
the latter of which is given by the quotient by a free Syj-action. Again, one can make similar
definitions where one allows semi-degenerate or even degenerate configurations. We will get back
to this in the final section of this article.

We make some remarks about connectivity and cylinders. To do this, we introduce the connec-
tivity graph G, which has vertices {1,...,m} and a edge between two vertices 4, j if a slit on the
1’th annulus is paired with a slit on the j'th annulus by .

Lemma 1.14. The space Rady(m,n) splits into connected components according to different
partitions of {1,...,m}, corresponding to the components of G, and assignments of subsets of
{1,...,2h} to each element of such a partition. To be precise, the component of Rady(m,n) where
G has p components splits into a disjoint union of products of p spaces Rady,(mj,n;) such that

> hj="h,Y mj=mand ) n; =n.

This lemma implies that for the next proof it suffices to look only at configurations with con-
nected G. Note that a point L € Rad contains data to endow the surface with boundary F(L) with
the structure of a cobordism with parametrized incoming and outgoing boundary. Furthermore,
all the cobordisms obtained this way from points in a single connected component of Rad are
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isomorphic as cobordisms with smooth structure. We denote a representative cobordism with X
and recall that the mapping class group I's; of ¥ is the group of connected components of the space
of orientation-preserving self-homeomorphisms of ¥ which preserves the boundary pointwise. The
group operation is induced by the composition of these self-homeomorphisms. A consequence of
Bodigheimer’s results is the following theorem. Recall that Rad is short for Rady (m, n).

Theorem 1.15. The space Rad has the homotopy type of a disjoint union of classifying spaces

Rad ~ H Bl's;
(2]
where 'y is the mapping class group of the cobordism 3 and the coproduct is over all cobordisms
with T incoming boundary circles, n outgoing boundary circle and a genus of —2h.

Proof. Because of lemma without loss of generality we can restrict our attentions to config-
urations with connected connectivity graph G. A special case is that of an annulus with slits. In
that case we have Rad =2 S', which is a BZ, and indeed Z is the mapping class of the cylinder as
cobordism.

For the other cases we can use theorem 1.1 of [B6d06] and use that our space Rad is a (S1)"-
bundle over a space which is homotopy equivalent to Bodigheimer’s configuration space. The long
exact sequence of a homotopy groups then implies that all higher homotopy groups of Rad vanish
and we have a central extension

17" - m(Rad) - Ty — 1

where I'f, is the mapping class group of ¥ of homeomorphisms which do not fix the outgoing
boundary. Recall that I's; is obtained from I'f, by adjoining Dehn twists around the outgoing
boundary components. The simple curves and regular neighborhoods supporting these n different
Dehn twists can be chosen disjoint from each other and the other generators of I'§, (which is well
known to be generated by Dehn twists), hence they are in central. O

1.4. Prop structure, HCFT’s and ECFT’s. We will see that Rad forms a (partial) prop by
glueing and taking disjoint union of the radial slit configurations. The glueing is well-defined on the
non-degenerate radial slit configurations and the degenerate ones, but not on the semi-degenerate
ones, because the result could become degenerate when a configuration with a slit on the outgoing
boundary is glued into one with a slit on the incoming boundary. But note that it is well-defined
when we restrict to semi-degenerate configurations without slits lying on the incoming (or outgoing)
boundary. The disjoint union is always well-defined.

These operations will be associative on the nose but only in the case of glueing only have identity
maps up to homotopy. This is not such a problem since we are really interested in these operations
up to homotopy anyway, because we want apply generalized homology theories to these spaces and
these are by definition homotopy-invariant.

Definition 1.16. We define a glueing operation
P# : PRadp(m,n) x PRady (n, k) — PRadppn (m, k)
It is given on a pair L = (5, \w,0,R,P,1), L' = (5’, N, 6 R, ﬁ',f’) by the following proce-
dure.
e Take m annuli Ar, g and note that we can write it as the union of the following two
subspaces; an annulus A and non-standard annulus Ag/ ={z€Apir|R<|2z| <R}
e We insert L in Ag.

e Recall that L divides the outer boundary of ([[;~, Ag) naturally into n subsets O; and
on each of these lies a point P;: for this see definition [1.3] The subsets O; have angular

length |O;].
The subsets O; can be subdivided by the radial segments through the slits and the P;
into a number of arcs a;1,...,a;; (most of which are equal to a segment v of the outer

boundary, except at most one such v* which is the one containing P; in its interior). Here
we number the arcs such that a;; begins at P; and continuous along the outer boundary
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1 1 2

2

FI1GURE 8. An example of the glueing operation. Note that the cylinder behaves
as an identity up to homotopy.

of the annulus in counterclockwise direction, followed by a; 2, etc. We denote the angular
length of the segment a; ; by |a; ;|-
For L', divide the ¢’th annulus A starting at radial segment above 1 in counterclockwise
in radial sectors Fj ; of relative angular lengths ||aoijj||. Some of the slits ¢; will fall into the
interior of these sectors, but some will lie on the boundaries of two sectors. In the latter
case, we say that (; lies in the radial sector of which it lies in the right boundary. This
arbitrary choice will not matter once we take the quotient by =;.

We can do the same for the P).
Linearly scale in the radial sectors F; ; in the radial direction to get them to lie in AE" and
insert them into Ar4ps after a rotation such that the intersection F; ; N OpytA coincides
with Q5.
We know where the (" and P” of L#L’ should lie. The P” just keep their labelling as
coming from P'. The 5’ " are labelled such that those from 5 appear first, followed by those
from ¢’. This describes the ¢’ and P”.

e The new pairing \” is simply the one induced by A and \".

The new successor permutation w” and exceptional index set ©” are implicit in our de-
scription of the (7.

The new partial glueing parameters £ are given by the three sets: the first is the old set .
the second the modified old set £ + R — 1 and there is a new third set £ of partial glueing
parameters between the rightmost slit to fall into a boundary of radial sector and the slit
¢; of that boundary: its value will be |(;| — 1.

See figure 8] for a simple example of the glueing operation. Note that this construction is

compatible with the equivalence relations =; and =5, thus induces maps

L# : LRadp(m,n) x LRadp (n, k) — LRadpyp (m, k)
# : Rady(m, n) x Rady (n, k) = Radpip (m, k)

Next we get to the operation of disjoint union. This will be significantly easier.

Definition 1.17. We define a disjoint union operation

PU : PRadp,(m,n) x PRady (m/,n") — PRadpyp (m +m/',n+n')

It is given a pair L = (5, \w,0,R P 1), L' = (8,A’,w',0’7R’,]5",f’) by taking m + m’ annuli

and then putting the data of L on the first m and the data of L’ on the last m’.
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It is also clear that disjoint union of configurations gives maps
LU : LRadp(m,n) x LRady (m/,n") — LRadppn (m +m',n+n’)
U : Rady(m,n) x Radp (m’,n") = Radpip (m +m',n+n')
These operations are compatible in the following sense.
Proposition 1.18. This makes PRad, LRad and Rad into prop’s with identities up to homotopy.

Proof. See [Bod006, section 9] for most of the proof. Our only modifications are dropping the
connectedness assumptions and adding the cylinders. O

There is a general construction that takes operads or more generally prop’s in Top and create
new operads or prop’s by applying a generalized homology theory. The result is an operad or
prop in category of graded modules over the value of that generalized homology theory on a point,
modulo Kiinneth. Such modules are also called E.-modules. We will now apply this construction
to our prop of radial slit configurations.

Let E be a commutative ring spectrum. For example, one can pick F to be the Eilenberg-Mac
Lane spectrum HR or one of the K-theory spectra KU or KO. Then there are corresponding
generalized homology and cohomology theories E, and E*. For more details see e.g. the classical
book by Adams [Ada74] or the more recent book by May and Sigurdsson [MS06].

Suppose that all the finite products of spaces Rady(m,n) satisfy the Kiinneth theorem for
E-homology. Then E.(Radj(m,n)) is a prop in the category of E,-modules.

Definition 1.19. A 0-dimensional ECFT (with non-empty boundary) is an algebra over the
prop F.(Rad) in the category of E,-modules. If E = HR, we call it a HCFT (with non-empty
boundary).

Here HCF'T stands for homological conformal field theory and ECF'T, not very originally, stands
for E-homological conformal field theory. We will describe d-dimensional ECFT’s and HCFT’s
later.

The reason we included the terminology “with non-empty boundary” is that as a consequence of
our model we must have that every connected component of a cobordism has non-empty incoming
and outgoing boundary. In the literature a HCFT, or more generally a ECFT, is usually not
required to satisfy this condition. For string topology, the most natural condition is that the
outgoing boundary of each connected component is non-empty. This is known as the positive
boundary condition. In section we will sketch how to extend Bodigheimer’s model to include
this case.

To connect to Godin’s definition of a HCFT using the maps BI's; x BI', — BI's 45 induced by
glueing of cobordisms along the boundaries, we note the following proposition. This proposition
should intuitively be clear. From it we conclude that these two notions of a HCFT coincide on
their common domain of definition.

Proposition 1.20. By taking w1 the prop structure on Rad induces on on mapping class groups
a prop structure. This is the same prop structure as the one induced by glueing cobordisms along
boundaries or taking their disjoint union.

Proof. See section 9.1 of [B6d06]. O

1.5. The canonical local system £. We will now construct a local system over Rad which will
keep track of the signs for the string topology operations. It will also be necessary to make the
composition of the operations behave correctly.

We prefer to think of F-homology twisted by a local system as given by a non-trivial parametrized
spectrum which is locally isomorphic to U x E for an open U up to fiberwise homotopy. For more
information about parametrized spectra and good choices for them, see [MS06]. In the end our
construction does not and should not depend on the intricacies of the model one chooses. We
denote the trivial parametrized spectrum with fiber E by E.

We will now describe a method to construct some examples of parametrized spectrum modelling
E-homology with local coefficients.
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(1) One can construct a local system from a double cover L. First note that there is a homo-
morphism from the group {£1} to the group of deck transformations, given by sending 1
to the identity and —1 to the map which switches the sheets.

To see this, recall that the F-homology of X with local coefficients is given by some
parametrized spectrum over X. L determines a parametrized spectrum as follows. The
multiplication by +1 gives us a map {£1} — gl E. Since E was assumed to a commutative
ring spectrum, gli F is well-defined. We then define a parametrized spectrum Ej over X
by taking the quotient using the diagonal action of {+1}.

Er=L X{+1} E

(2) If X is obtained as a quotient by free action of a group G on a space X, one can construct
a parametrized spectrum E; over X from a trivial parametrized spectrum on X, given a
homomorphism [ : G — gl1 E. It is given as follows:

E; = (X xE)/G

where G acts on X as given and on G by .

We will now describe a canonical local system £ in two ways. Firstly, we define it to as follows.
Let X = LRad and Ss), act on F via {%1} by the sign representation. Then we set E. to be the
parametrized spectrum (LRad x E)/Sa, over Rad = LRad/Sa,. This will be the way the local
system appears in our construction.

Alternatively, consider the vector bundle LRad x A2*R?" and take the quotient by Sa, which
acts on A?"R?" by the map induced by the permutation of the coordinates on R?". This gives
us a line bundle over Rad, which inherits a metric since So, acts by isometries. Taking the two
elements of norm 1 in this line bundle, we get a double cover L. By the earlier construction we
obtain a parametrized spectrum Ej,, which is clearly isomorphic to E.. We denote either one of
these parametrized spectrum by E,.

There is a tensor product of parametrized spectra of this type, because each fiber is a module
over the commutative ring spectrum FE. This is given by the fiberwise smash product over E. In
the previous framework, there is an easy way to describe the product E%d for d > 1. It is given
by iterating the tensor product of double covers L ® L' = L X413 L' and taking the associated
parametrized spectrum. Note that in our case L®? is canonically trivial, because there is a canonical
global section. Hence we have that

E9d o 1 ifdiseven
L — . .
E, ifdisodd

1.6. Compatibility of the local system with the prop structure. We claim that E, is
compatible with the prop structure on Rad. This means that it is in a natural way compatible
with the # and LI maps.

Set Rad = Radp(m,n), Rad’ = Rady/ (n, k) and Rad” = Rad s (m, k) for convenience. Let
71 : Rad x Rad’ — Rad and 75 : Rad x Rad’ — Rad’ be the projections. Then we must show that
the following map induced by # by wedging over F in the fiber of the parametrized spectra is in
fact well-defined.

#e 7 (Eg) Ap m3(Egr) = Egv

Note that the first term is obtained by taking the quotient by Saj X Sans of Rad x Rad’ x EAp E,
which is equal to the trivial parametrized spectrum over the product Rad x Rad’ with fiber E.
The map #, fits in the following diagram:

#X’idE

LRad x LRad’ x E LRad” x E
4S5, X Sopr l \Lq52<h+h/)

71 (Eg) Am w3 (Egr)

]E[:”

c

where ¢s,, xs,,, and gs, (hinsy A€ the quotient map coming from the group actions.
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The commutativity of this then boils down to the claim that the standard map Sop X Sopr —
So(h+n'), which puts the first permutation before the second, is a homomorphism. This is clear.
The argument for LI is similar, but easier.

This means that we have a prop structure in parametrized spectra on the E, covering the prop
structure on Rad in Top. In fact, from the definition we see that this prop structure in fact descends
from the trivial prop structure of the trivial parametrized spectrum E covering the prop structure
on LRad.

We can now define d-dimensional ECFT’s as algebras over the corresponding twisted F-homology
prop with shifted grading. We first fix some notation: the twisted E-homology group F.(Rad;L)
is the set of fiberwise homotopy classes of maps of parametrized spectra over Rad from suspensions
of trivial sphere spectrum over Rad to E.. In other words, it is given by fiberwise homotopy classes
of sections of the spaces of the parametrized spectrum over Rad.

Definition 1.21. A d-dimensional ECFT is graded F,-module which is an algebra over the shifted
E-homology groups E, . nq(Rad; L&),

2. CANONICAL SPACES OVER PRad, LRad AND Rad

In this section we define several spaces lying over the space Radp(m,n) of non-degenerate
radial slit configurations with 2h slits, m incoming boundary circles and n outgoing ones, or the
spaces LRady(m,n) and PRady(m,n) of labelled non-degenerate radial slit configurations and
non-degenerate radial slit preconfigurations respectively. For the remainder of this section, we fix
h,m,n. For convenience, we denote the space Radj(m,n) by Rad, LRad,(m,n) by LRad and
PRady,(m,n) by PRad.

The definitions of this section naturally extend to the semi-degenerate configurations, but for
more remarks about this see the section [6.31

2.1. Parametrised point-set topology. We always work in the category Top of compactly gener-
ated weakly Hausdorff spaces. This means that the topologies are functorially replaced if necessary.

Definition 2.1. Let B be an object of Top, then the category Top/B over spaces over B is the slice
category which has as objects pairs (X, f) of a space X and a map f : X — B and as morphisms
the commutative diagrams

where g is a continuous map.

Many notions of topology have a simple fiberwise counterpart: a fiberwise homeomorphism is
an isomorphism in Top/B, a fiberwise homotopy is a map I x X — X’ which commutes with the
projections to B and a fiberwise homotopy equivalence is a map admitting an inverse in Top/B up
to fiberwise homotopies.

The subspace f~1({b}) C X is known as the fiber of X above b. We will use several constructions
of parametrized topology, the first of which is the pullback functor generalizing the fiber.

Definition 2.2. Let h : A — B be a continuous map, then there is a functor h* : Top/B — Top/A
given by h*(X) = {(a,z) € A x X|h(a) = f(z)} with map to A given by projection on the first
component. On morphisms this functor is given by h*(g) : (a,z) — (a, g(z)).

Note that if b: x — B is the unique map which sends the singleton to a point b in B, then the
fiber of X over b is exactly the pullback along this map. A point * is terminal in Top and hence
a topological space is the same as space over x. If tg : B — % is the unique map to the terminal
object and X any space, then t5X is B x X with the projection tp B as map to B.

Lemma 2.3. The pullback functor h* preserves fiberwise homeomorphisms and fiberwise homotopy
equivalences.
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FIGURE 9. A radial slit preconfiguration with its associated graph spaces. The
little grey line denotes the partial glueing parameter. On the top from left to right
PT;,, PT, PT, on the bottom PT',, PI'y g and PI'yy;.

Proof. Both claims are obvious as the candidates for the inverse and the fiberwise homotopy
equivalence simply pull back as well. O

2.2. The radial segment space. The space PY. is a subspace of the space A over PRad and
will inherit the subspace topology. Recall that for each radial slit configuration L, there is a space
F(L) C A of radial sectors. We define

PY = {(L,z)|z € F(L)} C A

There is a canonical projection PRad. Note that when we take the fiber over L € PRad, we get
exactly the space F'(L).

2.3. The surface space. Recall that there is an equivalence relation ~; on F(L) such that each
F(L) / & is a surface with Euler characteristic —h, m incoming boundary components and n out-
going boundary components, or a harmonic degeneration thereof. Combining all these equivalence
relations gives an equivalence relation ~ on PY and we define

PY. = PY/ ~

Note that the fiber over L is exactly the non-degenerate surface F'(L). There is also a natural
isomorphism between the two surfaces over points in PRad which are identified by =; when going to
LRad, so P¥ can be canonically made into a space LY over LRad, with the correct fiber over each
point. Similarly, because the surface doesn’t depend on the labels, we have natural isomorphisms
between surfaces over points that are identified by =5. Hence we get a space X over Rad. This
space corresponds to the canonical surface bundle over the moduli space.

2.4. The graph spaces. In this section we define three radial subspaces of PY. Recall that each
radial segment L has canonical subspaces o (L), 3% (L),y*(L). The following six spaces over
PRad are obtained by glueing parts of these subspaces

Plin ={(L,x)|lz € v~ (L)}/ =

Pl ={(L,z)lx € a™(L)Ua (L)Uy (L)}/ ~
Pr = {(L,z)lx €at(L)Ua (L)Uny~(L)}/ ~v
PT, ={(L,2)|lrcat(L)Ua (L)uy (L)} =~
Plop={(L,2)|lr € a™(L)Ua  (L)UBT(L)UB (L) Uy (L)}/ =

PTow = {(L,2)|lzr € v"(L)}/ =

where ~y is the equivalence relation which identifies two points if they are identified by ~ or if
they are identified by ~ and lie in both an « and a 3. The use of the equivalence relation ~ shows
that PI';,, PI'y, P’y g and PI'y,; are naturally subspaces of PX. See figure |§| for an example.
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Note that we have maps
Ply, < PT' — PT'— PI'y < PTa 5

where each map except the collapse PT' — PT is a homotopy equivalence. There is also a map
PT,,; — PX, mapping PI',,; homeomorphically on the outgoing boundary.

Furthermore, for all these spaces except P, there is a natural isomorphism between graphs
which lie over points which are identified by =; or =5, so these spaces descend to spaces LT';,, LT,
LIy, LT, g and LI',,¢ over LRad and spaces I';,, I', I'y, I'y g and I'yys over Rad. This is not the
case for PT.

2.5. Incoming and outgoing circle bundles. There are two simple torus bundles over PRad:
P(SY)™ and P(S')" are just the trivial bundles, i.e. they are given by PRad x (S')™ and PRad x
(S1)™ respectively with the natural projection maps. These constructions also work over LRad or
Rad, producing torus bundles L(S!)™, L(S!)™ and (S*)™and (S*)".

However, P(S')™ admits an isomorphism with PT;, as follows. We define a map by sending
the j'th component S! over a point L in a counterclockwise angle preserving fashion onto the
j'th circle of F(L) in PT, obtained by glueing the circle segments v~. The map from P(S')" to
PT,,,; is slightly more complicated. We map the j’th component S! in a counterclockwise angle
preserving fashion onto the j’th outgoing boundary component, in such a way that 1 is mapped
to the parametrisation point.

It is clear that both of these isomorphisms commute with the projection to PRad and hence we
get that P(S!)™ = PT;,, and P(S')" = PT',,; in Top/PRad. Similar statements holds over LRad
and Rad.

2.6. The retraction map. Next we define a fiberwise homotopy equivalence Pr : P¥ — PT', g
over PRad. We do this by defining a map Pr : P¥ — PT, 3 in Top/Rad with the property that
Pro Pi =id, where Pi: PT', g — PY is the inclusion. After that we show that it is compatible
with the equivalence relations and hence descends to LRad and Rad.

Let Fj be a radial segment above L which is not thin or entire. We define the length |0F)| =
1B + et | + |7 | + 185 | + |, | as the sum of lengths of paths in C. Then we define length ratios

T W= (4 o e 7 PO S 4
|OF| |OF}| |OF}|

We draw a line in polar coordinates between 3, and the first part of 4;" in clockwise fashion of
relative length |3, |/|7{ | and the same for the other two parts. We then define r on this segment by
linearly retracting in polar coordinates the radial segment along the lines to part of its boundary
given by a™(L)Ua  (L)UBT(L)U B~ (L)U~~ (L). See figure [10[and note that this is the identity
on this boundary.

FI1GURE 10. The retraction which is homotopy inverse to the inclusion of the part
of boundary consisting of a*(L)Ua™ (L) UBT(L)UB~ (L) Uy~ (L).

If a radial segment is thin, then we define r to be the identity. If it is entire, then r is the linear
retraction of the annulus onto its incoming boundary. Together, these definitions give a continuous
map P¥ — PI', g which has the desired property.
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Since the glueing ~ happens along the boundary and this homotopy is the identity there, this
fiberwise homotopy equivalence between the radial sectors and their boundary factors to a fiberwise
homotopy equivalence between the surface and a subspace of graphs. Furthermore, it is equal for
points identified by =1, so descends to a fiberwise homotopy equivalence of LY and LI, g over
LRad. It is also Syp-equivariant, hence descends to a fiberwise homotopy equivalence of 3 with
'y g over Rad.

2.7. Overview. We have now defined the following commutative diagram of spaces, the top line
over Rad, the middle line over LRad and the bottom lines over PRad. The vertical arrows cover
the quotient maps LRad — Rad and PRad — LRad respectively.

(1) (8" ——Tin [ —=>Tos——3 Fout <—— (S1)"
L(SHY™ —— LTy, LT —=> Il 5 —= > [ < LT,y < L(SH)"
P(Sl)m %9PFin - Pf PT = Pra,ﬂépz%PFoutéP(Sl)n

2.8. Fiberwise mapping spaces. To construct the mapping spaces we use the techniques of May-
Sigurdsson. To define the fiberwise mapping spaces, one wants to construct a space of partially
defined maps and then restrict to the subspace consisting of those maps that have a fiber as domain.

Definition 2.4. The partial map classifier X ofa space X is the following space: as a set it is the
union of X with a disjoint point w and it has the topology with closed sets X itself and all closed
sets of X.

The space X has the property that a continuous map into X is the same as a continuous map
mapping a closed subset into X and the rest to w. In other words, continuous maps into X are
continuous maps that map a closed subset to X. Note that fibers, being the inverse images of
points, are closed.

Definition 2.5. There is a bifunctor Mapg(—, —) : (Top/B)° x Top/B — Top/B known as the
fiberwise mapping space. For objects X and Y of Top/B, it is defined as the following pullback:

Mapg(X,Y) — Map(X,Y)

| |

B Map(X, B)

where the bottom map sends a point b in B to the constant partially defined function X, — b and
a right map is induced by the map ¥ — B. We use compact open topology for the spaces in the
right column.

We will legitimize the name of this functor by proving the following lemma.

Lemma 2.6. Let X,Y be spaces over B. Then Mapg(X,Y) is a space over B with the following
properties.

o The fibers are the mapping spaces between the fibers: givem b : * — B then we have
b*Mapz(X,Y) = Map(b* X, b*Y) naturally.

o Maps between product spaces are a product space: if X andY are spaces, then Mapg(t5X,t5Y)
tsMap(X,Y) naturally. Here Map(X,Y') has the compact open topology.

e Fiberwise mapping spaces preserve fiberwise homotopy equivalences.

o~

Proof. Note that spaces over B can be made into ex-spaces over B by taking the disjoint union
with B. Hence we can use results of [MS06, section 2.2] to prove the first two claims. The last
claim is a consequence of naturality. (Il
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In the next section we will apply this construction to the spaces over PRad, LRad and Rad
considered earlier in this section.

3. CONSTRUCTING THE STRING OPERATIONS

In this section we construct the higher string operations. Though the results we obtain are
not new, this construction is substantially easier and more geometric than earlier constructions.
The main reason for this is we only need to attach pairs of points at a time. Recall that F is a
commutative ring spectrum, but we are in particular interested in HR for R = Z,Q,Z,. Fix a
compact manifold M of dimension d which is F-oriented, then the higher string operations are a
set of maps

¢ : E.(Rady(m,n); L&) @ E.(LM)®™ — E,_pq(LM)®"
which satisfy certain compability relations giving E.(LM) the structure of a ECFT of dimension
d.

3.1. Overview of construction. In this section, we shorten Rady,(m,n) to Rad and similarly use
abbreviations LRad and PRad. Similarly mapping spaces Mapz(X,t5M) for a space X over B
are denoted MX. For Mapp((S')™, M) we use the notation LM™. Using the fiberwise mapping
space construction of the previous section we obtain the following diagram:

(]LM)m = MTin ¥ ML = MTas = ME MTout = (]LM)”
. ‘|
MLFML MLFa
Ly
Lwl lL¢
MPTin — MPT MFET

Py

where the upper row are spaces over Rad, the second row consists of spaces over LRad and the
third row of spaces over PRad. All the maps are induced by those in diagram|[I} In the next section
we want to apply E-homology fiberwise to this diagram to obtain a map in E-homology from the
left to the right. Clearly, everything is fine, except the map ¥. We will bypass it using P, but
though this is a slightly nicer map for our purposes than ) itself, it is still problematic. The trick
is to notice it is given by fiberwise pullback along a fibration of an embedding of finite dimensional
manifolds, hence we can apply the Thom collapse construction fiberwise to get a fiberwise umkehr
map. It will turn out that we can descend the construction to Rad to obtain an umkehr map for .
The only problem will be that the orientations are changed by the Syj-action which =5 quotients
out. This can be resolved by including the local system L.

3.2. The umkehr map I: fiberwise tubular neighborhood. To construct the umkehr maps
fiberwise, we note the following: the quotient map ¢ : PT" — PT" always takes 2h points which are
identified to h points. This means that the map MTT — MPT is an embedding which is fiberwise
given by a pullback over a finite-dimensional embedding. Hence we have a chance of applying the
Thom collapse construction. To produce an umkehr map for Py, we define two additional spaces
over PRad.
V={(L,2)|z € (" (L) (L)) U (a” (L) N B~ (L))} C PL,
V =(V/~)cC PT,

These spaces are chosen for the following reason: V consists exactly of the points in PT which
are identified by ~y and V is the result of this identification. We call points of these spaces
“vertices” and the other parts of PT" and PT' which are not part of the incoming boundary the
“edges”.

Note V is a trivial 2h-fold covering of PRad, while V is h-fold one. That they are trivial follows
from the fact that in PRad we have labelled the slits and hence the vertices. The quotient map
gives a map qy : V — V which induces a fiberwise diagonal map AQ, : MV — MV between the
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fiberwise mapping spaces into M. These spaces are isomorphic to the trivial bundles tjp, 4 (M ")
and thg,q(M?") over PRad and the map Ay under this isomorphism is pullback of the map
oo M — M?" which is the h-fold product of the diagonal map ¢ : M < M?. Here our order for
the product is that we order the pairs with respect to lowest index and within each pair we order
in the usual manner.

Therefore, we have a canonical fiberwise normal bundle Py over MY, given by direct sum of
copies of the pullback #}, (#,). The orientation on v, is given by requiring that 7'M 22TM @y,
is an oriented isomorphism and defining the orientation of v,», by definition a direct sum of v,’s,
to be the orientation obtained from the natural ordering on the labels. We make this choice to
make our lives easier when we quotient out the Sy,-action.

Next we fix a tubular neighborhood for v, and therefore a tubular neighborhood f for Puv.
The tubular neighborhood is assumed to be symmetric, i.e. f(—v) can be obtained from f(v) be
switching the components pairwise. We also fix a propagating flow P for v, and a connection V
on v,, which also are assumed to be symmetric and pull back to Pr. All these choices come in
contractible families [God07, section 3.1] and our construction will depend continuously on them,
so these choices will not matter. } .

Note that there are evaluation maps evy : M*T — MY and evy MFPY — MV. We can
compose with the isomorphisms of V' and V with the trivial bundles M" and M?" over PRad to
get a pullback diagram in spaces over PRad:

MFEPT MPf‘
\% Vv
]\1 A(L/ Z\j’
tl*DRad(Mh) tl*DRad(MQh)

. 3
tpRraa(t™)

Suppose that we can construct a tubular neighborhood upstairs from a tubular neighborhood
downstairs, a propogating flow and a connection, then we obtain a fiberwise tubular neighborhood
P f : P — MPT, where the PD is the fiberwise vector bundle over MFT obtained by pulling
back Pv. To be precise P is given by the fiberwise pullback evj,Pv. It turns out that such
constructions exist and in the next subsection we take a closer look at a particular construction to
see that is in fact not that hard. As a consequence we get a umkehr map between parametrized
spectra

(Pf)! = SPpaa (M) — Thom(Pp)

where ¥3%,4(—)+ is the fiberwise suspension functor over PRad and Thom(P7) is obtained by
applying the Thom spectrum construction fiberwise, hence obtaining a parametrized spectrum
over PRad.

3.3. The umkehr map II: explicitly constructing the tubular neighborhood. In this
section, we will show how to explicitly construct the tubular neighorhood upstairs. We do this for
completeness, but also to make it easier to check the ECFT conditions.

The idea is that the pullback diagram is only really concerned with what happens near the
vertices which are glued, as long as we are lucky enough to deal with configurations which aren’t
special. In the latter case, we need to allow interactions of the vertices to make sure that when a
slit jumps, the map is the same. Essentially, the partial glueing parameters control the amount of
this influence. If a partial glueing parameter is zero, it is like the corresponding vertices are still
disjoint, while if it is maximal, it is like the collapse of overlying vertex happens after that of the
underlying vertex.

On a more technical level, the idea is that we can use the tubular neighborhood f to see, given
a normal vector, how to change value of our maps from PT into M at the points of V' and use a
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Y Y V3

FIGURE 11. The flow control functions for four vertices on a tree. Here red
denotes the value 1 and black the value 0. Note that a flow control vertex can
never influence a vertex which lies below it due to our choice of e.

flow to extend this continuously to the entire domain of the maps. To define this rigorously, we
start by recalling the definition of a propagating flow.

Definition 3.1. Let v be a vector bundle with projection 7 to the base. A propagating flow for
v is a continuous map P : v — Xuc(v), where the latter denotes the space of compactly supported
vertical smooth vector fields on v, with the property that for all v € v and for each point p on the
line segment between 7(v) in the O-section and v in the fiber 7= (7 (v)) we have that P(v)(p) = v.

We will now construct the tubular neighborhood. We note that there are canonical metrics
dy on PT and dr on PT', which depend continuously on L € PRad. These metrics are given by
glueing the metrics on the radial segments: the distance between points is the infimum over the
lengths of all possible piecewise linear paths. The length of such a path is determined cutting it
at the vertices and at the points where they cross the boundaries of the radial sectors, and then
using the metric of the radial sectors to determine the length of the linear pieces.

We define a continuous function € : PRad — R+ . It is given by

e(L) = inf ({dr(v,w)|v,w € VN F(L)} U{dr(v,a)lv € VN F(L) and a € v (L)})

where the first set gives us a radius for disjoint neighborhoods around the vertices and the second
set guarantees that these neighborhoods are disjoint from the inner boundary (which will be useful
when we glue the operations). Note that for non-degenerate radial slit preconfigurations the points
of V are disjoint in PT" and disjoint from the incoming boundary. Hence ¢(L) is non-zero for all
non-degenerate L. )

Then we define Pf : P — MFT using the original tubular neighborhood f and propagating
flow P. Using the fiberwise tubular neighborhood, we can extend the vector fields to M?" to obtain
a continuous map Z : v — x.(M?"), where x. denotes the compactly supported vector fields. This
induces a map Z; : v x R — Diff (M) by flowing along the i’th component Z;(v) for a time ¢t € R,
which is defined for all times ¢ because our vector fields are compactly supported.

We will now define the flow control functions. The following definition works for generic pre-
configurations, but to treat special preconfigurations we need to make a few remarks. We have
noted earlier that in the case of a special preconfiguration we have for each point on the incoming
boundary for which there are multiple slits in the corresponding radial segment, a tree in PT with
natural height function. Let 7;; be the point on that tree with maximal modulus where ozj' is
attached to ;. This was also discussion above definition

We first pick a strictly decreasing smooth function 7 : [0, 00) — [0, 1] which has value 1 in 0 and
is 0 on [1,00). The space of these is contractible and our construction depends continuously on it,
so this choice doesn’t affect the result of our construction. We define the flow control functions
n; - PT — [0,1] as follows

e(L)
(34l

d= Ci;Tji . .
(y) = n(SM) if y lies above 7;; on o
D) otherwise

The level sets of the flow control functions on a tree in PT of a special preconfigurations are
shown in figure
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A point in P7 over L is given by a pair (g,v) of a function ¢ : (PT"), — M, where (PT"),
denotes the fiber over L, and a vector v € vey,, (4, the fiber over the evaluation of g at the vertices.
Order the indices as 41, ..., 42, such that |(,| < ... <[y, |- Let y € (Pf‘)L7 then we set

Pf(g’ U) (y) = Zizh (U, Nian (y)>[Zi2h—1 (’U, Nign_1 (y))[ . Zil (U’ iy (y))[g(Q(y))] . H

The reader may worry about the choice of ordering. However, because of our choice of ¢, the
supports of the flows are disjoint unless we have a special configuration. Hence in that case they
commute and the order doesn’t matter. In a special preconfiguration, only the flow of slits in a
single radial segment might mix, but these are unambiguously ordered by modulus, because we
look at non-degenerate preconfigurations.

Lemma 3.2. The map Pf is continuous, injective and open. Therefore it is a homeomorphism
onto its image. Furthermore is the identity map on zero section of Pv.

Proof. The continuity is a direct consequence of the fact that the maps Z; depend continuously
on their entries, the n; are continuous, precomposition by ¢ is continuous and the induced action
of Diff (M) on the functions from the fibers of PT, to M is continuous.

The injectivity and openness are a consequence of the fact that we can reverse the flows to get
a continuous inverse to f defined on its image. On the zero section we enter v = 0 in all the Z;,
which implies that we will flow along a zero vector fields and hence obtain the identity. O

As a consequence we see that P f is a tubular neighborhood. It is an extension of the original
tubular neighborhood for generic configurations, as shown by the following lemma. To write it
down, recall that Pf gives a map Pf|y : Pv — M"Y by restriction to the vertices.

Lemma 3.3. If L is generic then Pf|v 1s given by the tubular neighborhood f.

Proof. Because L is generic each flow is supported on a different edge of Pr. Thisis a consequence
of our choice of €, which made the neighborhoods on which the flows change the value of the map
to M disjoint. |

We will next apply the Thom collapse construction and investigate how the resulting map of
spectra behaves when we look at two points that are identified by =; and =,.

3.4. The umkehr map III: descending to LRad and the fiberwise Thom isomorphism.
From the previous sections we know that we have a map

S5aa (M) 4 = Thom(Pp)

We can precompose this with the natural map 335, (M PVin) . — £25 (M), to obtain a

map of spectra
(Pf): S2Raa(M )y — Thom(P7)

This map is determined by the 0-th level map T : MTTi» — Thom(Pv) where the latter is
the fiberwise Thom space of 7. Suppose that L =; L/, then we have a natural homeomorphism
¢ (PTin) — (PTy,) L. Suppose we have a map g : (PT';,), — M, then we can interpret g a
either as a map gy, : (PTyn)r — M or as a map g = g, o ¢ : (PI';,) — M. We claim that
T(gr) = T(gr+). This is exactly what is required to show that (Pf)! descends to a map of spectra

(Lf)! : ioRad(MLFm)Jr — Thom(L7)

Because it is clear that the jumps of parametrisation points do not matter for this map, we can
assume without loss of generality that L is obtained from L’ by letting (i, which is paired with (o,
jump over (3 to (4. We will therefore just treat this case.

We start by looking at the points mapped to infinity in the Thom space. To show that T'(gyz,) is
the point at infinity if and only if T(gr/) is the point at infinity, it suffices to prove the following
lemma.

Lemma 3.4. The evaluation evy, (gr) lies in the image of the Pf|v if and only if evy, (gr) lies in
the image of the Pf|y .
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Proof. Suppose that the evaluation of gy, at the vertices is obtained by flowing a point in (M), in
the direction v. Then we note that the flow for the vertices of (M), differs only in the following
way: where for L the vertex (; was flowed with Z3(v,1) and Z4(v,0), for L’ it is flowed with
Z3(v,0) and Z4(v,1). Thus by symmetry of the tubular neighborhood one obtains exactly the
same result when v is replaced by —v. So evy;(gr-) lies in the image of the Pf|v as well. ]

One can determine the value of P fm on an arbitrary ¢ : (PTy,)r — M which is not send to
infinity as follows: by evaluation on the vertices and inverting Pf |/, which is possible by the
injectivity, one determines the v that was used to flow a map (PT');, — M in order to get g. The
resulting vector is then used to reverse the flow to get a function (Pf‘) L— M.

Lemma 3.5. If g1, is not mapped to infinity, then (Pf|y)~" applied to evy (gr) is v if and only if
(Pflv)~" applied to ev (grr) is v.

Proof. For all pairs (i, A(7)) except those that jumped across (3,4) the components of v are the
same in both cases, since these can be determined from the corresponding components evy (gr.),
which are the same. We can these flows, in particular including Z3 and Z4, to return to the value
at (1 to a state where it was not flowed. Our construction gives the same values for both L and
L', which implies the statement. O

Lemma 3.6. If g1, is not mapped to infinity, then T(gr) = T(gr/).

Proof. Similar reasoning as before shows that after returning to a state where the values at points
in the tree which lie above (3 or (4, including (;, were not flowed, the functions are the same in
the case of L and L’. This implies the statement. O

As noted before, the last two lemma’s imply the following important corollary.
Corollary 3.7. (Pfin)" descends to a map of spectra (Lfin)" : £95%,q(M i) — Thom(L#).

3.5. The umkehr map IV: descending to Rad. We will now apply the Thom isomorphism.
To do this, we must smash with E fiberwise. Because M is F-oriented, we can fix a Thom class
on the spectrum level for the image of M < M?, hence for the image of f. This gives a unique
map of spectra Thom(v) A E — £°(M") A £"E implementing the Thom isomorphism. Since L&
is obtained as a pullback, this pulls back to a map representing the Thom isomorphism for for L f .
We get obtain a unique map of spectra

Thom(L) ALrad B — 28%aa(M ) 4 ALraa Z"E

Note that because v is trivial, Lv is trivial over LRad as well. This will not be the case when
we descend to Rad. Precomposing with the Thom collapse induced by the tubular neighborhood,
we get a map of spectra

v’ ioRad(MLFi")+ ALRad E— EioRad(MLF).g. ALRad Eth

Next we want to try and descend to Rad. Let’s start with a point of M Tin  When we pull this
point back to LRad using ¢ we obtain several maps in M*Tin which are mapped to each other by
action of Sy, on LRad. If we apply the construction of the previous subsection, because of the
Sap-invariance of our constructions, we do land in a parametrized spectrum over the image of MT
under ¢ in ML,

But the map ¥’ o I, where I : B (MUin) — £2¢ (M), is the natural map, is not
Sop-invariant. It only is up to a sign, due to our choice in orientation. We conclude that if we
take the quotient by Sy;, and note that our construction has the same result for points which are
identified by =5, we obtain us a map of parametrized spectra

SRad (M) ARad E = (EF0a (M) 1 Araa Z"E) /Sop
An inspection of the signs occuring tells us that Sy, acts of E via {£1} by d’th power of the

sign representation, where d is the dimension of v, i.e. the dimension of M. Hence, we can twist
both sides with £2¢ to obtain a map of spectra:

U SRa(Min)+ Arad EZY = T4 (M) 4 Araa Z"E
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3.6. The higher string operations. Finally, diagram [I] allows us to compose and precompose
with maps to obtain a map of parametrized spectra

O 2 (LM™) 4 Araa &7 — B2 ((LM™) 4 Agaa S"E

Because the space LM™ = Mapg,4((S')™, M) is trivial over Rad and the twist inducing E is
obtained by a pull back from Rad, we have that the fiberwise suspension 3%, ;(LM™) + ARad E%d is
naturally isomorphic to a wedge of an ordinary spectrum and a parametrized one: X°°(LM™), A
E%d, using the definition of £. Taking global sections, i.e. composing with the projection LM™ =
Rad x LM™ — LM™, we obtain a map of spectra

2 NR(LM™), AESY = 5°(LM™), AXME
Passing to homotopy classes of sections, we thus obtain degree-lowering map in E-homology
¢ : F,(Rad; £%) ® E,(LM)®™ — E,_jq(LM)®"

where we have assumed that the E-homologies appearing are of such a type that the Kiinneth
theorem applies. For example if E = HR, then requiring that H,(LM;R) is free and finitely
generated in each degree suffices. This condition is always satisfied if R is a field, e.g. Q, or if M
is a compact Lie group G and R any commutative ring by Bott’s theorem [Bot58]. Note that if d
is even, then we have seen E%d is in fact trivial and thus we can forget about it.

4. ECFT STRUCTURE

Considering the fact that in the operations ¢ the local system £®¢ and a dimension shift of —hd
appear, they are naturally candidates for the structure maps of a d-dimensional ECFT. We will
show that this is in fact the case.

We must show that our = are compatible with the # and LJ. For the former, set Rad =
Rady,(m,n), Rad’ = Rady/ (n, k) and Rad” = Radj 4 (m, k) for convenience and let 7; : Rad x
Rad’ — Rad and 75 : Rad x Rad” — Rad’ be the projections. It suffices to show that the following
diagram commute up to homotopy:

2ENid

% (LM™) ;. A (wf (EZ%) Ag 73 (EZ) $°9(LM");. A TMES!

id/\(#z:)®dl J{E/

B (LM™) 4 NEZS BO(LMF), ARtH)dR

"

(1

Looking at the details of the previous section, one sees that this holds if the following diagram
commutes up to homotopy:

” dAid ’
SRar (M) 4 Araar (7} (BEY) Ag 73 (BE)) —— Sgar (M?) 1 Apaar Shing(EE)

id/\#%dl J/q),

" d " ,
EORoad“(JM’F”L)+ ARad"’ E%u ZoRoad,,(Mrln)+ ARad" S (h+h")dR

P

where I'}, is the subgraph of I';, containing only the a’s of L. Then ® is the map induced by & by
only glueing the a’s of L. The map ® is induced by ® by noting that ®' is the identity near the
inner boundary of the annuli and hence after rescaling we apply @’ to the outer annuli Ag/ and
extend by the identity.

We have already seen that the glueing is compatible with our local system. Thus to show the
commutativity up to homotopy of this previous diagram, we can show the commutativity up to
homotopy of the corresponding diagram over LRad. The advance of this is that we don’t have to
worry about the local systems anymore.
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T’ WAid T
Eic}l{ad” (M ”L)+ /\LRad” E - EioRad// (M T’)+ /\LRad// Zth

\P// i \Ij/

S 2%aar (MEin) 4 ALgaar SOHHIE
We now note that we can first do the Thom collapse construction for the slits coming from the
first configuration, thus we can add a commutative triangle up to homotopy at the bottom. The
result is that it suffices to show that the left-bottom and top-right compositions of the following
diagram are equal up to homotopy.

7" \iil/\id ’
n[LIT LT hd
Ei%ad”( ML)"F /\LRadN E ZIOJ%ad”(M p)+ /\LRad// E ]E

\Ilg/\idl m \L‘Iﬂl
v

S (M) 4 ALraar £ 7 SfSaar (M) 4 ALRaar SRR
where we have renamed the maps that were originally called ¥ and ¥’ to ¥; and W) respectively
and Uy and W) are the result of doing the Thom collapse for the slits of respectively L and L’ in
the glued configuration. Now note that both maps out of %°°(METin), Apgaqr E differ only in the
number € used. The homotopy ¢+ €(t) = te(L) + (2 —t)e(L") for ¢ € [0,1] does the trick. Thus
it suffices to show that W} and W/ are the same up to homotopy.

There are two ways in which they differ: the first difference is due to the induced retraction of
the outer boundary of the inner annulus onto the graphs I', and the second is due to the differences
between the maps controlling the flows. The first doesn’t matter up to homotopy because we can
change the retraction for the slits by a homotopy such that for all generic configurations, the
retraction maps them to 9;,A C I',, and for all special configurations, the points to which the slits
are mapped on the edges of F;, depends on the partial glueing parameters. The second doesn’t
matter up to homotopy by changing € in a smooth way.

A similar but much simpler argument works for the LI maps, because one only needs to homotope
the e. We conclude that indeed the & give E,(LM) the structure of a ECFT.

5. THE CLASSICAL STRING TOPOLOGY OPERATIONS

In this section we explain how one can easily recover the classical definitions of the string
product, string coproduct and BV-operator from this construction, when working with £ = HR,
i.e. ordinary homology. We will use the description found in [CV06]. To do compare to those
descriptions, we will use the following proposition.

Proposition 5.1. Let a € Hi(Rady,(m,n)) be represented by submanifold A of dimension k such
L is trivial over A. Then &(a,—) : Ho(LM; R)®™ — H, pq 1 (LM; R)®" is given by taking the
restriction of the map E to subspace A of the base Rady,(m,n), taking fiberwise homotopy classes
of sections and inserting the fundamental class [A] into the resulting map &| 4.

Proof. Let a map f, : S'*% — (X°°(Rad); A HR); represent the class a. The hypotheses imply
that this map factors as
gitk T4l (oo 4y, A HR), =55 (5°°(Rad)y A HR),

for sufficiently large I, where the first map represents the fundamental class [A] and the second
map is induced by the inclusion.

Let g, : SPT" — (X°°(LM™)4 A HR), represent an element b of H,(LM™;R). Because L is
trivial over A, then £(a,b) can be given by

Sltktpar o gk A gotr Je A (5100 (Rad) . A HR) A (S®(LM™)4 A HR),
— (3%®°(Rad x LM™) 4 A HR) 14y — (S°(LM™) 4 AXMHR),,
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unit string coproduct string product

.1
‘ 1
FI1GURE 12. Radial slit configurations giving the unit, string coproduct and string

product. The corresponding surfaces are pictured on the second line and are indeed
equal the cylinder, reverse pair of pants and pair of pants, as expected.

539
'0

On the other hand, if we write down £|4([A],b), we get the following:
itk o gtk gotr TANI (900 4) A TR), A ((S%°(LM™)4 A HR),

5 (B%®(A x LM™)4 A HR) 14y 25 (8%°(LM™), ASMHR),,,

The factorisation of f, and the fact that its image is contained in the subspace A now show
that both expressions are equal. (|

5.1. The string coproduct and product. Since the string product and string coproduct should
be given by the generators Hp(Rado(1,2)) and Ho(Radg(2,1)) respectively, it suffices to look at
the operations we get when we restrict to a single point in these moduli spaces. For completeness,
we have drawn in figure [12] two such points and another point giving the unit in Radg(1,1).

Lemma 5.2. Let a1 1 be the generator Hy(Rado(1,1); R). Then the operation
I'=¢(a1,—): Ho(LM;R) — H.(LM; R)
18 equal to identity map.
Proof. Using proposition [5.1} this is easy. When restricting to the point displayed in figure [12]

note that in fact 1 is an isomorphism, as nothing is glued. This means that we can bypass the
lower lines of the diagram [I] and write the operation as homology applied to the composition

o

LM MTin M

~

ME Mrom i> LM

where T, T, X, T'yyr now denote the fibers above our point in Radg(1,1) and hence are simply
graphs or surfaces. Now note that the map MT» — MT is in fact the identity, as there are no
slits and the map M> — MTeut is a homotopy equivalence, given by retraction of the cylinder
onto its outgoing boundary, together with a rotation. This means that the entire composition is a
homotopy equivalence and hence applying homology gives us the identity map. O

Lemma 5.3. Let aj 2 be the generator of Hyo(Rady(1,2); R). Then the operation
C = €(arn, —) : Ho(LM; R) — H,_q(LM x LM:;R)

18 equal to the string coproduct.
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Proof. Again we can just pick a single point representing a; o and looking at the map of spectra
in the fiber over that point. We can bypass the lower line and just work over Rad. Then we see
that C is obtained from the following diagram of spaces:

LM MTin e p MT

ME MFout i> LMQ

Here we use that T is well-defined over a non-special configuration. By contracting the a* and
B to a point everywhere, which is a homotopy equivalence, we see that the following diagram is
commutative:

LM
LM
where F is the figure eight space S'V S', x is induced by the pinch map S' — S' Vv S! and ¢ is
induced by the projection map S* U St — S Vv St which traverses both circles once in positive
direction, starting with the one labelled first. Thus, applying the umkehr map construction to v in
the top row and composing with all the homeomorphisms and homotopy equivalences should give

the same map as applying the umkehr map to x and composing with «. But the latter is exactly
the classical definition of the string coproduct. O

~

M <= M M MTout ——> [ M2

LM MF

: ; LM?

Lemma 5.4. Let az be the generator of Hy(Rado(2,1); R). Then the operation
P:=¢(agq,—) : Ho(LM;R)®? — H, 4(LM;R)
coincides with the string product.

Proof. The proof is the same as in the previous lemma, except now our commuting diagram is

o ~ o

LM2 —> Mlin M S M — > Mt —— MTowt —= LM

LM? LM?<—F— MF p LM
L X
where ¢/ is induced by the projection map S'LS' — S A S! and X/ is induced by the pinch map
St — S1 v S'. Because applying the umkehr map construction to the lower line is exactly the
classical definition of the string product, we are done. O

5.2. The BV-operator. It is simple to see that Radg(1,1) is homotopy equivalent to a circle, as
the only parameters are the outer radius R, which lies in a contractible space of choices, and the
parametrisation point P, the choice of which amounts essentially the choice of angle. We conclude
that Radg(1, 1) has homology concentrated in degree 0 and 1, where it is free. This is independent
of the power of the local system £, which is trivial over Rad(1,1) because h = 0. We have just
seen that the generator of Hy gives the identity. We claim that the generator of Hy(Rady(1,1); R)
is the BV-operator.

Lemma 5.5. Let by 1 be the generator of Hi(Rado(1,1); R), represented by the loop displayed in
figure[13 Then the operation

A:=¢&(by1,—): H(LM; R) — H,41(LM; R)
coincides with the BV-operator.

Proof. Because there are no slits and hence no umkehr maps, the map in homology is simply the
one obtained by inserting [S'] in the map induced in homology by the following diagram:

id X idX~ o~
SUx LM ——> 81 x MTin ““5 §1x M=~ pTowt ——= LM
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FIGURE 13. A loop in Radg(1,1) representing a generator of its first homology
group. The induced string operation is the BV-operator.

where the map p sends a pair (6,g) of § € S! and a map g : A — M to a map S' — M given by
0+ (gla,.,4) (¢ +0). Applying homology and inserting [S!], we see that the operation is given by

a s p.([8] )
which is exactly the classical definition of the BV-operator O

5.3. Comparing to Godin’s higher string operations. Godin’s construction of higher genus
operations [God07] precedes our construction. In this section we will indicate why our construction
should give the same operations. We will not give a full proof, because a full proof will involve
the details of Godin’s construction and will therefore be too long for this note. Note that previous
subsections already imply that our construction and Godin’s construction are equal on all explicitly
known operations, because both are HCFT’s and assign the same operations to the homology
classes corresponding to classical operations.

Godin’s construction is very roughly as follows: (1) construct a string topology operation for
each n-simplex of composable sequences of n morphisms of ribbon graphs, (2) in such way that
one can glue all these operations together over the geometric realisation of the category of ribbon
graphs. Note that each fiber of the graph space I is a ribbon graph using the cyclic structure from
its embedding in the surface 3. This category corresponds to the subcategory of ribbon graphs
consisting of string diagrams [Poil0], which should be a deformation retract.

It is not hard to check that our construction for each of these single graphs coincides up to
homotopy with Godin’s, because we use the same Thom collapse construction.

The angular and radial movement of slits is modelled in the ribbon category by collapsing edges
and a slit jump is modelled by the geometric realisation of a pair of arrows I'/e «+ I' — T'/¢’,
collapsing e = a; or €’ = av,(;). Our construction for this path differs from Godin’s in the following
sense:in our construction, in the middle all edges and vertices are moved by the flow of the slit (;,
while in Godin’s only a small part of the connecting edges is moved. But these two constructions
are homotopy equivalent by smoothly tuning down the flow when one gets further away from the
slit.

One can subdivide Rad into small subsimplices where only two slits move past each other or
jump and restrict the parametrized spectra to these subsimplices. This way we should get a space
with decomposition into simplices, which can be subdivided to be homeomorphic to a subdivision
of geometric realisation of a deformation retract of the category of ribbon graphs, and over each
simplex the construction is homotopy equivalent to Godin’s. Hence both constructions should give
the same maps in homology.

6. POSSIBLE APPLICATIONS AND EXTENSIONS

6.1. Including units in the prop’s. Godin’s construction in fact shows that H,(LM; R) has the
structure of a HCFT with positive boundary. This means that the incoming boundary is allowed to
be empty. Because Bodigheimer doesn’t treat this situation in [Bod06], we decided not to include
this possibilility in this note. However, it is clear that an appropriate modification of the radial slit
configuration space where sometimes the annuli are replaced by should support similar operations
as we constructed for annuli. These modified spaces should allow one to construct the units as
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well. We think that the following model should work: allow any inner boundary radius in [0, 1] and
add a parametrisation point on the inner boundary — which is just a point is the inner boundary
radius is 0 — and then take the quotient by the S'-action given by rotating the annulus and all the
data on it.

6.2. New string topology operations? One of the great advantages of Bodigheimer’s model of
the moduli space of Riemann surfaces with boundary is that it is well-suited for calculations. For
example, in [ABEO§|] a computer program is given that calculates the low-dimensional homology
groups of the moduli space. The result are tantalizing, for example exhibiting non-zero classes in
the unstable range, some of which are torsion.

By the previous construction or the one by Godin [God07], there are string operations corre-
sponding to these. Although those operations coming from classes in the image of the stabilizing
map vanish using results by Tamanoi [Tam08], the unstable ones stand a chance of being non-zero.
Some of these of course arise from compositions of the classical string operations. However, the
torsion classes cannot arise this way, unless there is a new relation between the previous operations
which we do not know about.

The hope is that someone might be able to find specific submanifolds representing these unstable
classes. Then our model of the higher string operations makes it particularly easy to calculate what
this operation is in terms of elementary constructions in homology. In particular, combining this
with a particular example of a space for which one knows the classical string operations already,
e.g. Lie groups, spheres or projective spaces, would allow one to show that this new operation is
non-zero and not a composition of the classical string operations. Alternatively, one can derive
new relations between the classical operations.

6.3. Extending to the compactification? The space Rad has a natural compactification. It
is simply given by extending the equivalence relations =; and =, from PRad to the larger space
PRad? of possible degenerate preconfigurations. There is no problem doing this, as a quick
inspection of the definition of = shows. It might be possible to extend our construction of the
string operations to this compactification or some subspace thereof.

Clearly, we can extend to the semi-degenerate configurations Rad® as the only difference that
we now allow that length of a® or % to be zero. This shouldn’t matter for our construction.
However, it is also less interesting, as the homotopy type of the space doesn’t change when one
allows these configurations.

More interesting is whether we can extend to degenerate configurations as well. Naively, it
seems more likely that we can only extend the operations to some subspace of the degenerate
configurations, because when one naively tries to extend our earlier definitions to some of the
degenerate configurations, one obtains an incorrect dimension shift. In particular, consider the
configuration of figure The shift here seems to be 0, while it is a degeneration of the string
coproduct, which has a shift of degree —hd. Possibly the naive operation for the degenerate
configuration is not correct. Alternatively, maybe one should be working in a more advanced
context than parametrized spectra, where these jumps are allowed, e.g. twisted parametrized
homotopy theory.

FIGURE 14. A degenerate radial slit configuration and the corresponding degen-
erate surface.
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However, there is a lot of evidence indicating that one should be able to extend the operations
to degenerate configurations in some way. First of all, Kate Poirier in her thesis [Poil0] describes
a method to extend the operations to a closely related compactification on a chain level. In some
cases, this method has been proven to work, but in other situations an anomaly arises. It seems
likely that there exists a general method to deal with this anomaly.

Secondly, if we look at the compactification at genus zero, the homotopy type changes in such a
way that the almost complete degeneracy of the string coproduct follows from the homology of the
compactification. Previously, this was proven by explicit calculation of the string coproduct. To be
precise, note that while the compactification Radgeg (k, 1) is homotopy equivalent to Radg(k, 1), the
compactification Radgeg(l, k) is not homotopy equivalent to Radg(1, k). In particular Rady(1,2)
is a trivial (S')%-bundle over (S') x (0,1), but Radgeg(1,2) is the quotient space of the trivial
(S1)2-bundle over (S!) x [0,1] where the first circle is collapsed over S* x {0} and the second
over S x {1}. But this is what one gets when one glues two handlebodies of genus 1 along their
boundary, showing that Radi“?(1,2) is $® x S'. Thus, the homology classes of the two S’s in fiber
are homologous to zero in the compactification: but these correspond to the BV-operator applied
to one of the output components of the string coproduct, which can be shown to be zero using
Tamanoi’s computation of the string coproduct [Tam07]. Thus the compactification here tells us
relations that are already known to hold. We don’t know of any relation incompatible with known
results that would by implied by an extension of the string operations to the full compactification.
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THE STRING TOPOLOGY STRUCTURE OF THE LIE GROUPS SU(n), U(n),

Sp('ll), GQ AND F4

A.P.M. KUPERS

ABSTRACT. In this article we calculate the string topology structure of the Lie groups SU(n),
U(n), Sp(n), G2 and Fy, by collecting known results and then applying Hepworth’s theorem.
We also describe a different technique to calculate the homology suspension. Futhermore, we
use Tamanoi’s results to elucidate more of the full HCFT structure of string topology for Lie
groups in general.
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Notation 0.1. In a graded ring, generators will be denoted with a subscript given by their degree.

For example, the element a; has degree k.

The intersection products and string products in homology give graded rings where the product
has a shift. There are three ways to deal with this. Firstly one simply can keep the signs and
accept that the commutativity relation has an additional sign. The second way is to let the product
absorb the grading shift. Finally, one can regrade the rings. We think the final option is most
natural, as then the unit will be in degree 0 and it simplifies the notation of many theorems (e.g.
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in spectral sequences for the string product or for the string topology structure of a product of
manifolds). Such shifted homology is denoted by H instead of H for clarity.

Remark 0.2. At some points, we need the Kiinneth map H,(X; R)®@ H.(Y;R) - H.(X xY; R)
or the universal coefficient map H*(X; R) — Hom(H.(X); R) to be invertible. If so, we implicitly
assume this. For this to be the case, certain Tor and Ext groups have to vanish, which holds for
example if R is a field or all relevant homology and cohomology groups are free R-modules. In all
concrete cases in this article, this is in fact the case.

1. INTRODUCTION

1.1. String topology in general. We start with a quick introduction to string topology, begin-
ning with an abstract description and becoming more concrete later on.

In one of its most general forms, for a oriented closed manifold M of dimension d, string
topology is the structure of a d-dimensional positive boundary HCFT on H,(LM) [God07]. This
means it is an algebra over a partial prop, given by the homology of moduli space of open-closed
cobordisms with positive boundary under composition of cobordisms. An open-closed cobordism is
a cobordism between one-dimensional manifolds with boundary. The cobordism consequently is a
Riemann surface with boundary, divided into three parts: incoming boundary, outgoing boundary
and free boundary. The free boundary is a cobordism between the zero-dimensional manifolds
which make up the boundary of the incoming and outgoing boundary. See figure [I] for an example.
An open-closed bordism has positive boundary if the boundary of every connected component
is not completely included in the incoming boundary. This means that there must always be a
non-empty free or outgoing part of the boundary of each connected component.

The moduli space of open-closed cobordisms splits into components depending on the diffeo-
morphism type of the open-closed bordisms. Each such diffeomorphism class has a fixed number
of closed incoming, open incoming, closed outgoing and open outgoing boundaries, say n,m,r,s
respectively. That H.(LM) is a d-dimensional positive boundary HCFT means that for each
connected component M°¢(S) of the moduli space, we have operations:

H,(M(S); det®?) @ H,(LM)®" @ H,(M)®*™ — H,(LM)®" @ H,(M)®*

FIGURE 1. An open-closed cobordisms with incoming boundary two circles and
two intervals and outgoing boundary consisting of two circles. Our convention is
to draw the incoming boundary on the left and the outgoing boudary on the right.
The free boundary is dotted.
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pair of pants cup reverse
pair of pants

FIGURE 2. The cobordisms inducing the operations of a TQFT with positive boundary.

where det is local system. In many cases, in particular for all basic operations given below,
it is locally trivial and hence gives a grading shift. In that case, increases the grading with
dim(Ho (S, 9;»5; Q)) — dim(H; (S, 0;,5;Q)) for a open-closed cobordism S. These operations are
compatible with glueing of open-closed cobordisms.

Alternatively, one can replace the moduli spaces by classifying spaces of the open-closed mapping
class group Mod°¢(S). Sometimes we will refer to elements in H; of the moduli space by the
corresponding elements of the mapping class group. For technical reasons, these operations are
constructed using ribbon graph models of surfaces. We will see examples of graphs modelling
certain cobordisms later on.

1.2. String topology for Lie groups. Since compact Lie groups as pararellizable, they are
always oriented closed manifolds and therefore they have an associated string topology structure.
We will describe the basic operations below. In particular, the entire structure coming from Hy of
the moduli space is known.

1.2.1. The TQFT structure from degree zero operations. We first consider the operations coming
from Hy of the components of moduli space corresponding to closed cobordisms, i.e. those cobor-
disms with open or free boundary components. As we will see, these operations are fully known.
There are three basic operations coming from closed cobordisms. We got their descriptions from
[God07, section 1.1]E| The cobordisms inducing these operations have been drawn in figure

String product: The string product is the operation associated to the generator of H of the
component corresponding to the pair of paints with two incoming boundary components
and one outgoing. By calculating the relative Euler characteristic, we see product has a
degree shift of —d. The associativity and graded commutativity follow from the relevant
statements for open-closed cobordisms, but can also easily be proven directly from the
construction. Unwinding the construction of the HCFT operations, we see the product
comes from the following diagram:

LM x LM <— Map(8, M) — LM

levxev iev evl

M x M X M i M

by i : H.(LM)® H.(LM) — H,_4(8, M) — H,_4(LM). Note that the diagram
implies that (ev), intertwines the string product on H,(LM) with the intersection product
on H.(M).

String coproduct: The string coproduct is the operation associated to the generator of Hy
of the component corresponding to the reverse pair of paints, i.e. the one with one incoming
boundary component and two outgoing. It is coassociative and graded cocommutative. The
construction uses a diagram similar to the one used to construct the string product.

IThere is an issue with signs in string topology, depending on for example the choice of orientation of certain
normal bundles. As Godin doesn’t specify these choices, we have decided to use Tamanoi’s signs in our description
of the operations.
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Tamanoi [Tam07] has shown that there is a Frobenius compatibility relation between
the string product and coproduct, but more importantly, he has shown that the string
coproduct applied to any element is a multiple of the Euler characteristic x (M) of M.

Unit: This comes from Hy of the disk with outgoing boundary, also known as the cup. It is
simply the unit of the string product. Note there is no counit due to the positive boundary
condition.

In particular, this operations gives the full structure of string topology operations coming from
Hy of the moduli space of closed cobordisms with positive boundary. The result is a TQFT
with positive boundary. This can be proven using the same lemma about the decomposition of a
closed cobordism into standard pieces which is often used to prove that a TQFT is equivalent to
a commutative Frobenius algebra.

For Lie groups things simplify. Tamanoi’s calculation of the string coproduct [Tam07] completely
takes care of the string coproduct for Lie groups. In particular, he shows that the string coproduct
of any element is a multiple of x(G). However, x(G) = 0, which can be shown for example using
the following cute proof:

Theorem 1.1. For any Lie group, the Euler characteristic is zero.

Proof. A Lie group is parallelizable, using either left or right translation. Hence TG admits a
non-zero section V. This is a vector field without zeroes. The Poincaré-Hopf theorem gives us
the Euler characteristic in terms of the indices of the zeroes of a vector field, as long as these are
isolated. Since the sum is empty for V, we conclude that x(G) = 0. ]

Corollary 1.2. For any Lie group, the string coproduct is identically zero. As a consequence, all
operations coming from Hy of higher genus operations vanish.

Only two basic operators remain and these can be significantly simplified. To do this, we use
the following decomposition of LG: LG is homeomorphic to G x G, by the map which sends
the loop 7 to the pair (v -~(0)~1,7(0)) of a based loop and an element of the group. The string
topology product on H,(LM) should be seen as a mix between the intersection product of M and
the Pontryagin product of QM. In the case of a Lie group, this heuristic can be made precise
using nothing more that elementary algebraic topology, some knowledge of the behaviour of Thom
classes and Bott’s theorem [Bot5§]:

Theorem 1.3. Let G be a compact Lie group. Then H,(QG;Z) is free abelian in each degree and
concentrated in even degrees.

The result uses several structures on H,(QG) and H,(G), which we list below:

(1) H.(2G) is a graded ring using the Pontryagin product. If u : QG x QG — QG is the
concatenation of loops, then this product is u. : H.(QG) ® H.(QG) — H.(QG).

(2) H.(G) is a graded ring using the intersection product. If D : G — G x G is the diagonal
map, then this product is D' : H,(G) ® H.(G) = H,_qim(c)(G). Note that [Gs] is the
unit. We therefore shift the grading, setting H.(G) = H,{dim(c)(G).

The result is part of Hepworth’s theorem [Hep10], which allows us to completely determine the
structure of a TQFT with positive boundary on H, (LG) in terms of known invariants.

Theorem 1.4. Let G be a Lie group. Then as graded rings
H.(LG) & H.(QG) @ H.(G)

The unit is 1 ® [G], where 1 corresponds to the connected component of the identity and [G] is the
fundamental class of G.

1.2.2. Degree zero operations from open-closed cobordisms. There are more operations if we look
at Hy of the moduli space of all open-closed cobordisms. In fact [TamO8b, theorem B] gives a list
of all possibly non-vanishing operations coming from H| of open-closed cobordisms. We describe
the ones obtained in addition to those coming from closed cobordisms. These are drawn in figure

Bl
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FI1GURE 3. Open-closed cobordisms inducing additional operations.

Intersection product: This comes from the generator of Hy of the connected component
corresponding to the pair of flaps with two incoming and one going open boundary com-
ponents. This is the well-known intersection product.

Unit: This comes from the positive disk and gives the unit for the intersection product,
which is the fundamental class [M].

Diagonal coproduct: This comes from the generator of Hy of the connected component
corresponding to the pair of flaps with one incoming and two going open boundary com-
ponents. It is the diagonal coproduct dual to the cohomology cup product.

Module action: This comes from the generator of Hy of the connected component cor-
responding to the “mouthpiece” with one incoming interval and an outgoing circle. It
corresponds to the map H,(M) — H.(LM) sending a to x(M)i.(a), where i : M — LM
is the inclusion of constant loops. It gives the structure of H, (M )-module to H,(LM).

Evaluation map: This comes from the generator of Hy of the connected component cor-
responding to the “mouthpiece” with one incoming circle and an outgoing interval. It
corresponds to the map (ev), : H,(LM) — H,(M) induced by the evaluation of a loop at
1e St

Closed window operation: This comes from the generator of Hy of the cylinder with one
incoming and one outgoing boundary component plus an additional one free closed bound-
ary component, the window. Hence it can be obtained as the composition of the module
action with the evaluation map. Tamanoi has shown it is a multiple of x(M).

Corollary 1.5. The closed window operation and module action vanish for all Lie groups.

In other words, for Lie groups, Tamanoi’s type I and III operations vanish as well. As before,
one can prove the Hy of the full moduli space gives us operations corresponding to the structure
of a open-closed TQFT with positive boundary. The previous results show how to completely
determine the structure of an open-closed TQFT with positive boundary on H,(LG) in terms of
known invariants.

1.2.3. Higher degree and higher genus operations. For completeness, we summarize the results of
[Tam08a] as well. These concern the vanishing of higher genus operations. Recall that the moduli
space is homotopy equivalent to a disjoint union of classifying spaces of mapping class groups, see
e.g. [GodO1].

Theorem 1.6. All operations lying in the imaging of a stabilizing map of the mapping class group
vanish. In particular, the operations coming from the stable range of the mapping class group
vanish.

Of course not all operations are in the image of a stabilizing map. One of those operations is
particularily interesting:
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BV operator: The BV-operator is the operation coming from generator of Hy of the con-
nected component corresponding to the cylinder with one incoming and one outgoing
boundary. In terms of mapping class groups, it comes from a Dehn-twist around a
curve homotopic to the boundary. Unwinding the construction, it comes from the map
p: St x LM — LM given by p(e?,v)(s) = v(s + 0). Then A(a) = p.([S*] x a).

Among its most important properties, it squares to zero and is a second order derivation
with respect to the product. The latter follows essentially from the lantern relation in the
mapping class group of the complement of three disjoint disks in a larger one.

Essentially, the BV-operator is all there is at degree 1 level: Hj of the mapping class groups is
generated by Dehn twists along simple curves. Cutting the cobordism along into three pieces: (i)
a strip containing the curves and some cylinders (ii) a part before it and (iii) a part after it. The
fact that the operations are compatible with composition of cobordisms then implies that we can
write the degree 1 operations into a composition of degree zero operations and the BV-operator.

Also, we know the structure of the higher degree genus zero operations completely if there is
one outgoing closed boundary component and no open or free boundary components: this is an
operad generated by the product, the BV-operator subject to in particular the BV relation. This
can be proven by showing that the genus zero operations can be modeled by the framed little disks
operad, which can done by showing that the mapping class groups for genus zero cobordisms with
one outgoing closed boundary component and no open or free boundary components, are pure
ribbon braid groups. One can then apply Wahl’s recognition principle [WahOI]. The calculation
of the homology of the framed little disks operad was done by Wahl and Salvatore [WS03|, using
results by Cohen for the homology of the little disks operad. In particular, we conclude that the
string topology operations give H, (LG) the structure of a BV-algebra.

For Lie groups, the BV-operator admits a nice description with respect to the isomorphism
H.(LG) & H,.(QG) ® H,(G) described previously. For this we need to additional pieces of infor-
mation.

(1) H.(2G) is a graded coalgebra using the diagonal coproduct. If D : QG — QG x QG is
the diagonal, then this coproduct is given by D, : H.(2G) — H.(QG ® QG). Note that
theorem guarantees we can invert the Kiinneth map. We denote D, (a) by > a(1)y®aya),
Sweedler’s notation.

(2) There exist a map o : H.(QG) — H,11(G), known as the homology suspension. It is given
by o(a) = ev.([S] x a), where ev : ST x QG — G maps (6,7) to (), the loop evaluated
at point 6.

Now we can give Hepworth’s full theorem [Hepl0, theorem 1 and proposition 3]:
Theorem 1.7. Let G be a Lie group. Then as graded rings
H.(LG) & H.(QG) ® H.(G)
The BV-operator is the given by

Ala®b) =Y aq) @ o(a@)b

Alternatively, if Hi(G;R) admits the structure of a Hopf algebra with the Pontryagin product
(e.g. if all homology groups are free, or if R is a field) the BV-operator can be written as »_ 0; ®
&; over additive generators p; of the odd-degree part of the module of primitive elements. Here
0; + Hy(QG;R) — H,_|p,+1(QG; R) is given by a — (pi,o(an)) ® az) and 6; : H.(G;R) —
H.p,|(G; R) is given by x +— p;x, the Pontryagin product of p; and x.

We apply this theorem to SU(n), Sp(n), G2 and Fy. As a corollary, we also obtain the string
topology structure for U(n). These results are new for Sp(n), Ga, Fy, except in a small number
of low dimensional cases of Sp(n), where the groups coincide with the other spaces whose string
topology structure has been calculated before. The groups SU(n) and U(n) were considered
by Tamanoi in [Tam06], but there a different method was used to compute the string topology
structure.

We think these results are interesting for several reasons.
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(1)

(2)

It gives examples of string topology structures and can therefore serve as a starting point for
other calculations of string topology structures, for example using the spectral sequences
described by Meier [Meil0)].

It serves as a starting point for calculations of the equivariant homology of LG. Tom
Goodwillie pointed out on Mathoverflow that the E3-page of the Serre spectral sequence
in homology associated to the fibration LG — LG xg1 ES' — BS! can be described as
follows: Ef] = HjA (LG; R) for i = 2n with n > 1, where H2 is defined to be ker A/imA,
and Ej ; = H;(LG; R)/imA. Here A is the BV-operator.

The string topology structure can serve to distinguish between spaces, for example between
S3 x S5 and SU(3).

The vanishing or non-vanishing of the product or BV-operator might describe some ob-
struction. An example of such a statement can be found in the Abbaspour’s article on
string topology for 3-manifolds [AbbO03], which links the string product to “algebraic hy-
perbolicity” of the manifold.

2. CALCULATING THE STRING TOPOLOGY STRUCTURE OF LIE GROUPS

2.1. Two variations of a recipe. The technique used by Hepworth in [Hepl0] to calculate the
string topology structure for SO(n) will be the blueprint of our calculations. It consists of the
following steps, where G denotes our Lie group:

(1)

(6)

Compute HY"(G), the homology ring with Pontryagin product as a Hopf algebra and H*,
cohomology ring, as a Hopf algebra. If not all groups are free over the integers, we need
to switch to field coefficients. Usually these results can be found in the literature, but in
some cases one needs some more information about maps into homogeneous spaces. In
these cases a nice cell decomposition of your Lie group is of help.
Compute H"!(G), the homology intersection ring, from the cohomology ring using Poincaré
duality and a grading shift of degree dim(G).
Compute H,(QG) as a Hopf algebra. Usually these can be found in the literature.
Compute the string product using steps 2 and 3 and theorem
Compute the homology suspension for G. This can be done in the following two ways.
(5a) One can calculate the homology suspension for a homogeneous space associated
to G, e.g. a Stiefel manifold, or a subgroup and using naturality of the homology suspension
to compute the homology suspension for G.
(5b) Ome can calculate the homology suspension directly using the Serre spectral
sequence for the multiplicative fibration QG — PG — G.
Use the description of the BV-operator as a sum of tensor products of derivation in
together with steps 1, 2 and 5 to calculate the BV-operator.

The results of such calculations for S, SU(2) and SO(n) can be found in [Hepl0]. For those
cases, step (5a) is the easiest option. However, in some cases, like Fyy, there might not be a tractable
homogeneous space available. In these cases, it is easier to use (5b). Furthermore, this technique
is very powerful when one workes over a field of characteristic 0, because then proposition [2.11
terribly simplifies the trouble of determining the differentials in the spectral sequence.

In the next two sections we will describe the prerequisites for both techniques.

2.2. The homology suspension and its naturality. It is easy to describe the naturality of the
homology suspension.

Proposition 2.1. Let f: X — Y be a continuous map. Then the following diagram commutes:

H70x) 25 gy

H,1(X) T) H,1(Y)
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Proof. The proof becomes trivial after one recalls that the homology suspension is defined as
o(a) = (ev).([S?] ® a), where ev : (0,7) — v(0). O

2.3. The homology suspension using spectral sequences. In this subsection we take a look
at the relation between the homology suspension and the Serre spectral sequence and exploit this
to describe the properties of the homology suspension.

2.3.1. The homology suspension as differential. We start by describing the homology suspension
as a differential in the Serre spectral sequence and from this derive a criterium for the homology
suspension to be an isomorphism. The following proposition was proven by Serre, but a more
modern source is McCleary [McC00, proposition 6.10].

Proposition 2.2. Suppose that X is path-connected and QX is connected. Then the homology
suspension makes the following diagram commute:

q d? q
Epo———FEo 41

o

F T
Hy(X) <—— Hy1(2X)

where Efj are the entries of the (homological) Serre spectral sequence for the fibration QX —
PX - X, i: E;O — Hy(X) is the boundary inclusion, which is injective, and m : Hy_1(Q2X) —
Eg,q is the boundary projection, which is surjective.

This implies that the kernel of o is the kernel of m and the image of o is the image of i.

This means that in essence, computing the homology suspension is nothing but calculating the
differentials d? : E y — Eg ;.

Corollary 2.3. If X is n-connected for n > 2, then o : Hy_1(QX) — H,(X) is an isomorphism
for2<q<2n+1.

Proof. If Y is n-connected, the entries Efj such that 0 <7 <nor 0 < j <n—1 have zero entries,
except of course Egjo. In particular, this implies that the only non-zero differential can mapping
out of Eg,o for 0 < ¢ < 2n+1 could be d9, and similarly the only non-zero differential can mapping
into Equ_l for 0 < ¢ < 2n could be d?. This means that in the range 2 < ¢ < 2n both ¢ and 7 are
isomorphisms. For ¢ = 0,1, we don’t have differentials d?. The condition n > 2 guarantees that
X is path-connected and QX is connected. O

Next we show how to use the product of the Lie groups to obtain additional structure on the
Serre spectral sequence. This structure can then be used together with the previous reuslts to
calculate the homology suspension directly for Lie groups.

2.3.2. Spectral sequences of Hopf algebras. We start by describing the correct notion to describe
the structure on the Serre spectral sequence coming from certain nice fibrations: spectral sequences
of Hopf algebras.

Let R be a ring. Each page of a spectral sequence is a R-module with two simultaneous gradings
and a differential. An example of such a object is the tensor product of two chain complexes over
R with total differential. In general, we have the following definition:

Definition 2.4. A differential bigraded module of bidegree (s, t) is a collection E, ; of R-modules
for p,q € Z and a differential d of bidegree (s, %), which is a collection of maps E, ; = Epys g+t
which squares to zero.

A map of bigraded modules f : £ — E’ is a collection of maps Ej, ; — E, , commuting with
the differential. In particular, the bidegrees of the differentials of F and E’ must coincide.

There is a tensor product of differential bigraded modules, which is given by

(E® E/)p,q = @ Erm ® Egn

r+s=p
m+n=q
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with differential given by d(a ® b) = da @ b+ (—1)!la @ db, where |a| is the total degree r + m of
a € By . This turns the category of differential bigraded modules of bidegree (s,t) in a monoidal
category with unit object 1 given by the differential bigraded module with R in bidegree (0,0) and
0 elsewhere, and zero differential. This means that we can make sense of the notion of algebra,
coalgebra, unit, counit and Hopf algebra in this category.

Definition 2.5. A differential bigraded module F is an algebra if there isamap ¢: EQ F — E
of differential bigraded modules making the following diagram commute.

$p®id
EQEQE—EQE

= |+

E®FE E

A map n:1 — FE is a unit for an algebra if the following two diagrams commute.

Eol- L peE 10E Y EoE
\fx\\i¢ \5\\\i¢
E E

A differential bigraded module F is an coalgebra if there is a map A : ' — E ® E of differential
bigraded modules making the following diagram commute.

E— 2 SEQFE

Al |

E®ET®>AE®E®E

A map e: F — 1 is a counit for a coalgebra if the following two diagrams commute.

E—2FEoFE E—5%EoFE
\ lid@e \ is@id
E®1 19 E

A differential bigraded module F is a Hopf algebra is € o 1 is the identity of 1 and the following
diagram commutes.

EwE— E 2 _EQE

A@AJ/ T¢®¢

A spectral sequences of algebras is a spectral sequence such that each page forms a differential
bigraded algebra of bidegree (—r,7 — 1) and the product ¢,y : E"T! @ E™! — E"+! is given by
the composition

H (¢r)
_—

Ertl @ prl i_ H(ET) ®H(ET) *)H(Er ®Hr) H(ET) i>Er+1

If the algebras have units, we require that the unit of E” maps to the unit of E"*! in homology.
Note that d(n(1)) = 0, so this is well-defined.

If we work over a field k, a spectral sequences of coalgebras is a spectral sequence such that
each page forms a differential bigraded coalgebra of bidegree (—r,7 — 1) over k and the coproduct
A,y BT — BTt @ BT s given by the composition

o H(A,. =3
Er+1 = H(Er) 4(> h(Er ® Hr) . H(Er) ® H(ET) - ETJrl ® ET+1
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Note that to have a well-defined map H(E™ ® H") — H(E") ® H(E") we need to work over a
field (as to guarantee vanishing T'or-terms in the Kiinneth theorem). If the coalgebra has a counit,
we require that the counit of E™1! is the restriction of the counuit of E", which is well-defined
since €(d(a)) = 0.

Finally, we can define a spectral sequences of Hopf algebras by having ¢, and A,. as above, such
that for each page F, we have that diagram ensuring that ¢, and A, are compatible in the sense
of a Hopf algebra.

The reason we can interested in spectral sequences of Hopf algebras is that their differentials
allow a very easy description in case one knows that primitives and indecomposables elements on
each page. Recall that an element a of a Hopf algebra is called primitive if A(a) =1®a+a®1
and it is called indecomposable if a = ¢(a1, az) implies that either a; or as lies in the image of the
unit map. A general result is the following.

Proposition 2.6. If E]  is a spectral sequence of Hopf algebras, then for each r > 2, in the
least degree such that d” is non-zero it is defined on a indecomposable element, which it maps to a
primitive element.

Proof. Consider d"(z). If it is decomposable, note that d”(ab) = d"(a)b + (—1)I*lad" (b) with the
degrees of a,b of lower degree, hence d” must be zero. To see that d"(z) is primitive, note that
A(d"(z)) = d"(A(z) = d"(z) @ 1+ 1@ d"(z) + Y d"(z(1)) ® 2(2) + (—1)"®l2 ) @ d"(2(2)) with
T(1), T (2) of lower degree. Hence d" vanishes on those. ([l

In the special case discussed later, we will be able to exploit this proposition in combination
with knowledge of the primitive and indecomposable elements to learn a lot about the differentials.

2.3.3. Multiplicative fibrations. Next we describe a type of fibration that can induce under mild
conditions a spectral sequence of Hopf algebras in the Serre spectral sequences. These will of
course be related Lie groups. Remember that a Lie groups has an associative product and identity
elements and hence in particular is a an associative H-space with unit. This is the structure we
want our fibrations to preserve.

Our general context is the following: let E, B be associative H-spaces with multiplications u, v
and units e, b respectively.

Definition 2.7. We call a map f : F — B multiplicative if fou=wvo (f x f) and f(e) =b.

In fact, one can show that for our applications it suffices f is multiplicative up to homotopy,
since one can always replace ¥ and B with homotopy equivalent H-spaces and f with a homotopy
equivalent map which is multiplicative. We now note that the fiber above the unit is a H-space
itself.

Lemma 2.8. The fiber F = f=1(b) is an associative H-space with unit e.

Proof. To prove this, it suffices to note that p|rxp maps into F. But this follows from the fact
that if 4,7 € F, then f o u(vy,7') = v(fv, fv') = v(b,b) = b. |
Furthermore, for the fiber above the identity we always have a simple system of coefficients.

Lemma 2.9. The action of 71(B) on H.(F) is trivial.
Proof. This is lemma 5.1 of [Bro63]. |

It is well-known that the homology of a associative H-space acquires the structure of a Hopf
algebra if we use field coefficients. We will denote a generic field with k. Using naturality, we can
then give the Serre spectral sequence the structure of a spectral sequence of Hopf algebras, under
some assumptions.

Theorem 2.10 (Browder). Let E,B be associative H-spaces and f : E — B a multiplicative
fibration. Assume that B is path-connected, E connected and H,.(F) and H.(B) are of finite type
over k. Then the Serre spectral sequence for f : E — B in homology with field coefficients is
a spectral sequence of Hopf algebras whose E? term can be identified with H,.(B;k) ® H.(F;k),
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both of which are Hopf algebras using the multiplication for the product and the diagonal for the
coproduct.

Proof. See [Bro63] or the more readily available [FHTOI]. O

Here a tensor product of Hopf algebras is given by the tensor product of the underlying vector
spaces with product, resp. coproduct, the tensor product of the two product, resp. coproduct,
maps. Since we know the structure of Hopf algebra on the E?-page and we would like to apply
proposition [2.6] it makes sense to take a closer look at the primitive elements and indecomposables
in that situation.

Proposition 2.11. Let E, F be graded Hopf algebras concentrated in non-negative degree and let
E ® F be bigraded Hopf algebra obtained as the tensor product of Hopf algebras.

An element e ® f of E® F is indecomposable if and only if either e is indecomposable and f is
a multiple of 1, or e is a multiple of 1 and f is indecomposable.

If R =k, a field of characteristic zero, then an element e ® f of E ® F is primitive if and only
if either e is primitive and f is a multiple of 1 or e is a multiple of 1 and f is primitive.

Proof. The first claim is trivial by definition of the product of a tensor product.

For the second claim, suppose that we work over a field of characteristic zero, e ® f is primitive
and both e and f are not multiples of 1. Recall that the coproduct for a tensor product is given
by taking the twisted tensor product of the coproducts. Hence we must have

Ale® fl=1oT®1)(Ale) ® A(f))

:(1®T®1)((1®6+6®1+Ze(1)®€(2))®(1®f+f®1+2f(1)®f(2)))
=@l )+(1el)®@ (e f)+...

where the additional term in bidegree ((k1i,|f]), (k2,0)) with ky + I3 = |e| is given by (e,) ®
f) ® (eky) ® 1). On the other hand, using that e ® f is primitive we also obtain A(e ® f) =
(e fle(1®1)+(1®1)® (e® f). Since we work in characteristic zero this is only possible is
(k) @ €(r,) = 0 and this implies that e is primitive or a multiple of 1. By symmetry we conclude
that f must be primitive or a multiple of 1 as well. Therefore we only need to rule the case that
both are primitive. If this was the case, then in bidegree ((0,|f|),(|e],0)) we find the element
(1® f)®(ex 1) and obtain a contradiction with A(e® f) = (e® /)@ (11)+(1®1)®(ex f). O

The second claim of the previous proposition does not hold over fields of other characteristic.
An example occurs in the calculation of the homology suspension of G over Zs.

2.3.4. Fibrations related to loops in a H-space. In particular, if G is a Lie group or more generally
an associative H-space, the results of last section apply to the fibrations QG — LG — G and
QG — PG — G. Note that PG and LG have pointwise multiplication as H-space maps. This
may seem to induce a different H-space structure on 2G than that of loop concatenation, namely
that of pointwise multiplication. However, note the following lemma:

Lemma 2.12. Loop concatenation and pointwise multiplication induce the same product map in
homology. Furthermore, this map is commutative.

Proof. Tt suffices to show that concatenation p. : QG x QG — QG and pointwise multiplication
pp : QG x QG — QG induce the same map in homology. There are maps from QG to QG,
hio,1/2) and hyi /21y, given by precomposing with the map ¢ — max(2t,1) and ¢ — min(0, 2t — 1)
respectively. These are homotopic to the identity by precomposition with a family of piecewise
linear maps [0, 1] — [0, 1]. Consider the following commutative diagram:

h h
QG x OG (02721 71101/ 0G x QG

QG
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This implies that (pc)s = (f1p)« © (hjo,1/2] X Pjo,1/2])«. But the last map is the identity using
homotopy invariance of homology, hence (pc)« = (p)+-

Also note that we have the interchange law i, o (fte X fte) = pic © (ftp X pp © (1 X 7 x 1)) as maps
(QG)** — QG and that both g, and . have the same unit, the constant loop at the identity.
From this it follows that they are commutative. ([l

In any case, we can derive the following corollary from the results of the previous subsection:

Corollary 2.13. Let G be a path-connected Lie group. Then the Serre spectral sequence for the
fibration QG — PG — G in homology with field coefficients is a spectral sequence of Hopf algebras
whose E? term can be identified with H,(G; k) ® H,(QG; k), both of which are Hopf algebras using
the multiplication (concatenation or pointwise) for the product and the diagonal for the coproduct.

Proof. The only thing to check is that both H,(G;k) and H,(QG; k) are of finite type. But this
is a consequence of theorem [I.3] and the fact that for any compact manifold, the homology is of
finite type over each field. O

2.3.5. Interaction of homology suspension with Pontryagin product. Finally, we can describe how
the homology suspension interacts with the Pontryagin product. This allows us to reduce the
calculation of the homology suspension by calculating its values on generators.

Proposition 2.14. Let e : H.(QX) — Z be the augmentation. Then o(ab) = o(a)e(b) + e(a)o(b),
where we use the Pontryagin product on H.(QX). In particular, if o vanishes on all elements
which can be written as the Pontraygin product of two lower degree classes.

3. THE STRING TOPOLOGY STRUCTURE OF SU(n) AND U(n)
In this section we prove the following theorem:
Theorem 3.1. Letn > 2. As a graded ring H.(LSU(n)) is isomorphic to
Zlog,04y. .., 0202 @ Az[b_3,...,b_(2n—1)]

Under this isomorphism, the BV-operator A is given as a sum Z?:_f 02i+1®02;+1 of tensor products
of derivations. These tensor products vanish on all generators, except in the following cases: for
1 <7 <9< n—2 the operator 011 @ 02541 sends og; ® b_(2j41) to ogi—5) ® 1.

Proof. Combine propositions [3.6] and [3.11] a

Some remarks:

e Note that SU(1) = pt, so we don’t lose anything by requiring n > 2. This assumption will
be implicit from now on.

e Since this theorem holds over Z, it holds over any ring of coeflicients. However, this
generality means that we can’t use the more powerful techniques available for working
over fields. We will note when these techniques simplify the calculations.

e This result was already obtained by Tamanoi in [Tam06], where he calculated the string
topology structure for complex Stiefel manifolds, since V,(LCJ#1 > SU(n). Conversely, our
result for SU(n) also calculates the string topology structure for this class of complex
Stiefel manifolds.

e A closer look at the induced maps i, and (i), for the inclusion i : SU(k) — SU(n) for
2 < k < n, shows us that (Li). induces a morphism of BV-algebras.

Using the isomorphisms SU(2) = Spin(3) = Sp(1) = S3 and SU(4) = Spin(6) of Lie groups,
we also obtain the string topology structure of Spin(3), Spin(6) and Sp(1). Futhermore, since
SU(2) is homeomorphic to S3, we obtain the string topology structure of S3. In fact, this result
coincides with the one obtained by Hepworth [HeplOl proposition 9] and Menichi [Men09]. It is
worthwhile to write out the BV-operator here, to allow easy comparison:

Corollary 3.2. As a graded ring H.(LS®) is isomorphic to Z[o2] @ Ag[b_3]. The operator acts as
follows: Aoy @b_3) =ioh ' @1 and A(oh @1) =0
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Proof. This is a direct consequence of theorem [3.I]for n = 2 and the fact that A is a sum of tensor
product of derivations. Alternatively, this follows from theorem for n = 1. O

3.1. Yokota’s cell structure of SU(n). For n > 1, let SCP™ denote the reduced suspension
of CP"™ using the interval I = [r/2, —7/2], i.e. ZCP"™ = CP"™ x I/ ~ where ~ is an equivalence
relation collapsing the sets CP™ x {w/2}, CP™ x {—n/2} and I x {[1,0,...,0]}. Because CP" has
a single cell in dimensions 0, 2,4, ...,2n— 2, we conclude that XCP™ has a single cell in dimensions
0,3,5,...,2n — 1. Let ¢ : D>~ 1 — Y CP" denote the characteristic map of the top cell.

We choose to represent elements of CP™ by vectors in C"*! with norm 1 modulo U(1). We can
give a map r: [ x CP"~! — SU(n) as follows:

r((0, 7)) = (Idn — 2exp(—1i0) COS(@)([{}’])T[{}‘]) ( —eX[())(Qz'Q) Idg_l >

Because the T contains a complex conjugation, this is independent of the choice of vector v
representating the element of CP™. Note that if 6 = /2, 6 = —7/2 or [v1,...,v,] = [1,0,...,0],
this map gives the identity and it is injective everywhere else and hence it factors as a map
p: XCP" 1 — SU(n). Using the inclusion SU(m) — SU(n) by adding an (m — n) x (m — n)
identity matrix at the bottom, we obtain a map p,, : SCP™ — SU(n) for 1 <m <n — 1.

We can use the group multiplication to extend this map to sequences I of integers between 1
and n — 1. pr : XCP4 x ... x XCP* — SU(n) is given by

pl((91> [771])’ ) (ek’ [1_)}@])) = Piy ((91’ [771])) © Pig (91@7 [’Uk])

We can precompose this map with the map ¢y : D21 x ... x D?*~1 5 ICP" x ... x ZCP%
of top cells and an orientation-preserving homeomorphism between D?17! x ... x D?*~! and
DX(245=1) 0 get a map ¢y : DX4-1D SU(n). We call a sequence I admissable if n—1 > 47 >
ig > ... > i, > 1. Yokota proved the following result, which can be found in [Yok55] and [Yok56b]:

Theorem 3.3. The maps vy for admissible I are the characteristic maps of a cell decomposition
of SU(n). The primitive cells are those with I = {i} and the interior of D*~! is mapped homeo-
morphically into SU(i): the image is called E*. The cell decomposition is compatible with the group
multiplication in the sense that E'E7 is homeomorphic to EVE' by a homeomorphism of degree —1
ifi # j, and E°E' C E'E'~'. The inclusion of SU(k) — SU(n) for k < n is cellular and sends
the j’th primitive cell of SU (k) homeomorphically to the j’th primitive cell of SU(n).

Proof. All of this can be found literally in [Yok56b], except the statements about the multiplication.

These are consequences of the calculations of section 7 of [Yok56h]. O
Corollary 3.4. e The homology ring with Pontryagin product HE"(SU(n)) is given by
Azlas,as, ..., as,—1]. Because all homology groups are free, the diagonal induces a com-

patible coproduct, and for the Hopf algebra structure obtained this way the a; are prim-
itive. Futhermore, under the inclusion SU(k) — SU(n) for k < n, the generators of
HE"(SU(k)) are send to the corresponding generators of HY" (SU(n)).

e The cohomology ring with cup product H*(SU(n)) is given by Azlas,as, ..., as,—1] with
«; dual to a;. Because all cohomology groups are free, the diagonal induces a compatible
coproduct, and for the Hopf algebra structure obtained this way the «; are primitive.

o The intersection ring H"'(SU(n)) is given by Az[b_3,b_s, .. -yb_(2n—1)], where we have
shifted the graing by —m? + 1 = dim SU(n). The unit is the fundamental class [SU(n)].

Proof. First we get the homology with Pontryagin product. As consequence SCP" ! x...x XCP!
maps by cellular map into SU(n). One can therefore compute the boundary in the product of
suspension of CP™, but there it must obviously vanish. Therefore are no non-zero differentials and
the homology is easy to compute. Because of the compatibility of the group multiplication with
the cell structure, we immediately obtain the Pontryagin product structure.

Next, we obtain the cohomology ring. Since the duals to cells have odd degree > 3 or degree
0, again cohomology is easy to compute. Additively, it is free on generators «; dual to a;. The
product structure comes from our knowledge of the product structure of H*(CP"~! x ... x CP'),
into which H*(SU(n)) embeds.
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To show that the a; and «; are primitive, we note that the diagonal coproduct is dual to the
cup product and the group coproduct is dual to the Pontryagin product. We know that a; is dual
to a; and since only 1 - a; and a; - 1 have a; as a result, «; is primitive. Similarly, a; is primitive.

The intersection product can be found by using the Poincaré duality to transfer the cup product
to homology. If [SU(n)] = a3 - as5---ag,—1 is the fundamental class, then b_(5;_1) = (—1)7as -
a5+ Qgi—1 - Q2p—1. O

3.2. The string product for SU(n). Using a auxilary space called the generating variety, Bott
[Both8, proposition 8.1] has calculated the homology of QSU(n).

Theorem 3.5. The homology of QSU(n) is the Hopf algebra given by Z|os,04,...,09,_2] as
Pontryagin product and coproduct given by:

D*(O'Q,j) = Z 025 ® o9
j+k=i
where we denote 1 by og.

Combining this information with corollary gives us enough information to calculate the
string product.

Proposition 3.6. H.(LSU(n)) = Zloa,04,...,02,2]®@Az[b_3,b_5...,b_(2,—1)] as a graded ring.

Proof. Simply apply theorem O

3.3. The BV-operator for SU(n). We will now calculate the BV-operator using technique (5a),
i.e. comparing it with the homology suspension of a homogeneous space. In this case the homoge-
neous spaces are complex Stiefel varieties.

3.3.1. The topology of complex Stiefel varieties. For later use, we do some calculations of topological
invariants of a certain class of homogeneous space known as complex Stiefel varieties. The complex
Sticfel varieties are given by V,C,, = SU(n)/SU(n —m) for 1 < m < n — 1. Since SU(n —m) is
a subcomplex of SU(n) and the cellular structure is compatible with the group multiplication, we
obtain the homology and cohomology of the Stiefel varieties as a corollary as well:

Corollary 3.7. For 1 < m < n —1, H*(V,Em) = Azlea(n—m+1)=1,-- -+ €2n-1] as a ring and
H*(V;Em) = AZ[@Q(n_m+1)_1, ..., ean_1] additively, where €; is dual to e;. Furthermore, for the
projection map p : SU(n) — SU(n)/SU(n —m) = me, the induced map is homology is given by

pi(agi—1) = egi—1 if n —m+1 < i < n and 0 otherwise, and the induced map in cohomology is
given by p*(€e2i—1) = a2i_1.

Alternatively, one can recover this result by applying the Serre spectral sequence to the fibration
§én-m—1 L, yC L yE

Lemma 3.8. Letn>2 and 1 <m <n-—1, then Vf’m is 2(n — m)-connected.

Proof. Consider the fibration SU(n — 1) — SU(n) — S?"~!. From the long exact sequence of
homotopy groups we conclude that map m;(SU(n — 1)) — m;(SU(n)) induced by the inclusion is
an isomorphism for 0 < ¢ < 2n — 3 and surjective for i = 2n — 1. Using downwards induction on
k > 1 we conclude that m;(SU(n — k)) — m;(SU(n)) is an isomorphism for 0 <4 < 2(n — k) — 1
and surjective for 2(n — k) + 1. In particular this holds for k = m.

Using the fibration SU(n — m) — SU(n) — Vf’m and the associated long exact sequence of
homotopy groups, we see that V¢ is 2(n — m)-connected. O

n,n—m

Alternatively, this follows from the Hurewicz theorem once we know that V,(Lc’m is simply con-
nected, because the reduced homology of Vfgm has its first non-zero group in degree 2(n —m) + 1.
The special class V;El = §2n—1 of Stiefel varieties admits particularily nice calculations. Note that

its homology is concentrated in degree 0, 2n — 1.

Lemma 3.9. Additively, H, (QV,;CJ) = Z[ron—2].
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Proof. This follows directly from the Serre spectral sequence for the path-loop fibration QVT(LC,1 —
PV,5, =V, using the previous lemma to determine that V,; is simply connected. O

3.3.2. The homology suspension for SU(n) and the BV-operator. We can now use these results to
calculate the homology suspension for SU(n).

Lemma 3.10. o(09;) is tagi11 for 1 <i<n-—1.

Proof. We start by showing this for o9, _o, the generator of highest degree in the homology of
QSU(n). Consider the Serre spectral sequence for the fibration QSU(n — 1) — QSU(n) — QV,T,.
Since QV,;C’1 is simply connected if n > 2, we do not need to bother with local coefficients.

We claim all non-zero entries on the E2-page are in purely even degree. This is a consequence
of Bott’s theorem for SU(n — 1) and SU(n). For V,Z,, this is lemma Since all non-zero entries
on the E?-page are in purely even degree and there are only two columns with non-zero entries,
the spectral sequence reduces to a set of short exact sequences. In particular, in degree 2n — 2, we
have:

0 — Hap—2(QSU(n — 1)) = Han—2(QSU(n)) = Hap—2(QV,5;) = 0

The second map is onto and coincides with the map Hap—2(QSU(n)) = Han—2(QV,F)) induced
by Qp. It is the upper row of the following commutative diagram:

HQH,Q(QSU(WJ)) %‘ H2n—2(QVn(,:,1)

Hsp, 1 (SU(n)) Hop1 (Vi)

D

Using the 2(n — 1)-connectedness of V,(El (lemma and the fact that 4n —3 > 2n —1 > 2
if n > 2, corollary tells us that o : Hgn_g(QV,(El) — Hgn_l(Vﬁl) is an isomorphism and we
conclude that it sends 79,,_o to £es,_1. Furthermore p, sends as,,_1 to es,_1. All this implies that
0 : Hyp2(QSU(n)) — Hay,—1(SU(n)) has as image the free group generated by ag,—1. Note that
0 : Hopo(Q2SU(n)) — Ha,—1(SU(n)) can only have a non-zero value on og,_2, as other classes
of degree 2n — 2 decompose as products of lower degree elements and proposition tells us the
homology suspension vanishes on these classes. This is only possible if o(02,_2) = +as,_s.

For the general case, consider the following commutative diagram, for 1 < m < n and i :
SU(m) — SU(n) the inclusion:

H,(QSU(m)) 22 1.(QSU (n))

H.1(SU(m)) —— H.t1(SU(n))

Since i (0(02m—2)) = tagm—1 and ¢ : Hop_2(QSU(n)) — Hapm-1(SU(n)) can have non-zero
value only on og,,—2, we conclude that o(og,,—2) = fasm—1. This concludes the proof, as all o9,
are obtained this way. O

If we had worked over a field, say Q, then one could have used that as,...,as,_1 are the only
indecomposable elements in H,(SU(n)) ® H,.(Q2SU(n)) able to support a non-zero differential in
the Serre spectral sequence for QG — PG — G and 09, ...,02,_2 are the only primitive elements
able to receive one. This determines the differentials completely and therefore also the homology
suspension. Note that these results coincide with the previous lemma after tensoring with the
rationals.

By possibly changing the generators az;;1 and hence the b_(9; 1), we can assume that o(02;12) =
azi+1- This allows us to calculate the BV-operator.
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Proposition 3.11. The BV-operator A is given as a sum Z?:_f O2i11 ® 02441 of tensor products
of derivations. These tensor products vanish on all generators, except in the following cases: for
1 <7 <i<n—2 the operator Ozj11 ® dajy1 sends 02; @ b_(2j11) to oa(i—j) @ 1.

Proof. We use the expression of A as a sum over the primitive elements ag, . . ., ag,—1 of H,(SU(n))
of the tensor product of derivations. The derivation Oai11 : H.(QSU(n)) — H,_(2i41)-1(2SU(n))

is given by daiv1(025) = X op 11— (a? L o(oak))og. Since a?*1 is non-vanishing only on ag; 41, we
conclude that:

0 ifi>j

Daiv1(025) = {

The derivation 62,41 : Hi(SU(n)) = Hiy2i+1(SU(n)) is given by the Pontryagin multiplication
Z > ag;+1x. From the description of the b’s in terms of the a’s, we conclude that:

0 ifi#j
09511 (b_(2; =
2i1(b-(2i+1)) {1 if i =
The result now follows from combining these two calculations. |

3.4. Products and the string topology structure of U(n). It is a well-known fact that U(n)
is homeomorphic to S' x SU(n). The map is given as follows:

A (det(A),( det(4)”™ Tdy >A>

This is not an isomorphism of Lie groups, as U(n) is the semidirect product of S* with SU(n).
However, it is known that H,(L(M x N)) = H,(LM) ® H,(LN) as a graded ring and the BV-
operator A is given by A(z®y) = Ay (2)Qy+(—1)*lz@An(y). In essence, this is a consequence of
the fact that cross product of Thom classes is a Thom class. We can then use the homeomorphism
U(n) = S x SU(n) to calculate the string topology structure of U(n).

We need the string topology structure of S' as input, but fortunately Menichi [Men09] and
Hepworth [Hepl10] independently calculated the string topology structure of St.

Theorem 3.12. As a graded ring H,(LS') is isomorphic to:
Zloo, 05 ] © Az[b-1]

The BV-operator can be written as a tensor product of derivations 01 ® §1. This operator vanish
on all generators, except og @ a_1, which it sends to 1 ® 1.

Corollary 3.13. As a graded ring H, (LU (n)) is isomorphic to
Z[O’(),Uo_l, 092, ... ,Ugn_g] ® Az[b_l, b_37 e ,bgn_l]

Under this isomorphism, the BV-operator A is given as a sum 22:02 O02i+1®02;+1 of tensor products
of derivations. These tensor products vanish on all generators, except in the following cases: for
1 <j <i<n-—2 the operator Daj11 @ O2j11 sends 02; @ b_(2j11) to oa(;_j) ® 1. 01 ® 61 sends
To®b_1 tol®1.

Consequently, we obtain the string topology structure for a second class of complex Stiefel
manifolds, as V.=, = U(n).

4. THE STRING TOPOLOGY STRUCTURE OF Sp(n)

This calculation is essentially the same as that for SU(n). The only difference is that the
coproduct in the homology of QSp(n) is significantly more complex. However, this poses no
additional problems, since we never need to know the details of the complex terms.

Theorem 4.1. As a graded ring H,(LSp(n)) is isomorphic to
Z[UQ; 065 -+ U4n—2] Y AZ[b—3a ceey b—(4n—1)]

Under this isomorphism, the BV-operator A is given as a sum Z?:l O4i—1 ® 0451 of tensor
products of derivations. These tensor products vanish on all generators, except in the following
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cases: for 1 < j < i < n the operator Oij—1 ® d4j—1 sends gai—2 @ b_(4j_1) to o4i—5) @ 1. Here
o4i—; 18 inductively defined by oo =1 and o9; = Zj+k:i7j7k>0(_1)j_10-2j0'2k'

Proof. Combine propositions [1.5] and [4.9] O

This also gives the string topology structure for several other Lie groups, using isomorphisms
in low dimensions. For example SU(2) & Spin(3) = Sp(1) = S3, Spin(4) = Sp(1) x Sp(1) and
Spin(5) = Sp(2). Furthermore, we also obtain the string topology structure for a certain class of
quaternionic Stiefel manifolds, as VY, = Sp(n).

4.1. Yokota’s cell structure of Sp(n). Yokota gave a cell structure of Sp(n) similar to that
of SU(n) in [Yok56a]. The reader should be warned that the cell structure given in [Yok55| is
incorrect, in fact [Yok56al is a correction to that article.

A cell structure on Sp(n) is given by first producing primitive cells ¢; : D*~! — Sp(n) for
1 <9 < n. By group multiplication these maps extend to sequences I of integers 7; with 1 < i; < n:
¢r: DYl x . x D¥=1 5 §p(n) is given by

br(x1,. . 28) = diy (21) -+ - by (1)

Precomposing with an orientation-preserving homeomorphism D241 — piia—1
D**=1 gives us a map 97 : D=*45—1 5 Sp(n). We call a sequence admissible if n > i; > iy >

Theorem 4.2. The maps vy for admissible I are the characteristic maps of a cell decomposition
of Sp(n). The primitive cells are those with I = i, the image is called E*. The cell decomposition
is compatible with the group multiplication in the sense that E'E? is homeomorphic to EJE" by
a homeomorphism of degree —1 if i # j and E'E* C E'E*~"'. The inclusion Sp(k) — Sp(n) for
k < n is cellular and sends the j’th primitive cell of Sp(k) homeomorphically to the j’th primitive
cell of Sp(n).

Proof. All these statements can be found literally in [Yok56a], but for full arguments look at
the completely analogous [Yok56b]. This reasoning in section 7 again works here to prove the
statements about the multiplication. (]

As for SU(n), the homology and cohomology are additively freely generated and easy to com-
pute.

Corollary 4.3. e The homology ring with Pontryagin product HY" (Sp(n)) is given by the
ring Azlas,ar, ..., asn—1]. Because all homology groups are free, this is a Hopf algebra, of
which the a; are the primitive elements. Furthermore, under the inclusion SU (k) — SU(n)
for k < n, the generators of HEY"(SU(k)) are send to the corresponding generators of
HE"(SU(n)).

e The cohomology ring with cup product H*(Sp(n)) is given by Azlas, az, ..., aum—1] with
a; dual to a;. Because all homology groups are free, this is a Hopf algebra, of which the «;
are the primitive elements.

e Finally, homology with intersection product Hi"(Sp(n)) is given by the exterior algebra
Azlb_3,b_7,...,b_(45,—1)] where we have shifted the degree by n(2n + 1) = dim(Sp(n)).

4.2. The string product for Sp(n). Using Bott periodicity to first determine the coproduct of
QSp, where Sp = lim Sp(n), Kono and Kozima [KK78| determined the homology of QSp(n). The
result is the following theorem:

Theorem 4.4. The homology of QSp(n) is the Hopf algebra given by Z[os, 06, ...,04n—2] and
coproduct given by:

Di(03;) =02 ®1+2 Z 025 @02k | +1® 0
J+k=i,5,k>0
where we denote 1 by oo and o9; for 1 < ¢ < 2n — 1 even is defined inductively by o9 =
Y k=i, jk>0(— 1) Tlo200.
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Later on, it will useful to refer to the og; with i odd as o4;_2 and o2; with i even as o0y4;.
Proposition 4.5. H,(LSp(n)) = Zloa, 06, ..., 0an—2]@Az[b_3,b_7,...,b_(4n—1)] as a graded ring.

4.3. The BV-operator for Sp(n). We will now determine the BV-operator by calculating the
homology suspension. This is done by using naturality and a calculation of the homology suspension
for quaternionic Stiefel varieties

4.3.1. The topology of quaternionic Stiefel varieties. As before, we use the appropriate Stiefel
varieties as a crutch for the homology suspension for G3. For sympletic groups these are the
quaternionic Stiefel varieties V', = Sp(n)/Sp(n — m). Using the cell structure, we derive the
following:

Corollary 4.6. For 1 < m < n —1, H*(V,Elm) = Azlestn—m+1)—1,---»€an—1] as a ring and
H, (Vf}m) = Azlea(n—m+1)=1,- - - €an—1] where €; is dual to e;. The map induced by the projection
Sp(n) — Vf}m sends ag;—1 to eqi—1 form —m+1 <1 <n and to zero otherwise.

Furthermore V.2, is (4(n — m) + 2)-connected.

This calculation can also by done using the Serre spectral sequence in homology for the fibration
SAn—m)—=1 Vi1 — VAL, and the fact that V'; = §4"~1 or its corollary, the Leray-Hirsch
theorem. The second statement can also be derived using the Hurewicz theorem. Again the Vf}l
are nice in particular, being homeomorphic to S#*~!. Using the Serre spectral sequence one easily
derives:

Lemma 4.7. Additively, H.(QV,}'}) = Z[ran_s].

4.3.2. The homology suspension for Sp(n) and the BV-operator. We use the naturality of the
homology suspension and our knowledge of the homology of the quaternionic Stiefel varieties to
calculate the homology suspension for Sp(n).

Lemma 4.8. Fori odd, 0(02;) = *agiy1.

Proof. We start with o4,_2. We use the Serre spectral sequence associated to the fibration
QSp(n — 1) — QSp(n) — QVT]lel7 where the latter map is denoted by Qp. All entries are in
even degree, and there are only two non-zero columns in degrees 0, 4n — 2. Hence the induced map
()« : Hin—2(2Sp(n)) = Han—2(QV,) is onto, which forms the row in the following commutative
diagram:

Qp) .«
H4n_2(QSp(n)) % H4n—2(QV7§1)

Hyn—1(Sp(n)) Y H4n,1(V)f{}1)

Since Vf}l is (4n — 2)-connected and 8n — 4 > 4n — 2 for n > 1, proposition implies the
homology suspension is an isomorphism in degree 4n — 2. This means that e4,,_1 is in the image of
the composition o o (2p),. Since p, maps only ag,—1 to e4,—1, this implies ag,—1 is in the image
of o. Since o vanishes on all products of lower order terms, we conclude o(04,—2) = *a4pn_1.

For the o4x_2, we use the map Qi : QSp(k) — QSp(n) and naturality. In degree 4k — 2 we get
the commutative diagram:

Hyp,_2(QSp(k)) 9. Hyp—2(Q2Sp(n))

Hy—1(Sp(k)) — Hyp—1(Sp(n))

Since i (0(04k—2)) = tagr—2 and o can be non-vanishing only on o45_2. We see that o(o4;_2) =
a4)—o for the homology suspension of Sp(n). This concludes the proof. O
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Proposition 4.9. The BV-operator A is given as a sum Z?Zl O4i—1 ® 0451 of tensor products
of derivations. These tensor products vanish on all generators, except in the following cases: for
1 <j <1< n the operator 0451 @ 0451 sends o4;—2 @ b_(45_1) to 045 @ 1.

Proof. We use the expression of A as a sum over the primitive elements as,a7,...,a4,—1 of
H.(Sp(n)) of the tensor product of derivations.

To calculate the derivations d4;—1 : H.(Q2Sp(n)) — Hy_(4i—1)—1(822Sp(n)), we note that o(o4;)
is zero, since theorem tells us oy4; is a sum of products of lower order terms. Therefore, the
only terms of a coproduct D, (o4;—2) which we need to take into account are those such that only
04j—2 terms appear on the left side. The pairing with a4;_1 is non-vanishing only on a4;—1, and
therefore we conclude that:

) ) - 0'4(1'_3') lf] S 7
Onia(74j-2) = {0 if j>i
where i — j is even and hence oy(;_;) is a sum of lower order terms as described in theorem

The derivation 4,1 : Hi(Sp(n)) = Hitai—1(Sp(n)) is given by the Pontryagin multiplication

T+ ag;_1x. From the description of the b’s in terms of the a’s, we conclude that:

0 ifi#j
O4i—1(b_(45-1)) =
-1 (b-j-n) {1 if i = j
The result now follows from combining these two calculations. O

5. THE STRING TOPOLOGY STRUCTURE OF Gg

In this section, we calculate the string topology structure for the exceptional Lie group G2. The
torsion that appears makes the calculations a bit more intricate than those for SU(n) or Sp(n).
In particular, the BV-operator requires a close look at the Serre spectral sequence associated to
the path-loop fibration for the real Stiefel manifold V%,

The result for Go is the following:

Theorem 5.1. As a graded ring H.(LG2; Q) is isomorphic to

Qloz2,010] @ Agll—3,1-11]

Under this isomorphism, the BV-operator A is given as a sum 03 ® 03+ 011 ® 011 of tensor products
of derivations. These tensor products vanish on all generators, except in the following cases: 03®d3
sends 0o @1_3 to 1® 1 and 019 @ 1_3 to 305 ® 1. 11 @ d11 sends 010 @111 to 1@ 1.

As a graded ring H,(LGa; Zs) is isomorphic to

Az, [02] @ Zy[o4, 010] ® Zolm_3]/(m? 3) @ Az, [m_s]

Under this isomorphism, the BV-operator A is given as a sum 03 ® 03+ 05 X35 of tensor products of
derivations. These tensor products vanish on all generators, except in the following cases: 03 ® 03
sends oo @m_3 to 1®@1, 04 @m_3 to 0o @1 abd 019 @m_3 to 0§ @ 1. 95 @ 5 sends 04 @m_5 to
1®1.

5.1. Mimura’s cell structure of G5. Mimura has given a cellular decomposition of G5 in terms
of Yokota’s cellular decomposition of SU(3) and an additional 6-dimensional cell [MNO2]. He
provides maps ¢; : D* — Gy for i = 3,5,6. We can use group multiplication to extend these maps
to sequences I of integers in {3,5,6}. ¢;: D x ... x D%* — Gy is given by

¢[($1,...,$k) = ¢11(x1)¢lk(xk)

We can precompose with an orientation-preserving homeomorphism D22% — D x ... x D
to get a map ¢y : DX — Go. We call a sequence I admissible if 6 > iy > iy > ... > i > 3.

Theorem 5.2. The maps vy for admissible I are the characteristic maps of a cell decomposition
of Go. The primitive cells are those with I = {i}: the image is called E*. The attaching map of
ES is of degree 2.

The fibration SU(3) — G2 — S8 is cellular. The primitive cells E®, E® of SU(3) are sent to
the primitive cells E3, E® of Gy respectively and the primitive cell E® is sent to the top cell of SS.
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The fibration SU(2) — Gy — V5% is cellular. The primitive cell E3 of SU(2) is sent to the
primitive cell E? of Gy and the primitive cells E°, ES are sent to the primitive cells of V%% of
degree 5,6 respectively.

Proof. The first statement is theorem 4.2 of [MN02] and the statement about the attaching maps
follows from the calculation of the image of the boundary of E® in the proof of theorem 4.2.
The second and third statements are consequences of lemma 3.1 and lemma 4.2 of [MN02]. O

We conclude that G5 has eight cells in dimensions 0, 3, 5,6, 8,9, 11, 14 respectively. Because it is
clear that homology and cohomology will acquire 2-torsion but no p-torsion for higher p, we split
our calculations into a calculation over QQ and a calculation over Zs.

Corollary 5.3. e The homology ring with Pontryagin product HY" (G2; Q) is given by the
ring Ag[hs, h11]. The Hopf algebra structure with coproduct induced by the diagonal is that
of a exterior algebra and both hs and hyy, are primitive.

e The homology ring with Pontryagin product HY" (Ga;Zs) is given by Az,lks, ks, ke]. The
Hopf algebra structure with coproduct induced by the diagonal is a tensor product of a
truncated polynomial algebra and an exterior algebra and both ks and ks are primitive.

e The cohomology ring with cup product H*(G2; Q) is given by Aglvs, v11], with vs dual to hs
and vy dual to h11. The Hopf algebra structure with coproduct induced by the multiplication
is that of a exterior algebra and both vs and v1 are primitive.

e The cohomology ring with cup product H*(Ga;Zs) is given by Zolrs)/(k3) @ Ag,[ks] with
k3 dual to k3 and ks dual to ks. The Hopf algebra structure with coproduct induced by the
diagonal is a tensor product of a truncated polynomial algebra and an exterior algebra and
an exterior algebra and both ks and ks are primitive.

o The homology ring with intersection product H (Ga; Q) is given by Ag[l—3,1-11], where
we have shifted with a degree 14 = dim(G3).

o The homology ring with intersection product HI"(Gq;Zs) is given by Za[m_3]/(m*3) ®
Az, [m_s], where again we have shifted with a degree 14 = dim(G2)

Proof. The full Hopf algebra structure in rational cohomology is given by Mimura [Mim95, equation
(2.3)]. For homology, we use that exterior algebras are self-dual. The statements about primitive
elements follow from this as well.

For Zo, we again quote Mimura [Mim95l equation (2.6)], giving the full Hopf algebra structure
for cohomology and the primitive elements. Using duality, we obtain the Hopf algebra structure
for homology with the Pontraygin product, noting that exterior algebras over Zs are self-dual, but
the dual of Zs[z]/(z*) is Az, [x] ® Az, [y] where y is the dual of 2. Since z is a generator, its dual
will be primitive, however the coproduct applied to y will give y ® 1 + x ® x + 1 ® y, so it is not

primitive.
The intersection product is easily determined using Poincaré duality: as all groups are of di-
mension 1, the Poincaré duality map is easy to compute. O

5.2. The string product for Gs. Bott has calculated the Hopf algebra structure on H,(2G3) in
[Bot58]. However, there is a misprint in the coproduct of w, which we call 019 here. The 2 should
be replace by a 3 [Wat7§].

Theorem 5.4. The homology of QG5 is the Hopf algebra which as algebra under the Pontryagin
product is given by Zloa, 04,010]/(204 — 03) and coproduct given by:

D*(02)=0'2®1+1®0'2
D*(O'4):0'4®1+O'2®O'2+1®0’4
D*(O'lo):0’10®1+3Ui®0’2+60’20’4®04+60’4®O’204+302®Ui+1®(710

As all groups are free, changing coefficients to Q or Zs is as simple as tensoring.
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Corollary 5.5. H.(QG2;Q) is Q[oe,010] as an algebra with coproduct given by:
D*(UQ) :O'2®1+1®O'2
D,(010) = 010 ® 1 + 305 ® 02 + 605 ® 03 + 603 ® 05 + 302 ® 03 + 1 ® 019
H.(QG2;Zs) is Az, [02] @ Zalos, 010] as an algebra, with coproduct given by:
D,(02) =02014+1® 09
(0'4) U4®1—|—O’2®O’2—|—1®0’4
D,(010) —U1o®1+oi®02+02®ai+1®010

Proof. The case Zs is directly clear by tensoring with Zs. For QQ, we tensor and rescale oy:
oy = 504, and 019: 0}y = i010~ Then the formulas are correct. ]

Proposition 5.6. H,(LG2;Q) = Q[oa,010] ® A614[l3,l11] as a graded ring. H.(LG2;Zs) =
Az, [09) ® Zs[o4, 010) @ Zy Hma1]/(miy) @ Ai214[mg] as a graded ring.

5.3. The BV-operator for Gs.

5.3.1. The topology of the real Stiefel manifold V%%.

Lemma 5.7. V7, = SO(7)/SO(5) is 4-connected and has homology given over Q by Q1 & Qni;
and over Zo by Zol & Zoos @B Zoog ® 22011 -

For the fibratrion SU(3) — G — S, the first map (denoted i) sends az to ks, as to ks in
homology with Zs-coefficients. For the fibration SU(2) — Go — V%%, the first map (denoted i)
sends ag to ks in homology with rational coefficients. The second map (denoted p) sends ki1 to
ni1 tn homology with rational coefficients and k11 to 011 in homology with Zs-coefficients.

Proof. The first statement can be found in [Hat02, chapter 3.D], where a cell decomposition of

V¥ is derived from one of SO(n). The statement about the fibrations follows from theorem
Alternatively, these result can be found in [McC00, section 5.2]. [l

Lemma 5.8. Additively, H,(QV7%;Q) = Q[vig]. The maps i : B}y — Hio(QVFy; Q) and = :
HH(V}%;Q) — B o in the Serre spectral sequence for the homology with rational coefficients
associated to the fibration QV772 — PV772 — V772 are isomorphisms.

Hi(QV#’%;ZQ) is given by Zo for i = 0,4,5,8,9,11,12 and 0 for i = 1,2,3,6,7,10. The map
i@ Eglhy — Hlo(QV}%;Zg) in the Serre spectral sequence for the homology with Zs-coefficients
associated to the fibration QV}?Q — PV7D?2 — V7]1§2 is zero.

Proof. For the homology of the loop space, we consider the Serre spectral sequence for the fibration
QV7 5 — PV7 5 — V7 5, which is easy to construct since V7 5 is simply connected. Since PV7 5 is
contractible, we must have that all differentials d? : EJ ; — Ef , ; are zero, with ¢ = 11 the only
exception. Indeed, for ¢ = 11, we see that d'! : E}{, i —> E0 i+10 Must be an isomorphism if we use
rational coefficients. This implies the statements about i, T.

We consider the Serre spectral sequence for the homology with Zs-coefficients associated to the
fibration QVF, — PV — V. The lower corner of the E?-page is displayed in figure {4 again
with some non-zero differentials displayed. Since d° or d° already kills the Zs that was originally

located at Eg,wa the statement about ¢ follows.
O

5.3.2. The homology suspension for Gy and the BV-operator.

Lemma 5.9. Over Q, o(o2) is a non-zero multiple of hs and o(o10) is hi1.



22 A.P.M. KUPERS
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FIGURE 4. The lower corner of E?-page of the Serre spectral sequence for the ho-
mology with Zs-coefficients associated to the fibration QV}?Q — PV}?Q — V}g with
some of the non-zero differentials. The dotted differentials need to be determined
by using that the differentials in the homological spectral sequence are dual to the
ones in the cohomological one, which is multiplicative.

Proof. Consider the map Hy(2SU(2); Q) — H2(QG5; Q) is induced by Q. This gives the following
commutative diagram, where the lower map is an isomorphism, since both groups are 1-dimensional
Q-vectorspaces and the properties of the map p described in theorem imply that p.(as) = ha:

Hy(Q5U(2); Q) 22 Hy(2G: Q)

H3(SU(2); Q) H3(G2;Q)

Px

From our calculations of the homology suspension for SU(2), we already know that the map
o : Hy(QSU(2);Q) — H3(SU(n);Q) is an isomorphism, hence the composite o o (i), must
be an isomorphism. Since all spaces in the diagram are 1-dimensional, we conclude that o :
Hy(2G2; Q) — H3(G2; Q) is an isomorphism and hence o2 is sent to a non-zero multiple of hs.

For the homology suspension of ¢1yp we need the full strength of proposition From this
proposition and lemma it follows that the homology suspension for V7H§2 is an isomorphism in
degree 11 if we use rational coefficients. We now use this to calculate o (o).

Consider the map Hy9(2G2; Q) — Hlo(QV}?Q; Q) induced by Qp. This forms part of a commu-
tative diagram where the lower map is an isomorphism:

().
H10(QG2; Q) — H10(QV7%; Q)

H11(G2; Q) Hi1 (V5 Q)

P



THE STRING TOPOLOGY STRUCTURE OF THE LIE GROUPS SU(n), U(n), Sp(n), G2 AND Fy 23

We just saw that o : Hio(QV%; Q) — Hy1(V7%; Q) is an isomorphism, hence sends v to a non-
zero multiple of ny;. Since p, maps hi1 to ni1, we see that hy; is in the image of o : Hyo(QG2; Q) —
Hy1(G2; Q). This is only possible if o(o19) is a non-zero multiple of hy1, because o must vanish on
o3, since it is a product of lower degree terms. O

In fact, using the Serre spectral sequences for homology with rational coefficients associated
to the fibrations QSU(2) — QG; — QVF, one can establish independently that (Qp). is an
isomorphism in degree 3. Note that we can change the generators hs and hi; to make sure
O'(CTQ) = h3 and 0(010) = th-

Lemma 5.10. QOuer Za, o(02) = ks, 0(04) = ks and o(o19) = 0.
Proof. For o9 and o4 we consider the map Qi : QSU(3) — QG3. This induces a commutative

diagram:

Q0) .
Hy(2SU(3); Zo) @, Hy(QG2; Zs)

Hs3(SU(3); Zy) H3(Go; Zs)

The lower map is an isomorphism between 1-dimensional vectorspaces, as a consequence of
the second statement of theorem We also know that o : Ho(QSU(3);Z2) — H3(SU(3);Z2)
is an isomorphims. Since H3(2G2;7Zs) is also 1-dimensional, we conclude that (Qp). and o :
Hy(2G2;Zs) — Hs(Gae;Zs) are isomorphisms. The latter implies that o(o2) = k.

The second statement follows from similar reasoning. We get the same commutative diagram in
degree 4. The only difference now is that H4(2SU(3)) is 2-dimensional. However, o is known to
vanish on 2, but to send o4 to as, which is sent to ks by i.. Hence o : Hy(QGo;Zs) — Hs(Go, 7o)
must have a 1-dimensional image, which implies it is an isomorphism since Hy(QG3;Z2) is 1-
dimensional. Hence o(0y4) = ks.

For the statement about 019, we consider the map Qp : QGy — QV%. It induces the following
commutative diagram:

(©2p) «
H1o(QG; Zs) —= Hio(QV7%; Zo)

H11(Go; 7o) Hyy (V3 Zo)

P

The lower map p. is an isomorphism between 1-dimensional vectorspaces, hence o(o1) is zero
if and only if the composite o o (2p), is. But we know the homology suspension of V7D?2 vanishes
in degree 10, combining proposition [2.2] with lemma [5.8 O

Alternatively, one can derive the last two results by directly calculating all differentials for the
Serre spectral sequence associated to the fibration QGy; — PGy — G2 for homology with rational
of Zs-coeflicients. The results of this calculation coincide with the earlier one, but are slightly more
involved.

Proposition 5.11. Over Q, the BV-operator A is given as a sum 03 ® d3 + 011 ® d11 of tensor
products of derivations. These tensor products vanish on all generators, except in the following
cases: 03 @63 sends oo @1_3 to 1@ 1 and 019 @1_3 to 305 @ 1. 011 @611 sends 019 @1_11 to 1®1.

Proof. We use the expression of A as a sum over the primitive elements hs and hi; of H.(G>)
of the tensor product of derivations. The derivation ds : H.(QG3) — H,_3(2G2) is given by
03(02) = (v3,0(02))1 and 93(010) = (v3,0(00,,))1 + 3(v3,0(02))05, where we have already used
that o vanishes on the unit and on product. Since v3 is the dual of hz, we conclude that:

1 ifk=2
8 =
3(o) {20—3 if k = 10
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The derivation 611 : H* (QGQ) — H*_lo(QGQ) is given by 611(0'2) = <I/11, 0'(0'2)>1 and 611(0’10) =
(V11,0(00y9))1 + 2{v11,0(02))05, where we have already used that o vanishes on the unit and on
product. Since vq; is the dual of A1, we conclude that:

0 ifk=2
Onlon) = {1 it k=10

The derivation 63 : H.(SU(n)) — H,.;13(SU(n)) is given by the Pontryagin multiplication
x +— hzx. From the description of the I’s in terms of the h’s, we conclude d3 sends [_11 to zero and
I_3 to 1. Similarly, the derivation 611 : H.(SU(n)) — H,411(SU(n)) is given by the Pontryagin
multiplication  — hj12. From the description of the {’s in terms of the h’s, we conclude 3 sends
{_11 to 1 and l_3 to O.

The proposition now follows from combining these two calculations. ([l

Proposition 5.12. Qver Zs, the BV-operator A is given as a sum 03 @ d3 + 05 @ 5 of tensor
products of derivations. These tensor products vanish on all generators, except in the following
cases: O3 @063 sends oo @m_3 to 1@ 1, 04, @m_3 to 0o @1 abd 010 @m_3 to 0§ @ 1. 95 R 5 sends
o4 ®m_s to1®1.

Proof. For Zs, we use exactly the same technique. We need to describe 03, d5, d3 and d5. The
derivation 03 : H.(QG32) — H._3(2G2) is given by 03(02) = (k3,0(02))1, 03(04) = (k3,0(04,))1+
(k3,0(02))oy and 03(019) = (k3,0(010))1 + (k3,0(02))07, where we have already used that o
vanishes on the unit and on product. Since k3 is the dual of k3, we conclude using lemma [5.10
that:

1 ifk=2
Os(op) =<K 09 ifk=4
o2 if k=10

The derivation 05 : H.(QG2) — H,._5(QG2) is given by 0s5(02) = (ks,0(02))1, 0s(04) =
(k5,0(05,))1 + (Kk3,0(02))02 and 03(a10) = (k5,0(010))1 + (K5, 0(02))0?, where we have already
used that o vanishes on the unit and on product. Since k5 is the dual of k5, we conclude that:

0 ifk=2
O5(op) =41 ifk=4
0 ifk=10

The derivation 03 : H,(SU(n)) — H,.13(SU(n)) is given by the Pontryagin multiplication
x +— ksx. From the description of the m’s in terms of the k’s, we conclude 3 sends m_5 to
zero and m_3 to [G2]. Note that using the derivation property, it is defined on all other elements.
Similarly, the derivation d5 : H,(SU(n)) — H,.4+11(SU(n)) is given by the Pontryagin multiplication
x — ksz. We conclude 63 sends m_5 to 1 and m_3 to 0.

The proposition now follows from combining these two calculations. O

6. THE STRING TOPOLOGY STRUCTURE FOR Fj

Finally, we will calculate the string topology structure of Fj; with rational coefficients. In this
case we will use the spectral sequence directly to calculate the homology suspension, as it is more
involved to use homogeneous spaces.

We would like to note that for the exceptional Lie group FEg, there is sufficient literature to do the
calculations of the string topology structure. The relevant articles are [Mim95] and [Nak03]. For
FE; and Eg, a calculation of the coproduct of the homology of their loop spaces seems to be missing
in the literature. The homology and cohomology of F have 2-torsion and 3-torsion. Therefore one
should split the calculation calculation into rational coefficients, Zo and Zs. However, because the
results are quite involved, we just do the case of rational coefficients to illustrate the technique.
We obtain the following result:
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Theorem 6.1. As a graded ring H.(LFy; Q) is isomorphic to
Qlre, T10, T14, T22] @ Aglb—3,b_11,b_15, b_23]

Under this isomorphism, The BV-operator A is given as a sum 03®03+011®611+015R015+023R023
of tensor products of derivations. These tensor products vanish on all generators, except in the
following cases: 03 ® d3 sends T @b_3 to 1, T10 @ b_3 to %Tél ®1, 14 Qb_3 to (T1072 — 7%7'26) ®1
and Too ® b_3 to %(—714’7'23 + %’7’107‘5 — TLLTQlO) ®1; 05 ® 03 sends 110 @ b_11 to 1 and 714 ® b_11
to %7’2 ® 1; 015 ® 015 sends T14 @ b_15 to 1 and 192 @ b_15 to —1—127'51 ® 1; finally, 023 ® o3 sends
Too & b_23 to 1.

6.1. The string product for F,. In the literature, one can find the (co)homology of F; and its
loop space. For notational ease, we define D, (a) by D, (a) + 7D, (a) = Dy(a) — (a®1+1® a) for
a coproduct D, of a Hopf algebra., where 7 flips the components of the tensor product if they are
not equal and is zero otherwise.

Theorem 6.2. HY"(Fy;Q) = Aglas,ai1,a15, azs] where all a; are primitive. Dually, the coho-

mology ring is given by H*(Fy; Q) = Ag[as, a11, a5, aas] with «; dual to a; and all o primitive.
The intersection ring Hi" (Fy; Q) = Ag[b_3,b_11,b_15, b_23], where we shifted by dim Fy = 54.
The Hopf algebra H,(2Fy; Q) is given by Q[r2, T10, T14, Taz] with coproduct given by:

D, (12) =0
~ L 4 I 4 2
D*(TIO) = ETQ ® T + ETQ ® T
- 1 1 1
D, (714) = (T10T2 — 57’5’) ® T + 57'10 ®7'22 + 57'51 ®T23
D (T22) = 1(—7'147'3 + 17'1075 —— R+ 1(—7'147'2 + 17107'4 — L7'9) ® 72
* D R VY R ot 2 T o2 916727 7 02
1 1 1 . 1 1 8
+ g(*ﬁﬂz + 5710753 + MTS) ®T+ ("t 5710722 + 5727) ®Ts
L 5
+57'2 ® 75

In particular, there is a single primitive element in degree 2,10,14,22, although these are not
equal to the generators except for 2.

Proof. For the homology and cohomology of Fy, we cite Mimura [Mim95| section 2] and use duality
of Hopf algebras and Poincaré duality.
For the homology of 1Fy, consider Watanabe’s result [Wat78]. Note that over Q, oo = 10}

and o3 = o}. We set 73 = o; after these reductions. Then o4 = 03 — 0103 = 7575 and

— 53 2_ 1.6
06 =05 — 03 = 75Ty- ]

As a consequence of these results, we obtain the string product.
Proposition 6.3. As a graded ring H,(LFy; Q) is isomorphic to
Qlr2, T10, T14, T22] @ Aglb—3,b_11,b_15,b_23]
6.2. The BV-operator for F,. We compute the homology suspension by directly looking at the
spectral sequence.

Proposition 6.4. The homology suspension of 1o is a mon-zero multiple of as, the homology
suspension of Ty is a non-zero multiple of ai1, the homology suspension of Ti4 is a non-zero
multiple of a15 and the homology suspension of Tos is a non-zero multiple of ass.

Proof. We apply the Serre spectral sequence for homology with rational coefficients to the fibration
QF, - PF,; — Fy4. Using the product structure one can determine the differentials completely.
For dimensional reasons, d° is non-zero on asz, which is mapped to 5. In Eé{lo, 75 was killed by
a37'§1. Hence the only way to get 719 to vanish is if d'! sends aq; to T9. In E&?M, 7'27 was killed by
a3726 and 7'10722 was killed by a107'22. Hence d'® sends a5 to T14. Finally, in ES%Q, all elements 72117



26 A.P.M. KUPERS
T107S, T2 and 11474 were killed already. The only element for which this is not already clear is
T2y 7m2. It is killed by az7Z,.

Alternatively, one can use proposition and to see that the only indecomposables which
could support a non-zero differential are as,ai1,a15,a23 and the only primitive elements which
could receive a non-zero differential are the primitive elements in degree 2, 10, 14 and 22. Since we
are dealing with a spectral sequences of Hopf algebras, this determines the differentials completely,
giving the same result as using multiplicativity.

The description of the homology suspension in terms of the projection Hy(F) — Eg,qu the
differential d? and the inclusion E ; — H,(B) now proves the result. O

Without loss of generality, we can assume that the non-zero rational coefficients appearing in
the last statement are 1. This is done by changing the a; accordingly.

Theorem 6.5. The BV-operator A is given as a sum J3 ® d3 + 011 @ 011 + 015 ® 015 + J23 ® a3
of tensor products of derivations. These tensor products vanish on all generators, except in the
following cases: 03 ® d3 sends T @ b_3 to 1, T19o @ b_3 to 1—127'51 ®1, 714 ®b_3 to (11072 — %726) ®1
and To2 & b_g to %(77’147’23 + %7’107’5 - TLLTQIO) X ].,' 85 X 53 sends T10 & b—ll to 1 and T4 & b_11
to %TQ ®1; 015 ® d15 sends 714 @ b_15 to 1 and 190 @ b_15 to —1—127'51 ® 1; finally, Jo3 ® 23 sends
T2 ® b_23 to 1.

Proof. For the BV-operator, we calculate each derivation seperately. The derivations 0; are given
by a = > a@){ai, o(ag))). Using our calculation of the homology suspension and the fact that it
vanishes on decomposable elements, we obtain the following results:

1 ifi=2

1 4 . .

5T if i =10
Os(ri) = ¢ 12 1.6 if i =

T10T2 — 7572 ifie=14

1 3,1 5 1,10\ ips
5(—7'147'2 + 571075 — g Te ) if i =22

0 ifi=2
1 ifi=10
8 T;) —
() 172 Ifi=14
0 if 1 =22
0 if i = 2,10
815<Ti) = 1 ifi=14
—Lr) ifi=22
0 ifi=2,10,14
a ) = ) )
(7)) =1 iy
The derivations §; are given by multiplication with a;. This means that §; is non-zero only on
b_;, which is mapped to 1. O
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AN ELEMENTARY PROOF OF THE STRING TOPOLOGY STRUCTURE OF
COMPACT ORIENTED SURFACES

A.P.M. KUPERS

ABSTRACT. We give a new proof of the string topology structure of a compact-oriented surface
of genus g > 2, using elementary algebraic topology. This reproves the result of Vaintrob.

INTRODUCTION

Let ¥, be a compact oriented surface of genus g, then X, is an Eilenberg-Mac Lane space
K(mg4,1) for m, the surface group m(X4;p), where p € ¥, is any basepoint. This group has a
presentation given by:

Tg = <A17...,Ag,Bl,...7Bg>/([A1,B1] [Bg,Ag])

We will calculate the string topology structure on H,(LXy;Z) for g > 2, i.e. we will give the
string product, BV-operator and string coproduct [CS99] [CV06]. These comprise all explicitly
known non-zero string operations. In doing this we reprove the results of Vaintrob [Vai07]. The
cases ¢ = 0 and g = 1 are a consequence of Menichi’s work on the string topology of spheres
[Men09] and, in the second case, of the fact that the string topology structure of a product is the
product of the string topology structures. From now we always assume g > 2.

1. A PROPERTY OF 7,4

We will need the following fact: the centralizer of h € 74 is infinite cyclic unless h = e, in which
case it is obviously the entire group m,.

Proposition 1.1. If h # e € 7y, then the centralizer of h is infinite cyclic.

Proof. We will use the theory of Riemann surfaces and in particular of PSL(2,R) as isometries of
the upper half-plane as model for hyperbolic space. We also use that all discrete subgroups of R
are isomorphic to Z.

A particular universal cover of ¥, is the upper-half plane H and 7, can be made to act — of
course still freely and properly discontinuous — on H by isometries. This means that we have an
inclusion 7, < PSL(2,R). Because the fundamental domain has non-zero volume, the image has
to be discrete. The non-identity elements of PSL(2,R) can be classified into three types, depending
on their fixed points when acting on the compactification H.

(1) Elliptic elements have a fixed point in H, so can’t be in the image of .

(2) Parabolic elements have a single fixed point on the boundary and are all conjugate to
z + z+ 1. Thus, if h is sent to a parabolic element, without loss of generality we can
assume it is sent to z — z + 1. Another element in PSL(2,R) only commutes with this if
it is of the form z +— 2z + t. This means that the image of the centralizer of h must lie in
{z = z+t|t € R} 2R and be discrete, hence be infinite cyclic.

(3) Hyperbolic elements have two distinct fixed points on the boundary and are all conjugate
to z — Az for some A € Ryg. An element of PSL(2,R) only commutes with this if it is of
the form z — pz for some p € Rsq. Hence, if & is sent to a hyperbolic element without loss
of generality it is sent to z +— Az. Then the centralizer of & is sent to a discrete subgroup
of {z = pz|p € R>o} 2 R and again we conclude that it is infinite cyclic.

O

Date: May 27, 2011.
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Remark 1.2. In fact, because we required g > 2, the element h always has to be mapped to an
hyperbolic element.

2. THE HOMOTOPY AND INTEGRAL HOMOLOGY GROUPS OF LY,

We will show that that the fact that X, is a K (m,, 1) implies that LY, is a disjoint union of
Eilenberg-Mac Lane spaces, which makes its homology easy to compute. First note that mo(L3,)
consists of the conjugacy classes in 7y, which in canonical bijection with the set L of isotopy classes
of closed curves on ¥,. This means we get a connected component L3, for each conjugacy class
or equivalently for each isotopy class of closed curve.

The component L3, is canonically homotopy equivalent to X itself using the map ¢ : ¥; —
L%, assigning to a point a constant loop. For the other components, we use that the long exact
sequence of homotopy groups for the fibration Q¥, — LY, — ¥, over a point h which is a based
representative of [h] is as follows

.= Wg(ng,h) — WQ(L[h]Eg,h) — Tl'g(zg,p) — Fl(QZg,h) — Wl(L[h]Eg,h) — 771(Eg,p) —
— ’/To(ng) — ﬂo(L[h]Eg) — ﬂo(Eg)

This in particular tells us that the L, X,’s are K(G,1)’s. But for which groups G?7 To find
out, we use the following lemma:

Lemma 2.1. 71 (L3, h) is given by the centralizer in w1 (Xy,p) of the representative h of the
conjugacy class [h].

Proof. Although this fits into the more general context of Whitehead products on homotopy groups,
we give an elementary proof. An element of this group is a homotopy class of maps S — LY, which
sends 1 to the based loop h. This is the same as a homotopy class of maps S' xS — >4 which sends
S'x1 to h. Consider the other restriction f : 1xS' — ¥, and hence the map (h, f) : S'VSt — %,.
The fact that this factors over S x S is equivalent to the fact that hfh~!f~! is homotopically
trivial, which is in turn equivalent to f being a centralizer of h. Conversely, any element of the
centralizer gives such a map. O

Using proposition we obtain that (L%, e) = 7y and 71 (L)X, h) = Z for [h] # [e].
Hence L5 is homotopy equivalent to a circle for [h] # [e]. This allows for a complete calculation
of the homology of LY.

Theorem 2.2. The integral homology of LY, is given by

Z[L] if % =0
H\(2,:Z)®Z[L])(Z-e) ifx=1
HALYgiZ) = D H(LlpTy2) = Zl( oi L) SLIL/(Z -¢) i;*—2
[R]€Conj(my) —
0 otherwise

Here we have to be careful: in H;, the summand corresponding to a conjugacy class [h] is not
always generated by the class that one would expect.

Let kj, be a loop generating the centralizer of h. Note that we can arrange that h = k:ﬁl for some
I € N, since h lies in its own centralizer. The example of A} shows that we can have [ # 1. It is
easy to see that [ is independent of the choice of representative h. We call I = [([h]) the level of the
conjugacy classﬂ Using the proof of the lemma we now see that a generator of Hy(Ly3y;7Z)
is given by the homology class of the cycle

)

11t is essentially a winding number: [ is the largest number such that there exists a representative S — %4 of h

L
which factors as S1 =% S1 — Yg. If I =1 then the corresponding isotopy class of closed curve is called primitive,

exactly because it can not be written as a power of a smaller closed curve.



AN ELEMENTARY PROOF OF THE STRING TOPOLOGY STRUCTURE OF COMPACT ORIENTED SURFACES

3. THE BV-OPERATOR

Rotation of loops gives an action of S! on the free loop space:
p:S'x LY, — LY,
(0,7) = (t—=~(+0))

The BV-operator is given by A(a) = p.([S!] x a) and we can calculate it explicitly. Note that
p respects connected components, so it suffices to calculate the BV-operator for each connected
component separately. We start with [h] = [e]. Then the action p is homotopy trivial, so A
vanishes on the homology of L, %,.

Now let’s do [h] # [e]. Only in degree one could the BV-operator be non-zero. If we pick a
representative h as our generator for Ho(LyXy; Z) we see directly that A(h) = I([h])h, where [ is
the level of the conjugacy class of h as before.

4. THE STRING PRODUCT AND COPRODUCT

We will use the actual definition of the string product as being induced by the following diagram

LYy x LYy <— Map(8,%,) ~— L%,

| |

g X By~ %,

as H (LY y;Z) @ H (LXg;Z) 2 a®b — jui'(a ® b) € Hy_q(LYy;Z). Because our surfaces are
even-dimensional we do not need to worry about signs.

We know that the string product drops the degree by -2 and has a unit in Hy(LX,; Z) given by the
image c.([¥y]) of fundamental class of ¥, under the induced map ¢, : H.(Xg;Z) — Hi (L)X y; Z).
This unit is therefore exactly the generator of Hy(LX,;Z). Hence it suffices to calculate the string
product on Hq(LX,;Z) ® Hi(LX;Z), which is mapped to Ho(LX,;Z).

The connected components of LY, x LY, are given by pairs of connected components L)X, X
Lip,18g. If [h1] = [e] = [ho] then the vertical arrows become homotopy equivalences and the string
product reduces to the ordinary intersection product (—,—) on the homology of ¥,: A; - A; =
BZBJ =0 and Asz :67,3

With two lemma’s we calculate the other two cases. The first case is [h1] = [e] and [ha] = [h] #

[¢]-

Lemma 4.1. We have that A;-h = m(Ai, h)h, where (—, =) is the ordinary intersection product.

A similar formula holds for B; - h.

Proof. In this case the diagram reduces to

B % LBy <L By — 4> L 5,

idxevl iev

Zg><29<v729

The class i1(4; ® h) must be a multiple of the generator h of Ho(Lip¥y;Z). 1t is given by
(id x ev)*(u) N (A; ® h), where u is Thom class for V. To determine which multiple we can
compose with ev,. We get the following formula:

ev, ((id x ev)*(u) N (4; @ h)) = uN (A; @ evi(h)) = un (4; ® k)
where kj, was the generator of the centralizer of h. This is the intersection product (A, kp,), which
1

in turn is equal to W<Ai’ h) because by definition h = kﬁl([h]). This proves the formula. O

The second case is [h1], [h2] # [e]. The result uses the Goldman bracket [Gol86].
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Lemma 4.2. We have that hy - hy is equal to a multiple of the Goldman bracket:
- - 1
hy-hyg = ————

([P ])I([h2])

Proof. Tt is well-known that the Goldman bracket [hy, ho] of hy and hg is given by A(hy) - A(hs)
[CS99, example 7.1]. We just have to note that A(hy) = I([h1])h1, A(ha) = I([ha])he and that
the string product and the Goldman bracket are bilinear. Because all homology groups are free
abelian, we do not need to worry about torsion. O

[h1, ha]

Finally, we get to the string coproduct. The string coproduct is almost trivial: it vanishes except
on Hy(Lj¢¥y;Z) and is given on the unit as follows:

HQ(L[e]Zg; Z) > C*([Zq]) —> X(Zg)e X e= (2 — 29)6 ®Ree Ho(L[e]Zg; Z) X HO(L[S]ZQ;Z)

This is a consequence of the calculations by Tamanoi [Tam07].
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