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Abstract

We formulate differential cohomology and Chern-Weil theory - the theory of connections on bundles
and of gauge fields - abstractly in the context of a certain class of oco-toposes that we call cohesive.
Cocycles in this differential cohomology classify principal co-bundles equipped with cohesive structure

(topological, smooth, synthetic differential, supergeometric, etc.) and equipped with co-connections. We
discuss models and applications to quantum field theory and string theory.
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We formulate differential cohomology and Chern-Weil theory - the theory of connections on bundles and
of gauge fields - abstractly in the context of a certain class of co-toposes that we call cohesive. Cocycles
in this differential cohomology classify principal co-bundles equipped with cohesive structure (topological,
smooth, synthetic differential, etc.) and equipped with co-connections.

We construct the cohesive co-topos of smooth co-groupoids and oo-Lie algebroids and show that in this
concrete context the general abstract theory reproduces ordinary differential cohomology (Deligne cohomol-
ogy/differential characters), ordinary Chern-Weil theory, the traditional notions of smooth principal bundles
with connection, abelian and nonabelian gerbes/bundle gerbes with connection, principal 2-bundles with
2-connection, connections on 3-bundles, etc. and generalizes these to higher degree and to base spaces that
are orbifolds and generally smooth oo-groupoids, such as smooth realizations of classifying spaces/moduli
stacks for principal oo-bundles and configuration spaces of gauge theories.

We exhibit a general abstract oo-Chern-Weil homomorphism and observe that it generalizes the La-
grangian of Chern-Simons theory to co-Chern-Simons theory. For every invariant polynomial on an co-Lie
algebroid it sends principal oo-connections to Chern-Simons circle (n+1)-bundles (n-gerbes) with connection,
whose higher parallel transport is the corresponding higher Chern-Simons Lagrangian. There is a general
abstract formulation of the higher holonomy of this parallel transport and this provides the action functional
of co-Chern-Simons theory as a morphism on its cohesive configuration co-groupoid.

We show that in smooth co-groupoids and their variants this construction reproduces the ordinary Chern-
Weil homomorphism, hence ordinary Chern-Simons functionals, and generalizes it to subsume the following
classes of action functionals of quantum field theories.

For the Killing form on the special orthogonal Lie algebra and its higher analog on the string Lie 2-algebra
the construction yields action functionals for 3-dimensional and 7-dimensional non-abelian Chern-Simons
theory, respectively, incarnated as differential refinements of the first two fractional Pontryagin classes. Their
homotopy fibers define twisted differential string structures and twisted differential fivebrane structures that
control the Green-Schwarz anomaly cancellation mechanism in heterotic string theory and magnetic dual
heterotic string theory. Similarly for the third integral Stiefel-Whitney class the corresponding homotopy
fibers are twisted differential spin®-structures that control the Freed- Witten anomaly cancellation mechanism
in type II string theory. For the canonical invariant polynomial on a strict Lie 2-algebra over a semisimple
Lie algebra the construction yields the action functional of BF-theory coupled to topological Yang-Mills
theory with cosmological constant. For the canonical quadratic invariant polynomial on a symplectic Lie n-
algebroid it yields the corresponding AKSZ o-model action functional, such as in lowest degree the Poisson
o-model (hence also the A-model and the B-model) and the Courant o-model; as well as higher abelian
Chern-Simons theory in general degree 4k + 3. For Chern-Simons elements on shifted central extensions of
the super-Poincaré Lie algebra linearized in the curvatures it yields the Lagrangians of higher dimensional
supergravity theories. The oo-Chern-Weil homomorphism also applies to discrete oo-groups. For ordinary
discrete groups the resulting co-Chern-Simons theory is Dijkgraaf- Witten theory. For discrete 2-groups it
is the Yetter model. It also applies to invariant polynomials on infinite dimensional L..-algebras. In the
general case this yields action functionals of the type of closed string field theory.

We think of these results as providing a further ingredient of the recent identification of the mathemat-
ical foundations of quantum field and perturbative string theory [SaSch11]: while the cobordism theorem
[LurieTQFT] identifies topological quantum field theories with a universal construction in higher category
theory (representations of free symmetric monoidal (oo, n)-categories), our results indicate that the geomet-
ric structures that these arise from under quantization originate in a universal construction in higher topos
theory: cohesion.

This work has grown out of and subsumes the author’s previous work [ScWal] [ScWall] [ScWalll]
[BCSS07] [RoSc08] [SSS09a] [SSS09b] [SSS09¢] [FSS10] [FRS11a] [FRS11b].
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In 1 we motivate our discussion, give an informal introduction to the main concepts involved and survey
various constructions and applications. This introduction roughly parallels the sections to follow in an
expository and more elementary way and may be all that some readers want to see, while other readers may
want to skip it entirely.

In 2 we set up and study a general abstract theory of differential cohomology and Chern-Weil theory in
terms of canonical constructions in oo-topos theory. This is in the spirit of Lawvere’s proposals [Lawv07]
for axiomatic characterizations of those gros toposes that serve as contexts for abstract geometry in general
and differential geometry in particular: cohesive toposes. We claim that the decisive role of these axioms is
realized when generalizing from topos theory to co-topos theory [LuHTT] and we discuss a fairly long list
of geometric structures that is induced by the axioms in this case. Notably we show that every co-topos
satisfying the immediate analog of Lawvere’s axioms — every cohesive co-topos— comes with a good intrinsic
notion of differential cohomology and Chern-Weil theory.

In 3 we discuss models of the axioms. The main model of interest for our applications is the cohesive oco-
topos SmoothooGrpd as well as its infinitesimal thickening SynthDiffooGrpd, which we construct. Then we
go step-by-step through the list of general abstract structures in cohesive oo-toposes and unwind what these
amount to in this model for higher differential geometry. We demonstrate that these subsume and generalize
various traditional definitions and constructions in differential geometry and differential cohomology.

In 4 we discuss applications of the higher Chern-Weil theory thus obtained in the context of SmoothocoGrpd
and its synthetic and super refinements: fractional differential characteristic classes, twisted differential
structures, higher symplectic geometry, and co-Chern-Simons action functionals.
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1 Introduction

We present motivation for our developments in 1.1. Then we give a leisurely survey of the general abstract
theory in 1.2 and of the concrete implementation in 1.3.

1.1 Motivation

In 1.1.1 we give a heuristic motivation from considerations in gauge theory in broad terms, then in 1.1.2 a
more technical motivation proceeding from the problem of quantum anomaly cancellation and the inadequacy
of classical Chern-Weil theory to describe this.

1.1.1 From gauge theory

The discovery of gauge theory is effectively the discovery of groupoids in fundamental physics. The notion of
gauge transformation is close to synonymous to the notion isomorphism and more generally to equivalence
in an oo-category. From a modern point of view, the mathematical model for a gauge field in physics is a
cocycle in (nonabelian) differential cohomology: principal bundles with connection and their higher analogs.
These naturally do not form just a set, but a groupoid and generally an oco-groupoid, whose morphisms
are gauge transformations, and higher morphisms are gauge-of-gauge transformations. The development of
differential cohomology has to a fair extent been motivated and influenced by its application to fundamental
theoretical physics in general and gauge theory in particular.

Around 1850 Maxwell realized that the field strength of the electromagnetic field is modeled by what
today we call a closed differential 2-form on spacetime. In the 1930s Dirac observed that more precisely this
2-form is the curvature 2-form of a U(1)-principal bundle with connection, hence that the electromagnetic
field is modeled as what today is called a degree 2-cocycle in ordinary differential cohomology.

Meanwhile, in 1915, Einstein had identified also the field strength of the field of gravity as the so(d, 1)-
valued curvature 2-form of the canonical O(d,1)-principal bundle with connection on a d + 1-dimensional
spacetime Lorentzian manifold. This is a cocycle in differential nonabelian cohomology: in Chern-Weil
theory.

In the 1950s Yang-Mills-theory identified the field strength of all the gauge fields in the standard model
of particle physics as the u(n)-valued curvature 2-forms of U(n)-principal bundles with connection. This is
again a cocycle in differential nonabelian cohomology.

Entities of ordinary gauge theory
Lie algebra g with gauge Lie group G — connection with values in g on G-
principal bundle over a smooth manifold X

It is noteworthy that already in this mathematical formulation of experimentally well-confirmed fun-
damental physics the seed of higher differential cohomology is hidden: Dirac had not only identified the
electromagnetic field as a line bundle with connection, but he also correctly identified (rephrased in modern
language) its underlying cohomological Chern class with the (physically hypothetical but formally inevitable)
magnetic charge located in spacetime. But in order to make sense of this, he had to resort to removing the
support of the magnetic charge density from the spacetime manifold, because Maxwells equations imply
that at the support of any magnetic charge the 2-form representing the field strength of the electromagnetic
field is in fact not closed and hence in particular not the curvature 2-form of an ordinary connection on an
ordinary bundle.

In [Free00] Diracs old argument was improved by refining the model for the electromagentic field one
more step: Dan Freed notices that the charge current 3-form is itself to be regarded as a curvature, but for a
connection on a circle 2-bundle with connection - also called a bundle gerbe -, which is a cocycle in degree-3
ordinary differential cohomology. Accordingly, the electromagnetic field is fundamentally not quite a line
bundle, but a twisted bundle with connection, with the twist being the magnetic charge 3-cocycle. Freed
shows that this perspective is inevitable for understanding the quantum anomaly of the action functional
for electromagnetism is the presence of magnetic charge.



In summary, the experimentally verified models, to date, of fundamental physics are based on the notion
of (twisted) U(n)-principal bundles with connection for the Yang-Mills field and O(d, 1)-principal bundles
with connection for the description of gravity, hence on nonabelian differential cohomology in degree 2
(possibly with a degree-3 twist).

In attempts to better understand the structure of these two theories and their interrelation, theoretical
physicists were led to consider variations and generalizations of them that are known as supergravity and
string theory. In these theories the notion of gauge field turns out to generalize: instead of just Lie algebras,
Lie groups and connections with values in these, one finds structures called Lie 2-algebras, Lie 2-groups and
the gauge fields themselves behave like generalized connections with values in these.

Entities of 2-gauge theory
Lie 2-algebra g with gauge Lie 2-group G — connection with values in g on a
G-principal 2-bundle/gerbe over an orbifold X

Notably the string is charged under a field called the Kalb-Ramond field or B-field which is modeled by
a BU(1)-principal 2-bundle with connection, where BU (1) is the Lie 2-group delooping of the circle group:
the circle Lie 2-group. Its Lie 2-algebra Bu(1) is given by the differential crossed module [u(1) — 0] which
has u(1) shifted up by one in homological degree.

So far all these differential cocycles were known and understood mostly as concrete constructs, without
making their abstract home in differential cohomology explicit. It is the next gauge field that made Freed
and Hopkins propose [FrHo00] that the theory of differential cohomology is generally the formalism that
models gauge fields in physics:

The superstring is charged also under what is called the RR-field, a gauge field modeled by cocycles in
differential K-theory. In even degrees we may think of this as a differential cocycle whose curvature form has
coefficients in the L..-algebra @®,cnB?"u(1). Here B2"u(1) is the abelian 2n-Lie algebra whose underlying
complex is concentrated in degree 2n on R. So fully generally, one finds co-Lie algebras, co-Lie groups and
gauge fields modeled by connections with values in these.

Entities of general gauge theory
oo-Lie algebra g with gauge oo-Lie group G — connection with values in g on
a G-principal oo-bundle over a smooth co-groupoid X

Apart from generalizing the notion of gauge Lie groups to Lie 2-groups and further, structural consider-
ations in fundamental physics also led theoretical physicists to consider models for spacetime that are more
general than the notion of a smooth manifold. In string theory spacetime is allowed to be more generally
an orbifold or a generalization thereof, such as an orientifold. The natural mathematical model for these
generalized spaces are Lie groupoids or, essentially equivalently, differentiable stacks.

It is noteworthy that the notions of generalized gauge groups and the generalized spacetime models
encountered this way have a natural common context: all of these are examples of smooth oco-groupoids.
There is a natural mathematical concept that serves to describe contexts of such generalized spaces: a
big co-topos. The notion of differential cohomology in an co-topos provides a unifying perspective on the
mathematical structure encoding the generalized gauge fields and generalized spacetime models encountered
in modern theoretical physics in such a general context.

1.1.2 From quantum anomaly cancellation

One may wonder to which extent the higher gauge fields, that above in 1.1.1 we said motivate the theory
of higher differential cohomology, can themselves be motivated more formally, beyond their role in physics
phenomenology. It turns out that an important class of examples is in fact purely formally required by
consistency of the quantum mechanics of higher dimensional fermionic (“spinning”) quantum objects.

We indicate now how the full description of this quantum anomaly cancellation forces one to go beyond
classical Chern-Weil theory to a more comprehensive theory of higher differential cohomology.
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Consider a topological manifold X. Its tangent bundle T X is a real vector bundle of rank n = dimX.
This is classified by some continuous function to the classifying space BO(n), which we shall denote TX :
X — BO(n). A standard question to inquire about X is whether it is orientable. If so, choice of orienation
is, in terms of this classifying map, given by a lift through the canonical map BSO(n) — BO(n) from the
classifying space of the special orthogonal group. Further, we may ask if X admits a Spin-structure. If so,
a choice of Spin-structure corresponds to a further lift through the canonical map BSpin(n) — BO(n) from
the classifying space of the Spin-group. (Details on these basic notions are reviewed at the beginning of 4
below.)

These lifts of structure groups are just the first steps through a whole tower of higher group extensions,
called the Whitehead tower of BO(n), as shown in the following picture.

BFivebrane fivebrane structure
A
/
/ 1
. 6P2 .
//BStrmg — > K(Z,8) string structure
/ /4
ry
/ 3P
Iy / BSpin 2 K(Z,4) spin structure
!y /4
!/ Vs
r, 7
1,7 BSO —= > K(Z,2) orientation structure
v, 7
1/, P 4
lir
Yo x ™ . BO s K(Zy,1) Riemannian structure
Here all subdiagrams of the form
BG

BG — K(A,n)

are homotopy fiber sequences, meaning that B@ is the homotopy fiber of the characteristic map c. By the
universal property of the homotopy pullback, this implies the obstruction theory for the existence of these
lifts. The fist two of these are classical. For instance the orientation structure exists if the first Stiefe- Whitney
class wi(TX) € HY(X,Zy) is trivial. Then a Spin-structure exists if moreover the second Stiefel-Whiney
class wo(TX) € H*(X,Zs) is trivial.

Analogously, a string structure exists on X if moreover the first fractional Pontryagin class %pl (X) €
H*(X,Z) is trivial, and if so, a fivebrane structure exists if moreover the second fractional Pontryagin class
+p2(X) € H3(X,Z) is trivial.

The names of these structures indicate their role in quantum physics. Let ¥ be a d + 1-dimensional
manifold and assume now that also X is smooth. Then a smooth map ¢ : ¥ — X may be thought of as
modelling the trajectory of a d-dimensional object propagating through X. For instance for d = 0 this would
be the trajectory of a point particle, for d = 1 it would be the worldsheet of a string, and for d = 5 the
6-dimensional worldvolume of a 5-brane. The intrinsic “spin” of point particles and their higher dimensional
analogs is described by a spinor bundle S — 3 equipped for each ¢ : ¥ — X with a Dirac operato Dg-rx
that is twisted by the pullback of the tangent bundle of X along ¢. The fermionic part of the path integral
that gives the quantum dynamics of this setup computes the analog of the determinant of this Dirac operator,
which is an element in a complex line called the Pfaffian line of Dg«rx. As ¢ varies, these Pfaflian lines
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arrange into a line bundle on the mapping space

{Pfaff(Dg~rx)}

|

{¢:% = X}

tgs(c)

SmthMaps(X, X) —— K(Z,2)

Since the result of the fermionic part of the path integral is therefore a section of this line bundle, the
resulting effective action functional can be a well defined function only if this line bundle is trivializable,
hence if its Chern class vanishes. Therefore the Chern class of the Pfaffian line bundle over the bosonic
configuration space is called the global quantum anomaly of the system. It is an obstruction to the existence
of quantum dynamics of d-dimensional objects with spin on X.

Now, it turns out that this Chern class is the transgression tgys(c) of the corresponding class ¢ appearing
in the picture of the Whitehead tower above. Therefore the vanishing of these classes implies the vanishing
of the quantum anomaly.

For instance a choice of a spin structure on X cancels the global quantum anomaly of the quantum
spinning particle. Then a choice of string structure cancels the global quantum anomaly of the quantum
spinning string, and a choice of fivebrane structure cancels the global quantum anomaly of the quantum
spinning 5-brane.

However, the Pfaffian line bundle turns out to be canonically equipped with more refined differential
structure: it carries a connection. Moreover, in order to obtain a consistent quantum theory it needs to be
trivialized as a bundle with connection.

For the Pfaffian line bundle with connection still to be the transgression of the correspinding obstruction
class on X, evidently the entire story so far needs to be refined from cohomology to a differentially refined
notion of cohomology.

Classical Chern-Weil theory achieves this, in parts, for the first few steps through the Whitehead tower
(see [GHV] for a classical textbook reference and [HoSi05] for the refinement to differential cohomology that
we need here). For instance, since maps X — BSpin classify Spin-principal bundles on X, and since Spin is
a Lie group, it is clear that the coresponding differential refinement is given by Spin-principal connections.
Write H 1(X ,Spin)conn for the equivalence classes of these structures on X.

For every n € N there is a notion of differential refinement of H™(X,Z) to the differential cohomology
group H™(X,Z)conn- These groups fit into square diagrams as indicated on the right of the following diagram.

1.
H&onn(X7 Spln) [2p1] H(Ailiﬁ(X7 Z)
\
curyvafure top. class
e I
H4(X,7)

04(X)
\

Hiz (X) ~ HY(X,R)

As shown there, an element in H™ (X, Z) involves an underlying ordinary integral class, but also a differential
n-form on X such that both structures represent the same class in real cohomology (using the de Rham
isomorphism between real cohomology and de Rham cohomology). The differential form here is to be thought
of as a higher curvature form on a higher line bundle corresponding to the given integral cohomology class.

Finally, the refined form of classical Chern-Weil theory provides differential refinements for instance of
the first fractional Pontryagin class [1p1] € H*(X,Z) to a differential class [$P1] as shown in the above
diagram. This is the differential refinement that under transgression produces the differential refinement of
our Pfaffian line bundles.

But this classical theory has two problems.
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1. Beyond the Spin-group, the topological groups String, Fivebrane etc. do not admit the structure of
finite-dimensional Lie groups anymore, hence ordinary Chern-Weil theory fails to apply.

2. Even in the situation where it does apply, ordinary Chern-Weil theory only works on cohomology
classes, not on cocycles. Therefore the differential refinements cannot see the homotopy fiber sequences
anymore, that crucially characterized the obstruction problem of liftin through the Whitehead tower.

The source of the first problem may be thought to be the evident fact that the category Top of topological
spaces does, of course, not encode smooth structure. But the problem goes deeper, even. In homotopy theory,
Top is not even about topological structure. Rather, it is about homotopies and discrete geometric structure.

One way to make this precise is to say that there is a Quillen equivalence between the model category
structures on topological spaces and on simplicial sets.

I
Top =—_sSet  Ho(Top) ~ Ho(sSet) .
Sing

Here the singular simplicial complez functor Sing sends a topological space to the simplicial set whose k-cells
are maps from the topological k-simplex into X.
In more abstract modern language we may restate this as saying that there is an equivalence

Top —g> ocoGrpd

between the homotopy theory of topological spaces and that of oco-groupoids, exhibited by forming the
fundamental oco-groupoid of X.

To break this down into a more basic statement, let Top.; be the subcategory of homotopy 1-types,
hence of these topological spaces for which only the Oth and the first homotopy groups may be nontrivial.
Then the above equivalence resticts to an equivalence

Top4 % Grpd

with ordinary groupoids. Restricting this even further to (pointed) connected 1-types, hence spaces for which
only the first homotopy group may be non-trivial, we obatain an equivalence

Topy by %> Grp

with the category of groups. Under this equivalence a connected 1-type topological space is simply identified
with its first fundamental group.

Manifestly, the groups on the right here are just bare groups with no geometric structure; or rather with
dicrete geometric structure. Therefore, since the morphism II is an equivalence, also Top; is about discrete
groups, Top.; is about discrete groupoids and Top is about discrete co-groupoids.

There is a natural solution to this problem. This solution and the differential cohomology theory that it
supports is the topic of this book.

The solution is to equip discrete co-groupoids A with smooth structure by equipping them with infor-
mation about what the smooth families of k-morphisms in it are. In other words, to assign to each smooth
parameter space U an oo-groupoid of smoothly U-parameterized families of cells in A.

If we write A for A equipped with smooth structure, this means that we have an assignment

AU~ A(U) =: Maps(U, A)smooth € coGrpd

such that A(x) = A.
Notice that here the notion of smooth maps into A is not defined before we declare A, rather it is defined
by declaring A. A more detailed discussion of this idea is below in 1.2.1.
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We can then define the homotopy theory of smooth co-groupoids by writing
SmoothooGrpd := Ly Funct(SmoothMfd?, sSet) .

Here on the right we have the category of contravarian functors on the category of smooth manifolds, such as
the A from above. In order for this to inform this simple construction about the local nature of smoothness,
we need to formally invert some of the morphisms between such functors, which is indicated by the symbol
Ly, on the left. The set of morphisms W that are to be inverted are those natural transformation that are
stalkwise weak homotopy equivalences of simplicial sets.

We find that there is a canonical notion of geoemtric realization on smooth oco-groupoids

| = | : SmoothooGrpd I ocoGrpd ) Top,

where II is the derived left adjoint to the embedding
Disc : coGrpd < SmoothooGrpd

of bare co-groupoids as discrete smooth oco-groupoids. We may therefore ask for smooth refinements of given
topological spaces X, by asking for smooth oco-groupoids X such that |X| ~ X.
A simple example is obtained from any Lie algebra g. Consider the functor exp(g) : SmoothMfd°? — sSet
given by the assignment
exp(g) U= ([k] = Qi}iat,vertU X Ak’g) )

where on the right we have the set of differential forms on the parameter space times the smooth k-simplex
which are flat and vertical with respect to the projection U x A¥ — U.
We find that the 1-truncation of this smooth co-groupoid is the Lie groupoid

T1exp(g) = BG

that has a single object and whose morphisms form the simply connected Lie group G that integrates g. We
may think of this Lie groupoid also as the moduli stack of smooth G-principal bundles. In particular, this is
a smooth refinement of the classifying space for G-principal bundles in that

IBG| ~ BG'.

So far this is essentially what classical Chern-Weil theory can already see. But smooth co-groupoids now go
much further.
In the next step there is a Lie 2-algebra g = string such that its exponentiation is

T9 exp(string) = BString

is a smooth 2-groupoid, which we may think of as the moduli 2-stack of String-principal which is a smooth
refinement of the String-classifying space

|BString| ~ BString .
Next there is a Lie 6-algebra fivebrane such that
Te exp(fivebrane) = BFivebrane

with
|BFivebrane| ~ BFivebrane.

Moreover, the characteristic maps that we have seen now refine first to smooth maps on these moduli
stacks, for instance

%pl : BSpin — B3U(1),
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and then further to differential refinement of these maps

1
—p1 : BSpin

2 — BSU(l)conna

conn
where now on the left we have the moduli stack of smooth Spin-connections, and on the right the moduli
3-stack of circle n-bundles with connection.

A detailed discussion of these constructions is below in 4.1.

In addition to capturing smooth and differential refinements, these constructions have the property that
they work not just at the level of cohomology classes, but at the level of the full cocycle co-groupoids. For
instance for X a smooth manifold, postcomposition with %f) may be regarded not only as inducing a function

H! . (X,Spin) — H_

conn conn

(X)
on cohomology sets, but a morphism

%f)(X) : H' (X, Spin) — H3(X, B*U (1) conn)
from the groupoid of smooth principal Spin-bundles with connection to the 3-groupoid of smooth circle
3-bundles with connection. Here the boldface H = SmoothooGrpd denotes the ambient co-topos of smooth
oo-groupoids and H(—, —) its hom-functor.

By this refinement to cocycle co-groupoids we have access to the homotopy fibers of the morphism %f)l.
Before differential refinement the homotopy fiber

H(X, BString) — H(X, BSpin) ——> H(X, B3U(1)) ,

is the 2-groupoid of smooth String-principal 2-bundles on X: smooth string structures on X. As we pass to
the differential refinement, we obtain differential string structures on X

1
2Pb1

H(X, BString,.,,,,,) — H(X, BSpin —— H(X,B3U(1)conn) -

conn)
A cocycle in the 2-groupoid H(X, BString,,, , )is naturally identified with a tuple consisting of
e a smooth Spin-principal bundle P — X with connection V;
e the Chern-Simons 2-gerbe with connection C'S(V) induced by this;
e a choice of trivialization of this Chern-Simons 2-gerbe and its connection.

We may think of this as a refinement of secondary characteristic classes: the first Pontryagin curvature
characteristic form (Fy A Fy) itself is constrained to vanish, and so the Chern-Simons form 3-connection
itself constitutes cohomological data.

More generally, we have access not only to the homotopy fiber over the 0-cocycle, but may pick one cocycle
in each cohomology class to a total morphism H3q(X) — H(X,B3U(1)conn) and consider the collection of
all homotopy fibers over all connected components as the homotopy pullback

$D1Strucey (X) H i (X)

T

H(X, BSpin,,,.) ——> H(X, B3U(1)com)

COl’ln)

This yields the 2-groupoid of twisted differential string structure. These objects, and their higher analogs
given by twisted differential fivebrane structures, appear in background field structure of the heterotic string
and its magnetic dual, as discussed in [SSS09c].

These are the kind of structures that co-Chern-Weil theory studies.
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1.1.3 From higher topos theory

The history of theoretical fundamental physics is the story of a search for the suitable mathematical notions
and structural concepts that naturally model the physical phenomena in question. Examples include, roughly
in historical order,

1. the identification of symplectic geometry as the underlying structure of classical Hamiltonian mechan-
ics;

2. the identification of (semi-)Riemannian differential geometry as the underlying structure of gravity;

3. the identification of group and representation theory as the underlying structure of the zoo of funda-
mental particles;

4. the identification of Chern-Weil theory and differential cohomology as the underlying structure of gauge
theories.

All these examples exhibit the identification of the precise mathematical language that naturally captures
the physics under investigation. Modern theoretical insight in theoretical fundamental physics is literally
unthinkable without these formulations.

Therefore it is natural to ask whether one can go further. Not only have we seen above in 1.1.2 that
some of these formulations leave open questions that we would want them to answer. But one is also led
to wonder if this list of mathematical theories cannot be subsumed into a single more fundamental system
altogether.

In a philosophical vein we should ask

Where does physics take place, conceptually?

Such philosophical-sounding questions can be given useful formalizations in terms of category theory. In this
context “place” translates to topos, “taking place” translates to inernalization and whatever it is that takes
places is characterized by a collection of universal constructions (categorical limits and colimits, categorical
adjunctions).

So we translate

Physics takes place.

Certain universal constructions internalize in a suitable topos.

(For the following explanation of what precisely this means the reader only needs to know the concept of
adjoint functors.)
The remaining question is

What characterizes a suitable topos and what are the universal constructions capturing physics.

At the bottom of it there are two aspects to physics, kinematics and dynamics. Roughly, kinematics is
about the nature of geometric spaces appearing in physics, dynamics is about trajectories — paths — in these
spaces. We will argue that

e the notion of a topos of geometric spaces is usefully given by what goes by the technical term local
topos;

e the notion of a topos of spaces with trajectories is usefully given by what goes by the technical term
oo-connected topos.

A topos that is both local and oco-connected we call cohesive.
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physics

kinematic dynamics

local topos oo-connected topos

cohesive topos

1.1.3.1 Kinematics — local toposes. With a notion of bare spaces give, a notion of geometric spaces
comes with a forgetful functor GeometricSpaces — BareSpaces that forgets this structure. The claim is
that two extra conditions on this functor guarantee that indeed the structure it forgets is some geometric
structure.

e There is a category C of local models such that every geometric space is obtained by gluing of local
models. The operation of gluing following a blueprint is left adjoint to the inclusion of geometric spaces
into blueprints for geometric spaces.

e Every bare space can canonically be equipped with the two universal cases of geometric structure,
discrete and indiscrete geometric structure. (For instance a set can be equipped with discrete topology
or discrete smooth structure.)

Equipping with these structure is left and right adjoint, respectively, to forgetting geometric structure.

form discrete geometric structure ,

glue local models

. . . —f t tric structure———
BlueprintsOfGeometricSpaces 7GeometrlcSpaces Orgel geometric structute sBareSpaces .

form indiscrete geometric structure

If we take a bare space to be a set of points, then this translates into the following formal statement.

) Dis >
o sheafification r -
Func(C°P, Set) >Sh(C) SSet .
coDisc

The category of geometric spaces embeds into the category of contravarian functors on test spaces, and
this embedding has a left adjoint. It is a basic fact of topos theory that such reflective embeddings are
precisely categories of sheaves on C' with respect to some Grothendieck topology on C' (which is defined by
the reflective embedding). Therefore the first demand above says that GeometricSpaces is to be what is
called a sheaf topos.

Another basic fact of topos theory says that this already implies the first part of the second demand, and
uniquely so. There is unique pair of adjoint functors (Disc 4 I') as indicated. The demand of the further
right adjoint embedding coDisc is what makes the sheaf topos a local topos.

These and the following axioms are very simple. Nevertheless, by the power of category theory, it turns
out that they have rich implications. But we will we show that for them to have implications just rich
enough to indeed formalize the kind of structures mentioned at the beginning, we want to pass to co-toposes
instead. Then the above becomes

oco—stackification <DI;C)
ooFunc(C°P, coGrpd) 5Sheo (C) r HooGrpd .

coDisc
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1.1.3.2 Dynamics — oco-connected toposes With a notion of discrete co-groupoids inside geometric
oo-groupoids given, we can ask for discrete co-bundles over any X to be characterized by the the parallel
transport that takes their fibers into each other, as they move along paths in X. By the basic idea of Galois
theory, this completely characterizes a notion of trajector.

Formally this means that we require a further left adjoint (IT - Disc).

GeometricooGrpd(X, DiscK) =~ 0oGrpd(II(X), K)
bundles of pargllel transport .
. . of discrete co-groupoids
discrete oo-groupoids . f
on X along trajectories

in X

This means that for any X we can think of II(X) as the co-groupoid of paths in X, of paths-between-paths
in X, and so on.

In order for this to yield a consistent notion of paths in the geometric context, we want to demand that
there are no non-trivial paths in the point (the terminal object), hence that

TI(%) ~ .

An ordinary topos for which II exists and satisfies this property is called locally connected and connected.
Hence an co-topos for which II exists and satisfies this extra condition we call co-connected. This terminology
is good, but a bit subtle, since it refers to the meta-topology of the collection of all geometric spaces rather
than to any that of any topological space itself. The reader is advised to regard it just as a technical term
for the time being.

1.1.3.3 Physics — cohesive toposes An oo-topos that is both local as well as oo-connected we call
cohesive. The idea is that the extra adjoints on it encode the information of how sets of cells in an co-
groupoid are geometrically held together, for instance in that there are smooth paths between them. In the
models of cohesive co-toposes that we wiil construct the local models are open balls with geometric structure
and each such open ball can be thought of as a “cohesive blob of points”.

The axioms on a cohesive topos are simple and fully formal. They involve essentially just the notion of
adjoint functors.

We can ask now for universal constructions such that internalized in any cohesive co-topos they usefully
model differental geometry, differential cohomology, action functionals for physical systems, etc. Below in
2.3 we a comprehensive discussion of an extensive list of such structures. Here we highlight one them.
Differential forms.

One consequence of the axioms of cohesion is that every connected object in a cohesive co-topos H has
am essentially unique point (whereas in general it may fail to have a point). We have an equivalence

Q
OOGI‘p(H) S H*721
B

between group objects G in H and (uniquely pointed) connected objects in H.
Define now
(IT 4 b) := (DiscIl 4 Discl) .

The (Disc 4 I')-counit gives a morphism
»BG — BG .

We write bqr BG for the co-pullback
bdRBG I bBG .

|

*x —> BG
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We show in 3.3.8 that with this construction internalized in smooth co-groupoids, the object by BG is the
coeflicient object for flat g-valued differential forms, where g is the co-Lie algebra of G.

Moreover, there is a canonical such form on G itself. This is obtained by forming the pasting diagram of
oo-pullbacks

A— >«

P

barBG —— bBG
* BG

We show below in 3.3.10 that this theta is canonical (Maurer-Cartan) g-valued form on G. Then in 3.3.11
we show that for G a shifted abelian group, this form is the universal curvature characteristic. Flat parallel
G-valued transport that is twisted by this form encodes non-flat co-connections. Gauge fields and higher
gauge fields are examples.

In 3.3.13 we show that, just as canonically, action functionals for these higher gauge fields exist in H.

All this just from a system of adjoint oo-functors.

1.2 General abstract theory

We present an invitation to the theory of higher differential cohomology that is developed formally in 2
below.

The framework of all our constructions is topos theory [John03] or rather, more generally, co-topos theory
[LuHTT]. In the sections 1.2.1 and 1.2.2 we recall and survey basic notions with an eye towards our central
example of an co-topos: that of smooth co-groupoids. In these sections the reader is assumed to be familiar
with basic notions of category theory (such as adjoint functors) and basic notions of homotopy theory (such
as weak homotopy equivalences). A brief introduction to relevant basic concepts (such as Kan complexes
and homotopy pullbacks) is given in section 1.3, which can be read independently of the discussion here.

Then in 1.2.3 and 1.2.4 we describe, similarly in a leisurely manner, the intrinsic notions of cohomology
and geometric homotopy in an co-topos. Most aspects of what we say here involve fairly well-known facts,
but the general abstract perspective of cohesive or at least locally co-connected co-toposes seems to have
not been fully appreciated before.

Finally in 1.2.5 we indicate how the combination of the intrinsic cohomology and geometric homotopy in
a locally oo-connected oo-topos yields a good notion of differential cohomology in an co-topos.

1.2.1 Toposes

There are several different perspectives on the notion of topos. One is that a topos is a category that looks
like a category of spaces that sit by local homeomorphisms over a given base space: all spaces that are locally
modeled on a given base space.

The archetypical class of examples are sheaf toposes over a topological space X denoted Sh(X). These
are equivalently categories of étale spaces over X: topological spaces Y that are equipped with a local
homeomorphisms Y — X. When X = * is the point, this is just the category Set of all sets: spaces that are
modeled on the point. This is the archetypical topos itself.

What makes the notion of toposes powerful is the following fact: even though the general topos contains
objects that are considerably different from and possibly considerably richer than plain sets and even richer
than étale spaces over a topological space, the general abstract category theoretic properties of every topos
are essentially the same as those of Set. For instance in every topos all small limits and colimits exist and
it is cartesian closed (even locally). This means that a large number of constructions in Set have immediate
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analogs internal to every topos, and the analogs of the statements about these constructions that are true
in Set are true in every topos.

This may be thought of as saying that toposes are wvery nice categories of spaces in that whatever
construction on spaces one thinks of — for instance formation of quotients or of intersections or of mapping
spaces — the resulting space with the expected general abstract properties will exist in the topos. In this
sense toposes are convenient categories for geometry - as in: convenient category of topological spaces, but
even more convenient than that.

On the other hand, we can de-emphasize the role of the objects of the topos and instead treat the topos
itself as a ”generalized space” (and in particular, a categorified space). We then consider the sheaf topos
Sh(X) as a representative of X itself, while toposes not of this form are “honestly generalized” spaces. This
point of view is supported by the fact that the assignment X +— Sh(X) is a full embedding of (sufficiently
nice) topological spaces into toposes, and that many topological properties of a space X can be detected at
the level of Sh(X).

Here we are mainly concerned with toposes that are far from being akin to sheaves over a topological
space, and instead behave like abstract fat points with geometric structure. This implies that the objects of
these toposes are in turn generalized spaces modeled locally on this geometric structure. Such toposes are
called gros toposes or big toposes. There is a formalization of the properties of a topos that make it behave
like a big topos of generalized spaces inside of which there is geometry: this is the notion of cohesive toposes.

More concretely, the idea of sheaf toposes formalizes the idea that any notion of space is typically modeled
on a given collection of simple test spaces. For instance differential geometry is the geometry that is modeled
Cartesian spaces R™, or rather on the category C' = CartSp of Cartesian spaces and smooth functions between
them.

A presheaf on such C' is a functor X : C°? — Set from the opposite category of C' to the category of
sets. We think of this as a rule that assigns to each test space U € C the set X (U) :=: Maps(U, X) of
structure-preserving maps from the test space U into the would-be space X - the probes of X by the test
space U. This assignment defines the generalized space X modeled on C. Every category of presheaves
over a small category is an example of a topos. But these presheaf toposes, while encoding the geometry
of generalized spaces by means of probes by test spaces in C fail to correctly encode the topology of these
spaces. This is captured by restricting to sheaves among all presheaves.

Each test space V' € C itself specifies presheaf, by forming the hom-sets Maps(U, V) := Hom¢ (U, V) in
C. This is called the Yoneda embedding of test spaces into the collection of all generalized spaces modeled
on them. Presheaves of this form are the representable presheaves. A bit more general than these are the
locally representable presheaves: for instance on C' = CartSp this are the smooth manifolds X € SmoothMfd,
whose presheaf-rule is Maps(U, X) := Homgmoothmsd (U, X ). By definition, a manifold is locally isomorphic
to a Cartesian space, hence is locally representable as a presheaf on CartSp.

These examples of presheaves on C' are special in that they are in fact sheaves: the value of X on a test
space U is entirely determined by the restrictions to each U; in a cover {U; — U};cr of the test space U by
other test spaces U;. We think of the subcategory of sheaves Sh(C) < PSh(C) as consisting of those special
presheaves that are those rules of probe-assignments which respect a certain notion of ways in which test
spaces U,V € C may glue together to a bigger test space.

One may axiomatize this by declaring that the collections of all covers under consideration forms what
is called a Grothendieck topology on C that makes C' a site. But of more intrinsic relevance is the equivalent
fact that categories of sheaves are precisely the subtoposes of presheaves toposes

Sh(C) < PSh(C) = [CP, Set]

meaning that the embedding Sh(X) < PSh(X) has a left adjoint functor L that preserves finite limits.
This may be taken to be the definition of Grothendieck toposes. The left adjoint is called the sheafification
functor. It is determined by and determines a Grothendieck topology on C.

For the choice C' = CartSp such is naturally given by the good open cover coverage, which says that a
bunch of maps {U; — U} in C exhibit the test object U as being glued together from the test objects {U;}
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if these form a good open cover of U. With this notion of coverage every smooth manifold is a sheaf on
CartSp.

But there are important genenralized spaces modeled on CartSp that are not smooth manifolds: topo-
logical spaces for which one can consistently define which maps from Cartesian spaces into them count
as smooth in a way that makes this assignment a sheaf on CartSp, but which are not necessarily locally
isomorphic to a Cartsian space: these are called diffeological spaces. A central example of a space that is
naturally a diffeological space but not a finite dimensional manifold is a mapping space [, X] of smooth
functions between smooth manifolds > and X: since the idea is that for U any Cartesian space the smooth
U-parameterized families of points in [X, X] are smooth U-parameterized families of smooth maps ¥ — X,
we can take the plot-assigning rule to be

(¥, X]: U = Homsmootnmta (X X U, X).

It is useful to relate all these phenomena in the topos Sh(C') to their image in the archetypical topos Set.
This is simply the category of sets, which however we should think of here as the category Set ~ Sh(x) of
sheaves on the category * which contains only a single object and no nontrivial morphism: objects in here
are generalized spaces modeled on the point. All we know about them is how to map the point into them,
and as such they are just the sets of all possible such maps from the point.

Every category of sheaves Sh(C) comes canonically with an essentially unique topos morphism to the
topos of sets, given by a pair of adjoint functors

Disc
Sh(C') == Sh(x) ~ Set .
r

Here T is called the global sections functor. If C has a terminal object *, then it is given by evaluation
on that object: the functor I' sends a plot-assigning rule X : C°P — Set to the set of plots by the point
I'(X) = X(x). For instance in C = CartSp the terminal object exists and is the ordinary point * = R?. If
X € Sh(C) is a smooth manifold or diffeological space as above, then I'(X) € Set is simply its underlying
set of points. So the functor I' can be thought of as forgetting the cohesive structure that is given by the
fact that our generalized spaces are modeled on C. It remembers only the underlying point-set.

Conversely, its left adjoint functor Disc takes a set S to the sheafification Disc(S) = LConst(S) of the
constant presheaf Const : U — S, which asserts that the set of its plots by any test space is always the
same set S. This is the plot-rule for the discrete space modeled on C' given by the set S: a plot has to be a
constant map of the test space U to one of the elements s € S. For the case C' = CartSp this interpretation
is literally true in the familiar sense: the generalized smooth space Disc(S) is the discrete smooth manifold
or discrete diffeological space with point set S.

The examples for generalized spaces X modeled on C' that we considered so far all had the property that
the collection of plots U — X into them was a subset of the set of maps of sets from U to their underlying set
I'(X) of points. These are called concrete sheaves. Not every sheaf is concrete. The concrete sheaves form a
subcategory inside the full topos which is itself almost, but not quite a topos: it is called the quasitopos of
concrete objects.

Cone(C) S Sh(C).

Non-concrete sheaves over C' may be exotic as compared to smooth manifolds, but they are still usefully
regarded as generalized spaces modeled on C. For instance for n € N there is the sheaf x(n,R) given by
saying that plots by U € CartSp are identified with closed differential n-forms on U:

k(n,R) : U — Q{(U).

This sheaf describes a very non-classical space, which for n > 1 has only a single point, I'(k(n,R)) = * , only
a single curve, a single surface, etc., up to a single (n — 1)-dimensional probe, but then it has a large number
of n-dimensional probes. Despite the fact that this sheaf is very far in nature from the test spaces that it is
modeled on, it plays a crucial and very natural role: it is in a sense a model for an Eilenberg-MacLane space
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K(n,R). We shall see in 3.3.9 that these sheaves are part of an incarnation of the co-Lie-algebra b"R and
the sense in which it models an Eilenberg-MacLane space is that of Sullivan models in rational homotopy
theory. In any case, we want to allow ourselves to regard non-concrete objects such as k(n,R) on the same
footing as diffeological spaces and smooth manifolds.

1.2.2 oo-Toposes

While therefore a general object in the sheaf topos Sh(C') may exhibit a considerable generalization of the
objects U € C that it is modeled on, for many natural applications this is still not quite general enough: if
for instance X is a smooth orbifold, then there is not just a set, but a groupoid of ways of probing it by a
Cartesian test space U: if a probe v : U — X is connected by an orbifold transformation to another probe
v': U — X, then this constitutes a morphism in the groupoid X (U) of probes of X by U.

Even more generally, there may be an entire co-groupoid of probes of the generalized space X by the test
space U: a set of probes with morphisms between different probes, 2-morphisms between these 1-morphisms,
and so on.

Such structures are described in oco-category theory: where a category has a set of morphisms between
any two objects, an oco-category has an oco-grouopoid of morphisms, whose compositions are defined up to
higher coherent homotopy. The theory of co-categories is effectively the combination of category theory and
homotopy theory. The main fact about it, emphasized originally by André Joyal and then further developed
in [LuHTT], is that it behaves formally entirely analously to category theory: there are notions of co-functors,
oo-limits, adjoint co-functors etc., that satisfy all the familiar relations from category theory. For instance
right adjoint oo-functors preserve all oo-limits; there is an adjoint co-functor theorem; an oco-Grothendieck
construction-theorem; and so on.

In particular, there is a notion of co-presheaves on a category (or co-category) C': oo-functors

X : C°" — 0coGrpd

to the oo-category ocoGrpd of oco-groupoids — there is an oo-Yoneda embedding, and so on. Accordingly,
oo-topos theory proceeds in its basic notions along the same lines as we sketched above for topos theory:
an oco-topos of co-sheaves is defined to be a reflective sub-oo-category

L
Sh(ee,1)(C)C__ PSh(oe,1)(O)

of an co-category of co-presheaves. As before, such is essentially determined by and determines a Grothendieck
topology or coverage on C. (For this to be precise we need to demand that the inclusion is a topological
localization.) Since a 2-sheaf with values in groupoids is usually called a stack, an oco-sheaf is often also called
an oco-stack.

In the spirit of the above discussion, the objects of the co-topos of co-sheaves on C' = CartSp we shall
think of as smooth oo-groupoids. This is our main running example. We shall write SmoothooGrpd :=
Sh, (CartSp) for the co-topos of smooth co-groupoids.

But a crucial point of developing our theory in the language of co-toposes is that all constructions work
in great generality. By simply passing to another site C, all constructions apply to the theory of generalized
spaces modeled on the test objects in C. Indeed, to really capture all aspects of oco-Lie theory, we should
and will adjoin to our running example C' = CartSp that of the slightly larger site C' = CartSpyyhair of
infinitesimally thickened Cartesian spaces. Ordinary sheaves on this site are the generalized spaces considered
in synthetic differential geometry: these are smooth spaces such as smooth loci that may have infinitesimal
extension. For instance the first order jet D C R of the origin in the real line exists as an infinitesimal
space in Sh(CartSpgynqir)- Accordingly, oco-groupoids modeled on CartSpyy,pqir are smooth oo-groupoids
that may have k-morphisms of infinitesimal extension. We will see that a smooth oco-groupoid all whose
morphisms has infinitesimal extension is a Lie algebra or Lie algebroid or generally an oco-Lie algebroid.

While oo-category theory provides a good abstract definition and theory of oco-groupoids modeled on
test objects in a category C' in terms of the co-category of co-sheaves on C', for concrete manipulations it is
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often useful to have a presentation of the co-categories in question in terms of generators and relations in
ordinary category theory. Such a generators-and-relations-presentation is provided by the notion of a model
category structure. Specifically, the co-toposes of co-presheaves that we are concerned with are presented in
this way by a model structure on simplicial presheaves, i.e. on the functor category [C°P,sSet] from C' to the
category sSet of simplicial sets. In terms of this model, the corresponding co-category of co-sheaves is given
by another model structure on [C°P, sSet], called the left Bousfield localization at the set of covers in C.

These models for oo-stack oo-toposes have been proposed, known and studied since the 1970s and are
therefore quite well understood. The full description and proof of their abstract role in co-category theory
was established in [LuHTT].

As before for toposes, there is an archetypical co-topos, which is coGrpd = Sh(., 1)(*) itself: the collection
of generalized oco-groupoids that are modeled on the point. All we know about these generalized spaces is
how to map a point into them and what the homotopies and higher homotopies of such maps are, but
no further extra structure. So these are bare co-groupoids without extra structure. Also as before, every
oo-topos comes with an essentially unique geometric morphism to this archetypical co-topos given by a pair
of adjoint co-functors

Di
Sh(e,1)(C) = SCE 0oGrpd .
T

Again, if C happens to have a terminal object *, then I' is the operation that evaluates an oo-sheaf on
the point: it produces the bare co-groupoid underlying an oo-groupoid modeled on C. For instance for
C = CartSp a smooth oco-groupoid X € Sh(, 1)(C) is sent by I' to to the underlying oo-groupoid that
forgets the smooth structure on X.

Moreover, still in direct analogy to the 1-categorical case above, the left adjoint Disc is the oco-functor
that sends a bare co-groupoid S to the oo-stackification DiscS = LConstS of the constant co-presheaf on S.
This models the discretely structured oo-groupoid on S. For instance for C' = CartSp we have that DiscS is a
smooth oco-groupoid with discrete smooth structure: all smooth families of points in it are actually constant.

1.2.3 Cohomology

We had mentioned that every topos behaves in most general abstract ways as the archetypical topos Set.
Analogously, every oco-topos behaves in most general abstract ways as the archetypical oo-topos coGrpd.
This, in turn, by the homotopy hypothesis-theorem, is equivalent to Top, the category of topological spaces,
regarded as an oo-category by taking the 2-morphisms to be homotopies between continuous maps, 3-
morphisms to be homotopies of homotopy, and so forth:

ooGrpd ~ Top.

In Top it is familiar — from the notion of classifying space and the Brown representability theorem — that
the cohomology of a topological space X is defined as the set of homotopy classes of maps from X to some
coefficient space A

H(X,A) :=mTop(X,A).

For instance for A = K (n,Z) ~ B"Z an Eilenberg-MacLane space, we have that
H(X,A) :=mnTop(X,B"Z) ~ H"(X,Z)
is the ordinary integral singular cohomology of X. Also monabelian cohomology is modeled this way: for G
a (possibly nonabelian) topological group and A = BG its classifying space we have that
H(X,A):=mTop(X, BG) ~ H'(X,G)
is the degree-1 nonabelian cohomology of X with coeffients in G, which classifies G-principal bundles on X.
Since this only involves forming oco-categorical hom-spaces and since this is an entirely categorical opera-
tion, we may define for X, A any two objects in an arbitrary oco-topos H the intrinsic cohomology of X with

coefficients in A to be
H(X,A) :=mH(X,A),
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where H(X, A) denotes the co-groupoid of morphism from X to A in H. It turns out that essentially every
notion of cohomology considered in the literature is an example of this simple definition, for a suitable choice
of H. Notably abelian sheaf cohomology over a given site C' is the special case where H = Sh.,(C) and A
takes values in abelian simplicial groups. This example alone subsumes a wealth of further special cases,
such as for instance Deligne cohomology.

There are some definitions in the literature of cohomology theories that are not special cases of this
general concept, but in these cases it seems that the failure is with the traditional definition, not with the
above notion. We shall be interested in particular in the group cohomology of Lie groups. Originally this
was defined using a naive direct generalization of the formula for bare group cohomology as

H! ...(G,A) = {smooth maps G*" — A}/ ~ .

But this definition was eventually found to be too coarse: there are structures that ought to be cocycles on
Lie groups but do not show up in this definition. Graeme Segal therefore proposed a refined definition that
was later rediscovered by Jean-Luc Brylinski, called differentiable Lie group cohomology H}g,(G, A). This
refines the naive Lie group cohomology in that there is a natural morphism H, (G, A) — H}:g, (G, A).
But in the oo-topos of smooth co-groupoids H = Sh,, (CartSp) we have the natural intrinsic definition
of Lie group cohomology as
Hglmooth(G’ A) = WOH(BG’ BnA)

and one finds that this naturally includes the Segal/Brylinski definition
Hr?aive(Gv A) - H(Tiliﬁrbl(G7 A) - Hgmooth(Ga A) = 7TOH(BG’ BnA) .

and at least for A a discrete group, or the group of real numbers or a quotient of these such as U(1) = R/Z,
the notions coincide
H(?iffrbl(Ga A) = Hgmooth(Gv A) .

This general abstract reformulation of Lie group cohomology in oco-topos theory allows to deduce some
properties of it in great generality. For instance one of the crucial aspects of the notion of cohomology is
that a cohomology class on X classifies certain structures over X.

It is a classical fact that if G is a (discrete) group and BG its delooping in Top, then the structure
classified by a cocycle g : X — BG is the G-principal bundle over X obtained as the 1-categorical pullback
P—-X

P—— FEG

L,

x —~ BaG
of the universal G-principal bundle EG — B(G. But one finds that this pullback construction is just a
1-categorical model for what intrinsically is something simpler: this is just the homotopy pullback in Top of
the point

P—>x
X —— BG
g

This form of the construction of the G-principal bundle classified by a cocycle makes sense in any co-topos
H:

we shall say that for G € H a group object in H and BG its delooping and for g : X — BG a cocycle
(any morphism in H) that the G-principal co-bundle classified by g is the oo-pullback/homotopy pullback

P—s %

| /]

XT>BG
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in H. (Beware that usually we will notationally suppress the homotopy filling this square diagram.)

Let G be a Lie group and X a smooth manifold, both regarded naturally as objects in the co-topos of
smooth oo-groupoids. Let g : X — BG be a morphism in H. One finds that in terms of the presentation
of SmoothooGrpd by the model structure on simplicial presheaves this is a Cech 1-cocycle on X with values
in G. The corresponding oco-pullback P is (up to equivalence or course) the smooth G-principal bundle
classified in the usual sense by this cocycle.

The analogous proposition holds for G a Lie 2-group and P a G-principal 2-bundle.

Generally, we can give a natural definition of G-principal co-bundle in any co-topos H over any co-group
object G € H. One finds that it is the Giraud axioms that characterize co-toposes that ensure that these are
equivalently classified as the co-bullbacks of morphisms g : X — BG. Therefore the intrinsic cohomology

H(X,G) :=nH(X, BG)

in H classifies G-principal co-bundles over X. Notice that X here may itself be any object in H.

1.2.4 Homotopy

Every oco-sheaf co-topos H canonically comes equipped with a geometric morphism given by pair of adjoint

oo-functors
LConst
(LConst 4T") : H =" coGrpd
r

relating it to the archeytpical co-topos of co-groupoids. Here I" produces the global sections of an co-sheaf
and LConst produces the constant co-sheaf on a given oco-groupoid.

In the cases that we are interested in here H is a big topos of oco-groupoids equipped with cohesive
structure, notably equipped with smooth structure in our motivating example. In this case I" has the
interpretation of sending a cohesive oo-groupoid X € H to its underlying oo-groupoid, after forgetting
the cohesive structure, and LConst has the interpretation of forming oco-groupoids equipped with discrete
cohesive structure. We shall write Disc := LConst to indicate this.

But in these cases of cohesive oo-toposes there are actually more adjoints to these two functors, and this
will be essentially the general abstract definition of cohesiveness. In particular there is a further left adjoint

II: H — coGrpd

to Disc: the fundamental co-groupoid functor on a locally oco-connected co-topos. Following the standard
terminology of locally connected toposes in ordinary topos theory we shall say that H with such a property is a
locally co-connected co-topos. This terminology reflects the fact that if X is a locally contractible topological
space then H = Sho,(X) is a locally contractible co-topos. A classical result of Artin-Mazur implies, that
in this case the value of I on X € Sho(X) is, up to equivalence, the fundamental co-groupoid of X:

IT: (X € Shoo(X)) — (SingX € 0coGrpd),

which is the oo-groupoid whose

objects are the points of X;

e morphisms are the (continuous) paths in X;

e 2-morphisms are the continuous homotopies between such paths;

e k-morphisms are the higher order homotopies between (k — 1)-dimensional paths.

This is the object that encodes all the homotopy groups of X in a canonical fashion, without choice of fixed
base point.
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Also the big co-topos SmoothooGrpd = Sh, (CartSp) turns out to be locally co-connected

II
—_—

II 4 Disc 4T) : SmoothooGrpd = Pis¢ ooGrpd
_—
r

as a reflection of the fact that every Cartesian space R™ € CartSp is contractible as a topological space.
We find that for X any paracompact smooth manifold, regarded as an object of SmoothooGrpd, again
I1(X) € SmoothooGrpd is the corresponding fundamental co-groupoid. More in detail, under the homotopy-
[
hypothesis-equivalence (| — | 4 Sing) : Top = _=_ 0coGrpd we have that the composite
Sing

II(—)|: H B soGrpd = Top

sends a smooth manifold X to its homotopy type: the underlying topological space of X, up to weak
homotopy equivalence.

Analogously, for a general object X € H we may think of [II(X)| as the generalized geometric realization
in Top. For instance we find that if X € SmoothocoGrpd is presented by a simplicial paracompact manifold,
then |[TI(X)| is the ordinary geometric realization of the underlying simplicial topological space of X. This
means in particular that for X € SmoothooGrpd a Lie groupoid, II(X) computes its homotopy groups of a
Lie groupoid as traditionally defined.

The ordinary homotopy groups of II(X) or equivalently of |II(X)| we call the geometric homotopy groups
of X € H, because these are based on a notion of homotopy induced by an intrisic notion of geometric
paths in objects in X. This is to be contrasted with the categorical homotopy groups of X. These are the
homotopy groups of the underlying co-groupoid I'(X) of X. For instance for X a smooth manifold we have
that Yes | 0

edet |n=
mreo)={ C5 )

but
Tn(II(X)) ~ 7, (X € Top).

This allows us to give a precise sense to what it means to have a cohesive refinement (continuous refinement,
smooth refinement, etc.) of an object in Top. Notably we are interested in smooth refinements of classifying
spaces BG € Top for topological groups G by deloopings BG € SmoothooGrpd of co-Lie groups G and we
may interpret this as saying that

II(BG) ~ BG

in Top ~ SmoothooGrpd.

1.2.5 Differential cohomology

We now indicate how the combination of the intrinsic cohomology and the geometric homotopy in a locally
oo-connected oo-topos yields a good notion of differential cohomology in an co-topos.

Using the defining adjoint oco-functors (II 4 Disc 4 T') we may reflect the fundamental oo-groupoid
II: H — coGrpd from Top back into H by considering the composite endo-edjunction

(IT Hb) := (Discoll 4DiscoT): H=—_H .

The (IT 4 Disc)-unit X — II(X) may be thought of as the inclusion of X into its fundamental co-groupoid
as the collection of constant paths in X.

As always, the boldface IT is to indicate that we are dealing with a cohesive refinement of the topological
structure II. The symbol “b” (“flat”) is to be suggestive of the meaning of this construction:
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For X € H any cohesive object, we may think of II(X) as its cohesive fundamental oo-groupoid. A
morphism

VvV II(X) - BG
(hence a G-valued cocycle on II(X)) may be interpreted as assigning:

e to each point € X the fiber of the corresponding G-principal co-bundle classified by the composite
g:X—)H(X)XBG;

e to each path in X an equivalence between the fibers over its endpoints;
e to each homotopy of paths in X an equivalence between these equivalences;
e and so on.

This in turn we may think as being the flat higher parallel transport of an oo-connection on the bundle
classified by g : X — II(X) Y BG.

The adjunction equivalence allows us to identify bBG as the coefficient object for this flat differential
G-valued cohomology on X:

Haa(X, G) := moH(X,bBG) ~ moH(IL(X), BG) .

In H = SmoothooGrpd and with G € H an ordinary Lie group and X € H an ordinary smooth manifold,
we have that Ha.(X,G) is the set of equivalence classes of ordinary G-principal bundles on X with flat
connections.

The (Disc 4 T')-counit P BG — BG provides the forgetful morphism

Hgot(X,G) = H(X,G)

form G-principal co-bundles with flat connection to their underlying principal co-bundles. Not every G-
principal co-bundle admits a flat connection. The failure of this to be true - the obstruction to the existence
of flat lifts - is measured by the homotopy fiber of the counit, which we shall denote bgg BG, defined by the
fact that we have a fiber sequence

As the notation suggests, it turns out that bqg BG may be thought of as the coefficient object for nonabelian
generalized de Rham cohomology. For instance for G an odinary Lie group regarded as an object in H =
SmoothooGrpd, we have that bqr BG is presented by the sheaf Q} , (—, g) of Lie algebra valued differential
forms with vanishing curvature 2-form. And for the circle Lie n-group B~ 1U(1) we find that bqr B"U (1) is
presented by the complex of sheaves whose abelian sheaf cohomology is de Rham cohomology in degree n.
(More precisely, this is true for n > 2. For n = 1 we get just the sheaf of closed 1-forms. This is due to the
obstruction-theoretic nature of bqr: as we shall see, in degree 1 it computes 1-form curvatures of groupoid
principal bundles, and these are not quotiented by exact 1-forms.) Moreover, in this case our fiber sequence
extends not just to the left but also to the right

barB"U (1) — bB™U(1) — B"U(1) Y bgr B U(1).

The induced morphism

curvy : H(X,B"U(1)) — H(X,bgrB"'U(1))
we may think of as equipping an B"~1U(1)-principal n-bundle (equivalently an (n — 1)-bundle gerbe) with
a connection, and then sending it to the higher curvature class of this connection. The homotopy fibers

Hyg(X,B"U(1)) — H(X,B"U(1)) “® H(X,bqgB" U (1))

of this map therefore have the interpretation of being the cocycle co-groupoids of circle n-bundles with con-
nection. This is the realization in SmoothocoGrpd of our general definition of ordinary differential cohomology
in an co-topos.
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All these definitions make sense in full generality for any locally co-connected co-topos. We used nothing
but the existence of the triple of adjoint co-functors (II 4 Disc 4 T') : H — ooGrpd. We shall show for
the special case that H = SmoothooGrpd and X an ordinary smooth manifold, that this general abstract
definition reproduces ordinary differential cohomology over smooth manifolds as traditionally considered.

The advantage of the general abstract reformulation is that it generalizes the ordinary notion naturally
to base objects that may be arbitrary smooth oo-groupoids. This gives in particular the oo-Chern-Weil
homomorphism in an almost tautological form:

for G € H any oo-group object and BG € H its delooping, we may think of a morphism

c:BG — B"U(1)
as a representative of a characteristic class on G, in that this induces a morphism
[c(—)]: H(X,G) - H"(X,U(1))

from G-principal co-bundles to degree-n cohomology-classes. Since the classification of G-principal oco-
bundles by cocycles is entirely general, we may equivalently think of this as the B"~1U(1)-principal oo-
bundle P — BG given as the homotopy fiber of c. A famous example is the Chern-Simons circle 3-bundle
(bundle 2-gerbe) for G a simply connected Lie group.

By postcomposing further with the canonical morphism curv : B"U(1) — bqrB"T1U(1) this gives in
total a differential characteristic class

car : BG 5 B"U(1) & bgrB" M U(1)
that sends a G-principal co-bundle to a class in de Rham cohomology
[car] : H(X,G) — HIT1(X).

This is the generalization of the plain Chern-Weil homomorphism.associated with the characteristic class
c. In cases accessible by traditional theory, it is well known that this may be refined to what are called
the assignment of secondary characteristic classes to G-principal bundles with connection, taking values in
ordinary differential cohomology

€] : Heonn (X, G) — HEN(X).

We will discuss that in the general abstract formulation this corresponds to finding objects BGeony that lift
all curvature characteristic classes to their corresponding circle n-bundles with connection, in that it fits into
the diagram

H(— BGoonn) — [T Han(— B U(1)) IT; Hi™ ()

| | |

H(—,BG) [, H(-,B™U(1)) —== [, H(—,bgr B™+1U(1))

The cocycles in Heonn (X, BG) := H(X, BGconn) we may identify with oo-connections on the underlying
principal co-bundles. Specifically for G an ordinary Lie group this captures the ordinary notion of connection
on a bundle, for G Lie 2-group it captures the notion of connection on a 2-bundle/gerbe.
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1.3 Models and applications

Ordinary Chern-Weil theory studies connections on G-principal bundles over a Lie group G. In the context of
the cohesive co-topos SmoothooGrpd of smooth co-groupoids these generalize to co-connections on principal
oo—bundles over oco-Lie groups G. Accordingly oco-Chern-Weil theory deals with these higher connections
and their relation to ordinary differential cohomology.

Here we describe introductory basics of this general theory in concrete terms.

Two simple special cases of general co-Chern-Weil theory are obtained by

1. restricting attention to low categorical degree; studying principal 1-bundles, principal 2-bundles and3-
bundles; in terms of groupoids, 2-groupoids and 3-groupoids;

2. restricting attention to infinitesimal aspects; studying not smooth oco-groupoids but just their L.-
algebroids. In terms of this it is easy to raise categorical degree to n = oo, but this misses various
global cohomological effects (very similar to how rational homotopy theory describes just non-torsion
phenomena of genuine homotopy theory).

These are the special cases that this introduction section concentrates on.

We start by describing smooth principal n-bundles in section 1.3.1 for low n in detail, connecting them
to standard theory, but presenting everything in such as way as to allow straightforward generalization to
the full discussion of principal co-bundles. Then in the same spirit we discuss connections on principal
n-bundles in section 1.3.3 for low n in a fashion that connects to the ordinary notion of parallel transport
and points the way to the fully-fledged formulation in terms of the path oco-groupoid functor. This leads
to differential-form expressions that we eventually reformulate in terms of L., -algebra valued connections in
section 1.3.6. We end this introductory survey by indicating how under Lie integration the constructions
lifts to full co-Chern-Weil theory.

e Higher gauge theory in low degree

— 1.3.1 — Principal n-bundles for low n

— 1.3.2 — A model for principal co-bundles

1.3.3 — Parallel n-transport for low n

— 1.3.4 — Characteristic classes in low degree
e Infinitesimal data of higher gauge theory

— 1.3.5 — Loo-algebraic structures

— 1.3.6 — The oco-Chern-Weil homomorphism in low degree
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1.3.1 Principal n-bundles for low n

The following is an exposition of the notion of principal bundles in higher but low degree.

We assume here that the reader has a working knowledge of groupoids and at least a rough idea of
2-groupoids. For introductions see for instance [BrHiSil1] [Por]

Below in 1.3.2 a discussion of the formalization of co-groupoids in terms of Kan complexes is given and
is used to present a systematic way to understand these constructions in all degrees.

1.3.1.1 Principal 1-bundles Let G be a Lie group and X a smooth manifold (all our smooth manifolds
are assumed to be finite dimensional and paracompact). We give a discussion of smooth G-principal bundles
on X in a manner that paves the way to a straightforward generalization to a description of principal
oo-bundles. From X and G are naturally induced certain Lie groupoids.
From the group G we canonically obtain a groupoid that we write BG and call the delooping groupoid
of G. Formally this groupoid is
BG=(G_—Zx)

with composition induced from the product in G. A useful cartoon of this groupoid is

*
BG = V o
a I ’
K ———— > %
92-91

where the g; € G are elements in the group, and the bottom morphism is labeled by forming the product in
the group. (The order of the factors here is a convention whose choice, once and for all, does not matter up
to equivalence.)

But we get a bit more, even. Since G is a Lie group, there is smooth structure on BG that makes it a
Lie groupoid, an internal groupoid in the category SmoothMfd of smooth manifolds: its collection of objects
(trivially) and of morphisms each form a smooth manifold, and all structure maps (source, target, identity,
composition) are smooth functions. We shall write

BG € LieGrpd

for BG regarded as equipped with this smooth structure. Here and in the following the boldface is to indicate
that we have an object equipped with a bit more structure - here: smooth structure - than present on the
object denoted by the same symbols, but without the boldface. Eventually we will make this precise by
having the boldface symbols denote objects in the co-topos SmoothooGrpd which are taken by forgetful
functors to objects in coGrpd denoted by the corresponding non-boldface symbols.

Also the smooth manifold X may be regarded as a Lie groupoid - a groupoid with only identity morphisms.
Its cartoon description is simply

X={z SR }

for all x € X But there are other groupoids associated with X: let {U; — X}ier be an open cover of X. To
this is canonically associated the Cech-groupoid C({U;}). Formally we may write this groupoid as

o) = { i, UinU; == IL.0: } -

A useful cartoon description of this groupoid is

o ( ')/(%j)\( k) |
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This indicates that the objects of this groupoid are pairs (z,4) consisting of a point 2 € X and a patch

U; C X that contains z, and a morphism is a triple (x, 1, j) consisting of a point and two patches, that both

contain the point, in that z € U; N U;. The triangle in the above cartoon symbolizes the evident way in

which these morphisms compose. All this inherits a smooth structure from the fact that the U; are smooth

manifolds and the inclusions U; < X are smooth functions. Hence also C({U;}) becomes a Lie groupoid.
There is a canonical projection functor

CHU;}) = X : (z,i) — .

This functor is an internal functor in SmoothMfd and moreover it is evidently essentially surjective and full
and faithful. However, while essential surjectivity and full-and-faithfulness implies that the underlying bare
functor has a homotopy-inverse, that homotopy-inverse never has itself smooth component maps, unless X
itself is a Cartesian space and the chosen cover is trivial.

We do however want to think of C({U;}) as being equivalent to X even as a Lie groupoid. One says
that a smooth functor whose underlying bare functor is an equivalence of groupoids is a weak equivalence of
Lie groupoids, which we write as C({U;}) = X. Moreover, we shall think of C'({U;}) as a good equivalent
replacement of X if it comes from a cover that is in fact a good open cover in that all its non-empty finite
intersections Uy, ... ;, := U, N -+ NU;, are diffeomorphic to the Cartesian space RUmX

We shall discuss later in which precise sense this condition makes C({U;}) good in the sense that smooth
functors out of C({U;}) model the correct notion of morphism out of X in the context of smooth groupoids
(namely it will mean that C({U;}) is cofibrant in a suitable model category structure on the category of Lie
groupoids). The formalization of this statement is what oo-topos theory is all about, to which we will come.
For the moment we shall be content with accepting this as an ad hoc statement.

Observe that a functor
g:CH{U;}) —» BG

is given in components precisely by a collection of smooth functions
{9ij : Uij — Gl}ijer

such that on each U; N U; N Uy, the equality g;rg:; = gix of functions holds.

It is well known that such collections of functions characterize G-principal bundles on X. While this is a
classical fact, we shall now describe a way to derive it that is true to the Lie-groupoid-context and that will
make clear how smooth principal co-bundles work.

First observe that in total we have discussed so far spans of smooth functors of the form

C({U;}) ~—BG

lN

X

Such spans of functors, whose left leg is a weak equivalence, are sometimes known, essentially equivalently,
as Morita morphisms, as generalized morphisms of Lie groupoids, as Hilsum-Skandalis morphisms, or as
groupoid bibundles or as anafunctors. We are to think of these as concrete models for more intrinsically
defined direct morphisms X — BG in the oo-topos of smooth co-groupoids.

Now consider yet another Lie groupoid canonically associated with G: we shall write EG for the groupoid
— the smooth universal G-bundle — whose formal description is

(=)-(=)
EG = (GxG‘: G>

p1
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with the evident composition operation. The cartoon description of this groupoid is

g2
92911/’ 9395 "
[ 7

g1 ——— 93
939,

This again inherits an evident smooth structure from the smooth structure of G and hence becomes a Lie
groupoid.
There is an evident forgetful functor
EG = BG

which sends B

(g1 — g2) — (o = ..

Consider then the pullback diagram
EG

in the category Grpd(SmoothMfd). The object P is the Lie groupoid whose cartoon description is

pP= { (z,1,91) — (,7,92 = gij(x)g1) } ;

where there is a unique morphism as indicated, whenever the group labels match as indicated. Due to
this uniqueness, this Lie groupoid is weakly equivalent to one that comes just from a manifold P (it is
O-truncated)

P> P.
This P is traditionally written as

P= (HUZ-XG>/~,

where the equivalence relation is precisely that exhibited by the morphisms in P. This is the traditional
way to construct a G-principal bundle from cocycle functions {g;;}. We may think of P as being P. Tt is a
particular representative of P in the co-topos of Lie groupoids.

While it is easy to see in components that the P obtained this way does indeed have a principal G-action
on it, for later generalizations it is crucial that we can also recover this in a general abstract way. For notice
that there is a canonical action

(EG) x G = EG,
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given by the group action on the space of objects. Then consider the pasting diagram of pullbacks

PxG—>EGxG .

|

EG

|

Here the morphism P x G — P exhibits the principal G-action of G on P.
In summary we find the following

Observation 1.3.1. For {U; — X} a good open cover, there is an equivalence of categories
SmoothFunc(C({U;}), BG) ~ GBund(X)

between the functor category of smooth functors and smooth natural transformations, and the groupoid of
smooth G-principal bundles on X.

It is no coincidence that this statement looks akin to the maybe more familiar statement which says that
equivalence classes of G-principal bundles are classified by homotopy-classes of morphisms of topological

spaces
moTop(X, BG) ~ 1oGBund(X),

where BG € Top is the topological classifying space of G. What we are seeing here is a first indication of

how cohomology of bare co-groupoids is lifted to a richer co-topos to cohomology of co-groupoids with extra

structure.

In fact, all of the statements that we considered so far becomes conceptually simpler in the co-topos. We
had already remarked that the anafunctor span X & C({U;}) % BG@ is really a model for what is simply a
direct morphism X — BG in the co-topos. But more is true: that pullback of EG which we considered is
just a model for the homotopy pullback of just the point

PxG—>EGxG P x
P _EG JJ
X

|

<~ %x<=—0Q)

7
%

——— BG

c(U) BG 9
X
in the model category in the oo-topos
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1.3.1.2 Principal 2-bundles and twisted 1-bundles The discussion above of G-principal bundles
was all based on the Lie groupoids BG and EG that are canonically induced by a Lie group G. We now
discuss the case where G is generalized to a Lie 2-group. The above discussion will go through essentially
verbatim, only that we pick up 2-morphisms everywhere. This is the first step towards higher Chern-Weil
theory. The resulting generalization of the notion of principal bundle is that of principal 2-bundle. For
historical reasons these are known in the literature often as gerbes or as bundle gerbes, even though strictly
speaking there are some conceptual differences.

Write U(1) = R/Z for the circle group. We have already seen above the groupoid BU(1) obtained from
this. But since U(1) is an abelian group this groupoid has the special property that it still has itself the
structure of a group object. This makes it what is called a 2-group. Accordingly, we may form its delooping
once more to arrive at a Lie 2-groupoid B2U(1). Its cartoon picture is

*
B2U 1) = Id Id
1) Ie
k ———————> %
1d
for g € U(1). Both horizontal composition as well as vertical composition of the 2-morphisms is given by
the product in U(1).

Let again X be a smooth manifold with good open cover {U; — X}. The corresponding Cech groupoid
we may also think of as a Lie 2-groupoid,

cwy{Lmkmmmmmﬁ—iumwmwgg?upﬁ.

What we see here are the first stages of the full Cech nerve of the cover. Eventually we will be looking at
this object in its entirety, since for all degrees this is always a good replacement of the manifold X, as long
as {U; — X} is a good open cover. So we look now at 2-anafunctors given by spans

C({U;}) ——=B2U(1)

lz

X

of internal 2-functors. These will model direct morphisms X — B2U(1) in the oo-topos. It is straightforward
to read off the following

Observation 1.3.2. A smooth 2-functor g : C({U;}) — B?U(1) is given by the data of a 2-cocycle in the
Cech cohomology of X with coefficients in U(1).

Because on 2-morphisms it specifies an assignment

). /(z’ﬂj)\ N
(z,1) (z, k)

that is given by a collection of smooth functions

(gije = Ui NU; MU, — U(1)).
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On 3-morphisms it gives a constraint on these functions, since there are only identity 3-morphisms in B2U(1):

(2,4) —= (2, ) (2:4) — (2. k) L |
U
(2,i) — (2,1) (2,7) — (2,1 *L*

This relation
Gijk - ikl = Gijl * Gjkl
defines degree-2 cocycles in Cech cohomology with coefficients in U (1).
In order to find the circle principal 2-bundle classified by such a cocycle by a pullback operation as before,
we need to construct the 2-functor EBU(1) — B2U(1) that exhibits the universal principal 2-bundle over
U(1). The right choice for EBU (1) — which we justify systematically in 1.3.2 — is indicated by

EBU(1) = \

*
c1 c2
o
———————> %
c3=gcacy

for ¢1,co,c3,9 € U(1), where all possible composition operations are given by forming the product of these
labels in U(1). The projection EBU (1) — B2U(1) is the obvious one that simply forgets the labels ¢; of the
1-morphisms and just remembers the labels g of the 2-morphisms.

Definition 1.3.3. With g : C({U;}) — B2U(1) a Cech cocycle as above, the U(1)-principal 2-bundle or
circle 2-bundle that it defines is the pullback

P EBU(1) .

|

C(T}) ——BU(1)
X

Unwinding what this means, we see that P is the 2-groupoid whose objects are that of C'({U;}), whose
morphisms are finite sequences of morphisms in C({U;}), each equipped with a label ¢ € U(1), and whose
2-morphisms are generated from those that look like

(z,7)

7N
Usﬁjk (@)
c3

(z,14)

(z, k)

subject to the condition that
Cl:Cy =C¢C3 'gijk(m)

in U(1). As before for principal 1-bundles P, where we saw that the analogous pullback 1-groupoid P was
equivalent to the O-groupoid P, here we see that this 2-groupoid is equivalent to the 1-groupoid

P= ( CU), x U(1) —= C(U) )
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with composition law
(1) 5 (,9) 3 (2, 8)) = ((,0) 2 (@,0)).
This is a groupoid central extension

BU(1) - P—-C({U;}) ~ X.

Centrally extended groupoids of this kind are known in the literature as bundle gerbes (over the surjective
submersion Y = [[, U; — X ). They may equivalently be thought of as given by a line bundle

L

|

(CU) =11, UinU;) = (CU)o =11, U:)

!

X
over the space C(U)1 of morphisms, and a line bundle morphism
tg T L®mL — L
that satisfies an evident associativity law, equivalent to the cocycle codition on g. In summary we find that:

Observation 1.3.4. Bundle gerbes are presentations of Lie groupoids that are total spaces of BU(1)-
principal 2-bundles, def. 1.3.3.

Notice that, even though there is a close relation, the notion of bundle gerbe is different from the original
notion of U(1)-gerbe. This point we discuss in more detail below in 1.3.16 and more abstractly in 3.2.5.

This discussion of circle 2-bundles has a generalization to 2-bundles that are principal over more general
2-groups.

Definition 1.3.5. 1. A smooth crossed module of Lie groups is a pair of homomorphisms 9 : G; — G
and p : Gy — Aut(Gy) of Lie groups, such that for all g € Gy and h, hy, he € Gy we have p(Ohy)(he) =
hihohi! and dp(g)(h) = gd(h)g~".

2. For (G1 — Gy) a smooth crossed module, the corresponding strict Lie 2-group is the smooth groupoid
Go x G1 —__Z Gq , whose source map is given by projection on Gg, whose target map is given by
applying 0 to the second factor and then multiplying with the first in Gy, and whose composition is
given by multiplying in G;.

This groupoid has a strict monoidal structure with strict inverses given by equipping Gy X G with the
semidirect product group structure Gy x G7 induced by the action p of Gy on G;.

3. The corresponding one-object strict smooth 2-groupoid we write B(G; — Gg). As a simplicial object
(under Duskin nerve of 2-categories) this is of the form

B(G1 — Go) = cosks ( Gy x GI* =2 G{? x G1 2 Go——>+ ) .

The infinitesimal analog of a crossed module of groups is a differential crossed module.

Definition 1.3.6. A differential crossed module is a chain complex of vector space of length 2 Vi — 1}
equipped with the structure of a dg-Lie algebra.

Example 1.3.7. For G; — Gj a smooth crossed module of Lie groups, differentiation of all structure maps
yields a corresponding differential crossed module g; — go.
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Observation 1.3.8. For G := [G; 2 Go] a crossed module, the 2-groupoid delooping a 2-group coming
from a crossed module is of the form

*
BG = VUY | 91,92 € Go,k € Gy ¢,
k
k ——mMM8M8M8 > %
0(k)g2-91

where the 3-morphisms — the composition identities — are

* g% * * 92 *
\ /
g1 g3 ha-p(gs)(ha)=ha hs g1 ha hs g3
W\ 7
* * * *

Remark 1.3.9. All ingredients here are functorial, so that the above statements hold for presheaves over
sites, hence in particular for cohesive 2-groups such as smooth 2-groups. Below in corollarly 2.3.22 it is
shown that every cohesive 2-group has a presentation by a crossed module this way.

Notice that there are different equivalent conventions possible for how to present BG in terms of the
correspondiung crossed module, given by the choices of order in the group products. Here we are following
convention “LB” in [RoSc08].

Example 1.3.10 (shift of abelian Lie group). For K an abelian Lie group then BK is the delooping 2-group
coming from the crossed module [K — 1] and BBK is the 2-group coming from the complex [K — 1 — 1].
Example 1.3.11 (automorphism 2-group). For H any Lie group with automorphism Lie group Aut(H),
the morphism H Ad Aut(H) that sends group elements to inner automorphisms, together with p = id, is a
crossed module. We write AUT(H) := (H — Aut(H)) and speak of the automorphism 2-group of H.

Example 1.3.12. The inclusion of any normal subgroup N — G with conjugation action of G on N is a
crossed module, with the canonical induced conjugation action of G on V.

Example 1.3.13 (string 2-group). For G a compact, simple and simply connected Lie group, write PG for
the smooth group of based paths in G and QG for the universal central extension of the smooth group of
based loops. Then the evident morphism (QG — PGQG) equipped with a lift of the adjoint action of paths on
loops is a crossed module [BCSS07]. The corresponding strict 2-group is (a presentation of what is) called
the string 2-group extension of GG. The string 2-group we discuss in detail in 4.1.10.

It follows immediately that

Observation 1.3.14. For G = (G; — Gy) a 2-group coming from a crossed module, a cocycle
X & o) 4 BG

is given by data
{hi; € C=(Usj, Go), giji € C°(Usjr, G1)}

such that on each Uj;;, we have
hix = 0(hiji)hjrhij

and on each Ujji; we have
ikl 'p(hjk)(gijk) = Gijk " Gjkl -
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Because under the above correspondence between crossed modules and 2-groups, this is the data that
encodes assignments

*

(x,4)
E — m¢4%$qm
N / \H/ \ U\U/
(z,1) (, k) ’

*

hik ()

that satisfy

For the case of the crossed module (U(1) — 1) this recovers the cocycles for circle 2-bundles from observation
1.3.2.

Apart from the notion of bundle gerbe, there is also the original notion of gerbe. The terminology is
somewhat unfortunate, since neither of these concepts is, in general, a special case of the other. But they
are of course closely related. We consider here the simple cocycle-characterization of gerbes and the relation
of these to cocycles for 2-bundles.

Definition 1.3.15 (G-gerbe). Let G be a smooth group. Then a cocycle for a smooth G-gerbe over a
manifold X is a cocycle for a AUT(G)-principal 2-bundle, where AUT(G) is the automorphism 2-group from
example 1.3.11.

Observation 1.3.16. For every 2-group coming from a crossed module (G LN Go, p) there is a canonical
morphism of 2-groups
(G1 — Go) — AUT(Gl)

given by the commuting diagram of groups

G —> =Gy

N

G —24 Aut(Gy)

Accordingly, every (G7 — Gp)-principal 2-bundle has an underlying G1-gerbe, def. 1.3.15. But in general
the passage to this underlying G;-gerbe discards information.

Example 1.3.17. For G a simply connected and compact simple Lie group, let String ~ (QG — PG) be
the corresopnding String 2-group from example 1.3.13. Then by observation 1.3.16 every String-principal
2-bundle has an underlying QG-gerbe. But there is more information in the String-2-bundle than in this
gerbe underlying it.

Example 1.3.18. Let G = (Z — R) be the crossed module that includes the additive group of integers into
the additive group of real numbers, with trivial action. The canonical projection morphism

B(Z — R) 5 BU(1)
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is a weak equivalence, by the fact that locally every smooth U(1)-valued function is the quotient of a smooth
R-valued function by a (constant) Z-valued function. This means in particular that up to equivalence,
(Z — R)-2-bundles are the same as ordinary circle 1-bundles. But it means a bit more than that:

On a manifold X also BZ-principal 2-bundles have the same classification as U(1)-bundles. But the
morphisms of BZ-principal 2-bundles are essentially different from those of U(1)-bundles. This means that
the 2-groupoid BZBund(X) is not, in general equivalent to U(1)Bund(X). But we do have an equivalence
of 2-groupoids

(Z - U(1))Bund(X) ~ U(1)Bund(X) .

Example 1.3.19. Let ACA? — G be a central extension of Lie groups by an abelian group A. This induces the
crossed module (A — G). There is a canonical 2-anafunctor

B(A— G)—S%B(A—1)=B24

lN

BG

from BG to B?A. This can be seen to be the characteristic class that classifies the extension (see 1.3.4
below): BG — BG is the A-principal 2-bundle classified by this cocycle.

Accordingly, the collection of all (A — é)—principal 2-bundles is, up to equivalence, the same as that of
plain G-1-bundles. But they exhibit the natural projection to BA-2-bundles. Fixing that projection gives
twisted G-1-bundles.

more in detail: the above 2-anafunctor indiuces a 2-anafunctor on cocycle 2-groupoid

(A — @)Bund(X) —~— BABund(X) .

lz

GBund(X)

If we fix a BA-2-bundle g we can consider the fiber of the characteristic class ¢ over g, hence the pullback
GBund[g] (X) in

GBund)(X) —————*

| lg

(A — @)Bund(X) —— BABund(X)

lg

GBund(X)

This is the groupoid of [g]-twisted G-bundles. The principal 2-bundle classfied by g is also called the lifting
gerbe of the G-principal bundles underlying the [g]-twisted G-bundle: because this is the obstruction to
lifting the former to a genuine G-principal bundle.

If g is given by a Cech cocycle {gijx € C®(Usji,A)} then [g]-twisted G-bundles are given by data
{hi; € C>(U;;, G)} which does not quite satisfy the usual cocycle condition, but instead a modification by
g:

hik = 6(9ijk)hjkhij -

For instance for the extension U(1) — U(n) — PU(n) the corresponding twisted bundles are those that

model twisted K-theory with n-torsion twists (3.3.6).
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1.3.1.3 Principal 3-bundles and twisted 2-bundles As one passes beyond (smooth) 2-groups and
their 2-principal bundles, one needs more sophisticated tools for presenting them. While the crossed modules
from def. 1.3.5 have convenient higher analogs — called crossed compleres — the higher analog of remark 1.3.9
does not hold for these: not every (smooth) 3-group is presented by them, much less every n-group for n > 3.
Therefore below in 1.3.2 we switch to a different tool for the general situation: simplicial groups.

However, it so happens that a wide range of relevant examples of (smooth) 3-groups and generally of
smooth n-groups does have a presentation by a crossed complex after all, as do the examples which we shall
discuss now.

Definition 1.3.20. A crossed complex is a diagram

J )

=]

Cs Cs

o O

Co—Cy—C) Co
such that
Ot
1. ¢4 Z Cy is a l-groupoid and the Cj ——= Cj , for all k£ > 2, are bundles of groups, abelian for
65
k> 2

2. the maps dx, k > 2 are morphisms of groupoids over Cy compatible with the action by Cf;
3. 6k—1 05k ZO; k Z 3.

and equipped with an action p of the groupoid C on the Cy, k > 2,

Ch %, Ck
Ci— Cr s
N
Co Cy
\ ,

—Cy
such that im(d2) C Cy acts by conjugation on Cs and trivially on Cy, k > 3;

Surveys of standard material on crossed complexes are in [BrHiSi11][Por]. We discuss sheaves of crossed
complexes, hence cohesive crossed compleres in more detail below in 2.1.6. As mentioned there, the key
aspect of crossed complexes is that they provide an equivalent encoding of precisely those co-groupoids that
are called strict.

Definition 1.3.21. If Cy = % we shall simply denote the crossed complex by
("'—>03—>02—>Cl>.

If the complex of groups is constant on the trivial group beyond C,,, we say this is a strict n-group.
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For n = 2 this reproduces the notion of crossed module and strict 2-group, def. 1.3.5. If furthermore Co
and C] here are abelian and the action of C; is trivial, then this is an ordinary complex of abelian groups as
considered in homological algebra. Indeed, all of homological algebra may be thought of as the study of this
presentation of abelian co-groups. (More on this in 2.1.6 below.)

We consider now examples of strict 3-groups and of the corresponding principal 3-bundles.

Example 1.3.22. For A an abelian group, the delooping of the 3-group given by the complex (A — 1 — 1)
is the one-object 3-groupoid that looks like

acA

B34 =

Therefore an co-anafunctor X & C({U;}) 2 B3U(1) sends 3-simplices in the Cech groupoid

(x,§) —— (2, k) (x,§) ——— (2, k)

\ - /
e B
(x,i) —— (=,1) (x,i) —— (=,1)

to 3-morphisms in B3U(1) labeled by group elements g, (x) € U(1)
_— 0
_— .k

(where all 1-morphisms and 2-morphisms in B3U (1) are necessarily identities).

o ————>

N\
J

[ ]
o —>0

°
gijkl(x) |
—_

°

The 3-functoriality of this assignment is given by the following identity on all Cech 4-simplices (x,(h,i,j,k,1)):
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/u\ S u\
\\// \//

9hijk Gijkl

AN //\\
N7 Y

Ihjikl () ° 9niji(x)

n
VAV,

o —> 0

This means that the cocycle data {g;;x(x)} has to satisfy the equations
Ghijk () ghint () gijri () = gnjri(T)gniji(x)
for all (h,i,7,k,1) and all & € Up;jx;. Since U(1) is abelian this can equivalently be rearranged to
gk (2)gnit (€) " gnirt () gngr (2) " gigra(x) = 1.
This is the usual form in which a Cech 3-cocycles with coefficients in U(1) are written.

Definition 1.3.23. Given a cocycle as above, the total space object P given by the pullback

is the corresponding circle principal 3-bundle.
In direct analogy to the argument that leads to observation 1.3.4 we find:

Observation 1.3.24. The structures known as bundle 2-gerbes [St01] are presentations of the 2-groupoids
that are total spaces of circle principal 2-bundles, as above.
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Again, notice that, despite a close relation, this is different from the original notion of 2-gerbe. More
discussion of this point is below in 3.2.5.

The next example is still abelian, but captures basics of the central mechanism of twistings of principal
2-bundles by principal 3-bundles.

Example 1.3.25. Consider a morphism § : N — A of abelian groups and the corresponding shifted crossed
complex (N — A — 1). The corresponding delooped 3-group looks like

o ——————> 0
as
d(n)= a4ada2 taT?t /
ou;&/
o —————> 0

A cocycle for a (N — A — 1)-principal 3-bundle is given by data
{aijr € C°(Uiji, A), nijir € C°(Usjii, N)}

[ L]
B(N—-A—-1) = ‘
o ——>

such that
L a3 aika5 = 0(nijn)
2. npije (@) npik ()N (@) = npjr(2) g (z) .

The first equation on the left is the cocycle for a 2-bundle as in observation 1.3.2. But the extra term n;j
on the right “twists” the cocycle. This twist itself satisfies a higher order cocycle condition.

Notice that there is a canonical projection
B(N+A—-1)—-B(N—-1—-1)=B3N.
Therefore we can consider the higher analog of the notion of twisted bundles in example 1.3.19:
Definition 1.3.26. Let N — A be an inclusion and consider a fixed B?N-principal 3-bundle with cocycle
g, let B(A/N)Bundj,(X) be the pullback in

B(A/N)Bund(X) ———

i ;
B(N — A)Bund(X) — B2NBund(X)
B(A/N)Bund(X)
We say an object in this 2-groupoid is a [g]-twisted B(A/N)-principal 2-bundle.

Below in example 1.3.65 we discuss this and its relation to characteristic classes of 2-bundles in more
detail.
We now turn to the most general 3-group that is presented by a crossed complex.

Observation 1.3.27. For (L S HS G) an arbitrary strict 3-group, def. 1.3.21, the delooping 3-groupoid
looks like

* * * ~ *
h
/ - \ sy hahs
B(L—-H—G) = 6(h1)gzg1 —> 91| b(hs)gags |93 | =

/ " 7/ h\ 5N bz - plgs) () [
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with the 4-cells — the composition identities — being

N

p(g34)(Xo123) A1234

° °
I : 2N
° N \ ° [} / J [}
90}1\ //7934 gom %34
e——>o o——>o
ho23a ° p(g923)(Xo124)

gi2 g23

N\

X &cw) ™M BL - H Q)

-

If follows that a cocycle

for a (L - H — G)-principal 3-bundle is a collection of functions
{9i € € (Ui, G), hiji € C(Uiji, H), Nijra € C(Uijia, L)}

satisfying the cocycle conditions
ik = 6(hijr)gjkgi; on Uik
hijihjre = (Nijrr) - hara - p(93) (hijr)  on Usjp
Nijkt Akt P(gk1) (Anije) = p(gjk) AnigiAnjkt o Unijka -

Definition 1.3.28. Given such a cocycle, the pullback 3-groupoid P we call the corresponding principal
(L - H — G)-3-bundle
P

CcU:)

M

X

EB(L - H— G)

|

O B(L - H - Q)

We can now give the higher analog of the notion of twisted bundles, def. 1.3.19.
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Definition 1.3.29. Given a 3-anafunctor

B(L—+H—G)——=B(L—+1—1)=—=B3L

lw

B(H/L = G)

then for g the cocycle for an B?L-principal 3-bundle we say that the pullback (H — G)Bund,(X) in

(H — G)Bundy(X) *

| lg

(L - H — G)Bund(X) —— B3LBund(X)

is the 3-groupoid of g-twisted (H — G)-principal 2-bundles on X.

Example 1.3.30. Let G be a compact and simply connected simple Lie group. By example 1.3.13 we have
associated with this the string 2-group crossed module QG — PG, where

U(1) = QG — QG

is the Kac-Moody central extension of level 1 of the based loop group of G. Accordingly, there is an evident
crossed complex R
U(l) = QG — PG.

The evident projection
B(U(1) = QG - PG) = BG

is a weak equivalence. This means that (U(1) — QG — PG)-principal 3-bundles are equivalent to G-1-
bundles. For fixed projection g to a B2U(1)-3-bundle a (U(1) — QG — PG)-principal 3-bundles may hence
be thought of as a g-twisted string-principal 2-bundle.

One finds that these serve as a resolution of G-1-bundles in attempts to lift to string-2-bundles (discussed
below in 4.1).

1.3.2 A model for principal co-bundles

We have seen above that the theory of ordinary smooth principal bundles is naturally situated within the
context of Lie groupoids, and then that the theory of smooth principal 2-bundles is naturally situated within
the theory of Lie 2-groupoids. This is clearly the beginning of a pattern in higher category theory where
in the next step we see smooth 3-groupoids and so on. Finally the general theory of principal co-bundles
deals with smooth co-groupoids. A comprehensive discussion of such smooth co-groupoids is given in section
3.3. In this introduction here we will just briefly describe the main tool for modelling these and describe
principal co-bundles in this model. We first look at bare oo-groupoids and then discuss how to equip these
with smooth structure.

An oo-groupoid is first of all supposed to be a structure that has k-morphisms for all kK € N, which for
k > 1 go between (k —1)-morphisms. A useful tool for organizing such collections of morphisms is the notion
of a simplicial set. This is a functor on the opposite category of the simplex category A, whose objects are
the abstract cellular k-simplices, denoted [k] or A[k] for all k¥ € N, and whose morphisms A[k;] — Alks] are
all ways of mapping these into each other. So we think of such a simplicial set given by a functor

K : A°P — Set

as specifying
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e a set [0] — Ky of objects;

[
e aset [1] — K; of morphisms;
[

e a set [2] — Ky of 2-morphisms;

e a set [3] — K3 of 8-morphisms;

and generally
e a set [k] — Kj of k-morphisms.
as well as specifying
e functions ([n] < [n+1]) = (Kp41 — K,,) that send n + I-morphisms to their boundary n-morphisms;

e functionss ([n + 1] — [n]) — (K, — K,41) that send n-morphisms to identity (n + 1)-morphisms on
them.

The fact that K is supposed to be a functor enforces that these assignments of sets and functions satisfy
conditions that make consistent our interpretation of them as sets of k-morphisms and source and target
maps between these. These are called the simplicial identities. But apart from this source-target matching,
a generic simplicial set does not yet encode a notion of composition of these morphisms.

For instance for A'[2] the simplicial set consisting of two attached 1-cells

1
A2] = / \
0 2

and for (f,g) : A'[2] — K an image of this situation in K, hence a pair EN 21 > x5 of two composable
1-morphisms in K, we want to demand that there exists a third 1-morphisms in K that may be thought of

as the composition xq LN z9 of f and g. But since we are working in higher category theory, we want to
identify this composite only up to a 2-morphism equivalence

To——— > T2
From the picture it is clear that this is equivalent to demanding that for A'[2] < A[2] the obvious inclusion

of the two abstract composable 1-morphisms into the 2-simplex we have a diagram of morphisms of simplicial
sets

Al[Z] (fig) K
l 4

A simplicial set where for all such (f, g) a corresponding such h exists may be thought of as a collection of
higher morphisms that is equipped with a notion of composition of adjacent 1-morphisms.

For the purpose of describing groupoidal composition, we now want that this composition operation has
all inverses. For that purpose, notice that for

1
R AN
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the simplicial set consisting of two 1-morphisms that touch at their end, hence for

(g,h) : A*[2] = K
two such 1-morphisms in K, then if g had an inverse g—! we could use the above composition operation to
compose that with i and thereby find a morphism f connecting the sources of h and g. This being the case
is evidently equivalent to the existence of diagrams of morphisms of simplicial sets of the form

A2 WM
| A

Demanding that all such diagrams exist is therefore demanding that we have on 1-morphisms a composition
operation with inverses in K.

In order for this to qualify as an co-groupoid, this composition operation needs to satisfy an associativity
law up to 2-morphisms, which means that we can find the relevant tetrahedra in K. These in turn need to
be connected by pentagonators and ever so on. It is a nontrivial but true and powerful fact, that all these
coherence conditions are captured by generalizing the above conditions to all dimensions in the evident way:

let Af[n] < Aln] be the simplicial set — called the ith n-horn — that consists of all cells of the n-simplex
A[n] except the interior n-morphism and the ith (n — 1)-morphism.

Then a simplicial set is called a Kan complez , , if for all images f : A’[n] — K of such horns in K, the
missing two cells can be found in K — in that we can always find a horn filler o in the diagram

AN L~ K .

The basic example is the nerve N(C) € sSet of an ordinary groupoid C, which is the simplicial set with
N(C) being the set of sequences of k composable morphisms in C. The nerve operation is a full and faithful
functor from 1-groupoids into Kan complexes and hence may be thought of as embedding 1-groupoids in the
context of general co-groupoids.

But we need a bit more than just bare co-groupoids. In generalization to Lie groupoids, we need smooth
oo-groupoids. A useful way to encode that an co-groupoid has extra structure modeled on geometric test
objects that themselves form a category C' is to remember the rule which for each test space U in C' produces
the oco-groupoid of U-parameterized families of k-morphisms in K. For instance for a smooth co-groupoid
we could test with each Cartesian space U = R™ and find the oco-groupoids K (U) of smooth n-parameter
families of k-morphisms in K.

This data of U-families arranges itself into a presheaf with values in Kan complexes

K : C°" — KanCplx < sSet,

hence with values in simplicial sets. This is equivalently a simplicial presheaf of sets. The functor category
[C°P,sSet] on the opposite category of the category of test objects C serves as a model for the co-category
of co-groupoids with C-structure.

While there are no higher morphisms in this functor 1-category that could for instance witness that two
oo-groupoids are not isomorphic, but still equivalent, it turns out that all one needs in order to reconstruct
all these higher morphisms (up to equivalence!) is just the information of which morphisms of simplicial
presheaves would become invertible if we were keeping track of higher morphism. These would-be invertible
morphisms are called weak equivalences and denoted K1 = K.
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For common choices of C' there is a well-understood way to define the weak equivalences W C Mor[C°P, sSet],
and equipped with this information the category of simplicial presheaves becomes a category with weak equiv-
alences. There is a well-developed but somewhat intricate theory of how exactly this 1-cagtegorical data
models the full higher category of structured groupoids that we are after, but for our purposes here we
essentially only need to work inside the category of fibrant objects of a model structure on presheaves, which
in practice amounts to the fact that we use the following three basic constructions:

1. oco-anafunctors —

2. oc-anafunctor A morphisms X — Y between oco-groupoids with C-structure is not just a morphism
X — Y in [C°P,sSet], but is a span of such ordinary morphisms

X*>Y,

|-

X
where the left leg is a weak equivalence. This is sometimes called an co-anafunctor from X to Y.

3. homotopy pullback — For A — B & C a diagram, the co-pullback of it is the ordinary pullback in

[C°P,sSet] of a replacement diagram A — B & C, where P is a good replacement of p in the sense of
the following factorization lemma.

4.

Proposition 1.3.31 (factorization lemma). For p:C — B a morphism in [C°P sSet], a good replacement
p: C = B is given by the composite vertical morphism in the ordinary pullback diagram

where BA is the path object of B: the presheaf that is over each U € C the simplicial path space B(U)Am.

The principal oco-bundles that we wish to model are already the main and simplest example of the
application of these three items:

Consider an object BG € [C°P,sSet] which is an co-groupoid with a single object, so that we may think
of it as the delooping of an co-group G. Let * be the point and * — BG the unique inclusion map. The
good replacement of this inclusion morphism is the universal G-principal co-bundle EG — BG given by the
pullback diagram

EG

|

(BG)AN —= BG

|

BG

*
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An oc-anafunctor X & X — BG we call a cocycle on X with coefficients in GG, and the oo-pullback P of
the point along this cocycle, which by the above discussion is the ordinary limit

we call the principal co-bundle P — X classified by the cocycle.

Example 1.3.32. A detailed description of the 3-groupoid fibration that constitutes the universal principal
2-bundle EG for G any strict 2-group in given in [RoSc08].

It is now evident that our discussion of ordinary smooth principal bundles above is the special case of
this for BG the nerve of the one-object groupoid associated with the ordinary Lie group G. So we find
the complete generalization of the situation that we already indicated there, which is summarized in the
following diagram:

PxG—=EGxG P x
P— S EG ’I
X

|

<~ %x<—0Q)

Z
/

——— BG

c)—-—BaG g
X
in the model category in the oo-topos

1.3.3 Parallel n-transport for low n

With a decent handle on principal co-bundles as described above, we now turn to the description of connec-
tions on oo-bundles. It will turn out that the above cocycle-description of G-principal co-bundles in terms
of co-anafunctors X & X % BG has, under mild conditions, a natural generalization where BG is replaced
by a (non-concrete) simplicial presheaf BGconn, which we may think of as the oo-groupoid of oo-Lie algebra
valued forms. This comes with a canonical map BG.onn — BG and an oco-connection V on the oco-bundle
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classified by g is a lift V of g in the diagram

BGCOHI’I .
e
X2 .Bc
X

In the language of oo-stacks we may think of BG as the co-stack (on CartSp) or co-prestack (on SmoothMfd)
GTrivBund(—) of trivial G-principal bundles, and of BG.on, correspondingly as the object GTrivBundy (—)
of trivial G-principal bundles with (non-trivial) connection. In this sense the statement that co-connections
are cocycles with coefficients in some BG oy, is a tautology. The real questions are:

1. What is BG¢onn in concrete formulas?

2. Why are these formulas what they are? What is the general abstract concept of an oo-connection?
What are its defining abstract properties?

A comprehensive answer to the second question is provided by the general abstract concepts discussed in
section 2. Here in this introduction we will not go into the full abstract theory, but using classical tools we
get pretty close. What we describe is a generalization of the concept of parallel transport to higher parallel
transport. As we shall see, this is naturally expressed in terms of oco-anafunctors out of path m-groupoids.
This reflects how the full abstract theory arises in the context of an oo-connected oo-topos that comes
canonically with a notion of fundamental co-groupoid.

Below we begin the discussion of co-connections by reviewing the classical theory of connections on a
bundle in a way that will make its generalization to higher connections relatively straightforward. In an
analogous way we can then describe certain classes of connections on a 2-bundle — subsuming the notion
of connection on a bundle gerbe. With that in hand we then revisit the discussion of connections on
ordinary bundles. By associating to each bundle with connection its corresponding curvature 2-bundle with
connection we obtain a more refined description of connections on bundles, one that is naturally adapted
to the construction of curvature characteristic forms in the Chern-Weil homomorphism. This turns out to
be the kind of formulation of connections on an oco-bundle that drops out of the general abstract theory.
In classical terms, its full formulation involves the description of circle n-bundles with connection in terms
of Deligne cohomology and the description of the oo-groupoid of co-Lie algebra valued forms in terms of
dg-algebra homomorphisms. The combination of these two aspects yields naturally an explicit model for the
Chern-Weil homomorphism and its generalization to higher bundles.

Taken together, these constructions allow us to express a good deal of the general co-Chern-Weil theory
with classical tools. As an example, we describe how the classical Cech-Deligne cocycle construction of the
refined Chern-Weil homomorphism drops out from these constructions.

1.3.3.1 Connections on a principal bundle There are different equivalent definitions of the classical
notion of a connection. One that is useful for our purposes is that a connection V on a G-principal bundle
P — X is a rule tray for parallel transport along paths: a rule that assigns to each path v : [0,1] — X
a morphism trav(y) : P, — P, between the fibers of the bundle above the endpoints of these paths, in a
compatible way:

tray (7) . trav(y')

P, ——P,——P, P
P y ¥ . X
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In order to formalize this, we introduce a (diffeological) Lie groupoid to be called the path groupoid of X.
(Constructions and results in this section are from [ScWal].

Definition 1.3.33. For X a smooth manifold let [I, X] be the set of smooth functions I = [0,1] — X.
For U a Cartesian space, we say that a U-parameterized smooth family of points in [I, X] is a smooth map
U x I — X. (This makes [I, X] a diffeological space).

Say a path v € [I, X] has sitting instants if it is constant in a neighbourhood of the boundary 9I. Let
[I, Plsi C [I, P] be the subset of paths with sitting instants.

Let [I, X]s — [I, X]t® be the projection to the set of equivalence classes where two paths are regarded
as equivalent if they are cobounded by a smooth thin homotopy.

Say a U-parameterized smooth family of points in [/, X]t} is one that comes from a U-family of repre-
sentatives in [I, X]s; under this projection. (This makes also [I, X|t! a diffeological space.)

The passage to the subset and quotient [I, X ]g“ of the set of all smooth paths in the above definition

is essentially the minimal adjustment to enforce that the concatenation of smooth paths at their endpoints
defines the composition operation in a groupoid.

Definition 1.3.34. The path groupoid P1(X) is the groupoid

P (X) = ([I,X] 3 X)

s1

with source and target maps given by endpoint evaluation and composition given by concatenation of classes
[7] of paths along any orientation preserving diffeomorphism [0,1] — [0,2] ~ [0,1][]; ,[0,1] of any of their
representatives

[v2] o [11] : [0,1] = [0, 1] H[O’ 1] (72_},%) X
1,0

This becomes an internal groupoid in diffeological spaces with the above U-families of smooth paths. We
regard it as a groupoid-valued presheaf, an object in [CartSp°?, Grpd]:

Py (X): U — (SmoothMfd(U x I, X)" = SmoothMfd(U, X)).

Observe now that for G a Lie group and BG its delooping Lie groupoid discussed above, a smooth functor
tra : P1(X) — BG sends each (thin-homotopy class of a) path to an element of the group G

tra: (z 0 y) > (o tra)ee o)

such that composite paths map to products of group elements :

y *
(] V] tra tra(y')
s / | \ - / I \ '
r—Z * *
] )

7)
_—
[y oy tra(y’)tra(y)

and such that U-families of smooth paths induce smooth maps U — G of elements.
There is a classical construction that yields such an assignment: the parallel transport of a Lie-algebra
valued 1-form.

Definition 1.3.35. Suppose A € Q'(X, g) is a degree-1 differential form on X with values in the Lie algebra
g of G. Then its parallel transport is the smooth functor

trayg : P1(X) —» BG

given by

[v] — Pexp(/ ~*A) € G,
[0,1]
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where the group element on the right is defined to be the value at 1 of the unique solution f : [0,1] — G of
the differential equation
darf +7*ANf=0

for the boundary condition f(0) = e.

Proposition 1.3.36. This construction A +— tray induces an equivalence of categories
[CartSp°?, Grpd](P1(X), BG) ~ BGconn(X),

where on the left we have the hom-groupoid of groupoid-valued presheaves and where on the right we have
the groupoid of Lie-algebra valued 1-forms, whose

e objects are 1-forms A € QY(X, g),
e morphisms g : Ay — As are labeled by smooth functions g € C°(X,G) such that Ay = g~*Ag+g~tdg.
This equivalence is natural in X, so that we obtain another smooth groupoid.

Definition 1.3.37. Define BGcony : CartSp®® — Grpd to be the (generalized) Lie groupoid

BGconn : U — [CartSp°?, Grpd](P1(-), BG)

whose U-parameterized smooth families of groupoids form the groupoid of Lie-algebra valued 1-forms on U.
This equivalence in particular subsumes the classical facts that parallel transport v — P exp( f[U,l] v*A)
e is invariant under orientation preserving reparameterizations of paths;
e sends reversed paths to inverses of group elements.

Observation 1.3.38. There is an evident natural smooth functor X — P;(X) that includes points in X
as constant paths. This induces a natural morphism BG..,, — BG that forgets the 1-forms.

Definition 1.3.39. Let P — X be a G-principal bundle that corresponds to a cocycle g : C(U) — BG
under the construction discussed above. Then a connection V on P is a lift V of the cocycle through
BGconn — BG.
BGCOHH
>

! . BG

Observation 1.3.40. This is equivalent to the traditional definitions.
A morphism V : C(U) = BGeconn is

e on each U; a 1-form A4; € QY(U;, g);

e on each U; NUj a function g;; € C>*(U; NU;, G);
such that

e on each U; NU; we have A; = gigl(A + dar)9ij;

e on each U; NU; NU;, we have g;; - gjx = Gik-

Definition 1.3.41. Let [I, X]!! — [I, X]" the projection onto the full quotient by smooth homotopy classes
of paths. Write ITy(X) = ([I, X]" = X) for the smooth groupoid defined as P;(X), but where instead of
thin homotopies, all homotopies are divided out.
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Proposition 1.3.42. The above restricts to a natural equivalence
[CartSp°?, Grpd](I1; (X ), BG) ~ bBG,

where on the left we have the hom-groupoid of groupoid-valued presheaves, and on the right we have the full
sub-groupoid Y BG C BGeonn 0n those g-valued differential forms whose curvature 2-form Fa = dqr A+[ANA]
vanishes.

A connection V is flat precisely if it factors through the inclusion PBG — BGconn-

For the purposes of Chern-Weil theory we want a good way to extract the curvature 2-form in a general
abstract way from a cocycle V : X & C(U) — BGconn- In order to do that, we first need to discuss
connections on 2-bundles.

1.3.3.2 Connections on a principal 2-bundle There is an evident higher dimensional generalization of
the definition of connections on 1-bundles in terms of functors out of the path groupoid discussed above. This
we discuss now. We will see that, however, the obvious generalization captures not quite all 2-connections.
But we will also see a way to recode 1-connections in terms of flat 2-connections. And that recoding then is
the right general abstract perspective on connections, which generalizes to principal co-bundles and in fact
which in the full theory follows from first principles.

(Constructions and results in this section are from [ScWall], [ScWalllI].)

Definition 1.3.43. The path path 2-groupoid P2(X) is the smooth strict 2-groupoid analogous to P (X),
but with nontrivial 2-morphisms given by thin homotopy-classes of disks AQDi ¢ — X with sitting instants.

In analogy to the projection P1(X) — II;(X) there is a projection to P2 (X) — IT2(X) to the 2-groupoid
obtained by dividing out full homotopy of disks, relative boundary.

We want to consider 2-functors out of the path 2-groupoid into connected 2-groupoids of the form BG,
for G a 2-group, def. 1.3.5. A smooth 2-functor II5(X) — BG now assigns information also to surfaces

*
\ “aﬁ)/4 \m(w’)
tra : — 1y
tra(>)
*

Yy
(] [v']
Y1y
r—z *
[y o]

and thus encodes higher parallel transport.
Proposition 1.3.44. There is a natural equivalence of 2-groupoids
[CartSp°?, 2Grpd](IIx(X), BG) ~ bBG
where on the right we have the 2-groupoid of Lie 2-algebra valued forms] whose
e objects are pairs A € Q1 (X, g1), B € Q*(X, g2) such that the 2-form curvature
Fy(A,B) :=dqrA+ [ANA]+ 6.B

and the 3-form curvature
F3(A,B) :=dqrB + [A N B]

vanish.

e morphisms (\,a) : (A, B) — (A’, B) are pairs a € QY(X,g2), A € O°(X,Gy) such that A’ = NAN"1 +
AN + 6.a and B' = \(B) + dqra + [A A a

e The description of 2-morphisms we leave to the reader (see [ScWall]).
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As before, this is natural in X, so that we that we get a presheaf of 2-groupoids
bBG : U — [CartSp°?, 2Grpd|(I15(U), BG) .

Proposition 1.3.45. If in the above definition we use Po(X) instead of IIa(X), we obtain the same 2-
groupoid, except that the 3-form curvature F5(A, B) is not required to vanish.

Definition 1.3.46. Let P — X be a G-principal 2-bundle classified by a cocycle C(U) — BG. Then a
structure of a flat connection on a 2-bundle V on it is a lift

bBG .

>

o) —L=Ba

For G = BA, a connection on a 2-bundle (not necessarily flat) is a lift

[P2(_)’B2A] .
= |
cw)—2 BG

We do not state the last definition for general Lie 2-groups G. The reason is that for general G 2-
anafunctors out of Po(X) do not produce the fully general notion of 2-connections that we are after, but
yield a special case in between flatness and non-flatness: the case where precisely the 2-form curvature-
components vanish, while the 3-form curvature part is unrestricted. This case is important in itself and
discussed in detail below. Only for G of the form BA does the 2-form curvature necessarily vanish anyway,
so that in this case the definition by morphisms out of P2(X) happens to already coincide with the proper
general one. This serves in the following theorem as an illustration for the toolset that we are exposing,
but for the purposes of introducing the full notion of co-Chern-Weil theory we will rather focus on flat 2-
connections, and then show below how using these one does arrive at a functorial definition of 1-connections
that does generalize to the fully general definition of co-connections.

Proposition 1.3.47. Let {U; — X} be a good open cover, a cocycle C(U) — [P2(—), B2A] is a cocycle in
Cech-Deligne cohomology in degree 3.
Moreover, we have a natural equivalence of bicategories

[CartSp?, 2Grpd](C(U), [P2(-), B2U(1)]) = U(1)Gerby (X),

where on the right we have the bicategory of U(1)-bundle gerbes with connection [Gaje97].
In particular the equivalence classes of cocycles form the degree-3 ordinary differential cohomology of X :

Hii (X, Z) = mo([C(U), [P2(-), B*U(1)).

A cocycle as above naturally corresponds to a 2-anafunctor

Q

lz

Py(X)

B2U(1)

The value of this on 2-morphisms in Po(X) is the higher parallel transport of the connection on the 2-bundle.
This appears for instance in the action functional of the sigma model that describes strings charged under
a Kalb-Ramond field.

The following example of a flat nonabelian 2-bundle is very degenerate as far as 2-bundles go, but does
contain in it the seed of a full understanding of connections on 1-bundles.
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Definition 1.3.48. For G a Lie group, its inner automorphism 2-group INN(G) is as a groupoid the universal
G-bundle EG, but regarded as a 2-group with the group structure coming from the crossed module [G 14 G].

The cartoon presentation of the delooping 2-groupoid BINN(G) is

B3
BINN(@G) ={  * m& gug e Gl eG

— > %
kg291

This is the Lie 2-group whose Lie 2-algebra inn(g) is the one whose Chevalley-Eilenberg algebra is the Weil
algebra of g.

Example 1.3.49. By the above theorem we have that there is a bijection of sets
{ITy(X) — BINN(G)} ~ Q'(X, g)

of flat INN(G)-valued 2-connections and Lie-algebra valued 1-forms. Under the identifications of this theorem
this identification works as follows:

e the 1-form component of the 2-connection is A;

e the vanishing of the 2-form component of the 2-curvature Fy(A, B) = F4 + B identifies the 2-form
component of the 2-connection with the curvature 2-form, B = —Fly;

e the vanishing of the 3-form component of the 3-curvature F5(A,B) =dB+[AANB]| =da+[ANFa4]is
the Bianchi identity satisfied by any curvature 2-form.

This means that 2-connections with values in INN(G) actually model 1-connections and keep track of their
curvatures. Using this we see in the next section a general abstract definition of connections on 1-bundles
that naturally supports the Chern-Weil homomorphism.

1.3.3.3 Curvature characteristics of 1-bundles We now describe connections on 1-bundles in terms
of their flat curvature 2-bundles .

Throughout this section G is a Lie group, BG its delooping 2-groupoid and INN(G) its inner automor-
phism 2-group and BINN(G) the corresponding delooping Lie 2-groupoid.

Definition 1.3.50. Define the smooth groupoid BGgig € [CartSp°?, Grpd] as the pullback
BGdiﬂ“ =BG XBINN(G) bBINN(G) .

This is the groupoid-valued presheaf which assigns to U € CartSp the groupoid whose objects are commuting
diagrams

U BG

N

II,(U) — BINN(G)

where the vertical morphisms are the canonical inclusions discussed above, and whose morphisms are com-
patible pairs of natural transformations
Uy BG
—
Im,(U) y BINN(G)
~_

of the horizontal morphisms.
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By the above theorems, we have over any U € CartSp that
e an object in BGgig(U) is a 1-form A € QY(U, g);

e amorphism A; (9.9) Ajy is labeled by a function g € C*°(U, G) and a 1-form a € Q(U, g) such that
Ay =g ' Ag+gldg +a.

Notice that this can always be uniquely solved for a, so that the genuine information in this morphism
is just the data given by g.

e ther are no nontrivial 2-morphisms, even though BINN(G) is a 2-groupoid: since BG is just a 1-
groupoid this is enforced by the commutativity of the above diagram.

From this it is clear that
Proposition 1.3.51. The projection BGaig 5 BG is a weak equivalence.

So BGyig is a resolution of BG. We will see that it is the resoluton that supports 2-anafunctors out of
BG which represent curvature characteristic classes.

Definition 1.3.52. For X & C(U) — BU(1) a cocycle for a U(1)-principal bundle P — X, we call a lift
Vps in

BGaig

Ve i

g9

C(U)——BG
a pseudo-connection on P.

Pseudo-connections in themselves are not very interesting. But notice that every ordinary connection is
in particular a pseudo-connection and we have an inclusion morphism of smooth groupoids

BGconn — BGdif‘f .

This inclusion plays a central role in the theory. The point is that while BGgig is such a boring extension of
BG that it is actually equivalent to BG, there is no inclusion of BG o, into BG, but there is into BG ;g .
This is the kind of situation that resolutions are needed for.

Tt is useful to look at some details for the case that G is an abelian group such as the circle group U(1).
In this abelian case the 2-groupoids BU(1), B2U (1), BINN (U (1)), etc., that so far we noticed are given by
crossed complexes are actually given by ordinary chain complexes: we write

Z:Chl — sAb — KanCplx

for the Dold-Kan correspondence map that identifies chain complexes with simplicial abelian group and
then considers their underlying Kan complexes. Using this map we have the following identifications of our
2-groupoid valued presheaves with complexes of group-valued sheaves

BU(1) = E[C*(-,U(1)) — 0]
B2U(1) = E[C*®(—,U(1)) = 0 — 0]
BINNU (1) = E[C™(—,U(1)) 3 (-, U(1)) = 0].
Observation 1.3.53. For G = A an abelian group, in particular the circle group, there is a canonical

morphism BINN(U(1)) — BBU(1).
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On the level of chain complexes this is the evident chain map

[C(—,U(1)) —%= C=(—,U(1)) —0 .

| |

[C>(=U1) 0 0]

On the level of 2-groupoids this is the map that forgets the labels on the 1-morphisms

* *
g1 g2 N Id Id
s N2
 ————— > % * ————m8M8 > %
kg291 Id

In terms of this map INN(U(1)) serves to interpolate between the single and the double delooping of U(1).
In fact the sequence of 2-functors

BU(1) — BINN(U(1)) — B*U(1)
is a model for the universal BU(1)-principal 2-bundle
BU(1) - EBU(1) — B2U(1).

This happens to be an exact sequence of 2-groupoids. Abstractly, what really matters is rather that it is a
fiber sequence, meaning that it is exact in the correct sense inside the co-category SmoothooGrpd. For our
purposes it is however relevant that this particular model is exact also in the ordinary sense in that we have
an ordinary pullback diagram

BU(l) —————x

| |

BINN(U(1)) — B2U(1)

exhibitng BU(1) as the kernel of BINN(U (1)) — B2U(1).
We shall be interested in the pasting composite of this diagram with the one defining BG4 over a

domain U:
U BU(1) *

A T

I, (U) — BINN(U(1)) — B2U(1)

The total outer diagram appearing this way is a component of the following (generalized) Lie 2-groupoid.

Definition 1.3.54. Set
bdRBzU(l) =%k XBQU(l) bB2U(1) .

Over any U € CartSp this is the 2-groupoid whose objects are sets of diagrams

U— %

N

I, (U) — B2U(1)
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This are equivalently just morphisms ITy(U) — B2U(1), which by the above theorems we may identify with
closed 2-forms B € Q% (U).
The morphisms B; — By in bqrB2U(1) over U are compatible pseudonatural transformations of the

horizontal morphisms
U /F\ *
|
NG
Im,(U) y BINN(G)
~—_ 7
which means that they are pseudonatural transformations of the bottom morphism whose components over
the points of U vanish. These identify with 1-forms A\ € Q'(U) such that By = B; + dqr\. Finally the
2-morphisms would be modifications of these, but the commutativity of the above diagram constrais these
to be trivial.
In summary this shows that

Proposition 1.3.55. Under the Dold-Kan correspondence bqrB2?U (1) is the sheaf of truncated de Rham
complezes

arBU(1) = E[0' (-) “F 04 ()]
Corollary 1.3.56. Equivalence classes of 2-anafunctors
X — bgrB2U(1)
are canonically in bijection with the degree 2 de Rham cohomology of X.

Notice that — while every globally defined closed 2-form B € Q2 (X) defines such a 2-anafunctor — not
every such 2-anafunctor comes from a globally defined closed 2-form. Some of them assign closed 2-forms
B; to patches Uy, that differ by differentials B; — B; = darAi; of 1-forms \;; on double overlaps, which
themselves satisfy on triple intersections the cocycle condition A;; + Ajr = Aix. But (using a partition of
unity) these non-globally defined forms are always equivalent to globally defined ones.

This simple technical point turns out to play a role in the abstract definition of connections on co-bundles:
generally, for all n € N the cocycles given by globally defined forms in bgg B"U(1) constitute curvature char-
acteristic forms of genuine connections. The non-globally defined forms also constitute curvature invariants,
but of pseudo-connections. The way the abstract theory finds the genuine connections inside all pseudo-
connections is by the fact that we may find for each cocycle in bgg B"U(1) an equivalent one that does comes
from a globally defined form.

Observation 1.3.57. There is a canonical 2-anafunctor ¢{® : BU(1) — bqr B2U (1)
BU(I)diff —_— bdRB2U(1) 5
BU(1)

where the top morphism is given by forming the pasting-composite with the universal BU(1)-principal
2-bundle, as described above.

For emphasis, notice that this span is governed by a presheaf of diagrams that over U € C'artSp is of the
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form

U BU(1) transition function .
I, (U) —— BINN(U) connection
I, (U) —— B2U(1) curvature

The top morphisms are the components of the presheaf BU(1). The top squares are those of BU(1)qig.
Forming the bottom square is forming the bottom morphism, which necessarily satifies the constraint that
makes it a components of bB2U (1).

The interpretation of the stages is as indicated in the diagram:

1. the top morphism is the transition function of the underlying bundle;

2. the middle morphism is a choice of (pseudo-)connection on that bundle;
3. the bottom morphism picks up the curvature of this connection.

We will see that full co-Chern-Weil theory is governed by a slight refinement of presheaves of essentially this
kind of diagram. We will also see that the three stage process here is really an incarnation of the computation
of a connecting homomorphism, reflecting the fact that behind the scenes the notion of curvature is exhibited
as the obstruction cocycle to lifts from bare bundles to flat bundles.

Observation 1.3.58. For X & C(U) % BU(1) the cocycle for a U(1)-principal bundle as described above,
the composition of 2-anafunctors of g with é{® yields a cocycle for a 2-form ¢{®(g)

BU(l)conn

>

C(V) —— BU(1)air — barB2U(1)

-,k

c)—L=BU(1)

l

X

1

-

1

If we take {U; — X} to be a good open cover, then we may assume V = U. We know we can always find
a pseudo-connection C(V) — BU(1)qix that is actually a genuine connection on a bundle in that it factors
through the inclusion BU(1)conn — BU(1)air as indicated.

The corresponding total map c®(g) represented by ¢{®(V) is the cocycle for the curvature 2-form of
this connection. This represents the first Chern class of the bundle in de Rham cohomology.

For X, A smooth 2-groupoids, write H(X, A) for the 2-groupoid of 2-anafunctors between them.

Corollary 1.3.59. Let H3y(X) — H(X,barB?U(1)) be a choice of one closed 2-form representative for
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each degree-2 de Rham cohomology-class of X. Then the pullback groupoid Hag (X, BU(1)) in

Heonn (X, BU(1)) Hig (X)

l |

H(X, BU(l)diﬁ‘) —_— > H(AX7 bdRBQU(l))

lN

H(X,BU(1)) ~ U(1)Bund(X)

is equivalent to disjoint union of groupoids of U(1)-bundles with connection whose curvatures are the chosen
2-form representatives.

1.3.3.4 Circle n-bundles with connection For A an abelian group there is a straightforward gener-
alization of the above constructions to (G = B"~!A)-principal n-bundles with connection for all n € N. We
spell out the ingredients of the construction in a way analogous to the above discussion. A first-principles
derivation of the objects we consider here below in 3.3.11.

This is content that appeared partly in [SSS09c], [FSS10]. we restrict attention to the circle n-group
G =B""U(1).

There is a familiar traditional presentation for ordinary differential cohomology in terms of Cech cohomology—Cech-
Deligne cohomology. We briefly recall how this works and then indicate how this presentation can be derived
along the above lines as a presentation of circle n-bundles with connection.

Definition 1.3.60. For n € N the Deligne-Beilinson complex is the chain complex of sheaves (on CartSp
for our purposes here) of abelian groups given as follows
(=, R/Z) S O} (<) dag —— - — £ Q"1 (—) S ()

n n—1 e 1 0

Zn+ 1)F =

This definition goes back to [Del71] [Bel85]. This is similar to the n-fold shifted de Rham complex with
two important differences

e In degree n we have the sheaf of U(1)-valued functions, not of R-valued functions (= 0-forms). The
action of the de Rham differential on this is sometimes written dlog : C°°(—,U(1)) — Q'(—). But if
we think of U(1) ~ R/Z then it is just the ordinary de Rham differential applied to any representative
in C*°(—,R) of an element in C*°(—,R/Z).

e In degree 0 we do not have closed differential n-forms (as one would have for the the de Rham complex
shifted into non-negative degree), but all n-forms.

~

As before we may use of the Dold-Kan correspondence Z : Chl = sAb Y sSet to identify sheaves of chain
complexes with simplicial sheaves.
For {U; — X} a good open cover, the Deligne cohomology of X in degree (n + 1) is

Hgigl (X) = mp[CartSp°?, sSet](C({U;}),ZZ(n + 1)) .

Further using the Dold-Kan correspondence this is equivalently the cohomology of the Cech-Deligne double
complex. A cocycle in degre (n + 1) then is a tuple

(Gio, e sins> = > Aiji, Bij, Ci)

with
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Oi S Qn(Ul)7

Bij S Qn_l(Ui n Uj);

Aijr € Q72U NU; NU)
e and so on
® Gy, i, €C®WU;,N---NU;,,UL))
satisfying the cocycle condition
(dar + (=1)%98) (ig, i+ » Aijs Bijs Ci) = 0,

where § = >~ ,(—1)'p; is the alternating sum of the pullback of forms along the face maps of the Cech nerve.
This is a sequence of conditions of the form

o C; — C; = dBy;

® Bjj — Bix + Bji, = dAij;
e and so on

® (09)iy, ving: = 0.

For low n we have seen these conditions in the dicussion of line bundles and of line 2-bundles (bundle
gerbes) with connection above. Generally, for any n € N, this is Cech-cocycle data for a circle n-bundle with
connection, where

e (; are the local connection n-forms;
® Gio.--- i, is the transition function of the circle n-bundle.

We now indicate how the Deligne complex may be derived from differential refinement of cocycles for circle
n-bundles along the lines of the above discussions.
Write
B"U(1)wn :=EU(1)[n],

for the simplicial presheaf given under the Dold-Kan correspondence by the chain complex
UM)[n] = (C*(=U1) 20— ---=0)
with the sheaf represented by U(1) in degree n.

Proposition 1.3.61. For {U; — X} an open cover of a smooth manifold X and C(U) its Cech nerve,
oco-anafunctors

c)—L=B"U(1)

ig

X

are in natural bijection to tuples of smooth functions
Gio--ip, - Uio NN Uin — R/Z
satisfying

n
(09)ig-inss = Y Gioix rigin =0,
k=0
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that is, to cocycles in degree-n Cech cohomology on U with values in U(l).
Transformations

cw)- AL gy
X Al
are in natural bijection to tuples of smooth functions

by

10" in—1

U, N---NU;,_, —)R/Z
such that

Giooi, = Gigerrin = (ON)ig-iyy 5
that is, to Cech coboundaries.

The oo-bundle P — X classified by such a cocycle we may call a circle n-bundle. For n = 1 this
reproduces the ordinary U(1)-principal bundles that we considered before, for n = 2 the bundle gerbes and
for n = 3 the bundle 2-gerbes.

To equip these circle n-bundles with connections, we consider the differential refinements B"U(1)gqis,
BnU(l)Conn and bdRBnJrlU(l).

Definition 1.3.62. Write
bar B U (e = = (21(=) 4 Q2(—) 4 - 9 ()

— the truncated de Rham complex — and

(-) ——=B"U(1) C>(— R/Z >Ql( )g-~-—>Qn(—)
BnU(l)diH — i \L == D / " ] A
() = B"INN(U(1)) =) g =)

and

B"U(1)eonn = Z (C%(=,R/Z) “F Q1) 5 02(-) “F - 5 ()
— the Deligne complez, def. 1.3.60.
Observation 1.3.63. We have a pullback diagram

BnU(l)Conn —_— Q:;L]Jrl(_)
BnU(l)diff L bdRBn_lU(l)
B"U(1)
in [CartSp°?,sSet]. This models an co-pullback
BnU(l)C()nn . QZL1+1 (_)

| |

B"U(1) bar B~ 1U(1)
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in the co-topos SmoothooGrpd, and hence for each smooth manifold X (in particular) a homotopy pullback

H(B"U(1)conn) QqH(X)

| |

H(X,B"U(1)) — H(X,bqr B"~'U(1))

Objects in H(X, B"U(1)¢onn) are modeled by co-anafunctors X & C(U) — B"U(1)conn, and these are
in natural bijection with tuples

(Cis Bigiys Aigir i+ Zigewving_1» Jigerrin) >
where C; € Q"(U;), Biyi, € Q"1 (Ui, NU,,), ete. such that
Ci, — Ciy = dBiy;,

and

Bigiy — Bigi, + Biyi, = dAigiyis
etc. This is a cocycle in Cech-Deligne cohomology. We may think of this as encoding a circle n-bundle with
connection. The forms (C;) are the local connection n-forms.

Remark. Everything in this construction turns out to follow from general abstract reasoning in every
cohesive oco-topos H — except the sheaf Q7 (—) of closed n-forms, which is a non-intrinsic truncation of
barB" LU (1), whose definition uses concretely the choice of model [CartSp°P, sSet]. But since by the above
this object is used to pick homotopy fibers, and since these depend up to equivalence only on the connected
component over which they are taken, for fixed X no information is lost by passing instead to the de Rham
cohomology set H'i"(X) and choosing a morphism H';'(X) — H(X,bqrB"T'U(1)) that picks a closed

(n + 1)-form in each cohomology class. Then we can replace the above by the homotopy pullback

Hain (XB"U (1)) Hi ' (X)

| |

B"U(1) barB LU (1)

without losing information. And this is defined fully intrinsically.

The definition of co-connections on G-principal oo-bundles for nonabelian G may be reduced to this
definition, by approzimating every G-cocylce X & C(U) — BG by abelian cocycles in all possible ways, by
postcomposing with all possible characteristic classes BG £ BG - B"U (1) to extract a circle n-bundle
from it. This is what we turn to now.
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1.3.4 Characteristic classes in low degree

We discuss explicit presentations of characteristic classes of principal n-bundles for low values of n and for
low degree of the characteristic class.

e General concept
e Examples

— example 1.3.64 — First Chern class of unitary 1-bundles

— example 1.3.65 — Dixmier-Douady class of circle 2-bundles (of bundle gerbes)

— example 1.3.66 — Obstruction class of central extension

— example 1.3.67 — First Stiefel-Whitney class of an O-principal bundles

— example 1.3.68 — Second Stiefel-Whitney class of an SO-principal bundles

— example 1.3.69 — Bockstein homomorphism

— example 1.3.70 — Third integral Stiefel-Whitney class

— example 1.3.71 — First Pontryagin class of Spin-1-bundles and twisted string-2-bundles

In the context of higher (smooth) groupoids the notion of characteristic class is conceptually very simple:
for G some n-group and BG the corresponding one-object n-groupoid, a characteristic class of degree k € N
with coefficients in some abelian (Lie-)group A is presented simply by a morphism

c:BG —- B"A4

of cohesive oco-groupoids. For instance if A = Z such a morphism represents a universal integral characteristic
class on BG. Then for
g: X - BG

any morphism of (smooth) co-groupoids that classifies a given G-principal n-bundle P — X, as discussed
above in 1.3.1, the corresponding characteristic class of P (equivalently of g) is the class of the composite

oP): X —2~BG—~BX4

in the cohomology group H*(X, A) of the ambient oo-topos.

In other words, in the abstract language of cohesive oco-toposes the notion of characteristic classes of
cohesive principal co-bundles is verbatim that of principal fibrations in ordinary homotopy theory. The
crucial difference, though, is in the implementation of this abstract formalism.

Namely, as we have discussed previously, all the abstract morphisms f : A — B of cohesive oo-
groupoids here are presented by oco-anafunctors, hence by spans of genuine morphisms of Kan-complex
valued presheaves, whose left leg is a weak equivalence that exhibits a resolution of the source object.

This means that the characteristic map itself is presented by a span

BG —%~BkA ,

|-

BG

as is of course the cocycle for the principal n-bundle

cU;) —~-BG

iz

X
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and the characteristic class [¢(P)] of the corresponding principal n-bundle is presented by a (any) span
composite

OT) —2~BG —~BkA |

where C(T;) is, if necessary, a refinement of the cover C(U;) over which the BG-cocycle ¢ lifts to a ﬁé—cocycle
as indicated.

Notice the similarity of this situation to that of the discussion of twisted bundles in example 1.3.19.
This is not a coincidence: every characteristic class induces a corresponding notion of twisted n-bundles
and, conversely, every notion of twisted n-bundles can be understood as arising from the failure of a certain
characteristic class to vanish.

We discuss now a list of examples.

Example 1.3.64 (first Chern class). Let N € N. Cousider the unitary group U(N). By its definition as a
matrix Lie group, this comes canonically equipped with the determinant function

det : U(N) = U(1)

and by the standard properties of the determinant, this is in fact a group homomorphism. Therefore this
has a delooping to a morphism of Lie groupoids

Bdet : BU(N) — BU(1) .
Under geometric realization this maps to a morphism
|Bdet| : BU(N) — BU(1) ~ K(Z,2)

of topological spaces. This is a characteristic class on the classifying space BU(N): the ordinary first Chern
class. Hence the morphism Bdet on Lie groupoids is a smooth refinement of the ordinary first Chern class.

This smooth refinement acts on smooth U(n)-principal bundles as follows. Postcomposition of a Cech
cocycle

P: C({U:}) o) BU(N)

iN

X

for a U(N)-principal bundle on a smooth manifold X with this characteristic class yields the cocycle

detP : C{U}) 2% BU(N) BEL BU(1)
X

for a circle bundle (or its associated line bundle) with transition functions (det(g;;)): the determinant line
bundle of P.

It is a standard and basic fact that the cohomology class of line bundles can be identified within the
second integral cohomology of X. For our purposes here it is instructive to rederive this fact in terms of
anafunctors, lifting gerbes and twisted bundles.
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To that end, consider from example 1.3.18 the equivalence of the 2-group (Z < R) with the ordinary
circle group, which supports the 2-anafunctor

B(Z — R) —> B(Z — 1) =—— B2Z .
BU(1)

We see now that this presents an integral characteristic class in degree 2 on BU(1). Given a cocycle
{hij € C>*(U;5,U(1))} for any circle bundle, the postcomposition with this 2-anafunctor amounts to the
following:

1. refine the cover, if necessary, to a good open cover (where all non-empty Uy, .. are contractible) —

we shall still write {U;} now for this good cover;

ik

2. choose on each U;; a (any) lift of the circle-valued functor h;; : U;; — U(1) through the quotient map
R — U(1) to a function h;; : U;; — R — this is always possible over the contractible U,j;

3. compute the failures of the lifts thus chosen to constitute the cocycle for an R-principal bundle: these
are the elements o
)\ijk = hikh;jlh;kl S COO<UZ‘J‘;€,Z),
which are indeed Z-valued (hence constant) smooth functions due to the fact that the original {h;;}
satisfied its cocycle law;

4. notice that by observation 1.3.14 this yields the construction of the cocycle for a (Z — R)-principal
2-bundle R
{hij € C*(Uij,R), Aiji. € CF (Uiji, Z)}
which by example 1.3.19 we may also read as the cocycle for a twisted R-1-bundle, with respect to the
central extension Z — R — U(1);

5. finally project out the cocycle for the “lifting Z-gerbe” encoded by this, which is the the BZ-principal
2-bundle given by the BZ cocycle
{Xijx € C* (Ui, Z)} ,

This last cocycle is manifestly in degree-2 integral Cech cohomology, and hence indeed represents a class
in H?(X,Z). This is the first Chern class of the circle bundle given by {h;;}. If here h;; = detg,; is the
determinant circle bundle of some unitary bundle, the this is also the first Chern class of that unitary bundle.

Example 1.3.65 (Dixmier-Douady class). The discussion in example 1.3.64 of the first Chern class of a
circle 1-bundle has an immediate generalization to an analogous canonical class of circle 2-bundles, def. 1.3.3,
hence, by observation 1.3.4, to bundle gerbes. As before, while this amounts to a standard and basic fact,
for our purposes it shall be instructive to spell this out in terms of oo-anafunctors and twisted principal
2-bundles.

To that end, notice that by delooping the equivalence B(Z — R) = BU(1) yields

B%(Z — R) 5 B*U(1).

This says that BU(1)-principal 2-bundles/bundle gerbes are equivalent to B(Z — R)-principal 3-bundles,
def. 1.3.23.

As before, this supports a canonical integral characteristic class, now in degree 3, presented by the
oo-anafunctor

B(Z—+R)——=B*(Z—1)=——B(Z—~1—1) .

iz

B2U(1)
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The corresponding class in H3(BU(1),Z) is the (smooth lift of) the universal Dizmier-Douady class.

Explicitly, for {gijx € C*°(Uijk,U(1))} the Cech cocycle for a circle-2-bundle, def. 1.3.3, this class is
computed as the composite of spans

cw) —YB2z 5 R)— > BZ |
o) —L=B2U(1)

lz

X

where we assume for simplicity of notation that the cover {U; — X} already has be chosen (possibly after
refining another cover) such that all patches and their non-empty intersections are contractible.

Here the lifted cocycle data {gi;x : Uijx — U(1)} is through the quotient map R — U(1) to real valued
functions. These lifts will, in general, not satisfy the condition of a cocycle for a BR-principal 2-bundle. The
failure is uniquely picked up by the functions

Nijkl = Giki9in9it9i € O Uijhi, 7).

By example 1.3.25 this data constitutes the cocycle for a (Z — R — 1)-principal 3-bundle or, by def. 1.3.26
that of a twisted BR-principal 2-bundle.
The above composite of spans projects out the integral cocycle

Xijki € C°Uijni, Z) ,

which manifestly gives a class in H3(X,Z). This is the Dixmier-Douady class of the original circle 3-bundle,
the higher analog of the Chern-class of a circle bundle.

Example 1.3.66 (obstruction class of central extension). For A — G — G a central extension of Lie groups,
there is a long sequence of (deloopings of) Lie 2-groups

BA — BG — BG S B?A4,

where the characteristic class c is presented by the co-anafunctor

B(4A— G) ——=B(4— 1) =—=B24
BG

with (A — @) the crossed module from example 1.3.12.
The proof of this is discussed below in prop. 3.3.33.

Example 1.3.67 (first Stiefel-Whitney class). The morphism of groups
O(n) — Zio

which sends every element in the connected component of the unit element of O(n) to the unit element of
Zs and every other element to the non-trivial element of Zs induces a morphism of delooping Lie groupoids

wy : BO(n) — BZ,.

This represents the universal smooth first Stiefel-Whiteney class.
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The relation of wy to orientation structure is discussed below in 4.1.1.

Example 1.3.68 (second Stiefel-Whitney class). The exact sequence that characterizes the Spin-group is
Zo — Spin — SO
induces, by example 1.3.66, a long fiber sequence
BZ; — BSpin — BSO %3 B27Z, .
Here the the morphism wy is presented by the co-anafunctor

B(Z2 — Spln) —— B(ZQ — 1) _— BQZQ .
BSO

This is a smooth incarnation of the wuniversal second Stiefel-Whitney class. The BZs-principal 2-bundle
associated by wy to any SO(n)-principal bundles is dicussed in [MuSi03] in terms of the corresponding
bundle gerbe, via. observation 1.3.4.

Example 1.3.69 (Bockstein homomorphism). The exact sequence
737 7,
induces, by example 1.3.66, for each n € N a characteristic class
By : B"Zy — B"H17.

This is the Bockstein homomorphism.

Example 1.3.70 (third integral Stiefel-Whitney class). The composite of the second Stiefel-Whitney class
from example 1.3.68 with the Bockstein homomorphism from example 1.3.69 is the third integral Stiefel-
Whitney class

W : BSO ™2 B2Z, 53 B%z.
This has a refined factorization through the universal Dixmier-Douady class from example 1.3.65:
W3 : BSO — B?U(1).
This is discussed in lemma 4.4.26 below.

Example 1.3.71 (first Pontryagin class). Let G be a compact and simply connected simpl Lie group. Then
the resolution from example 1.3.30 naturally supports a characteristic class presented by the 3-anafunctor

B(U(1) = QG — PG) —=B(U(1) = 1 = 1) == B3U(1) .

BG
For G = Spin the spin group, this presents one half of the universal first Pontryagin class. This we dicuss
in detail in 4.1.

Composition with this class sends G-principal bundles to circle 2-bundles, 1.3.3, hence by 1.3.24 to bundle
2-gerbes. Our discussion in 4.1 shows that these are the Chern-Simons 2-gerbes.
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1.3.5 L.-algebraic structures

A Lie algebra is, in a precise sense, the infinitesimal approximation to a Lie group. This statement generalizes
to smooth n-groups (the strict case of which we had seen in definition 1.3.20); their infinitesimal approxi-
mation are Lie n-algebras which for arbitrary n are known as L.,-algebras. The statement also generalizes
to Lie groupoids (discussed in 1.3.1); their infinitesimal approximation are Lie algeboids. Both these are
special cases of a joint generalization; where smooth n-groupoids have L.,-algebroids as their infinitesimal
approximation.

The following is an exposition of basic Ly,-algebraic structures, their relation to smooth n-groupoids and
the notion of connection data with coefficients in L..-algebras.

The following discussion proceeds by these topics:

o [ .-algebroids;

Lie integration;

Characteristic cocycles from Lie integration;

L.-algebra valued connections;

Curvature characteristics and Chern-Simons forms;

e oo-Connections from Lie integration;

1.3.5.1 L.-algebroids There is a precise sense in which one may think of a Lie algebra g as the in-
finitesimal sub-object of the delooping groupoid BG of the corresponding Lie group G. Without here going
into the details, which are discussed in detail below in 3.4.1, we want to build certain smooth co-groupoids
from the knowledge of their infinitesimal subobjects: these subobjects are L., -algebroids and specifically
Loo-algebras.

For g an N-graded vector space, write g[1] for the same underlying vector space with all degrees shifted
up by one. (Often this is denoted g[—1] instead). Then

A*g = Sym*(g[1])
is the Grassmann algebra on g; the free graded-commutative algebra on g[1].

Definition 1.3.72. An L., -algebra structure on an N-graded vector space g is a family of multilinear maps

[~ -+, =] : Sym*(g[1]) — g[1]

of degree -1, for all k£ € N, such that the higher Jacobi identities

Z Z (_1)Uta1"" 7taz]7taz+17"' ’tak+z—1] =0

k+l=n+1oeUnSh(l,k—1)
are satisfied for all n € N and all {¢,, € g}.
See [SSS09a] for a review and for references.

Example 1.3.73. If g is concentrated in degree 0, then an L.-algebra structure on g is the same as an
ordinary Lie algebra structure. The only non-trivial bracket is [—, =]z : g ® g — g and the higher Jacobi
identities reduce to the ordinary Jacobi identity.

We will see many other examples of L..-algebras. For identifying these, it turns out to be useful to have
the following dual formulation of L..-algebras.
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Proposition 1.3.74. Let g be a N-graded vector space that is degreewise finite dimensional. Write g* for
the degreewise dual, also N-graded.

Then dg-algebra structures on the Grassmann algebra A*g* = Sym®g[1]* are in canonical bijection with
L -algebra structures on g, def. 1.3.72.

Here the sum is over all (I, k — 1)unshuffles, which means all permutations o € Xj4;—1 that preserves the
order within the first [ and within the last £ — 1 arguments, respectively, and (—1)%8" is the Koszul-sign of
the permutation: the sign picked up by “unshuffling” ¢** A --. j At*s+i-1 according to o.

Proof. Let {t,} be a basis of g[1]. Write {¢t*} for the dual basis of g[1]*, where ¢* is taken to be in the same
degree as t,.

A derivation d : A®g* — A®g* of the Grassmann algebra is fixed by its value on generators, where it

determines and is determined by a sequence of brackets graded-symmetric multilinear maps {[—,--- , =] }72;

by
d:t“”—)—Z
k=1

where a sum over repeated indices is understood. This derivation is of degree +1 precisely if all the k-ary
maps are of degree -1. It is straightforward to check that the condition d o d = 0 is equivalent to the higher
Jacobi identities. ]

| —

[tays s lag) T A AT

X

Definition 1.3.75. The dg-algebra corresponding to an L..-algebra g by prop. 1.3.74 we call the Chevalley-
FEilenberg algebra CE(g) of g.

Example 1.3.76. For g an ordinary Lie algebra, as in example 1.3.73, the notion of Chevalley-Eilenberg
algebra from def. 1.3.75 coincides with the traditional notion.

Examples 1.3.77. o A strict Loo-algebra algebra is a dg-Lie algebra (g, 9, [—, —]) with (g*, 0*) a cochain
complex in non-negative degree. With g* denoting the degreewise dual, the corresponding CE-algebra
is CE(g) = (A\*g" dcp = [, —]" + 0"

e We had already seen above the infinitesimal approximation of a Lie 2-group: this is a Lie 2-algebra. If
the Lie 2-group is a smooth strict 2-group it is encoded equivalently by a crossed module of ordinary
Lie groups, and the corresponding Lie 2-algebra is given by a differential crossed module of ordinary
Lie algebras.

e For n € N, n > 1, the Lie n-algebra b" 'R is the infinitesimal approximation to B"U(R) and B"R.
Its CE-algebra is the dg-algebra on a single generators in degree n, with vanishing differential.

e For any oo-Lie algebra g there is an L..-algebra inn(g) defined by the fact that its CE-algebra is the
Weil algebra of g:

CE(inn(g)) = W(g) = (A*(g" © g7[1]), dw

o« =dcr +0),
where o : g* — g*[1] is the grading shift isomorphism, extended as a derivation.

Example 1.3.78. For g an L..-algebra, its automorphism Ls.-algebra det(g) is the dg-Lie algebra whose
elements in degree k are the derivations
t: CE(g) — CE(g)

of degree —k, whose differential is given by the graded commutator [dcg(g), —] and whose Lie bracket is the
commutator bracket of derivations.

In the context of rational homotopy theory, this is discussed on p. 312 of [Su77].
One advantage of describing an L,-algebra in terms of its dual Chevalley-Eilenberg algebra is that in
this form the correct notion of morphism is manifest.
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Definition 1.3.79. A morphism of L.-algebras g — § is a morphism of dg-algebras CE(g) < CE(}).
The category Lo.Alg of L..-algebras is therefore the full subcatgeory of the opposite category of dg-
algebras on those whose underlying graded algebra is free:

LooAlg 257 dgAlgl? .

Replacing in this characterization the ground field R by an algebra of smooth functions on a manifold ay,
we obtain the notion of an L, -algebroid g over ag. Morphisms a — b of such oco-Lie algebroids are dually
precisely morphisms of dg-algebras CE(a) « CE(b).

Definition 1.3.80. The category of L.-algebroids is the opposite category of the full subcategory of dgAlg
ooLieAlgbd C dgAlg®

on graded-commutative cochain dg-algebras in non-negative degree whose underlying graded algebra is an
exterior algebra over its degree-0 algebra, and this degree-0 algebra is the algebra of smooth functions on a
smooth manifold.

Remark 1.3.81. More precisely the above definition is that of affine C°*°-L.-algebroids. There are various
ways to refine this to something more encompassing, but for the purposes of this introductory discussion the
above is convenient and sufficient. A more comprehensive discussion is in 3.4.1 below.

Example 1.3.82. e The tangent Lie algebroid T X of a smooth manifold X is the infinitesimal approx-
imation to its fundamental co-groupoid. Its CE-algebra is the de Rham complex

CE(TX) = Q°(X).

1.3.5.2 Lie integration We discusss Lie integration: a construction that sends an L,-algebroid to a
smooth co-groupoid of which it is the infinitesimal approximation.

The construction we want to describe may be understood as a generalization of the following proposition.
This is classical, even if maybe not reflected in the standard textbook literature to the extent it deserves to
be.

Definition 1.3.83. For g a (finite-dimensional) Lie algebra, let exp(g) € [CartSp°?, sSet] be the simplicial
presheaf given by the assignment

exp(g) : U — Homgga1s(CE(g), Q*(U x A®)vert) ,

in degree k of dg-algebra homomorphisms from the Chevalley-Eilenberg algebra of g to the dg-algebra of
vertical differential forms with respect to the trivial bundle U x A*¥ — U,

Shortly we will be considering variations of such assignments that are best thought about when writing
out the hom-sets on the right here as sets of arrows; as in

exp(g) : (U, [k]) = { Qe (U x AF) %= CE(g) })

For g an ordinary Lie algebra it is an ancient and simple but important observation that dg-algebra morphisms
Q*(AF) - CE(g) are in natural bijection with Lie-algebra valued 1-forms that are flat in that their curvature
2-forms vanish: the 1-form itself determines precisely a morphism of the underlying graded algebras, and the
respect for the differentials is exactly the flatness condition. It is this elementary but similarly important
observation that historically led Eli Cartan to Cartan calculus and the algebraic formulation of Chern-Weil
theory.

One finds that it makes good sense to generally, for g any co-Lie algebra or even oo-Lie algebroid, think
of Homgga14(CE(g), 2°(A*)) as the set of co-Lie algebroid valued differential forms whose curvature forms
(generally a whole tower of them) vanishes.
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Proposition 1.3.84. Let G be the simply-connected Lie group integrating g according to Lie’s three theorems
and BG € [CartSp°?, Grpd] its delooping Lie groupoid regarded as a groupoid-valued presheaf on CartSp.
Write T1(—) for the truncation operation that quotients out 2-morphisms in a simplicial presheaf to obtain a
presheaf of groupoids.
We have an isomorphism
BG = i exp(g) .

To see this, observe that the presheaf exp(g) has as 1-morphisms U-parameterized families of g-valued
1-forms Ayet on the interval, and as 2-morphisms U-parameterized families of flat 1-forms on the disk,
interpolating between these. By identifying these 1-forms with the pullback of the Maurer-Cartan form on
G, we may equivalently think of the 1-morphisms as based smooth paths in G and 2-morphisms smooth
homotopies relative endpoints between them. Since G is simply-connected this means that after dividing
out 2-morphisms only the endpoints of these paths remain, which identify with the points in G.

The following proposition establishes the Lie integration of the shifted 1-dimensional abelian L..-algebras
" IR.

Proposition 1.3.85. Forn € N, n > 1. Write
B"Rq, := ER[n]

for the simplicial presheaf on CartSp that is the image of the sheaf of chain complexes represented by R in
degree n and 0 in other degrees, under the Dold-Kan correspondence Z : Chy — sAb — sSet.
Then there is a canonical morphism

/ cexp(b"'R) =5 B"R.,

given by fiber integration of differential forms along U x A™ — U and this is an equivalence (a global
equivalence in the model structure on simplicial presheaves).

The proof of this statement is discussed in 3.3.9.
This statement will make an appearance repeatedly in the following discussion. Whenever we translate
a construction given in terms exp(—) into a more convenient chain complex representation.

1.3.5.3 Characteristic cocycles from Lie integration We now describe characteristic classes and
curvature characteristic forms on G-bundles in terms of these simplicial presheaves. For that purpose it is
useful for a moment to ignore the truncation issue — to come back to it later — and consider these simplicial
presheaves untruncated.

To see characteristic classes in this picture, write CE(b"'R) for the commutative real dg-algebra on
a single generator in degree n with vanishing differential. As our notation suggests, this we may think as
the Chevalley-Eilenberg algebra of a higher Lie algebra — the oo-Lie algebra " 'R — which is an Eilenberg-
MacLane object in the homotopy theory of co-Lie algebras, representing oo-Lie algebra cohomology in degree
n with coefficients in R.

Restating this in elementary terms, this just says that dg-algebra homomorphisms

CE(g) «+ CE(0"'R) : p

are in natural bijection with elements p € CE(g) of degree n, that are closed, dcggyp = 0. This is the
classical description of a cocycle in the Lie algebra cohomology of g.

Definition 1.3.86. Every such oco-Lie algebra cocycle p induces a morphism of simplicial presheaves

exp(u) : exp(g) — exp(b"R)

given by postcomposition

Q2 (U x Al) 2= CE(g) & CE(b"R).

vert
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Example 1.3.87. Assume g to be a semisimple Lie algebra, let (—, —) be the Killing form and p = (—, [—, —])
the corresponding 3-cocycle in Lie algebra cohomology. We may assume without restriction that this cocycle
is normalized such that its left-invariant continuation to a 3-form on G has integral periods. Observe that
since (@) is trivial we have that the 3-coskeleton of exp(g) is equivalent to BG. By the inegrality of p,
the operation of exp(u) on exp(g) followed by integration over simplices descends to an co-anafunctor from
BG to B3U(1), as indicated on the right of this diagram in [CartSp°®, sSet]

exp(g) (k) exp(b"R) .

.

o cosks exp(

c(V) ¢ cosks exp(g) —>H])33R/Z

Precomposing this — as indicated on the left of the diagram — with another co-anafunctor X & C U) 4% BG
for a G-principal bundle, hence a collection of transition functions {g;; : U; NU; — G} amounts to choosing
(possibly on a refinement V' of the cover U of X)

e on each V; NV; alift g;; of g;; to a familly of smooth based paths in G — g;; : (V;NV;) x A = G —
with endpoints g;;;

e on each V; N'V; NV, a smooth family g;;x : (V; N V; N Vi) x A?2 — G of disks interpolating between
these paths;

e on each V;NV; NV, NV, a a smooth family g,k : (ViNV; NV, NV;) x A®> — G of 3-balls interpolating
between these disks.

On this data the morphism | As €XD(12) acts by sending each 3-cell to the number

fh‘jle/ Gijpit mod Z,
Aii

where p is regarded in this formula as a closed 3-form on G.
We say this is Lie integration of Lie algebra cocycles.

Proposition 1.3.88. For G = Spin, the Cech cohomology cocycle obtained this way is the first fractional
Pontryagin class of the G-bundle classified by G.

We shall show this below, as part of our L,-algebraic reconstruction of the above motivating example.
In order to do so, we now add differential refinement to this Lie integration of characteristic classes.

1.3.5.4 L ,-algebra valued connections In 1.3.1 we described ordinary connections on bundles as well
as connections on 2-bundles in terms of parallel transport over paths and surfaces, and showed how such
is equivalently given by cocycles with coefficients in Lie-algebra valued differential forms and Lie 2-algebra
valued differential forms, respectively.
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Notably we saw for the case of ordinary U(1)-principal bundles, that the connection and curvature data
on these is encoded in presheaves of diagrams that over a given test space U € CartSp look like

U—BU(1) transition function
II(U) —— BINN(U) connection
I1I(U) B2U(1) curvature

together with a constraint on the bottom morphism.

It is in the form of such a kind of diagram that the general notion of connections on oco-bundles may be
modeled. In the full theory in 2 this follows from first principles, but for our present introductory purpose we
shall be content with taking this simple situation of U(1)-bundles together with the notion of Lie integration
as sufficient motivation for the constructions considered now.

So we pass now to what is to some extent the reverse construction of the one considered before: we define
a notion of L,-algebra valued differential forms and show how by a variant of Lie integration these integrate
to coefficient objects for connections on co-bundles.

1.3.5.5 Curvature characteristics and Chern-Simons forms For G a Lie group, we have described
above connections on G-principal bundles in terms of cocycles with coefficients in the Lie-groupoid of Lie-
algebra valued forms BG onn

BGeonn connection

pseudo-connection

transition function

In this context we had derived Lie-algebra valued forms from the parallel transport description BG onn =
[P1(—),BG]. We now turn this around and use Lie integration to construct parallel transport from Lie-
algebra valued forms. The construction is such that it generalizes verbatim to co-Lie algebra valued forms.
For that purpose notice that another classical dg-algebra associated with g is its Weil algebra W(g).

Proposition 1.3.89. The Weil algebra W(g) is the free dg-algebra on the graded vector space g*, meaning
that there is a natural bijection

HomdgAlg(W(g), A) I HOInVcctz (g*, A) 9

which is singled out among the isomorphism class of dg-algebras with this property by the fact that the
projection of graded vector spaces g* @ g*[1] — g* extends to a dg-algebra homomorphism

CE(g) «+ W(g) : i".

(Notice that general the dg-algebras that we are dealing with are semi-free dg-algebras in that only their
underlying graded algebra is free, but not the differential).
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The most obvious realization of the free dg-algebra on g* is A*(g* @ g*[1]) equipped with the differential
that is precisely the degree shift isomorphism o : g* — g*[1] extended as a derivation. This is not the Weil
algebra on the nose, but is of course isomorphic to it. The differential of the Weil algebra on A®(g* @ g*[1])
is given on the unshifted generators by the sum of the CE-differential with the shift isomorphism

dw (g)lgr = der@ +0-

This uniquely fixes the differential on the shifted generators — a phenomenon known (at least after mapping
this to differential forms, as we discuss below) as the Bianchi identity.
Using this, we can express also the presheaf BGgg from above in diagrammatic fashion

Observation 1.3.90. For G a simply connected Lie group, the presheaf BGgs € [CartSp°P, Grpd] is
isomorphic to

Dot (U ¥ Ak)Avcrt ~— CE(g)

BGaig =71 | exp(@)aig : (U, [K]) — T T
Q*(U x AF)A <—+ W(g)

where on the right we have the 1-truncation of the simplicial presheaf of diagrams as indicated, where the
vertical morphisms are the canonical ones.

Here over a given U the bottom morphism in such a diagram is an arbitrary g-valued 1-form A on U x A,
This we can decompose as A = Ay + Ayer, where Ay vanishes on tangents to A* and Ayeq on tangents
to U. The commutativity of the diagram asserts that Ayt has to be such that the curvature 2-form F4
vanishes when both its arguments are tangent to A*.

On the other hand, there is in the above no further constraint on Ay. Accordingly, as we pass to the
1-truncation of exp(g)aig we find that morphisms are of the form (Ay); < (Ay)s with (Ay)? arbitrary. This
is the definition of BGgig.

We see below that it is not a coincidence that this is reminiscent to the first condition on an Ehresmann
connection on a G-principal bundle, which asserts that restricted to the fibers a connection 1-form on the
total space of the bundle has to be flat. Indeed, the simplicial presheaf BG4 may be thought of as the
oo-sheaf of pseudo-connections on trivial oo-bundles. Imposing on this also the second Ehresmann condition
will force the pseudo-connection to be a genuine connection.

We now want to lift the above construction exp(u) of characteristic classes by Lie integration of Lie
algebra cocycles p from plain bundles classified by BG to bundles with (pseudo-)connection classified by
BGair. By what we just said we therefore need to extend exp(u) from a map on just exp(g) to a map on
exp(g)qig- This is evidently achieved by completing a square in dgAlg of the form

vert

CE(g)y < CE(b"'R)

| T

W(g) <—— W("'R)

and defining exp(ut)aifr : exp(g)air — exp(b” 'R)qiz to be the operation of forming pasting composites with
this.

Here W(b"~'R) is the Weil algebra of the Lie n-algebra " ~'R. This is the dg-algebra on two generators
c and k, respectively, in degree n and (n + 1) with the differential given by dw@pn-1r) : ¢ — k. The
commutativity of this diagram says that the bottom morphism takes the degree-n generator ¢ to an element
cs € W(g) whose restriction to the unshifted generators is the given cocycle p.

As we shall see below, any such choice cs will extend the characteristic cocycle obtained from exp(u)
to a characteristic differential cocycle, exhibiting the oo-Chern-Weil homomorphism. But only for special
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nice choices of cs will this take genuine co-connections to genuine oco-connections — instead of to pseudo-
connections. As we discuss in the full co-Chern-Weil theory, this makes no difference in cohomology. But
in practice it is useful to fine-tune the construction such as to produce nice models of the oo-Chern-Weil
homomorphism given by genuine oo-connections. This is achieved by imposing the following additional
constraint on the choice of extension cs of pu:

Definition 1.3.91. For p € CE(g) a cocycle and cs € W(g) a lift of  through W(g) <— CE(g), we say that
dw(g) is an invariant polynomial in transgression with u if dyyg) sits entirely in the shifted generators, in
that dW(g) € A°g*[1] = W(g).

Definition 1.3.92. Write inv(g) C W(g) (or W(g)pasic) for the sub-dg-algebra on invariant polynomials.
Observation 1.3.93. We have W(b"~'R) ~ CE(b"R).

Using this, we can now encode the two conditions on the extension cs of the cocycle u as the commutativity
of this double square diagram

CE(g) <X CE(b"~'R) cocycle
W(g) <—= W(b" 'R) Chern-Simons element
inv(g) —— inv(b"'R) invariant polynomial

Definition 1.3.94. In such a diagram, we call cs the Chern-Simons element that exhibits the transgression
between p and (—).

We shall see below that under the co-Chern-Weil homomorphism, Chern-Simons elements give rise to
the familiar Chern-Simons forms — as well as their generalizations — as local connection data of secondary
characteristic classes realized as circle nn-bundles with connection.

Observation 1.3.95. What this diagram encodes is the construction of the connecting homomorphism for
the long exact sequence in cohomology that is induced from the short exact sequence

ker(i*) — W(g) — CE(g)
subject to the extra constraint of basic elements.
(=) <=——()

g

s <~———cs

*

CE(g) <—— W(g) <— inv(g)
To appreciate the construction so far, recall the following classical fact

Fact 1.3.96. For G a compact Lie group, the rationalization BG ® k of the classifying space BG is the
rational space whose Sullivan model is given by the algebra inv(g) of invariant polynomials on the Lie algebra
g.

76



So we have obtained the following picture:

delooped oo-group BG g CE(g) Chevalley-Eilenberg algebra

delooped groupal

universal co-bundle BEG inn(g)  W(g) = CE(inn(g)) Weil algebra

algebra of
invariant polynomials

rationalized

ng n;—1 .
classifying space [[;B"R [[;0™ 'R inv(g)

Lie integration

o
Example 1.3.97. For g a semisimple Lie algebra, (—, —) the Killing form invariant polynomial, there is a
Chern-Simons element cs € W(g) witnessing the transgression to the cocycle u = —%(—, [—,—]). Under a

g-valued form Q°*(X) « W(g) : A this maps to the ordinary degree 3 Chern-Simons form

cs(A) = (AAdA) + (AN[ANA]).

1
3

1.3.5.6 oco-Connections from Lie integration For g an L..-algebroid we have seen above the object
exp(g)aig that represents pseudo-connections on exp(g)-principal co-bundles and serves to support the oo-
Chern-Weil homomorphism. We now discuss the genuine oco-connections among these pseudo-connections.
A derivation from first principles of the following construction is given below in 3.3.12.

The construction is due to [SSS09¢| and [F'SS10].

Definition 1.3.98. Let X be a smooth manifold and g an L..-algebra algebra or more generally an L .-
algebroid.
An L, -algebroid valued differential form on X is a morphism of dg-algebras

Q*(X)«—W(g): A
from the Weil algebra of g to the de Rham complex of X. Dually this is a morphism of L..-algebroids
A:TX — inn(g)

from the tangent Lie algebroid to the Weil algebra—inner automorphism oco-Lie algebra.
Its curvature is the composite of morphisms of graded vector spaces

0*(X) & W(g) & g*[1]: Fa .

Precisely if the curvatures vanish does the morphism factor through the Chevalley-Eilenberg algebra

in which case we call A flat.
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Remark 1.3.99. For {z°} a coordinate chart of an L..-algebroid a and
A% = A(z?) € Q@) (X))
the differential form assigned to the generator x® by the a-valued form A, we have the curvature components
F4 = A(dz®) € Qdesl=)+(X)
Since dw = dcg + d, this can be equivalently written as
F} = A(dwz® — degz?),

so the curvature of A precisely measures the “lack of flatness” of A. Also notice that, since A is required to
be a dg-algebra homomorphism, we have

Adw(ayr") = darA”,

so that
A(dCE(a)x“) = ddRAa — FK .

Assume now A is a degree 1 a-valued differential form on the smooth manifold X, and that cs is a
Chern-Simons element transgressing an invariant polynomial (—) of a to some cocycle p, by def. 1.3.91. We
can then consider the image A(cs) of the Chern-Simons element cs in Q°(X). Equivalently, we can look at
cs as a map from degree 1 a-valued differential forms on X to ordinary (real valued) differential forms on X.

Definition 1.3.100. In the notations above, we write

0 (X) <2 W(a) <= WO IR) : cs(A)

for the differential form associated by the Chern-Simons element cs to the degree 1 a-valued differential form

A, and call this the Chern-Simons differential form associated with A.
Similarly, for (=) an invariant polynomial on a, we write (F4) for the evaluation

Qe A W(a) < iny("IR) : (F).

closed

(X)

We call this the curvature characteristic forms of A.

Definition 1.3.101. For U a smooth manifold, the co-groupoid of g-valued forms is the Kan complex
exp(@)conn(U) : [k = {Q°(U x A¥) & W(g) | Vo€ D(TAY) 51, Fa =0}

whose k-morphisms are g-valued forms A on U x A* with sitting instants, and with the property that their
curvature vanishes on vertical vectors.
The canonical morphism
exp(@)conn — €xp(g)

to the untruncated Lie integration of g is given by restriction of A to vertical differential forms (see below).

Here we are thinking of U x A¥ — U as a trivial bundle.
The first Ehresmann condition can be identified with the conditions on lifts V in co-anafunctors

exXp(8)conn
-
o) exp(g)
lz
X

that define connections on co-bundles.
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1.3.5.6.1 Curvature characteristics

Proposition 1.3.102. For A € exp(g)conn(U, [k]) a g-valued form on U x A* and for (=) € W(g) any
invariant polynomial, the corresponding curvature characteristic form (Fa) € Q®*(U x AF) descends down to
U.

To see this, it is sufficient to show that for all v € I'(TA¥) we have
1. 1, (F4) =0;
2. L,(Fa)=0.

The first condition is evidently satisfied if already ¢,F'4 = 0. The second condition follows with Cartan
calculus and using that dqr(F4) = 0:

£U<FA> = dLU<FA> + [/'Ud<FA> =0.

Notice that for a general co-Lie algebra g the curvature forms F4 themselves are not generally closed
(rather they satisfy the more Bianchi identity), hence requiring them to have no component along the simplex
does not imply that they descend. This is different for abelian co-Lie algebras: for them the curvature forms
themselves are already closed, and hence are themselves already curvature characteristics that do descent.

It is useful to organize the g-valued form A, together with its restriction Aye¢ to vertical differential
forms and with its curvature characteristic forms in the commuting diagram

Avert

Q*(U x Ak)vcrt <— CE(g) gauge transformation
Q°(U x AF) 4 W(g) g-valued form
T (Fa) . T N
Q*(U) =<——— inv(g) curvature characteristic forms

in dgAlg. The commutativity of this diagram is implied by ¢, F4 = 0.

Definition 1.3.103. Write exp(g)cw (U) for the oco-groupoid of g-valued forms fitting into such diagrams.

QO (U x AF) it CE(g)

T |

exp(@)ew (U) - [K] = ¢ Qo(U x AF) <2 W(qg)

T |

Q*(U) inv(g)

(Fa)

We call this the coeflicient for g-valued co-connections

1.3.5.6.2 1-Morphisms: integration of infinitesimal gauge transformations The 1-morphisms
in exp(g)(U) may be thought of as gauge transformations between g-valued forms. We unwind what these
look like concretely.

Definition 1.3.104. Given a 1-morphism in exp(g)(X), represented by g-valued forms
QU x AY) «+ W(g): A
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consider the unique decomposition
A=Ay + (Avert := AAdL)

with Ay the horizonal differential form component and ¢ : A = [0,1] — R the canonical coordinate.
We call \ the gauge parameter. This is a function on Al with values in O-forms on U for g an ordinary
Lie algebra, plus 1-forms on U for g a Lie 2-algebra, plus 2-forms for a Lie 3-algebra, and so forth.

We describe now how this encodes a gauge transformation
Ap(s =0) D Ap(s=1).

Observation 1.3.105. By the nature of the Weil algebra we have

d
£AUZdU)\—l—[)\/\A]+[)\/\A/\A]+~-~+L5FA,

where the sum is over all higher brackets of the co-Lie algebra g.

In the Cartan calculus for the case that g an ordinary one writes the corresponding second Ehremsnn
condition 1p,F4a = 0 equivalently
Lo A=ad)A.

Definition 1.3.106. Define the covariant derivative of the gauge parameter to be
VAX:i=dA+[AANN+[ANAANNA+---.
Remark 1.3.107. In this notation we have
e the general identity J

Ay =V Fa)s
2 Av VA4 (Fa)

e the horizontality constraint or second Fhresmann condition tg, Fa = 0, the differential equation

da

Ay =VA.
dSUV

This is known as the equation for infinitesimal gauge transformations of an oo-Lie algebra valued form.

Observation 1.3.108. By Lie integration we have that Ayers — and hence A — defines an element exp(M) in
the oo-Lie group that integrates g.

The unique solution Ay (s = 1) of the above differential equation at s = 1 for the initial values Ay (s = 0)
we may think of as the result of acting on Ay (0) with the gauge transformation exp(\).
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1.3.5.7 Examples of oco-connections We discuss some examples of co-groupoids of oco-connections
obtained by Lie integration, as discussed in 1.3.5.6 above.

e 1.3.5.7.1 — Connections on ordinary principal bundles

e 1.3.5.7.2

1.3.5.7.1 Connections on ordinary principal bundles Let g be an ordinary Lie algebra and write
G for the simply connected Lie group integrating it. Write BG .o, the groupoid of Lie algebra-valued forms
from prop. 1.3.36.

Proposition 1.3.109. The I-truncation of the object exp(g)conn from def. 1.8.101 is equivalent to the
coefficient object for G-principal connections from prop. 1.3.36. We have an equivalence

T1 eXp(g)conn = BGconn

Proof. To see this, first note that the sheaves of objects on both sides are manifestly isomorphic, both
are the sheaf of Q'(—,g). For morphisms, observe that for a form Q*(U x A!) <~ W(g) : A which we may
decompose into a horizontal and a verical piece as A = Ay + A A dt the condition ts, F'a = 0 is equivalent to
the differential equation

0
A= dud+n 4]

For any initial value A(0) this has the unique solution
A(t) = g(t)" (A +dy)g(t),

where g : [0,1] — G is the parallel transport of A:

& (o)™ A+ do)g(t)

=g(t) " (A +du)Ag(t) — g(t) " A(A + dv)g(t)
(where for ease of notation we write actions as if G were a matrix Lie group).

In particular this implies that the endpoints of the path of g-valued 1-forms are related by the usual
cocycle condition in BG opnp

A1) = g(1)7H (A +du)g(1).
In the same fashion one sees that given 2-cell in exp(g)(U) and any l-form on U at one vertex, there is
a unique lift to a 2-cell in exp(g)conn, obtained by parallel transporting the form around. The claim then
follows from the previous statement of Lie integration that 71 exp(g) = BG. O

1.3.5.7.2 string-2-connections We discuss the string Lie 2-algebra and local differential form data
for string-2-connections. A detailed discussion of the corresponding String-principal 2-bundles is below in
4.1.3, more discussion of the 2-connections and their twisted generalization is in 4.4.4.

Let g be a semisimple Lie algebra. Write (—, —) : g®2 — R for its Killing form and
p={(=-1:g® =R
for the canonical 3-cocycle.
We discuss two very different looking, but nevertheless equivalent Lie 2-algebras.

Definition 1.3.110 (skeletal version of stving). Write g, for the Lie 2-algebra whose underlying graded
vector space is
9 =9 S R[_l] )

and whose nonvanishing brackets are defined as follows.
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e The binary bracket is that of g when both arguments are from g and 0 otherwise.

e The trinary bracket is the 3-cocycle

[_7_’ _]gu = <_7 [_7 _]> :g®3 — R.

Definition 1.3.111 (strict version of string). Write (Qg — P.g) for the Lie 2-algebra coming from the
differential crossed module, def. 1.3.6, whose underlying vector space is

(Qg — Pg) = Pga (Qg & R)[-1],

where P,g is the vector space of smooth maps « : [0, 1] — g such that v(0) = 0, and where Qg is the subspace
for which also v(1) = 0, and whose non-vanishing brackets are defined as follows

o [-]1=0:=QgBR — Qg — P.g;

e [—,—]: P,g ® P.g — P.g is given by the pointwise Lie bracket on g as
[v1,72] = (0= [11(0),v2(0)]) 5
o [—,—]: Pg®(QgdR) —» Qg @R is given by pairs

ot = (102 [ (o). Seoya ) 1)

where the first term is again pointwise the Lie bracket in g.
Proposition 1.3.112. The linear map
P.gd Qg R)[-1] = gdR[-1],
which in degree 0 is evaluation at the endpoint
7= (1)
and which in degree 1 is projection onto the R-summand, induces a weak equivalence of Lo, algebras
string ~ (Qg — P.g) ~ g,

Proof. This is theorem 30 in [BCSS07]. O

Definition 1.3.113. We write string for the string Lie 2-algebra if we do not mean to specify a specific
presentation such as so,, or (250 — P.s50).

In more technical language we would say that string is defined to be the homotopy fiber of the morphism
of Leo-algebras i3 : 50 — b?R, well defined up to weak equivalence.

Remark 1.3.114. Proposition 1.3.112 says that the two Lie 2-algebras (Qg — P.g) and g,, which look
quite different, are actually equivalent. Therefore also the local data for a String-2 connection can take two
very different looking but nevertheless equivalent forms.

Let U be a smooth manifold. The data of (Qg — P,g)-valued forms on X is a triple

1. AeQYU, Pg);
2. B € Q*(U,Qg);
3. Be Q*(U,R) .
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consisting of a 1-form with values in the path Lie algebra of g, a 2-form with values in the loop Lie algebra
of g, and an ordinary real-valued 2-form that contains the central part of Qg = Qg @ R. The curvature data
of this is

1. F=dA+ J[ANA]+ B € Q*(U, Pg);
2. H=d(B+ B)+[AA(B+B) € B®(U,Qg®R), ,

where in the last term we have the bracket from (1.1). Notice that if we choose a basis {t,} of g such that
we have structure constant [tp,t.] = f*pcta, then for instance the first equation is

Fo)=dA% o) + %f“bcAb(J) N A(o) + B% (o).

On the other hand, the data of forms in the equation Lie algebra g, on U is a tuple
1. Ae QYU g);
2. Be Q*(U,R),
consisting of a g-valued form and a real-valued 2-form. The curvature data of this is
1. F=dA+[ANAA] € Q%g);
2. H=dB+ (AN[AA A]) € B3(U).

While these two sets of data look very different, proposition 1.3.112 implies that under their respective
higher gauge transformations they are in fact equivalent.

Notice that in the first case the 2-form is valued in a nonabelian Lie algebra, whereas in the second case
the 2-form is abelian, but, to compensate this, a trilinear term appears in the formula for the curvatures.
By the discussion in section 1.3.5.6 this means that a g,-2-connection looks simpler on a single patch than
an (Qg — P.g)-2-connection, it has relatively more complicated behavious on double intersections.

Moreover, notice that in the second case we see that one part of Chern-Simons term for A occurs, namely
(AN[ANA]) . The rest of the Chern-Simons term appears in this local formula after passing to yet another
equivalent version of string, one which is well-adapted to the discussion of twisted String 2-connections. This
we discuss in the next section.

The equivalence of the skeletal and the strict presentation for string corresponds under Lie integration
to two different but equivalent models of the smooth String-2-group.

Proposition 1.3.115. The degeewise Lie integration of Qso — P.so yields the strict Lie 2-group (QSpin —
P,Spin), where QSpin is the level-1 Kac-Moody central extension of the smooth loop group of Spin.

Proof. The nontrivial part to check is that the action of P.so on Qso lifts to a compatible action of
P, Spin on QSpin. This is shown in [BCSS07]. O
Below in 4.1.3 we show that there is an equivalence of smooth n-stacks

B(QSpin — P,Spin) ~ 1y exp(g,.) -

1.3.6 The co-Chern-Weil homomorphism in low degree

We now come to the discussion the Chern-Weil homomorphism and its generalization to the co-Chern-Weil
homomorphism.

We have seen in 1.3.1 G-principal oo-bundles for general smooth oco-groups G and in particular for
abelian groups G. Naturally, the abelian case is easier and more powerful statements are known about this
case. A general strategy for studying nonabelian oo-bundles therefore is to approzimate them by abelian
bundles. This is achieved by considering characteristic classes. Roughly, a characteristic class is a map that
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functorially sends G-principal co-bundles to B™ K-principal oco-bundles, for some n and some abelian group
K. In some cases such an assignment may be obtained by integration of infinitesimal data. If so, then the
assignment refines to one of co-bundles with connection. For G an ordinary Lie group this is then what is
called the Chern-Weil homomorphism. For general G we call it the co-Chern-Weil homomorphism.

The material of this section is due to [SSS09a] and [FSS10].

1.3.6.1 Motivating examples A simple motivating example for characteristic classes and the Chern-
Weil homomorphism is the construction of determinant line bundles from example 1.3.64. This construction
directly extends to the case where the bundles carry connections. We give an exposition of this differential
refinement of the universal first Chern class, example 1.3.64. A more formal discussion of this situation is
below in 4.4.2.

We may canonically identify the Lie algebra u(n) with the matrix Lie algebra of skew-hermitian matrices
on which we have the trace operation
tr:u(n) — u(l) =4iR.

This is the differential version of the determinant in that when regarding the Lie algebra as the infinitesimal
neighbourhood of the neutral element in U(NN) the determinant becomes the trace under the exponential
map

det(1+€A) =1+ etr(A)

for €2 = 0. It follows that for tray : P1(U;) — BU(N) the parallel transport of a connection on P locally
given by a 1-forms A4 € QY(U;,u(N)) by
tray (y) = Pexp/ ~v*A
[0,1]
the determinant parallel transport

det

det(tray =: P1(U;) "= BU(N) & BU(1)

is locally given by the formula

det(tray (7)) = P exp / V1A,
[0,1]

which means that the local connection forms on the determinant line bundle are obtained from those of the
unitary bundle by tracing.

(det, tr) : {(gi5), (Ai)} = {(detgyj), (trdi)} .

This construction extends to a functor
(€1) := (det, tr) : U(N)Bundeonn (X) — U(1)Bundeonn (X)

natural in X, that sends U(n)-principal bundles with connection to circle bundles with connection, hence to
cocycles in degree-2 ordinary differential cohomology.
This assignment remembers of a unitary bundle one inegral class and its differential refinement:

o the integral class of the determinant bundle is the first Chern class the U(N)-bundle
[€1(P)] = e1(P);
e the curvature 2-form of its connection is a representative in de Rham cohomology of this class

[F9e,m] = c1(Par -
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Hig(X / \
H*(X,Z) X) tr(Fy)
Equivalently this assignment is given by postcomposition of cocycles with a morphism of smooth co-groupoids
¢1: BU(N)conn = BU(1)conn -

We say that ¢; is a differential characteristic class, the differential refinement of the first Chern class.

In [BrMc96b] an algorithm is given for contructing differential characteristic classes on Cech cocycles in
this fashion for more general Lie algebra cocycles.

For instance these authors give the following construction for the diffrential refinement of the first Pon-
tryagin class [BrMc93].

Let N € N, write Spin(/N) for the Spin group and consider the canonical Lie algebra cohomology 3-cocycle

p=(=[= =] :so(n) > b’R

on semisimple Lie algebras, where (—, —) is the Killing form invariant polynomial. Let (P — X, V) be a
Spin(NV)-principal bundle with connection. Let A € Q!(P,s0(N)) be the Ehresmann connection 1-form on
the total space of the bundle.

Then construct a Cech cocycle for Deligne cohomology in degree 4 as follows:

1. pick an open cover {U; — X} such that there is a choice of local sections o; : U; — P. Write
(9i5, Ai) = (U 0j,0;A)
for the induced Cech cocycle.
2. Choose a lift of this cocycle to an assignment
e of based paths in Spin(/N) to double intersections
Gij : Uiy x A' — Spin(N),
with §;;(0) = e and g;;(1) = gij;
e of based 2-simplices between these paths to triple intersections
Giji  Uijie X A% — Spin(N) ;
restricting to these paths in the obvious way;
e similarly of based 3-simplices between these paths to quadruple intersections
Gijit : Uijrr X A? — Spin(N).

Such lifts always exists, because the Spin group is connected (because already SO(N) i ) simply
connected (because Spm(N ) is the universal cover of SO(N)) and also has mo(Spin(N )) = 0 (because
this is the case for every compact Lie group).

3. Define from this a Deligne-cochain by setting

fA?’E gukl * ( )modZ,

%f’l(f’) = (Gijit, Aijrs Bij, Ci) == Ja 2((01) giﬁ-?) (( ),)7 ,

where cs(A) = (A A Fa) + ¢(A N [A A A]) is the Chern-Simons form of the connection form A with
respect to the cocyle p(A) = (AN [A A A)).
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They then prove:
1. This is indeed a Deligne cohomology cocycle;

2. it represents the differential refinement of the first fractional Pontryagin class of P.

Hig(X) $p1(P)

PN N

HY(X,Z) Qq(X)  ip(P) des(A)

In the form in which we have (re)stated this result here the second statement amounts, in view of the first
statement, to the observation that the curvature 4-form of the Deligne cocycle is proportional to

des(A) oc (Fa A Fa) € Q4(X)

which represents the first Pontryagin class in de Rham cohomology. Therefore the key observation is that
we have a Deligne cocycle at all. This can be checked directly, if somewhat tediously, by hand.

But then the question remains: where does this successful Ansatz come from? And is it natural? For
instance: does this construction extend to a morphism of smooth oco-groupoids

1
5[31 : BSpin(N)conn — BSU(1>conn

from Spin-principal bundles with connection to circle 3-bundles with connection?

In the following we give a natural presentation of the co-Chern-Weil homomorphism by means of Lie
integration of L..-algebraic data to simplicial presheaves. Among other things, this construction yields an
understanding of why this construction is what it is and does what it does.

The construction proceeds in the following broad steps

1. The infinitesimal analog of a characteristic class ¢ : BG — B"U(1) is an L.-algebra cocycle
pig— bR,
2. There is a formal procedure of universal Lie integration which sends this to a morphism of smooth

oo-groupoids
exp(p) : exp(g) — exp(b"'R) ~ B"R

presented by a morphism of simplicial presheaves on CartSp.

3. By finding a Chern-Simons element cs that witnesses the transgression of y to an invariant polynomial
on g this construction has a differential refinement to a morphism

exp(,u7 CS) : eXp(g)conn — B"Reonn
that sends L.-algebra valued connections to line n-bundles with connection.

4. The n-truncation cosk,+1 exp(g) of the object on the left produces the smooth co-groups on interest
— cosk,, 1 exp(g) ~ BG — and the corresponding truncation of exp((u, cs)) carves out the lattice I' of
periods in G of the cocycle p inside R. The result is the differential characteristic class

CXp(ﬂa CS) : BGconn — BnR/Fconn .
Typically we have I' ~ Z such that this then reads

eXp(M,CS) : BGconn — BnU(l)Conn .
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1.3.6.2 The oco-Chern-Weil homomorphism In the full co-Chern-Weil theory the oo-Chern-Weil
homomorphism is conceptually very simple: for every n there is canonically a morphism of smooth co-
groupoids B"U(1) — bqrB"T*U(1) where the object on the right classifies ordinary de Rham cohomol-
ogy in degree n + 1. For G any oo-group and any characteristic class ¢ : BG — B"1U(1), the oo-
Chern-Weil homomorphism is the operation that takes a G-principal co-bundle X — BG to the composite
X — BG — B"U(1) = bggB"1U(1).

All the construction that we consider here in this introduction serve to mode this abstract operation.
The oo-connections that we considered yield resolutions of B"U(1) and BG in terms of which the abstract
morphisms are modeled as co-anafunctors.

1.3.6.2.1 oo-Chern-Simons functionals If we express G by Lie integration of an oo-Lie algebra
g, then the basic co-Chern-Weil homomorphism is modeled by composing an oo-connection (Ayert, 4, (Fa))
with the transgression of an invariant polynomial (u,cs, (—)) as follows

Q*(U x Ak)vix"e CE(g) Cech cocycle CE(g) <CE(b"'R) cocycle
. kA . Q;
Q*(U x A®)<— W(g) connection . W(g) <SW(b"~1R) Chern-Simons
element
. (Fa) . curvature

Q*(U) =—— inv(g) characteristic forms . (=) 1 invariant
inv(g) < inv(b" 'R) .

polynomial

Q*(U x Ak)verfvm CE(g) ~ CE(b"'R) s p(Avert) characteristic class

B Q*(U x AF) 4 Wi(g) W™ — 1R) sesu(A) Chern-Simons form

. (Fa) . (=) . n—1 ] curvature
@ (v) inv(g) nv (6" R) ) characteristic forms

This evidently yields a morphism of simplicial presheaves
exp (1) conn : €Xp(9)conn — eXP(0" ' R)conn
and, upon restriction to the top two horizontal layers, a morphism
exp()aisr © exp(@)air — exp(b" ' R)qige -
Projection onto the third horizontal component gives the map to the curvature classes
exp(b" ' R)gig — bar exp(b"R)simp ,
In total, this constitutes an oco-anafunctor

exp(g)aift md&p(b"*lR)diff —harb"R

lN

exp(g)
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Postcomposition with this is the simple co-Chern-Weil homomorphism: it sends a cocycle

C(U) —— exp(g)

lw

X
for an exp(g)-principal bundle to the curvature form represented by

cv) @GXP(Q)diH Mdggip(bnflR)diff —barbd"R .

-,k

cw) exp(g)

lz

X

R

g

Proposition 1.3.116. For g an ordinary Lie algebra with simply connected Lie group G, the image under
71(—) of this diagram constitutes the ordinary Chern-Weil homomorphism in that:

for g the cocycle for a G-principal bundle, any ordinary connection on a bundle constitutes a lift (g, V)
to the tip of the anafunctor and the morphism represented by that is the Cech-hypercohomology cocycle on
X with values in the truncated de Rham complex given by the globally defined curvature characteristic form

(Fy A--- N Fy).

But evidently we have more information available here. The ordinary Chern-Weil homomorphism refines
from a map that assigns curvature characteristic forms, to a map that assigns secondary characteristic classes
in the sense that it assigns circle n-bundles with connection whose curvature is this cuvature characteristic
form. The local connection forms of these circle bundles are given by the middle horizontal morphisms.
These are the Chern-Simons forms

Q°(U) & W(g) £ WO 'R) : cs(A).

1.3.6.2.2 Secondary characteristic classes So far we discussed the untruncated coefficient object
exp(g)conn Of g-valued oco-connections. The real object of interest is the k-truncated version 7% exp(g)conn
where k € N is such that 7, exp)g ~ BG is the delooping of the oo-Lie group in question.

Under such a truncation, the integrated oo-Lie algebra cocycle exp(u) : exp(g) — exp(b" *R) will no
longer be a simplicial map. Instead, the periods of p will cut out a lattice I' in R, and exp(u) does descent
to the quotient of R by that lattice

exp(u) : 7 exp(g) - B"R/T".

We now say this again in more detail.
Suppose g is such that the (n+1)-coskeleton cosk,, 41 exp(g) =~ BG for the desired G. Then the periods
of u over (n + 1)-balls cut out a lattice I' C R and thus we get an co-anafunctor

COSkn+1 exp(g)diff I—— BnR/Fdlﬁ‘ E—— bdRBnJrlR/F

lz

BG
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This is curvature characteristic class. We may always restrict to genuine oco-connections and refine

COSkn+1 exp(g)conn e BnR/Fconn

COSkn+1 eXp(g)diﬂ‘ e BnR/Fdiﬂ‘ e bdRBn+1R/F

lN

BG

which models the refined co-Chern-Weil homomorphism with values in ordinary differential cohomology

Heonn(X, G) — Hegh, (X, R/T).

conn

Example 1.3.117. Applying this to the discussion of the Chern-Simons circle 3-bundle above, we find a
differential refinement

exp(g)airexp(p)aif —= exp(b" R)qir -

| -

3,V
(9,V) B3U(1)diff

cosk; exp(g)air

o) —Y . BGua

Chasing components through this composite one finds that this descibes the cocycle in Deligne cohomology
given by
©s1v), [ sy, [ e8Gv). [ dan.
Al A? A3
This is the cocycle for the circle n-bundle with connection.

This is precisely the form of the Cech-Deligne cocycle for the first Pontryagin class given in [BrMc96b,
only that here it comes out automatically normalized such as to represent the fractional generator %pl.

By feeding in more general transgressive co-Lie algebra cocycles through this machine, we obtain cocy-
cles for more general differential characteristic classes. For instance the next one is the second fractional
Pontryagin class of String-2-bundles with connection [FSS10]. Moreover, these constructions naturally yield
the full cocycle oo-groupoids, not just their cohomology sets. This allows to form the homotopy fibers of
the co-Chern-Weil homomorphism and thus define differential string structures etc. and twisted differential
string structures etc. [SSS09c].
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2 General abstract theory

We discuss a general abstract theory of oo-toposes that serve as contexts for higher geometry of cohesive
oo-groupoids.

In 2.1 we consider basic notions of co-topos theory to set up our context and notation. In 2.2 we present
axiomatics of cohesive co-toposes. These induce a wealth of general internal structures, which we list and
discuss in 2.3. In 2.4 we add one more axiom that characterizes infinitesimal cohesive structure and again
discuss the induced structures.

2.1 oo-Toposes

The theory of co-toposes has been given a general abstract formulation in [LuHTT], using the oo-category
theory introduced by [Joyal] and building on [Re05] and [ToVe02]. One of the central results proven there is
that the old homotopy theory of simplicial presheaves, originating around [Br73] and developed notably in
[Jard87] and [Dugg01], is indeed a presentation of co-topos theory.

In the following sections we collect definitions and basic results of co-topos theory that we need in our
subsequent developments. Much of this is a review of material available in the literature and the reader
familiar with this theory can skip ahead to our main contribution, the discussion of cohesive co-toposes in
2.2. We shall refer back to this section here as needed.

e 2.1.1 — oo-Categories and their presentations
e 2.1.2 — oo-Category theory;

e 2.1.3 — co-Toposes;

e 2.1.4— Presentations of co-toposes;

e 2.1.5 — co-Sheaves and descent

2.1.6 — co-Sheaves with values in chain complexes and strict co-groupoids

2.1.1 oo-Categories and their presentations

The natural joint generalization of the notion of category and of homotopy type is that of oco-category: a
collection of objects, such that between any ordered pair of them there is a homotopy type of morphisms.
We briefly survey key definitions and properties in the theory of co-categories.

Definition 2.1.1. An co-category is a simplicial set C such that all horns A¢[n] — C that are inner, in that
0 < i < n, have an extension to a simplex A[n] — C.

An co-functor f : C — D between oo-categories C' and D is a morphism of the underlying simplicial
sets.

This definition is due [Joyal].

Remark 2.1.2. For C' an oo-category, we think of Cj as its collection of objects, and of C; as its collection
of morphisms and generally of C} as the collection of k-morphisms. The inner horn filling property can be
seen to encode the existence of composites of k-morphisms, well defined up to coherent (k + 1)-morphisms.
It also implies that for & > 1 these k-morphisms are invertible, up to higher morphisms. To emphasize this
fact one also says that C' is an (0o, 1)-category. (More generally an (oo, n)-category would have k morphisms
for all k such that for & > n these are equivalences.)

A convenient way of handling oco-categories is via sSet-enriched categories: categories which for each
ordered pair of objects has not just a set of morphisms, but a simplicial set of morphisms (see [Ke82] for
enriched category theory in general and section A of [LuHTT] for sSet-enriched category theory in the context
of co-category theory in particular):
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Proposition 2.1.3. There exists an adjunction between simplicially enriched categories and simplicial sets

-
(| = | 4 Np) : sSetCat sSet
Np,

such that

e if S € sSetCat is such that for all objects X, Y € S the simplicial set S(X,Y) is a Kan complex, then
NL(S) is an co-category;

e the unit of the adjunction is an equivalence of co-categories (see def. 2.1.5 below).
This is for instance prop. 1.1.5.10 in [LuHTT].

Remark 2.1.4. In particular, for C' an ordinary category, regarded as an sSet-category with simplicially
constant hom-objects, N;C' is an co-category. A functor C' — D is precisely an co-functor N,C' — N, D. In
this and similar cases we shall often notationally suppress the N,-operation. This is justified by the following
statements.

Definition 2.1.5. For C an oo-category, its homotopy category Ho(C) (or Hoe) is the ordinary category
obtained from |C| by taking connected components of all simplicial hom-sets:

HOc(X, Y) = 70(‘0‘()(’ Y)) .

A morphism f € C is called an equivalence if its image in Ho(C) is an isomorphism. Two objects in C
connected by an equivalence are called equivalent objects.

Definition 2.1.6. An oo-functor F': C' — D is called an equivalence of oo-categories if
1. Tt is essentially sujective in that the induced functor Ho(f) : Ho(C) — Ho(D) is essentially surjective;

2. and it is full and faithful in that for all objects X,Y the induced morphism fxy : |[C|(X,Y) —
|D|(X,Y) is a weak homotopy equivalence of simplicial sets.

For C an oco-category and X, Y two of its objects, we write
CX,Y):=[Cl(X,Y)

and call this Kan complex the hom-co-groupoid of C' from X to Y.
The following assertion guarantees that sSet-categories are indeed a faithful presentation of co-categories.

Proposition 2.1.7. For every oo-category C' the unit of the (| — | < Ny)-adjunction from prop. 2.1.8 is an
equivalence of co-categories

C S N|C|.
This is for instance theorem 1.1.5.13 together with remark 1.1.5.17 in [LuHTT].
Definition 2.1.8. An oco-groupoid is an oco-category in which all morphisms are equivalences.
Proposition 2.1.9. co-groupoids in this sense are precisely Kan complezes.

This is due to [Joyal02]. See also prop. 1.2.5.1 in [LuHTT].
A convenient way of constructing oco-categories in terms of sSet-categories is via categories with weak
equivalences.
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Definition 2.1.10. A category with weak equivalences (C, W) is a category C equipped with a subcategory
W C C which contains all objects of C' and such that W satsifies the 2-out-of-3 property: for every commuting

triangle
/ y \

r———z
in C with two of the three morphisms in W, also the third one is in W.

Definition 2.1.11. The simplicial localization of a category with weak equivalences (C, W) is the sSet-

category
Ly C € sSetCat

(or LC for short, when W is understood) given as follows: the objects are those of C; and for X, Y € C two
objects, the simplicial hom-set LC(X,Y") is the nerve of the following category:

e objects are equivalence classes of zig-zags of morphisms

~ ~

X <~—K; Ky <— .- Y

in C, such that the left-pointing morphisms are in W

e morphisms are equivalence classes of transformations of such zig-zags

K1—>K2<:—~-~

7 N\
N /

b
R
[hd
~

such that the vertical morphisms are in W;

e subject to the equivalence relation that identifies two such (transformations of) zig-zags if one is
obtained from the other by discarding identity morphisms and then composing consecutive morphisms.

This simplicial “hammock localization” is due to [DwKa80a].

Proposition 2.1.12. Let (C,W) be a category with weak equivalences and LC' be its simplicial localization.
Then its homotopy category in the sense of def. 2.1.5 is equivalent to the ordinary homotopy category
Ho(C,W) (the category obtained from C by universally inverting the morphisms in W ):

HoLy C ~ Ho(C,W).

A convenient way of controlling simplicial localizations is via sSetquilen-enriched model category struc-
tures (see section A.2 of [LuHTT] for a good discussion of all related issues).

Definition 2.1.13. A model category is a category with weak equivalences (C, W) that has all limits and
colimits and is equipped with two further classes of morphisms, Fib, Cof C Mor(C) — the fibrations and
cofibrations — such that (Cof,Fib N W) and (Cof N W, Fib) are two weak factorization systems on C.

An sSetquilien-enriched model category is a model category equipped with the structure of an sSet-enriched
category, such that the sSet-tensoring functor

O x SsetQuillen — C

is a left Quillen bifunctor.
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An object X € C'is called cofibrant if the canonical morphism () — X is a cofibration. It is called fibrant
if the canonical morphism X — * is a fibration.

Remark 2.1.14. The axioms on model categories directly imply that every object is weakly equivalent to
a fibrant object, and to a cofibrant objects and in fact to a fibrant and cofibrant objects.

Definition 2.1.15. For C' an (sSet-enriched) model category write
C° € sSetCat

for the full sSet-subcategory on the fibrant and cofibrant objects.

Proposition 2.1.16. Let C' be an sSetquilen-enriched model category. Then there is an equivalence of
oo-categories
C°~LC.

This is corollary 4.7 with prop. 4.8 in [DwKa80b].

Proposition 2.1.17. The hom-oo-groupoids (N,C°)(X,Y) are already correctly given by the hom-objects
in C from a cofibrant to a fibrant representative of the weak equivalence class of X and Y, respectively.

In this way sSetquillen-enriched model category structures constitute particularly convenient extra struc-
ture on a category with weak equivalences for constructing the corresponding oco-category.

2.1.2 oo-Category theory

The power of the notion of co-categories is that it supports the higher analogs of all the crucial facts of
ordinary category theory. This is a useful meta-theorem to keep in mind, originally emphasized by André
Joyal and Charles Rezk.

Fact 2.1.18. In general
e oco-Category theory parallels category theory;
e 0o-Topos theory parallels topos theory.

More precisely, essentially all the standard constructions and theorems have their co-analogs if only we
replace isomorphism between objects and equalities between morphisms consistently by equivalences and
coherent higher equivalences in an oco-category.

Definition 2.1.19. Let KanCplx C sSet be the full subcategory of sSet on the Kan complexes, regarded
naturally as an sSet-enriched category. We say that

ooGrpd := N KanCplx
is the co-category of co-groupoids.
Proposition 2.1.20. For C' and D two co-categories, sSet(C, D) is an oo-category.

Definition 2.1.21. We write Func(C, D) for the co-category and speak of the oco-category of co-functors
between C' and D.

Remark 2.1.22. The objects of Func(C, D) are indeed the oo-functors from def. 2.1.1. The morphisms
may be called co-natural transformations.

Definition 2.1.23. The opposite C°P of an oo-category C' is the co-category corresponding to the opposite
of the corresponding sSet-category.
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Definition 2.1.24. For C' an oco-category, we write
PSheo (C) := Func(C°P, coGrpd)
and speak of the co-category of co-presheaves on C.
The following is the co-category theory analog of the Yoneda lemma.

Proposition 2.1.25. For C' an oco-category, U € C any object, j(U) ~ C(—,U) : C°° — ocoGrpd an oo-
presheaf represented by U we have for every co-presheaf F' € PShoo (C) a natural equivalence of oo-groupoids

PSheo (C)(j(U), F) ~ F(U).

From this derives a notion of co-limits and of adjoint co-functors and they satisfy the expected properties.
For instance we shall have ample application for the following immediate co-category theoretic general-
ization of a basic 1-categorical fact.

Proposition 2.1.26 (pasting law for co-pullbacks). Let
a
d

be a diagram in an oco-category and suppose that the right square is an oco-pullback. Then the left square is
an co-pullback precisely if the outer rectangle is.

DN
N <—20

This appears as [LuHTT], lemma 4.4.2.1. Notice that here and in the following we do not explicitly
display the 2-morphisms/homotopies that do fill these diagrams in the given co-category.

In terms of this presentation of co-categories, adjoint oco-functors are presented by simplicial Quillen
adjunctions between simplicial model categories: the restriction of a simplicial Quillen adjunction to fibrant-
cofibrant objects is the sSet-enriched functor that presents the oo-derived functor under the model of co-
categories by simplicially enriched categories.

Proposition 2.1.27. Let C and D be simplicial model categories and let
L
(LAR): C=—_D
R

be an sSet-enriched adjunction whose underlying ordinary adjunction is a Quillen adjunction. Let C° and
D° be the co-categories presented by C and D (the Kan complex-enriched full sSet-subcategories on fibrant-
cofibrant objects). Then the Quillen adjunction lifts to a pair of adjoint co-functors

(LL4RR): C°=—= D°

On the decategorified level of the homotopy categories these are the total left and right derived functors,
respectively, of L and R.

This is [LuHTT], prop 5.2.4.6.
The following proposition states conditions under which a simplicial Quillen adjunction may be detected
already from knowing of the right adjoint only that it preserves fibrant objects (instead of all fibrations).

Proposition 2.1.28. If C and D are simplicial model categories and D is a left proper model category, then
for an sSet-enriched adjunction
(LAR): C=—_D

to be a Quillen adjunction it is already sufficient that L preserves cofibrations and R preserves fibrant objects.
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This appears as [LuHTT], cor. A.3.7.2.

We will use this for finding simplicial Quillen adjunctions into left Bousfield localizations of left proper
model categories: the left Bousfield localization preserves the left properness, and the fibrant objects in the
Bousfield localized structure have a good characterization: they are the fibrant objects in the original model
structure that are also local objects with respect to the set of morphisms at which one localizes. Therefore
for D the left Bousfield localization of a simplicial left proper model category E at a class S of morphisms,
for checking the Quillen adjunction property of (L 4 R) it is sufficient to check that L preserves cofibrations,
and that R takes fibrant objects ¢ of C' to such fibrant objects of E that have the property that for all f € S
the derived hom-space map RHom(f, R(c)) is a weak equivalence.

2.1.3 oo-Toposes

The natural context for discussing the geometry of spaces that are locally modeled on test spaces in some
category C (and equipped with a notion of coverings) is the category called the sheaf topos Sh(C') over
C [John03]. Analogously, the natural context for discussing the higher geometry of such spaces is the
oo-category called the oo-sheaf topos H = Sho(C) [LuHTT].

Following [LuHTT], for us “co-topos” means this:

Definition 2.1.29. An oco-topos is an acessible co-geometric embedding

L
H¢ Func(C°P, coGrpd)

into an oco-category of oo-presheaves over some small co-category C.

We say this is an co-category of co-sheaves (as opposed to a hypercompletion of such) if H is the reflective
localization at the covering sieves of a Grothendieck topology on the homotopy category of C (a topological
localization), and then write H = Sh,(C) with the site structure on C understood.

For H an oo-topos we write H(X,Y') for its hom-oo-groupoid between objects X and Y and write
H(X,Y)=nH(X,Y) for the hom-set in the homotopy category.

The theory of cohesive co-toposes revolves around situations where the following fact has a refinement:

Proposition 2.1.30. For every oco-topos H there is an essentially unique geometric morphism to the co-topos
ooGrpd.

A
(AHT): H="_ coGrpd
r

This is prop 6.3.41 in [LuHTT].

Proposition 2.1.31. Here I takes global sections — I'(—) ~ H(x,—) — and A forms constant co-sheaves —
A(—) =~ LConst(—).

Proof. By prop. 2.1.30 it is sufficient to exhibit an co-adjunction (LConst(—) 4 H(*,—)) such that the
left adjoint preserves finite co-limits. The latter follows since Const : coGrpd — PSh,(C) preserves all limits
(for C' some oo-site of definition for H) and L : PSh(C) — H by definition preserves finite oo-limits. To
show the co-adjunction we use the fact ([LuHTT], cor. 4.4.4.9 ) that every oco-groupoid is the co-colimit over
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itself of the co-functor constant on the point: S ~ lim *. From this we obtain the natural hom-equivalence
-5

H(LConstS, X) ~ PShe(ConstS, X)
~ PSh(Constlim *, X)
-

~ lim Psh(Constx*, X)
“ S

~ lim H(LConstx, X)
S

~ lim H(x, X)
“ S

~ lim ocoGrpd(x, H(x, X))
« s

~ ooGrpd(lim_+ H(x, X))

~ coGrpd(S, H(*, X)) .

Here and in the following “x” always denotes the terminal object in the corresponding oco-category. We used
that LConst preserves the terminal object (the empty oo-limit.) O
Another class of geometric morphisms that plays a role is base change.

Proposition 2.1.32. For f : X — Y any morphism in an oco-topos H, the over oco-categories H/X and
H/Y are themselves co-toposes and there is a geometric morphism

*

(A B/ X _H/X,

*

where f* is co-pullback along f.

This is prop. 6.3.5.1, remark 6.3.5.10 of [LuHTT].
In an ordinary topos every morphism has a unique factorization into an epimorphism followed by a
monomorphism, the image factorization.

In an oco-topos this notion generalizes to a tower of factorizations.

Definition 2.1.33. e An oo-groupoid is called k-truncated if all its homotopy groups 7>, are trivial. It
is called (—1)-truncated it is is either empty or contractible and (-2)-truncated if it is non-empty and
contractible.

e An oo-functor between oco-groupoids is called k-truncated for —2 < k < oo if all its homotopy fibers
are k-truncated.

e A morphism f: A — B in an co-topos H is k-truncated if for all objects X € H the induced oco-functor
H(X, f): H(X,A) — H(X, B) is k-truncated.

e A morphism is k-connected if it is an effective epimorphism and all homotopy groups m<, are trivial.
This is [LuHTT] def. 5.5.6.8, def. 6.5.1.10.

Remark 2.1.34. e A morphism is (—2)-truncated precisely if it is an equivalence.
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e A morphism between oco-groupoids that is (—1)-truncated is a full and faithful co-functor. A general
morphism that is (—1)-truncated is an co-monomorphism.

Proposition 2.1.35. In an oco-topos H for any —2 < k < oo, every morphism f : X — Y admits a
factorization
X d A

imy(f)

into a k-connected morphism followed by a k-truncated morphism and the space of choices of such factoriza-
tions s contractible.

This is [LuHTT], example 5.2.8.18.

Remark 2.1.36. For k = —1 this is the immediate generalization of the epi/mono factorization in ordinary
toposes. In particular, the (—1)-image factorization of a morphism between O-truncated objects is the
ordinary image factorization.

2.1.4 Presentations of co-toposes

For computations it is useful to employ a generators-and-relations presentation for presentable co-categories
in general and co-toposes in particular, given by ordinary sSet-enriched categories equipped with the structure
of combinatorial simplicial model categories. These may be obtained by left Bousfield localization of a model
structure on simplicial presheaves. (See appendix 2 and 3 of [LuHTT].)

Definition 2.1.37. Let C be a small category.

e Write [C°P,sSet] for the category of functors C°P — sSet to the category of simplicial sets. This is
naturally equivalent to the category [A°P,[C°P,Set of simplicial objects in the category of presheaves
on C. Therefore one speaks of the category of simplicial presheaves over C.

e For {U; — U} a cover in the site C, write
[k]leA
cuh e e sseti= [ AWK [T W) i)+ i) 3Us)
10, ik

for the Cech nerve simplicial presheaf. This is canonically equipped with a morphism C({U;}) — j(U).
(Here j : C' — [C°P, Set] is the Yoneda embedding.)

e The category [C°P, sSet] is naturally an sSet-enriched category. For any two objects X, A € [C°P, sSet)
write Maps(X, A) € sSet for the simplicial hom-set.

o Write [C°P,sSet]poj for the category of simplicial presheaves equipped with the following choices of
classes of morphisms (which are natural transformations between sSet-valued functors):

— the fibrations are those morphisms whose component over each object U € C is a Kan fibration
of simplicial sets;

— the weak equivalences are those morphisms whose component over each object is a weak equiva-
lence in the Quillen model structure on simplicial sets;

— the cofibrations are the morphisms having the right lifting property against th morphisms that
are both fibrations as well as weak equivalences.

This makes [C°P, sSet]proj into a combinatorial simplicial model category.
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o Write [C°P, sSet]proj 10c for model category structure on simplicial presheaves which is the left Bousfield
localization of [C°P, sSet]pro; at the set of morphisms of the form C'({U;}) — U for all covering families
{Ui = U} of C.

This is called the projective local model structure on simplicial presheaves [Dugg01].

Definition 2.1.38. The operation of forming objectwise simplicial homotopy groups extends to functors
moSh L [C°P, sSet] — [C°P, Set]

and for n > 1
7PSh . [C°P sSet], — [C°P, Set] .

These presheaves of homotopy groups may be sheafified. We write

PSh
To

o+ [C°P, sSet] ™ [C°P, Set] — Sh(C)

and for n > 1

,n_PSh

o 1 [C°P,sSet], ™ [C°P,Set] — Sh(C).

Proposition 2.1.39. For X € [C°P,sSet]proj10c fibrant, the homotopy sheaves m,(X) from def. 2.1.38
coincide with the abstractly defined homotopy groups of X € Shoo(C) from [LuHTT].

Proof. One may observe that the sSetquinen-powering of [CP,sSet],roj10c does model the abstract
o0oGrpd-powering of Shy, (C). |

Definition 2.1.40. A site C' has enough points if a morphism (A EN B) € Sh(C) in its sheaf topos is an
isomorphism precisely if for every geometric morphism

(" Haxy): Set Sh(C)

T

from the topos of sets we have that *(f) : #*A — z*B is an isomorphism.

Remark 2.1.41. By definition of geometric morphism the functor i* is left adjoint to i, — therefore pre-
serving all colimits — and in addition preserves finite limits.

Example 2.1.42. The following sites have enough points.

e The category SmthMfd of smooth, finite-dimensional paracompact manifolds and smooth functions
between them;

e the category CartSp of Cartesian spaces R™ for n € N and smooth functions between them.
We restrict from now on attention to this case:
Assumption 2.1.43. The site C' has enough points.

Theorem 2.1.44. For C a site with enough points, the weak equivalences in [C°P, sSet]|proj 10c are precisely
the stalkwise weak equivalences in sSetQuiien

Proof. By theorem 17 in [Ja96] and using our assumption 2.1.43 the statement is true for the local
injective model structure. The weak equivalences there coincide with those of the local projective model
structure. O
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Definition 2.1.45. We say a morphism f : A — B in [C°P, sSet] is a local fibration or a local weak equivalence
precisely if for all topos points x the morphism z*f : **A — z*B is a fibration of weak equivalence,
respectively.

Warning. While by theorem 2.1.44 the local weak equivalences are indeed the weak equivalences in
[C°P, sSet]proj loc, it is not true that the fibrations in this model structure are the local fibrations of def.
2.1.45.

Proposition 2.1.46. Pullbacks in [C°P,sSet] along local fibrations preserve local weak equivalences.

Proof. Let

A——C~<~——B

L

A ——-(C' <~———DB

be a diagram where the vertical morphisms are local weak equivalences. Since the inverse image x* of a
topos point x preserves finite limits and in particular pullbacks, we have

1'*(14 Xc B i) A X Bl) = (gc*A XgxC *B g x* A XgxC £L'*BI) .

On the right the pullbacks are now by assumption pullbacks of simplicial sets along Kan fibrations. Since
sSetqQuillen 1 Tight proper, these are homotopy pullbacks and therefore preserve weak equivalences. So x* f
is a weak equivalence for all x and thus f is a local weak equivalence. O
The following characterization of co-toposes is one of the central statements of [LuHTT]. For the purposes
of our discussion here the reader can take this to be the definition of co-toposes.

Theorem 2.1.47. For C a site with enough points, the co-topos over C is the simplicial localization
Sheo (C) =~ Ny L([CP, sSet]proj,loc
of the category of simplicial presheaves on C at the local weak equivalences.

This is prop. 6.5.2.14 in [LuHTT].
We shall also have use of the following different presentation of Sho (C).

Definition 2.1.48. Let C be a small site with enough points. Write C C [C°P, sSet] for the free coproduct
completion.

Let (C’Aop, W) be the category of simplicial objects in C' equipped with the stalkwise weak equivalences
inherited from the canonical embedding

i: CA" 5 [CP sSet] .
Proposition 2.1.49. The induced co-functor
NhLéAop — NhL[COP.SSet]prOj,loc

is an equivalence of co-categories.

This is due to [NSSb]. B
Proof. Let @ : [C°P,sSet] — C2™ be the functor which sends a simplicial presheaf X to the simplicial
object QX given by
QX)) = 11 3(U0),

J(Uo)——j(Uk)—=Xp

where the coproduct runs over all sequences of morphisms of representables U; as indicated, and where the
face and degeneracy maps are induced from thos on N(C) and on X in the evident way.
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In [Dugg01] it is shown that for all X the simplicial presheaf QX is cofibrant in [C°P,sSet]p.0; and that
the natural morphism QX — X is a weak equivalence. Since left Bousfield localization does not affect the
cofibrations and only enlarges the weak equivalences, the same is still true in [C°P, sSet]proj,loc-

Therefore we have a natural transformation

io0Q — Id: [C°P,sSet] — [C°P,sSet]

whose components are weak equivalences. From this the claim follows by prop. 3.5 in [DwKa80a]. ]

Remark 2.1.50. If the site C' is moreover equipped with the structure of a geometry as in [LuSp] then
there is canonically the notion of a C'-manifold: a sheaf on C that is locally isomorphic to a representable
in C. Write

C < CMfd — [C°P, Set]

for the full subcategory of presheaves on the C-manifolds.

Then the above argument applies verbatim also to the category CM£d>” of simplicial C-manifolds.
Therefore we find that the co-topos over C'is presented by the simplicial localization of simplicial C-manifolds
at the stalkwise weak equivalences:

Sheo (C) ~ N, LOMfd®™ .

Example 2.1.51. Let C = CartSpg,,on be the full subcategory of the category SmthMfd of smooth
manifolds on the Cartesian spaces, R", for n € R. Then C' C SmthMfd is the full subcatgory on manifolds
that are disjoint unions of Cartesian spaces and CMfd ~ SmthMfd. Therefore we have an equivalence of
oo-categories

Shoo (SmthMfd) ~ Sho, (CartSp) ~ LSmthMfd>™ .

The following proposition establishes the model category analog of the statement that by left exactness
of oo-sheafification finite co-limits of co-sheafified co-presheaves may be computed as the oo-sheafification
of the finite oco-limit of the oo-presheaves.

Proposition 2.1.52. Let C be a site and F : D — [C°P,sSet] be a finite diagram.
Write Rgion lim F' € [C°P,sSet] for (any representative of) the homotopy limit over F' computed in the
—

global model structure [C°P, sSet]proj, well defined up to isomorphism in the homotopy category.
Then Rgion liinF € [C°P,sSet] presents also the homotopy limit of F' in the local model structure [C°P, sSet]proj loc-

Proof. By [LuHTT], theorem 4.2.4.1, we have that the homotopy limit R lim computes the corresponding
—

oo-limit. Since co-sheafification L is by definition a left exact oo-functor it preserves these finite co-limits:

L. o o
([D7 [Cop’ Sset]pronoc]inj)o -~ ([D; [C p’ SSQt]proj]inj) .
\LR]EI} \LR]EH
(IC°, Set]proj oc)” < ([0, sSet]pro;)°

Here L ~ LLId is the left derived functor of the identity for the left Bousfield localization. Therefore for
F a finit diagram in simplicial presheaves, its homotopy limit in the local model structure Rlim, L,F is
equivalently computed by LIdR lim_, F', with Rlim._ F' the homotopy limit in the global model structure. [J

2.1.5 oo-Sheaves and descent

We discuss some details of the notion of co-sheaves from the point of view of the presentations discussed
above in 2.1.4.
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By def. 2.1.29 we have, abstractly, that an oo-sheaf over some site C' is an oco-presheaf that is in the
essential image of a given reflective inclusion She (C') < PShoo(C). By prop. 2.1.47 this reflective embedding
is presented by the Quillen adjunction that exhibits the left Bousfield localization of the model category of
simplicial presheaves at the Cech covers

LId

([C°P, sSet]proj loc)° ([C°P, sSet]proj)° -

\L RId l
L

Sheo (C)c PShe (X)

Since the Quillen adjunction that exhibits left Bousfield localization is given by identity-1-functors, as in-
dicated, the computation of oo-sheafification (co-stackification) L by deriving the left Quillen functor is all
in the cofibrant replacement in [C°P,sSet|yo; followed by fibrant replacement in [C°P,sSet]proj ioc. Since
the collection of cofibrations is preserved by left Bousfield localization, this simply amounts to cofibrant-
fibrant replacement in [C°P,sSet]proj10c. Since, finally, the derived hom space Sheo (U, A) is computed in
[C°P, sSet]proj,loc already on a fibrant resolution of A out of a cofibrant resolution of U, and since every
representable is necessarily cofibrant, one may effectively identify the oo-sheaf condition in PShy,(C) with
the fibrancy condition in [C°P, sSet]proj.10c-
We discuss aspects of this fibrancy condition.

Definition 2.1.53. For C' a site, we say a covering family {U; — U} is a good cover if the corresponding
Cech nerve

[k]leA
O(UZ) 2:/ H ](Ulo) Xiy * X4 ](Uk) (S [C’Op,sSet]proj
7‘.07”'71‘16

(where j : C — [C°P,sSet] is the Yoneda embedding) is degreewise a coproduct of representables, hence if
all non-empty finite intersections of the U; are again representable:

](Uto,,tk) = Uz'U Xy Xy U,L' .

Proposition 2.1.54. The Cech nerve C(U;) of a good cover is cofibrant in [C°P, sSet]|proj as well as in
[Cop7 SSet]proj,loc .

Proof. In the terminology of [DuHols04] the good-ness condition on a cover makes its Cech nerve a
split hypercover. By the result of [Dugg01] this is cofirant in [C°P, sSet],roj. Since left Bousfield localization
preserves cofibrations, it is also cofibrant in [C°P, sSet]proj,1oc- O

Definition 2.1.55. For A a simplicial presheaf with values in Kan complexes and {U; — U} a good cover
in the site C', we say that
Desc({U;}, A) := [C°P,sSet](C(U;), A) ,

where on the right we have the sSet-enriched hom of simplicial presheaves, is the descent object of A over

Remark 2.1.56. By assumption A is fibrant and C(U;) is cofibrant (by prop. 2.1.54) in [C°P,sSet]pro;-
Since this is a simplicial model category, it follows that Desc({U;}, A) is a Kan complex, an co-groupoid.
We may also speak of the descent co-groupoid. Below we show that its objects have the interpretation of
gluing data or descent data for A. See [DuHols04] for more details.

Proposition 2.1.57. For C a site whose topology is generated from good covers, a simplicial presheaf A is
fibrant in [C°P, sSet]proj 10c precisely if it takes values in Kan complezes and if for each generating good cover
{U; = U} the canonical morphism

A(U) — Desc({U;}, A)

is a weak equivalence of Kan complexes.
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Proof. By standard results recalled in A.3.7 of [LuHTT] the fibrant objects in the local model structure
are precisely those which are fibrant in the global model structure and which are local with respect to the
morphisms at which one localizes: such that the derived hom out of these morphisms into the given object
produces a weak equivalence.

By prop. 2.1.54 we have that C(U;) is cofibrant for {U; — U} a good cover. Therefore the derived hom
is computed already by the enriched hom as in the above statement. O

Remark 2.1.58. The above condition manifestly generalizes the sheaf condition on an ordinary sheaf
[John03]. One finds that
(w6 > (C(U)) = 75" (U)) = (S(Ui) = U)

is the (subfunctor corresponding to the) sieve associated with the cover {U; — U}. Therefore when A is itself
just a presheaf of sets (of simplicially constant simplicial sets) the above condition reduces to the statement
that

A(U) — [C°P, Set](S(U;), A)

is an isomorphism. This is the standard sheaf condition.
We discuss the descent object, def. 2.1.55, in more detail.

Definition 2.1.59. Write
coDesc({U;}, A) € sSet™

for the cosimlicial simplicial set that in degree k is given by the value of A on the k-fold intersections:

coDesc({U;}, A), = H AUig, - ix) -

Proposition 2.1.60. The descent object from def. 2.1.55 is the totalization of the codescent object:
Desc({U;}, A) = tot(coDesc({U;}), A)

= / sSet(Alk], coDesc({U;}, A))
(klea

Here and in the following equality signs denote isomorphism (such as to distinguish from just weak
equivalences of simplicial sets).
Proof. Using sSet-enriched category calculus for the sSet-enriched and sSet-tensored category of simplicial
presheaves (for instance [Ke82] around (3.67)) we compute as follow

Desc({U7), A) = [C°P, set] (C(U), A)
[kleA
= [COP,SSet}(/ A[k} . C(Uz)k7 A)
_ / [C°P, sSet] (A[K] - C(U), A)
[k]leA
= [ sl [, sse 0w, 4)
N

:/ sSet(A[k], A(C(Ui)x))
[keA]

= tot(A(C(Ui)s))
= tot (coDesc({C(U;)}, A)) .
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Here we used in the first step that every simplicial set Y (hence every simplicial presheaf) is the realization

of itself, in that
[kleA
y - / AlK] - Y.,

which is effectively a variant of the Yoneda-lemma. O

Remark 2.1.61. This provides a fairly explicit description of the objects in Desc({U;}, A): notice that an
element ¢ of the end f[k]eA sSet(A[k], coDesc({U;}, A)) is by definition of ends a collection of morphisms

{Ck : A[k] - H Ak(Uio,“',ik)}

that makes commuting all parallel diagrams in the following:

:n
S

A[Q] = ]._.[1,0,7,1712

10711712)

—
e —

Il

(Uigin)

[1] i,

*>D>-

A[0] - [T, AUs)
This says in words that c is

1. a collection of objects a; € A(U;) on each patch;

2. a collection of morphisms {g;; € A1(U;;)} over each double intersection, such that these go between
the restrictions of the objects a; and a;, respectively

9ij

ij

3. a collection of 2-morphisms {h;jr € A2(Usjxk)} over triple intersections, which go between the corre-
sponding 1-morphisms:

17k )
9is w/f K'Uk
ai\UW ak|Uijk
girlU, ;.
4. a collection of 3-morphisms {\;jx € As(Uijr)} of the form
9iklU 5 9iklU
Qj|U;jm Ak \U; Aj|U; 1 A5|U;jm
Aijkl
931U 1 IrtlUy 1 grtlu;
1|U,
Qi |U; AL U, QU ALU; i
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5. and so on.

This recovers the cocycle diagrams that we have discussed more informally in 1.3.1 and generalizes them to
arbitrary coefficient objects A.

2.1.6 oo-Sheaves with values in chain complexes and strict co-groupoids

Many simplicial presheaves appearing in practice are (equivalent) to objects in sub-oo-categories of Sho,(C)
of oo-sheaves with values in abelian or at least in strict co-groupoids. These subcategories typically offer
convenient and desireable contexts for formulating and proving statements about special cases of general
simplicial presheaves.

One well-known such notion is given by the Dold-Kan correspondence (discussed for instance in [GoJa99]).
This identifies chain complexes of abelian groups with strict and strictly symmetric monoidal co-groupoids.

Proposition 2.1.62. Let Ch;‘roj be the standard projective model structure on chain complexes of abelian

groups in non-negative degree and let sAbyyo; be the standard projective model structure on simplicial abelian
groups. Let C' be any small category. There is a composite Quillen adjunction

(Ne)« F.
((N.F)* — E) : [COpy Ch;roj]proj *Z> [COP7 sAbproj]proj - o [COP7 SSetQuillen]proj 3

Ty U,

where the first is given by postcomposition with the Dold-Puppe-Kan correspondence and the second by post-
composition with the degreewise free-forgetful adjunction for abelian groups over sets.

Dropping the condition on symmetric monoidalness we obtain a more general such inclusion, a kind
of non-abelian Dold-Kan correspondence: the identification of crossed complexes, def. 1.3.20, with strict
oo-groupoids (see [BrHiSil1][Por]| for details). This means that we have a sequence of inclusions

ChainCplx“——— CrsCpl~——— KanCplx

StrAbStrooGrpd——— StrooGrpd~——— coGrpd

of strict co-groupoids into all co-groupoids, where in the top row we list the explicit presentation and in the
bottom row the general abstract notions.

We state a useful theorem for the computation of descent for presheaves, prop. 2.1.57, with values in
strict co-groupoids.

Suppose that A : C°P — StrooGrpd is a presheaf with values in strict co-groupoids. In the context of
strict oo-groupoids the standard n-simplex is given by the nth oriental O(n) [Stre04]. This allows to perform
a construction that looks like a descent object in StrooGrpd:

Definition 2.1.63 (Street 04). The descent object for A € [C°P, StrooGrpd] relative to Y € [C°P, sSet] is
Descstreet (Y, A) ::/ StrooCat(0O(n), A(Y,,)) € StrooGrpd,
[nleA
where the end is taken in StrooGrpd.

This object had been suggested by Ross Street to be the right descent object for strict co-category-valued
presheaves in [Stre04].
Canonically induced by the orientals is the w-nerve

N : StrwCat — sSet

Applying this to the descent object of prop. 2.1.63 yields the simplicial set NDesc(Y,.A). On the other
hand, applying the w-nerve componentwise to A yields a simplicial presheaf NA to which the ordinary
simplicial descent from def. 2.1.55 applies. The following theorem asserts that under certain conditions the
oo-groupoids presented by both these simplicial sets are equivalent.
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Proposition 2.1.64 (Verity 09). If A : C°P,StrooGrpd and Y : C°P — sSet are such that NA(Ys) : A —
sSet is fibrant in the Reedy model structure [A, sSetQuillen]|Reedy; then

NDescgtreet (Y, .A) 35 Desc(Y,NA)
is a weak homotopy equivalence of Kan complexes.

This is proven in [Veri09]. In our applications the assumptions of this theorem are usually satisfied:

Corollary 2.1.65. If Y € [C°P,sSet] is such that Yo : A — [C°P,Set] — [C°P,sSet] is cofibrant in
[A, [C°P, sSet]proj]Reedy then for A: C°P — StrooGrpd we have a weak equivalence

NDesc(Y, A) = Desc(Y, NA).
Proof. If Y, is Reedy cofibrant, then by definition the canonical morphisms
lim(([n] 5 [k]) = Yi) = Yy,
—

are cofibrations in [C°P, sSet]pr05. Since the latter is an sSetquinen-enriched model category and N A is fibrant
in [C°P, sSet]proj, it follows that the hom-functor [C°P, sSet](—, N.A) sends cofibrations to fibrations, so that

NA(Y,) = lim([n] 5 [k = NAYL))

is a Kan fibration. But this says that NA(Y,) is Reedy fibrant, so that the assumption of prop. 2.1.64 is
met. O
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2.2 Cohesive co-toposes

We introduce the axioms for those co-toposes that we call cohesive, consider basic properties, and give an
explicit construction of a class of examples in terms of a site of definition.
Ample justification for these definitions and constructions is given below in 2.3.

e 2.2.1 — Definition and basic properties of cohesive co-toposes
e 2.2.2 — co-Cohesive sites

e 2.2.3 — Fibrancy over co-cohesive sites

2.2.1 Definition and basic properties of cohesive co-toposes

The first definition below follows the standard notion of a locally and globally connected topos [John03):
a topos whose terminal geometric morphism has an extra left adjoint that computes geometric connected
components, hence a geometric notion of 9. The following asserts that as we pass to co-toposes, the extra
left adjoint provides a good definition of all geometric homotopy groups.

Definition 2.2.1. An oo-topos H we call locally co-connected if the (essentially unique) global section oo-
geometric morphism from prop. 2.1.30 is an essential co-geometric morphism in that it has a further left
adjoint II:

II
e

(IMI4AAT): H=27 coGrpd .
r

e If in addition II preserves the terminal object we say that H is a locally co-connected and oco-connected
00-10pos.

e If IT preserves even all finite co-products we say that H is a strongly co-connected oo-topos.
e If IT preserves even all finite co-limits we say that H is a totally co-connected oo-topos.
Proposition 2.2.2. For a locally and globally co-connected co-topos, the functor A is full and faithful.

Proof. This follows verbatim the proof for the familiar statement about connected toposes, since all the
required properties have co-analogs: we have that

e the right adjoint oo-functor A is full and faithful precisely if ITA ~ Id ([LuHTT], p. 308);
e every oo-groupoid S is the co-colimit over itself of the co-functor constant on the point:

S ~lim * .
- 9

([LuHTT], corollary 4.4.4.9).

With the assumption that with A also II is a left adjoint and that II preserves the terminal object we
therefore have for all S € coGrpd that
ITAS ~ ITAlim
- S

~ lim ITAx*

O
The following definition is the direct generalization to oco-toposes of the main axioms in the definition of
topos of cohesion from [Lawv07].
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Definition 2.2.3. A cohesive co-topos H is
1. a strongly oo-connected topos H (def 2.2.1)
2. which in addition is a local co-topos: the global section functor I" has a right adjoint;
3. such that

e pieces have points: for all X € H the image under I' of the (IT 4 A)-unit

rx % rAIX

is a regular epimorphism in coGrpd, equivalently an epimorphism on connected components.

e discrete objects are concrete: for all S € Set < coGrpd the unit
AS — VT'AS

is a monomorphism (a —1-truncated morphism).
The first two conditions say in summary that a cohesive oco-topos has a quadruple of adjoint co-functors

11
—_

MH4AATHV): H=22 coGrpd

>

-~
v

such that II preserves finite products. We record some immediate consequences of these axioms.
Proposition 2.2.4. A nontrivial cohesive co-topos

1. has the shape of the point ([LuHTT], section 7.1.6);

2. has homotopy dimension 0 ([LuHTT], section 7.2.1);

3. has cohomological dimension 0 ([LuHTT], section 7.2.2);

Proof. The first is a direct consequence of oo-connectedness. The second follows from locality by an
argument analogous to [LuHTT], ex. 7.2.1.2. The third is a consequence of the second by [LuHTT], cor.
7.2.2.30. |
This means that when regarded as a generalized space itself, a cohesive co-topos H looks like a fat point.
Notice that every object X € H may be identified with the étale geometric morphism H/X — H over H,
exhibiting H/X as locally modeled on the space H ([LuHTT], remark 6.3.5.10). Since we are going to think
of the objects of the cohesive co-topos H as spaces equipped with cohesive structure, we may think of H
itself as the fat point that is an abstract blob of cohesive structure.

Corollary 2.2.5. Every cohesive co-topos is hypercomplete.

Proof. By prop. 2.2.4 is has finite homotopy dimension. The claim then follows with [LuHTT], cor.
7.2.1.12. |

2.2.2 oo-Cohesive site of definition

We discuss a class of sites with the property that the co-topos of co-sheaves over them (2.1.4) is cohesive,
def. 2.2.3.

Definition 2.2.6. We call a site (a small category equipped with a coverage) locally and globally co-connected
if
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1. it has a terminal object x;
2. for every generating covering family {U; — U} in C

(a) {U; — U} is a good covering, def. 2.1.53: the Cech nerve C({U;}) € [C°P,sSet] is degreewise a
coproduct of representables;

(b) the colimit lim : [C°P,sSet] — sSet of C({U;}) is weakly contractible
—
hin CHU:}) = *.

Proposition 2.2.7. For C a locally and globally oo-connected site, the co-topos Sheo(C) is locally and
globally co-connected.

We prove this after noting two lemmas.

Lemma 2.2.8. For {U; — U} a covering family in the co-connected site C, the Cech nerve C({U;}) €
[C°P,sSet] is a cofibrant resolution of U both in the global projective model structure [C°P,sSet]poj as well
as in the local model structure [C°P, sSet]proj,loc-

Proof. By assumption on C' we have that C'({U;}) is a split hypercover [DuHols04]. This implies that
C({U;}) is cofibrant in the global model structure. By general properties of left Bousfield localization we have
that the cofibrations in the local model structure as the same as in the global one. Finally that C({U;}) = U
is a weak equivalence in the local model structure holds effectively by definition (since we are localizing at
these morphisms). O

Proposition 2.2.9. On a locally and globally co-connected site C, the global section co-geometric morphsm
(A AT) : Shoo(C) — 00Grpd is presented under prop. 2.1.27 by the simplical Quillen adjunction

Const
(Const 4T") : [C°P, sSet]proj,loc <F7 sSetQuillen s

where T' is the functor that evaluates on the terminal object, T'(X) = X (x) and Const is the functor that
assigns constant presheaves ConstS : U — S.

Proof. That we have a 1l-categorical adjunction (Const - I') follows by noticing that since C' has a
terminal object we have that I' = lim is given by the limit operation.
—

To see that we have a Quillen adjunction first notice that we have a Quillen adjunction on the global

model structure
Const

(Const 4T") : [C°P, sSet]proj == sSetquillen
r

since I' manifestly preserves fibrations and acyclic fibrations there. Since [C°P,sSet]projloc 1S left proper
and has the same cofibrations as the global model structure, it follows with prop. 2.1.28 that for this to
descend to a Quillen adjunction on the local model structure it is sufficient that I" preserves locally fibrant
objects. But every fibrant object in the local structure is in particular fibrant in the global structure, hence
in particular fibrant over the terminal object of C.

The left derived functor LConst of Const : sSetquillen — [C°P, sSet] preserves oo-limits (because co-limits
in an oo-category of co-presheaves are computed objectwise), and moreover oo-stackification, beeing the left
derived functor of Id : [C°P, sSet]pro; — [CP, 8Set]proj, is a left exact oo-functor, therefore the left derived
functor of Const : sSetquitien — [CP, 8Set]proj loc Preserves finite oo-limits.

This means that our Quillen adjunction does model an co-geometric morphism Sh,(C) — coGrpd. By
prop. 2.1.30 this is indeed a representative of the terminal geometric morphism as claimed. (Il
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Proof of theorem 2.2.7. By general abstract facts the sSet-functor Const : sSet — [C°P,sSet] given on
S € sSet by Const(S) : U — S for all U € C has an sSet-left adjoint

U
H:X»—>/ X(U) = lm X

naturally in X and S, given by the colimit operation. Notice that since sSet is itself a category of presheaves
(on the simplex category), these colimits are degreewise colimits in Set. Also notice that the colimit over a
representable functor is the point (by a simple Yoneda lemma-style argument,).

Regarded as a functor sSetquitien — [C°P, 8Set]pro; the functor Const manifestly preserves fibrations and
acyclic fibrations and hence

lim
—

(IT 4 Const) : [CP, sSet]proj = sSetquillen
onst

is a Quillen adjunction, in particular II : [C’Op,sSet]prOj — sSetquillen preserves cofibrations. Since by
general properties of left Bousfield localization the cofibrations of [C°P, sSet]proj 10c are the same, also II :
[C°P, sSet]proj loc —* SSetquillen Preserves cofibrations.

Since sSetquillen is a left proper model category it follows with prop. 2.1.28 that for

lim

(IT 4 Const) : [C°P, sSet]proj,loc = > sSetQuillen
onst

to to be a Quillen adjunction, it suffices now that Const preserves fibrant objects. This means that constant
simplicial presheaves satisfy descent along covering families in the oco-cohesive site C: for every covering
family {U; — U} in C and every simplicial set S it must be true that

[C°P,sSet] (U, ConstS) — [C°P,sSet](C({U;}), ConstS)

is a homotopy equivalence of Kan complexes. (Here we use that U, being a representable, is cofibrant,
that C({U;}) is cofibrant by the lemma 2.2.8 and that ConstS is fibrant in the projective structure by the
assumption that S is fibrant. So the simplicial hom-complexes in the above equaltion really are the correct
derived hom-spaces.)

But that this is the case follows by the condition on the co-connected site C' by which liin CH{Ui}) = =

using this we have that
[C°P, sSet] (C({U;}), ConstS) = sSet(li_r)n C{Ui}),S) =~ sSet(*,5) = S.

So we have established that (lim - Const) is also a Quillen adjunction on the local model structure.
—
It is clear that the left derived functor of lim preserves the terminal object: since that is representable
—

by assumption on C, it is cofibrant in [C°P, sSet]pro,10c, hence Llim  ~ lim % = x. O
— —

Definition 2.2.10. An oo-cohesive site is a site such that
1. it has finite products;
2. every object U € C has at least one point: C(x,U) # ;

3. for every covering family {U; — U} its Cech nerve C'({U;}) € [C°P,sSet] is degreewise a coproduct of
representables
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4. the canonical morphisms C({U;}) — U are taken to weak equivalences by both limit and colimit
[C°P, sSet] — sSet:
th cCH{u:}) = 1131 U;

lim C({U;}) 5 lim U;

Notice that for the representable U we have lim_, U ~ % and that since C' is assumed to have finite
products and hence in particular a terminal object lim, U = C(x,U).

Proposition 2.2.11. The co-sheaf co-topos over an oco-cohesive site is a cohesive co-topos.

Proof. Since an co-cohesive site is in particular a locally and globally co-connected site (def. 2.2.6) it
follows with theorem 2.2.7 that II exists and preserves the terminal object. Moreover, by the discussion there
IT acts by sending a fibrant-cofibrant simplicial presheaf F' : C°P — sSet to its colimit. Since C' is assumed
to have finite products, C°P has finite coproducts, hence is a sifted category. Therefore taking colimits of
functors on C°P commutes with taking products of these functors. Since the co-produuct of co-presheaves
is modeled by the ordinary product on fibrant simplicial presheaves, it follows that over an co-cohesive site
IT indeed exhibits a strongly oco-connected co-topos.

Using the notation and results of the proof of theorem 2.2.7, we show that the further right adjoint A
exists by exhibiting a suitable right Quillen adjoint to I' : [C°P, sSet] — sSet, which is given by evaluation
on the terminal object. Its sSet-enriched right adjoint is given by

VS : U+ sSet(I'(U), S)

as confirmed by the following end/coend computation:

(X, V(S)) = /U _SSel(X(0), sSet(T (D). 5)

:/ sSet(X (U) x I'(U), S)
UveC

veC

= sSet( X((U)xT(U), S)

/UEC

= SSet(/ X(U) x Home (x,U), S)
X
r(

We have that
r
(F . V) : [Copv Sset]proj % SsetQuillen

is a Quillen adjunction, since V manifestly preserves fibrations and acyclic fibrations. Since [C°P, sSet]pro;,loc
is a left proper model category, to see that this descends to a Quillen adjunction on the local model structure
it is sufficient by prop. 2.1.28 to check that V : sSetquilen — [C°P, $Set]proj 10c Preserves fibrant objects, in
that for S a Kan complex we have that V.S satisfies descent along Cech nerves of covering families.
This is implied by the second defining condition on the co-local site C', that 1131 C({U;}) = Homce (%, C({U;)}) ~

Home (%, U) = lim U is a weak equivalence. Using this we have for fibrant S € sSetquiien the descent weak
«—

equivalence

[C°P, sSet](U, VS) = sSet(Home (x,U), .S)
~ sSet(Home (x, C(U)), S),
= [C°P,sSet](C(U), V.S)

*

110



where we use in the middle step that sSetquiilen is @ simplicial model category so that homming the weak
equivalence between cofibrant objects into the fibrant object S indeed yields a weak equivalence.

It remains to show that pieces have points and that discrete objects are concrete in Shy, (C'). For the first
statement we use the cofibrant replacement theorem from [Dugg01] for [C°P, sSet]proj,10c Which says that for
X any simplicial presheaf, a functorial projective cofibrant replacement is given by the object

QX = ( == Hyyov,-x, Vo —= Iy, »x, Uo ) )

where the coproducts are over the set of morphisms of presheaves from representables U; as indicated. By
the above discussion, the presentations of I' and II by left Quillen functors lim and lim takes this to the
— —

morphism lim QX — lim QX induced in components by
— —

' 3 HU0—>U1—)X1 C(*-UO) —_— HU0—>X0 C(*7 UO) .

T

i — HUOHXO *

— HanUlaXl *

By assumption on C' we have that all sets C(x,Up) are non-empty, so that this is componentwise an epimor-
phism and hence induces in particular an epimorphism on connected components.

Finally, for S a Kan complex we have by the above that DiscsS is the presheaf constant on S. Its homotopy
sheaves are the presheaves constant on the homotopy groups of S. The inclusion of these into the homotopy
sheaves of coDiscS is over each U € C the diagonal injection

T (S, ) = 7, (S, 2) ¢

Therefore also discrete objects are concrete in the co-topos over the co-cohesive site C. |
Below we discuss in detail the following examples.

Examples 2.2.12. The following sites are co-cohesive.

e The site CartSpy,, of Cartesian spaces, continuous maps between them and good open covers (prop.
3.2.2).

e The site CartSpg,,o, Of Cartesian spaces, smooth maps between them and good open covers (prop.
3.3.6),

e The site CartSpgy,npig of Cartesian spaces with infinitesimal thickening, smooth maps between the
and good open covers that are the identity on the thickening (prop. 3.4.6).

e The site CartSpy,,e, of super-Cartesian spaces, morphisms of supermanifolds between them and good
open covers (prop. 3.5.10).

2.2.3 Fibrancy over co-cohesive sites

The condition on an object X € [C°P,sSet]pro; to be fibrant models the fact that X is an co-presheaf of
oo-groupoids. The condition that X is also fibrant as an object in [C°P, sSet]proj,10c models the higher analog
of the sheaf condition: it makes X an co-sheaf. For generic sites C, fibrancy in the local model structure is a
property rather hard to check or establish concretely. But often a given site can be replaced by another site
on which the condition is easier to control, without changing the corresponding oco-topos, up to equivalence.
Here we discuss for co-cohesive sites, def. 2.2.10, explicit conditions for a simplicial presheaf over them to be
fibrant. This turns out to be a comparatively weak condition: cohesive oco-sites have many fibrant objects,
but few cofibrant objects. This is useful, because Dugger’s results about cofibrancy in the projective model
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structure [Dugg01] often provides sufficient means to construct suitable cofibrant resolutions in practice.
More discussion of this point is below around remark 3.2.12.

In order to discuss descent over C' it is convenient to introduce the following notation for “cohomology
over the site C”. For the moment this is just an auxiliary technical notion. Later we will see how it relates
to an intrinsically defined notion of cohomology.

Definition 2.2.13. For C an co-cohesive site, A € [C°P, Set]pyo; fibrant, and {U; — U} a good cover in U,
we write
HE({U;}, A) := moMaps(C({U;}), A) .
Moreover, if A is equipped with (abelian) group structure we write
HA({U;}, A) := moMaps(C({U;}), W™ A).
Definition 2.2.14. An object A € [C°P,sSet] is called C-acyclic if
1. for all n € N the homotopy group presheaves 75> from def. 2.1.38 are already sheaves 7, (A) € Sh(C);

2. forn =1and k=1 as well as n > 2 and k > 1 we have HE({U;}, m,(A)) ~  for all good covers

Remark 2.2.15. This definition can be formulated and the following statements about it are true over any
site whatsoever. However, on generic sites C' the C-acyclic objects are not very interesting. On oco-cohesive
sites on the other hand they are of central importance.

Observation 2.2.16. If A is C-acyclic then for every point = : * — A also Q, A is C-acyclic (for any model
of the loop space object in [C°P, sSet]proj)-

Proof. The standard statement in sSetquilien
X ~mp 1 X
directly prolongs to [C°P, sSet]pro;- &

Theorem 2.2.17. Let C' be an oo-cohesive site. Sufficient conditions for an object A € [C°P,sSet] to be
fibrant in the local model structure [C°P,sSet]proj loc are

o A is O-truncated and C-acyclic;

e A is connected and C-acyclic;

e A is a group object and C-acyclic.

We demonstrate this statement in several stages.

Proposition 2.2.18. A 0-truncated object is fibrant in [C°P, sSet]proj 10c precisely if it is fibrant in [C°P, sSet]proj.1oc
and weakly equivalent to a sheaf: to an object in the image of the canonical inclusion

She < [C°P, Set] — [C°P, sSet)] .

Proof. From general facts of left Bousfield localization we have that the fibrant objects in the local model
structure are necessarily fibrant also in the global structure.

Since moreover A — my(A) is a weak equivalence in the global model structure by assumption, we have
for every covering {U; — U} in C a sequence of weak equivalences

Maps(C({Ui}), A) = Maps(C({Ui}), mo(A)) = Maps(moC({Ui}), mo(A4)) = She(S{Ui}), mo(4))
where S({U;}) < U is the sieve corresponding to the cover. Therefore the descent condition
Maps(U, A) = Maps(C({U;}), A)
is precisely the sheaf condition for my(A). O
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Proposition 2.2.19. A connected fibrant object A € [C°P,sSet]proj is fibrant in [C°P,sSet]projioc if for all
objects U € C

1. Ho(U, A) ~ %;
2. QA is fibrant in [C°P, sSet]proj,loc 5
where QA is any fibrant object in [C°P, sSet]pr0; Tepresenting the looping of A.
Proof. For {U; — U} a covering we need to show that the canonical morphism
Maps(U, A) — Maps(C({U;}), A)
is a weak homotopy equivalence. This is equivalent to the two morphisms
1. moMaps(U, A) — moMaps(C({U;}), A)
2. QMaps(U, A) — OMaps(C({U;}), A)

being weak equivalences. Since A is connected the first of these says that there is a weak equivalence
* Heo (U, A). The second condition is equivalent to Maps(U, 2A) — Maps(C({U,}),2A), being a weak
equivalence, hence to the descent of QA. O

Proposition 2.2.20. An object A which is connected, 1-truncated and C-acyclic is fibrant in [C°P, sSet]proj. 10c-

Proof. Observe that for a connected and 1-truncated objects we have a weak equivalence A ~ Wy (A) in
[C°P, sSet]proj. The first condition of prop. 2.2.19 is then implied by C-connectedness. The second condition
there is that 71 (A) satisfies descent. By C-connectedness this is a sheaf and it is O-truncated, hence satisfies
descent by prop 2.2.18. O

Proposition 2.2.21. Every connected and C-acyclic object A € [C°P, sSet]pro; s fibrant in [C°P, sSet]proj loc-

Proof. We first show the statement for truncated A and afterwards for the general case.

The k-truncated case in turn we consider by induction over k. If A is 1-truncated the proposition holds
by prop. 2.2.18. Assuming then that the statement has been shown for k-truncated A, we need to show it
for (k + 1)-truncated A.

This we do by decomposing A into its canonical Postnikov tower: For n € N let

A(n) = A,
be the quotient simplicial presheaf where two cells
a,B:A"xU— A
are identified, o ~,, B, precisely if they agree on their n-skeleton:
skpa = sk, 0 : sk,A =< A" — A(U).

It is a standard fact (shown in [GoJa99], theorem VI 3.5 for simplicial sets, which generalizes immediately
to the global model structure [C°P, sSet]pro; ) that for all n > 1 we have sequences

K(n) = A(n) - A(n—1),

where A(n—1) is (n — 1)-truncated with homotopy groups in degree < n —1 those of A, and where the right
morphism is a Kan fibration and the left morphism is its kernel, such that

A= lgil A(n).
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Moreover, there are canonical weak homotopy equivalences
K(n) = E((mn-14)[n])

to the Eilenberg-MacLane object on the nth homotopy group in degree n.

Since A(n — 1) is (n — 1)-truncated and connected the induction assumption implies that it is fibrant in
the local model structure.

Moreover we see that K(n) is fibrant in [C°P,sSet]|projloc: the first condition of 2.2.19 holds by the
assumption that A is C-connected. The second condition is implied again by the induction hypothesis, since
QK (n) is (n — 1)-truncated, connected and still C-acyclic, by observation 2.2.16.

Therefore in the diagram

Maps(U, K (n)) ——— Maps(U, A(n)) ——— Maps(U, A(n — 1))

; | :

Maps(C({Ui}), K (n)) —— Maps(C({Ui}), A(n)) —— Maps(C({Ui}), A(n — 1))

for {U; — U} any good cover in C the top and bottom rows are fiber sequences and the left and right
vertical morphisms are weak equivalences in [C°P,sSet],o5. It follows that also the middle morphism is a
weak equivalence. This shows that A(n) is fibrant in [C°P,sSet]proj10c. By completing the induction the
same then follows for the object A itself.

This establishes the claim for truncated A. To demonstrate the claim for general A notice that the limit
over a sequence of fibrations is a homotopy limit. Therefore we have

Maps(U, A) ~ lim Maps(U, A(n)) )

n
l:

Maps(C({U:}), 4) lim Maps(C({U3}), A(n))

12

where the right vertical morphism is a morphism between homotopy limits in [C°P, sSet]po; induced by a
weak equivalence of diagrams, hence is itself a weak equivalence. Therefore A is fibrant in [C°P, sSet]proj,10c. O

Lemma 2.2.22. For G € [C°P,sSet] a group object, the canonical sequence
G() — G — G/Go
is a homotopy fiber sequence in [C°P, sSet]pro;.

Proof. Since homotopy pullbacks of presheaves are computed objectwise, it is sufficient to show this for
C' = *, hence in sSetquillen. One checks that generally, for X a Kan complex and G a simplicial group acting
on X the quotient morphism X — X/G is a Kan fibration. Therefore the homotopy fiber of G — G/Gj is
presented by the ordinary fiber in sSet. Since the action of Gy on G is free, this is indeed Gy — G. O

Proposition 2.2.23. Every C-acyclic group object G € [C°P,sSet] o5 for which Go is a sheaf is fibrant in
[C°P, sSet]proj,loc-

Proof. By lemma 2.2.22 we have a fibration sequence
GO -G — G/GQ .

Since Gy is assumed to be a sheaf it is fibrant in the local model structure by prop. 2.2.18. Since G/Gj is
evidently connected and C-acyclic it is fibrant in the local model structure by prop. 2.2.21. As before in the
proof there this implies that also G is fibrant in the local model structure. |
In total, this proves theorem 2.2.17.

We discuss some examples.
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Proposition 2.2.24. Let (6 : G1 — Go) be a crossed module, def. 1.3.5, of sheaves over an oo-cohesive site
C. Then the simplicial delooping W(G1 — Go) is fibrant in [C°P,sSet]proj10c if the image factorization of
Go x G1 = Gog x Gg has sections over each U € C and if the presheaf kerd is a sheaf.

Proof. The existence of the lift ensures that the homotopy presheaf aPSBW G is a sheaf. Notice that
7y SPWG = ker(8). Since moreover W@ is manifestly connected, the claim follows with theorem 2.2.17. [
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2.3 Structures in a cohesive oco-topos

The axioms of a cohesive co-topos (def. 2.2.3) are meant to encode properties that characterize oo-toposes of
oo-groupoids that are equipped with extra cohesive structure. In order to reflect this geometric interpretation
notationally we shall from now on write

II
_—

(IT 4 Disc 4T" 4 coDisc) : H <:Di;“;*:ooGrpd
for the defining co-connected and oo-local geometric morphism and say for S € coGrpd that
e DiscS € H is S equipped with discrete cohesive structure;
e coDiscS € H is S equipped with indiscrete cohesive structure
and for X € H that
e I'X € coGrpd is the underlying co-groupoid of X;

e 11X is the fundamental co-groupoid or geometric path oco-groupoid of X.

We exhibit now a fairly extensive list of general abstract homotopical, cohomological and geometric struc-
tures that exist in every cohesive co-topos on general grounds. In sections 3 and 4 we consider concrete
implementations of these.

e 2.3.1 — Concrete objects

e 2.3.2 — co-Groups

e 2.3.3 — Cohomology

e 2.3.4 — Principal oo-bundles

e 2.3.5 — Twisted cohomology

e 2.3.6 — co-Gerbes

e 2.3.7 — Geometric homotopy and Galois theory
e 2.3.8 — Paths and geometric Postnikov towers

e 2.3.9 — Universal coverings and geometric Whitehead towers

2.3.10 — Flat oo-connections and local systems

2.3.11 — de Rham cohomology

2.3.12 — Exponentiated co-Lie algebras
e 2.3.13 — Maurer-Cartan forms and curvature characteristic forms

e 2.3.14 — Differential cohomology

2.3.15 — Chern-Weil homomorphism

2.3.16 — Higher holonomy

2.3.17 — Chern-Simons functionals

2.3.18 — Wess-Zumino-Witten functionals
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2.3.1 Concrete objects

The cohesive structure on an object in a cohesive co-topos need not be supported by points. We discuss
a general abstract characterization of objects that do have an interpretation as bare n-groupoids equipped
with cohesive structure.

The content of this section is taken from [CarSch].

Proposition 2.3.1. On a cohesive oco-topos H both Disc and coDisc are full and faithful co-functors and
coDisc exhibits coGrpd as a sub-co-topos of H by an co-geometric embedding

r
ooGrpd¢ H.

coDisc

Proof. The full and faithfulness of Disc was shown in prop. 2.2.2 and that for coDisc follows from the
same kind of argument. Since I' is also a right adjoint it preserves in particular finite oco-limits, so that
(T" 4 coDisc) is indeed an co-geometric morphism. O

Corollary 2.3.2. The co-topos coGrpd is equivalent to the full sub-oo-category of H on those objects X € H
for which the canonical morphism
X — coDiscI' X

is an equivalence.

Proof. This follows by general facts about reflective sub-oo-categories ([LuHTT], section 5.5.4). O

Proposition 2.3.3. Let H be the co-topos over an oo-cohesive site C. For a 0-truncated object X in H the
morphism
X — coDiscI'X

is a monomorphism precisely if X is a concrete sheaf in the sense of [Dub79].

Proof. Monomorphisms of sheaves are detected objectwise. So by the Yoneda lemma and using the
(T" 4 coDisc)-adjunction we have that X — coDiscI'X is a monomorphism precisely if for all U € C the
morphism
X(U)~H(U,X)— H(U,coDiscI'X) ~ H(I'(U),T'(X))

is a monomorphism. This is the traditional definition. (Il

Definition 2.3.4. We say

e an object X € H is n-concrete if it is n-truncated and the unit X — coDiscT'X is an (n — 1)-truncated
morphism;

e a k-truncated object for k < 0 is concrete if it is 0-concrete;
e an object that is not k-truncated for £ < 0 is concrete if, recursively,

1. it has a concrete atlas: an effective epimorphism U — X where U is 0-concrete;

2. the co-pullback U x x U is itself concrete.
We write Conc(H) < H for the full sub-co-category on the conccrete objects.

Remark 2.3.5. For untruncated objects the above recursion never terminates: an untruncated object is
concrete if it has a concrete atlas, whose fiber product with itself has a concrete atlas, and so forth. For an
n-truncated object the last recursion step requires a 0-concrete atlas whose fiber product is 0-concrete.
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Observation 2.3.6. The restriction of I" and II to Conc(H) yields a quadruple of adjunctions

11
—_—

(IT 4 Disc 4T 4 coDisc) : Conc(H) @isc)ooGrpd )

—D—

coDisc
where II preserves finite products.

Proof. Since Conc(H) is a full sub-oco-category it suffices to check that Disc, coDisc : coGrpd — H both
factor through the inclusion Conc(H) < H. For coDisc this is evident. For Disc this follows from the
content of the third axiom on a cohesive co-topos: discrete objects are concrete. ]

Definition 2.3.7. For X € H a k-truncated object, we say its k-concretification, concy X, is the k-image
factorization, according to prop. 2.1.35, of the (I" 4 coDisc)-unit

X coDiscl'X .

~N 7

concy X

2.3.2 Cohesive co-Groups

Every oco-topos H comes with a notion of co-group objects that generalizes the ordinary notion of group
objects in a topos as well as that of grouplike A, spaces in Top ~ coGrpd.

Definition 2.3.8. Write
e H. := x/H for the co-category of pointed objects in H;
o He°"™ for for the full subcategory of H on the connected objects;

e HS°"™ for the full subcategory of the pointed objects on the connected ones.

Definition 2.3.9. Write
O:H,— H

for the co-functor that sends a pointed object * — X to its loop space object: the oo-pullback
QX ——x .
* — X

Definition 2.3.10. An co-group in H is an A.-algebra G in H such that mo(G) is a group object.
Write Grp(H) for the oo-category of co-groups in H.

This is def. 5.1.3.2 in [Lurll], together with remark 5.1.3.3.

Theorem 2.3.11. Every loop space object canonically has the structure of an co-group, and this construction
extends to an co-functor
Q:H, — Grp(H).
This constitutes an equivalence of co-categories
(Q4B): Grp(H) % Heo
——

of co-groups with connected pointed objects in H.
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This is lemma 7.2.2.1 in [LuHTT]. (See also theorem 5.1.3.6 of [Lurll] where this is the equivalence
denoted ¢¢ in the proof).

We call the inverse B : Grp(H) — HS™ the delooping functor of H. By convenient abuse of notation
we write B also for the composite B : coGrpd(H) — H$** — H with the functor that forgets the basepoint
and the connectedness.

Remark 2.3.12. While by prop. 2.2.4 every connected object in a cohesive oo-topos has a unique point,
nevertheless the homotopy type of the full hom-oo-groupoid x/H(BG,BH) of pointed objects in general
differs from that of unpointed objects H(BG, BH).

Definition 2.3.13. A groupoid object in H is a simplicial object
G:A° > H

such that all its Segal-maps are equivalences: for every n € N and every partition [k] [[[k'] — [n] into to
subsets with exactly one joint element, the canonical diagram

g in] ——Gl[K]
GIK'] —— Gl

is an oo-pullback diagram.
Write
Grpd(H) C Func(A°P, H)

for the full subcategory of the co-category of simplicial objects in H on the groupoid objects.
This is def. 6.1.2.7 of [LuHTT], using prop. 6.1.2.6.
Theorem 2.3.14. In an co-topos H we have

1. Every groupoid object in H is effective: it is the Cech nerve of the map into its co-colimit:
G ~C(Gy — liing.) .
Moreover, this extends to a natural equivalence of co-categories
Grpd(H) ~ (HAM) ¢ |

where on the right we have the full sub-co-category of the arrow category of H on the effective epimor-
phisms.

2. The oco-pullback along any morphism preserves co-colimits
lim f*P;, ~ f*limP;, ——=1limP;
—1 —i —q

Vo,

Y ——X

This are two of the Giraud-Lurie axioms [LuHTT] that characterize oco-toposes. (The equivalence of
oo-categories in the first point follows with the remark below corollary 6.2.3.5 of [LuHTT].)

Remark 2.3.15. In particular for every groupoid object G the canonical morphism Gy — lim G, is an
—

effective epimorphism.
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Proposition 2.3.16. co-groups G in H are equivalently those groupoid objects G in H for which Gy ~ *.
This is the statement of the compound equivalence ¢3¢o¢; in the proof of theorem 5.1.3.6 in [Lurll].

Remark 2.3.17. This means that for G an oo-group object the Cech nerve extension of its delooping fiber
sequence G — * — BG is the simplicial object

= x({@— G —=x* — BG

that exhibits G as a groupoid object over *. In particular it means that for G an oco-group, the essentially
unique morphism * — BG is an effective epimorphism.

Definition 2.3.18. For f : Y — Z any morphism in H and z : ¥+ — Z a point, the co-fiber or homotopy
fiber of f over this point is the co-pullback X :=% xz Y

X —— % .
o
Y ——=7

Observation 2.3.19. Suppose that also Y is pointed and f is a morphism of pointed objects. Then the
oo-fiber of an oo-fiber is the loop object of the base.

This means that we have a diagram
0V, Z——X ——>x% .
R
f —=Y ——= 7

where the outer rectangle is an co-pullback if the left square is an co-pullback. This follows from the pasting
law prop. 2.1.26.

Proposition 2.3.20. If the cohesive co-topos H has an co-cohesive site of definition C (def. 2.2.10), then
e cvery oo-group object has a presentation by a presheaf of simplicial groups
G € [C°P,sGrp] LA [C°P, sSet]
which is fibrant in [C°P, sSet]proj;
e the corresponding delooping object is presented by the presheaf
WG € [C°P,sSetg] — [C°P, sSet]
which is given over each U € C by W(G(U)) .
(Here we use notation as in [GoJa99], chapter V.)

Proof. Let * — X € [C°P,sSet]proj,10c be a locally fibrant representative of * — BG. Since the terminal
object * is indeed presented by the presheaf constant on the point we have functorial choices of basepoints
in all the X(U) for all U € C and by assumption that X is connected all the X (U) are connected. Hence
without loss of generality we may assume that X is presented by a presheaf of reduced simplicial sets
X € [C°P,sSetg] — X € [C°P, sSet].

There is a Quillen equivalence between the model structure on reduced simplicial sets and the model
structure on simplicial groups

- Q
(QAW): sGrp = sSetg .
W
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whose unit is a weak equivalences (prop. 6.3 in ch V. of [GoJa99])
Y S Wy
for every Y € sSetg — sSetquillen and WQY is always a Kan complex. Therefore
WQX € [CP, sSet]proj

is an equivalent representative for X, fibrant at least in the global model structure. Since the finite oco-limit
involved in forming loop space objects is equivalently computed in the global model structure, by prop.
2.1.52, it is sufficient to observe that

QX —WOx

l

* —— WOX
is
e a pullback diagram in [C°P, sSet] (because it is so over each U € C by the general theory of simplicial
groups);
e hence a homotopy pullback of the point along itself
O

Remark 2.3.21. Since a presheaf of simplicial groups is equivalently a group object (in the sense of 1-
category theory) in the category of simplicial presheaves, prop. 2.3.20 is a strictification result: every
oo-group has a presentation by an object that is equipped with a strict group structure.

Corollary 2.3.22. Fvery 1-truncated oco-group object has a presentation by a presheaf of strict 2-groups,
coming from a presheaf of crossed modules, def. 1.3.5.

Proof. By prop. 2.3.20 the group object has a presentation by a presheaf G of simplicial groups that is
objectwise 1-truncated. Since quotients of sets commute with products, as does the coskeletal extension

cosks : Set®<t — sSet,

being a right adjoined, it follows that the objectwise 2-coskeletal extension cosks(tr1G/q,) of the quotient
of the 1-truncation of G by 2-cells is still a simplicial group, and the morphism

G 5 cosks(tr G/ a,)

is objectwise a weak equivalence and respects the strict group structure. Since the object on the right is a
Kan complex in the image of cosks it is necessarily objectwise the nerve of a 1-groupoid, and this 1-groupoid
is hence equipped with strict group structure. Since strict 2-groups are precisely the strict group objects in
the 1-category of groupoids, this proves the claim. |

Remark 2.3.23. We discuss below in observation 2.3.42 that, since WG — W@ is objectwise a fibration
resolution of the point inclusion it serves as a universal G-principal co-bundle.
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2.3.3 Cohomology

There is an intrinsic notion of cohomology and of principal co-bundles in every oco-topos H. For G an
oo-group object, G-principal co-bundles are naturally classified by cohomology with coefficients in G.

Definition 2.3.24. For X, A € H two objects, we say that
H(X,A) :=mH(X, A)
is the cohomology set of X with coefficients in A. If A = G is an co-group we write
HY(X,G) :=mH(X,BG)

for cohomology with coefficients in its delooping. Generally, if K € H has a p-fold delooping for some p € N,
we write

H?(X,K) .= noH(X,BPK).
In the context of cohomology on X wth coefficients in A we we say that
e the hom-space H(X, A) is the cocycle co-groupoid;
e a morphism g : X — A is a cocycle;
e a 2-morphism : g = h is a coboundary between cocycles.

e a morphism ¢ : A — B represents the characteristic class

(€] : H(—, A) — H(—,B).

If X is not O-truncated (not a cohesive 0-groupoid) then cohomology on X is equivariant cohomology .

Remark 2.3.25. There is also a notion of cohomology in the petit oco-topos of X € H, the slice of H over
X
X:=H/X.

This is canonically equipped with the étale geometric morphism ([LuHTT], remark 6.3.5.10)

X
—_—

(X, 4X*"4X,): H/ XX T"H ,
Xy

where X, simply forgets the morphism to X and where X* = X x (—) forms the product with X. Accordingly
X*(xg) ~ *x =: X and X (xx) = X € H. Therefore cohomology over X with coefficients of the form X*A
is equivalently the cohomology in H of X with coefficients in A:

X(X,X*A) ~H(X, A).

For a general coeffcient object A € X’ the A-cohomology over X in X is a twisted cohomology of X in H,
discussed below in 2.3.5.

Typically one thinks of a morphism A — B in H as presenting a characteristic class of A if B is “simpler”
than A, notably if B is an Eilenberg-MacLane object B = B"K for K a 0O-truncated abelian group in H. In
this case the characteristic class may be regarded as being in the degree-n K-cohomology of A

[c] e H*(A,K).
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Definition 2.3.26. For every morphism ¢ : BG — BH € H define the long fiber sequence to the left

530G 0QOH—-F—-G— H—BF BG5S BH

to be given by the consecutive pasting diagrams of co-pullbacks

OH —— G —x

L

* H BF *
* BG —=BH

Proposition 2.3.27. This is well-defined, in that the objects in the fiber sequence are indeed as indicated.

Proof. Repeatedly apply the pasting law 2.1.26 and definition 2.3.9. ]

Proposition 2.3.28. 1. The long fiber sequence to the left of ¢ : BG — BH becomes constant on the
point after n iterations if H is n-truncated.

2. For every object X € H we have a long exact sequence of pointed cohomology sets
<= HYX,G) - H'(X,H) - HY(X,F) - H'(X,G) - H' (X, H).

Proof. The first statement follows from the observation that a loop space object 2, A is a fiber of the
free loop space object LA and that this may equivalently be computed by the oco-powering ASl, where
S1 € Top ~ coGrpd is the circle.

The second statement follows by observing that the co-hom-functor H(X, —) preserves all co-limits, so
that we have oo-pullbacks

H(X,F)—— %

H(X,G) — H(X, H)

etc. in coGrpd at each stage of the fiber sequence. The statement then follows with the familiar long exact
sequence for homotopy groups in Top ~ coGrpd. ]
To every cocycle g : X — BG is canonically associated its homotopy fiber P — X, the oco-pullback

P—s %

|,

X Y BaG.

We discuss now that such P canonically has the structure of a G-principal co-bundle and that BG is the
fine moduli space — the moduli co-stack — for G-principal co-bundles.
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2.3.4 Principal co-bundles

Definition 2.3.29. For G € Grp(H) an oo-group we say a G-action on an object P € H is a groupoid
object P//G of the form
= PxGxG—=PxG—=<P

such that the degreewise projections P x G™ — G" constitute a morphism of groupoid objects

—=PxGExG@—=PxG—xP.

I N T

L —=Gx(G G—=+«

With convenient abuse of notation we also write

P//G:=limP xG** €H
—

for the corresponding co-colimit object.
Write
GAction C Grpd(H)/(x//G)

for the full sub-co-category of groupoid objects over #//G on those that are G-actions.

Remark 2.3.30. Since the face and degeneracy maps in the groupoid object G*® are fixed, this definition
fixes all face and degeneracy maps in P//G except the outermost face maps. This is what defines the action
PxG—G.

Remark 2.3.31. Using this notation in prop. 2.3.16 we have
BG ~«//G.

Definition 2.3.32. For G € coGrp(H), a morphism P — X in H together with a G-action on P is a
G-oo-torsor over X if X ~ P//G.

A morphism of G-torsors P, — P, over X is a morphism of the corresponding action groupoid objects
that preserves X.

Remark 2.3.33. By theorem 2.3.14 this means in particular that a G-oo-torsor P — X is an effective
epimorphism.

Proposition 2.3.34. For g : X — BG a morphism, its homotopy fiber P — X canonically carries the
structure of a G-oco-torsor over X.

Proof. That P — X is the fiber of g : X — BG means that we have an oco-pullback diagram

P *
X - BG

By the pasting law for oco-pullbacks this induces a compound diagram

—=PxGXxG—=PxG—=P——>X

S T T

GxG SG—=*——>BG

..
_—

where each square and each composite rectangle is an oo-pullback. This exhibits the G-action on P. Since
x* — BG is an effective epimorphism, so is its oo-pullback P — X. Since oo-colimits are preserved by
oo-pullbacks we have X ~ P//G. O
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Observation 2.3.35. For P — X a G-oo-torsor obtained as in prop. 2.3.34 x : * — X any point of X we
have a canonical equivalence

PS5 G
between the fiber of P over X and the oo-group object G.

Proof. This follows from the pasting law for co-pullbacks, which gives the diagram

G——=P——>x

L

« > x 2. BG

in which both squares as well as the total rectangle are co-pullbacks. (|

Definition 2.3.36. A locally trivial G-oo-torsor or G-principal co-bundle over X is a G-oo-torsor P — X
such that diagram of co-colimits

P— s

.

X =~ ImP x G*r ——=1limG*» =~ BG

—n —n

is an oo-pullback diagram.

Lemma 2.3.37. In any co-topos a morphism
A—T1 . p
X
over an object X is an equivalence precisely if for any effective epimorphism p: Y — X the pullback p* f in

*

p*A z

N

Y

is an equivalence.

Proof. Since effective epimorphisms as well as equivalences are preserved by pullback we get a simplicial
diagram of the form

=P AX aptA—=ptA—>A .
-
- ——=p*Bxgp*B—=p*B——B

By definition of effective epimorphisms this exhibits f as an co-colimit over equivalences, hence as an equiv-
alence. ]

Proposition 2.3.38. Every morphism between G-torsors over X that are G-principal co-bundles over X is
an equivalence.
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Proof. Since a morphism of G-torsors P, — P is a morphism of Cech nerves that fixes their co-colimit
X, up to equivalence, and since * — BG is an effective epimorphism, we are in the situation of lemma 2.3.37.

PlHX\
1 PBhb—=X
N
x* — BG

O

Definition 2.3.39. The co-category GBund(X) of G-principal co-bundles over X is the oo-pullback in the
diagram

GBund(X) Grpd(HY) |

| -

(HXDBG)eff,ex(—> (HXDBG)eff — (HD)eff

l (X,BG) l
— > H x H
where
e HY is the co-category of squares
p——=t
l J{ —H
x——b

in H (the arrow category of the arrow category) and (H™).g is the full subcategory on those squares
whose vertical morphisms are both effective epimorphisms in H;

e the morphism HY — H x H is the restriction to the two bottom objects = and b
e the co-groupoid H¥UB¢ is the homotopy fiber of this projection over (X, BG);
e the full inclusion (HX DBG)eff’ex — (Hx DBG)eff is that of those squares which are co-pullbacks.

Remark 2.3.40. The objects and the morphism in GBund are indeed those of def. 2.3.36: the co-pullback
picks those groupoid objects

—_— -
_,4>7)2*>7)14>7)0

.

=0 p— G1—=0o
in the arrow category such that their colimiting cocone square is of the form

Po ——Go

o

X ——BG

and such that it is an oo-pullback square.
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Proposition 2.3.41. For all X,BG € H there is a natural equivalence of co-groupoids
GBund(X) ~ H(X,BG)

which on vertices is the construction of def. 2.3.34: a bundle P — X is mapped to a morphism X — BG
such that P — X — BG is a fiber sequence.

We therefore say
e BG is the classifying object for G-principal co-bundles;

e a morphism ¢ : X — BG is a cocycle for the corresponging G, bundle and its class [c] € Hiz (X, G) is
its characteristic class.

Proof. Observe that for H an oco-topos also the arrow-co-category H' is an oo-topos. For instance for C
any oo-site of definition for H we have that H! ~ Sh.,(C x I), where C x I is equipped with the product
Grothendieck topology of the given one of C and the trivial one on I.

Since oo-limits and co-colimits of co-presheaves are computed objectwise, an effective epimorphism in H
is a square [J — H such that the two vertical morphisms are effective epimorphisms in H. Therefore by the
Giraud-Lurie theorem 2.3.14 the right vertical morphism in the above pullback diagram is an equivalence

~

Grpd(H!) 5 (HY).q. Since equivalences are preserved by co-pullbacks, it follows that also
GBund(X) 5 (HXPBe) 4

is an equivalence.
Now consider the functor
H(X,BG) — (HXUBe) 4

which sends a morphism ¢ : X — BG to the co-pullback square

(%) — %

|

X > BG

Since * — BG is an effective epimorphism (by prop. 2.3.16, remark 2.3.17) and since these are stable under
pullback, this functor does indeed land in squares in H with vertical morphisms being effective epimorphisms.

We claim now that the universality of the co-pullback implies that this functor is an equivalence: that
a morphism of cospan diagrams essentially uniquely extends to a morphism of the corresponding pullback
diagrams. To show with we make use of a model category presentation of H.

First notice that HjﬂDBG is simply the full sub-oo-category of HY on squares with vertical effective
epimorphisms whose bottom horizontal morphism is of the form X — BG. One way to see this is to choose
a quasi-category incarnation of H and notice that in terms of this the morphism

(H” — H x H) = sSet(« [ [ » — 0, H)

is the simplicial hom of a Joyal-cofibration into a Joyal fibrant object, hence is a Joyal-fibration. Therefore
the homotopy fiber HXUBG of this morphism is indeed equivalent to the ordinary fiber of quasi-categories.
The same argument shows that H(X, BG) ~ Hx B¢,

Then notice that for J a small category the diagram category H” is presented by the model category

[J, [OOP, Sset]inj,loc]inj .

For our case consider the standard Quillen adjunction

-

i
[Ja [Cop’ Sset]inj,loc]inj —_— [D; [Cop’ Sset]inj,loc]inj 5

T
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where i, is right Kan extension along ¢ :1 < [0. The right derived functor of this is equivalent to the
oo-functor that we want to analyze.

Ri.|xBG : H(X,BG) — (Hx"sc)

Notice that a square in [C°P, sSet] is a pullback square precisely if it is in the image under 4,. Therefore it
is a homotopy-pullback square in [C°P, sSet]inj 10c if it is in the image under 4, of an injectively fibrant pullback
diagram, and every homotopy pullback square arises this way, up to equivalence. Since i, is right Quillen,
such squares are themselves injectively fibrant. Since moreover all objects in the above two model structures
are cofibrant, we find that the essential image of Ri.|x B¢ is equivalent to the full simplicial sub-category
of [0, [C°PsSet]inj,loc)inj 0N those fibrant-cofibrant objects which are in addition pullback squares.

Thereby finally the standard 1-categorical analog statement applies: morphisms between pullbck squares
are uniquely fixed by their restriction to the underlying cospan diagram. This show that the hom-objects in
this subcategory are isomorphic to those in [1, [C°PsSet]inj ioc)inj, and hence that

RZ* |X,BG' — (HXDBG)ex

is not only essentially surjective, but also full and faithful, and hence an equivalence. (|

We discuss a general concrete presentation of principal co-bundles by simplicial presheaves

Observation 2.3.42. Let G € coGrp(H) an oo-group over a site C. By prop. 2.3.20 we can always
present G by an ordinary group object in [C°P,sSet], which we shall denote here by the same symbol, and
its delooping by the degreewise simplicial delooping WG.

Therefore every cocycle ¢ € H(X,BG) has a presentation by a morphism X — WG in [C°P, sSet]. There
is a standard construction of the universal simplicial G-bundle WG — W@, recalled in more detail below
in 3.1.3. As discussed there, this is a presentation by a fibration in [C°P,sSet],.; of the point inclusion
x — BG. With prop. 2.1.52 it follows that the ordinary pullback of simplicial presheaves P in

P——WG

L

X —Wa
is a presentation of the principal co-bundle that is classified by c¢. By prop. 2.3.41 every principal co-bundle

arises this way, up to equivalence. Therefore the presheaf of universal simplicial bundles WG — WG serves
as a universal principal oco-bundle.

Of special interest are principal co-bundles over classifying objects: those of the form P — BG:
Definition 2.3.43. We say a sequence of cohesive co-groups
A—-G—G
exhibits G as an extension of G by A if the corresponding delooping sequence
BA — BG — BG

is a fiber sequence. If this fiber sequence extends one step further to the right to a morphism ¢ : BG — B2A,
we have by def. 2.3.36 that BG — BG is the B A-principal oo-bundle classified by the cocycle ¢; and
BA — BG is its fiber over the unique point of BG.

Given an extension and a G-principal co-bundle P — X in H we say an extension Pof Ptoa G’—principal
oo-bundle is a factorization of its classifying cocycle g : X — BG through the extension



Proposition 2.3.44. Let A — G — G be an extension of cohesive co-groups in H and let P — X be a
G-principal co-bundle.

Then a G-extension P — X of P is in particular also an A-principal co-bundle P — P over P with the
property that its restriction to any fiber of P is equivalent to G—G.

We may summarize this as saying: an extension of co-bundles is an oo-bundle of extensions.
Proof. This follows from repeated application of the pasting law for co-pullbacks, prop. 2.1.26 applied to
the following diagram in H:
*
BA

—_

q

ES

|

BG

|
|

*<—Q=<—20

'.BG
\_/

g

x

The bottom composite g : X — BG is a cocycle for the given G-principal co-bundle P — X and it factors
through § : X — BG by assumption of the existence of the extension P — P.

Since also the bottom right square is an oco-pullback by the given oco-group extension, the pasting law
asserts that the square over ¢ is also am oco-pullback, and then that so is the square over ¢q. This exhibits P
as an A-principal oco-bundle over P classified by thhe cocycle ¢ on P.

Now choose any point x : * — X of the base space as on the left of the diagram. Pulling this back upwards
through the diagram and using the pasting law and the definition of loop space objects G ~ QBG ~ * [ [ *
the diagram completes by oco-pullback squares on the left as indicated, which proves the claim. O

2.3.5 Twisted cohomology

A slight variant of cohomology is often relevant: twisted cohomology.

Definition 2.3.45. For H an oo-topos, let ¢ : B — C be a morphism representing a characteristic class
[c] € H(B,C). Let C be pointed and write A — B for its homotopy fiber.

We say that the twisted cohomology with coefficients in A relative to c is the intrinsic cohomology of the
over-oco-topos H/C' with coefficients in f.

If ¢ is understood and ¢ : X — B is any morphism, we write

Hy (X, A):= H/C(¢,c)

and speak of the cocycle co-groupoid of twisted cohomology on X with coefficients in A and twisting cocycle
¢ relative to [c] .

For short we often say twist for twisting cocycle.
Proposition 2.3.46. We have the following immediate properties of twisted cohomology:

1. The ¢-twisted cohomology relative to ¢ depends, up to equivalence, only on the characteristic class
[c] € H(B,C) represented by ¢ and also only on the equivalence class [¢] € H(X,C) of the twist.

2. If the characteristic class is terminal, ¢ : B — % we have A ~ B and the corresponding twisted
cohomology is ordinary cohomology with coefficients in A.
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Proposition 2.3.47. Let the characteristic class ¢ : B — C and a twist ¢ : X — C be given. Then the
cocycle co-groupoid of twisted A-cohomology on X is given by the co-pullback

I‘qu()(7 A) *
|k
H(X,B) ——= H(X,C)

in coGrpd.

Proof. This is an application of the general pullback-formula for hom-spaces in an over-oo-category,
[LuHTT] prop 5.5.5.12. |

Proposition 2.3.48. If the twist is trivial, ¢ = 0 (meaning that it factors as ¢ : X — x — C' through the
point of the pointed object C'), the corresponding twisted A-cohomology is equivalent to ordinary A-cohomology

H,_o(X, A) ~ H(X, A).

Proof. In this case we have that the characterizing co-pullback diagram from prop. 2.3.47 is the image
under the hom-functor H(X, —) : H — coGrpd of the pullback diagram B 5 C « «. By definition of A as
the homotopy fiber of c, its pullback is A. Since the hom-functor H(X, —) preserves co-pullbacks the claim
follows:

Hy—o(X,A) ~H(X,B) [[ HX
H(X,C)

~H(X,B]]*)
C

~H(X,A)
|
Often twisted cohomology is formulated in terms of homotopy classes of sections of a bundle (see for instance
section 22 of [MaSi07]). The following asserts that this is equivalent to the above definition.
By the discussion in 2.3.3 we may understand the twist ¢ : X — C as the cocycle for an QC-principal
oo-bundle over X, being the oo-pullback of the point inclusion x — C along ¢, where the point is the
homotopy-incarnation of the universal QC-principal co-bundle, observation 2.3.42. The characteristic class

c: B — C in turn we may think of as an 2A-bundle associated to this universal bundle. Accordingly the
pullback Py := X X¢ B is the associated Q2A-bundle over X classified by ¢.

Proposition 2.3.49. Let Py := X X¢ B be the oo-pullback of the characteristic class ¢ along the twisting
cocycle ¢
P¢ ——B

)
X . C
Then the ¢-twisted A-cohomology of X is equivalently the space of sections T'x (Py) of Py over X:

Hy (X, A) ~Tx(Py),
where on the right we have the co-pullback

Fx(P¢) *

S

H(X,Py) ——H(X, X)
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Proof. Consider the pasting diagram

Hy (X, A) ——=Ty(X) ——— =

T

H(X,P,) —>H(X, X)

| 3

H(X, B) —— H(X,C)

Since the hom-functor H(X, —) preserves co-limits the bottom square is an co-pullback. By the pasting law
for co-pullbacks, prop. 2.1.26, so is then the total outer diagram. Noticing that the right vertical composite

is * % H(X, C) the claim follows with prop. 2.3.47. |
Remark. In applications one is typically interested in situations where the characteristic class [c] and the
domain X is fixed and the twist ¢ varies. Since by prop. 2.3.46 only the equivalence class [¢] € H(X,C)
matters, it is sufficient to pick one representative ¢ in each equivalence class. Such as choice is equivalently

a choice of section
H(X,C):=nH(X,C) - H(X,C)

of the O-truncation projection H(X,C) — H(X, C) from the cocycle co-groupoid to the set of cohomology
classes. This justifies the following terminology.

Definition 2.3.50. With a characteristic class [c] € H(B, C) with homotopy fiber A understood, we write

Hy (X, 4) = [[ Hs(X, 4
[¢]€eH(X,C)

for the total twisted cohomology: the union of all twisted cohomology cocycle co-groupoids.

Observation 2.3.51. We have that Hy, (X, A) is the co-pullback

Hy (X, A) Y~ H(X,C) ,

i l

H(X, B) ——=H(X,0)
where the right vertical morphism in any section of the projection from C-cocycles to C-cohomology.

Remark 2.3.52. When the oco-topos H is presented by a model structure on simplicial presheaves and
model for X and C is chosen, then the cocycle co-groupoid H(X, C) is presented by an explicit simplicial
presheaf H(X, C)simp € sSet. Once these choices are made, there is therefore the inclusion of simplicial
presheaves

const(H(X, C)simp)o = H(X, C)simp »

where on the left we have the simplicially constant object on the vertices of H(X, C')simp. This morphism, in
turn, presents a morphism in coGrpd that in general contains a multitude of copies of the components of any
H(X,C) - H(X,C): a multitude of representatives of twists for each cohomology class of twists. Since by
prop. 2.3.46 the twisted cohomology does not depend, up to equivalence, on the choice of representative, the
coresponding oco-pullback yields in general a larger coproduct of co-groupoids as the corresponding twisted
cohomology. This however just contains copies of the homotopy types already present in Hiy (X, A) as
defined above.
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2.3.6 oo-Gerbes

We now consider a notion of oo-bundles that are not principal, 2.3.4, but are associatedto principal oco-
bundles [NSSb]. This notion makes sense generally in any co-topos, but it is of interest in co-toposes X that
one thinks of as being “petit”: such as that over a fixed topological space X (X := Sho(Op(X))), or such
as any of the slice toposes H/X for H any big co-topos and X € X an object.

In all these cases the external object X is internally the terminal object, and so we shall write X := x € X.

The original definition of a gerbe on X [Gir71] is: a stack E (i.e. a l-truncated oco-stack) that is locally
connected and locally non-empty. In more intrinsic terms, these two conditions simply say that F is I-
connective: the Oth homotopy sheaf is terminal, mo(F) ~ x (and the morphism E — x is an effective
epimorphism). This modern reformulation is made explicit in the literature for instance in section 5 of
[JaLu04] and in section 7.2.2 of [LuHTT].

Definition 2.3.53. For X an oo-topos, a gerbe in X is an object E € & which is
1. 1-connective (= connected);
2. 1-truncated.

Remark 2.3.54. Notice that this definition a priori has little in common with the definition that has been
given the name bundle gerbe (reviewed in [NiWall]). Bundle gerbes are instead presentations of total spaces
of principal co-bundles (or the cocycles that define them). The classification result below in 2.3.64 exhibits
the relation between the two concepts.

This definition has various obvious generalizations. The following is considered in [LuHTT].
Definition 2.3.55. For n € N, an EM n-gerbe is an object £ € X which is

1. n-connective;

2. n-truncated.

Remark 2.3.56. This is almost the definition of an Filenberg-MacLane object in X, only that the condition
requiring a global section * — F (hence X — F) is missing. Indeed, the Eilenberg-MacLane objects of
degree n in X’ are precisely the EM n-gerbes of trivial class, according to proposition 2.3.64 below.

There is also an earlier established definition of 2-gerbes in the literature [Br94], which is more general
than EM 2-gerbes. Stated in the above fashion it reads as follows.

Definition 2.3.57. A 2-gerbe in X an object F € X which is

1. 1l-connective (= connected) ;

2. 2-truncated.

This definition has an evident generalization to arbitrary degree, which we shall adopt.
Definition 2.3.58. An n-gerbe in X is an object F € X which is

1. connected;

2. n-truncated.

An oco-gerbe is a connected object.
Write GGerbe C X for the core (the maximal co-groupoid inside) the full sub-co-category of X' on the
G-oo-gerbes.

Remark 2.3.59. Therefore co-gerbes (and hence EM n-gerbes and 2-gerbes and hence gerbes) are much like
deloopings of co-groups, only that there is no requirement that there exists a global section. An oco-gerbe for
which there is a morphism * = X — E we call trivializable. By theorem 2.3.11 trivializable and (canonically)
pointed oco-gerbes are equivalent to oo-group objects in X.
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But locally every oco-gerbe E is of this form. For let

s

(2" 4 xy) : 00oGrpd —>x X

*

be a topos point. Then the stalk z*E € ocoGrpd of the oo-gerbe is 1-connective: because inverse images
preserve the finite co-limits involved in the definition of homotopy sheaves, and preserve the terminal object.
Therefore

mox B ~ ¥ mg B ~ %% ~ x.

Hence for every point x we have a stalk oco-group G, and an equivalence
2*FE ~ BG, .
Therefore one is interested in the following notion.

Definition 2.3.60. For G € coGrp(X) an oo-group object, a G-co-gerbe is an oo-gerbe E such that there
exists

1. an effective epimorphism U — x;
2. an equivalence E|y ~ BG|y.
In words this says that a G-oo-gerbe is one that locally looks like the oo-stack of G-principal co-bundles.

Example 2.3.61. For X a topological space and X = Sh,,(X) the co-topos of co-sheaves over it, these
notions reduce to the following.

e a 0-group object G € Grp(X) C coGrp(X) is a sheaf of groups on X;

e for {U; — X} any open cover, the canonical morphism [[, U; — X is an effective epimorphism to the
terminal object;

e BGy, is the stack of G

y,-torsors.

It is clear that one way to construct a G-oo-gerbe should be to start with an Aut(BG)-principal co-bundle
and then canonically associate a fiber oo-bundle to it.

Definition 2.3.62. For ' € X any object, write
Aut(F) = [F,F] € X

for the maximal subobject on the internal hom [F, F] on those elements that are equivalences F = F. For
G € coGrp(X) we write
AUT(G) := Awt(BG) .

Example 2.3.63. For G € Grp(coGrpd) an ordinary group, AUT(G) is usually called its automorphism
2-group. Its underlying groupoid is equivalent to

p1(—)-Ad(p2(-))
_—

AutGrp(G) x G Autgrp(G) .

p1
This is the action groupoid of G acting on Aut(G) by the morphism Ad : G — Aut(G).

We have the following classification theorem for co-gerbes.
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Proposition 2.3.64. Let X' be a 1-localic co-topos (one that has a 1-site of definition).
For G € coGrp(X) any co-group object, G-principal co-gerbes are classified by AUT(G)-cohomolohy:

moGGerbe ~ mX (*, BAUT(G)) =: Hy(X,AUT(G)) .

A G-gerbe E has trivial AUT(G)-cohomology precisely if it has a global section X — E. Moreover, the
equivalence is induced by sending an AUT(G)-principal co-bundle to its canonically associated co-bundle
with fiber BG.

Proof. Inspection shows that this statement is a special case of the more general classification resul in
[Well], namely the special case where the fiber object F' in that account is F' = BG.
In that case

1. definition 3.5 there is the definition of G-co-gerbe here;

2. the object denoted “B(x,hAute(F),*)” there (the two-sided bar construction on a simplicial group
representation of AUT(G)) presents the object denoted BAUT(G) here;

3. theorem 5.10 there is then the statement to be proven here.

Under this equivalence AUT(G)-cocycles are sent to pullbacks of the universal BG-fibration. One sees that
this is a fibration presentation of an effective epimorphism. Therefore the pullback is a homotopy pullback
of an effective epimorphism and hence itself an effective epimoprhism. Therefore the corresponding G-gerbes
indeed sit by an effective epimorpism over X. O
For the case that G is O-truncated (an ordinary group object) this is also the content of theorem 23 in
[JaLu04].

Examples 2.3.65. For G € Grp(&X) C coGrp(X) an ordinary 1-group object, this reproduces the classical
result of [Gir71], which originally motivated the whole subject: by example 2.3.63 in this case AUT(G) is
the traditional automorphism 2-group and

H3 (X, AUT(G))

is Giraud’s nonabelian G-cohomology that classifies G-gerbes.
For G € 2Grp(X) C coGrpd(X)a 2-group, we recover the classification of 2-gerbes as in [Br94][Br06].

Remark 2.3.66. In section 7.2.2 of [LuHTT] the special case that here we called EM-n-gerbes is considered.
Beware that there are further differences: for instance the notion of morphisms between n-gerbes as defined
there is more restrictive than considered here. For instance with our definition (and hence also that in
[Br94]) each group automorphism of an abelian group object A induces an automorphism of the trivial A-
2-gerbe B2A. But, except for the identity, this is not admitted in [LuHTT] (manifestly so by the diagram
above lemma 7.2.2.24 there). Accordingly, the classification result in [LuHTT] is different: it involves the
cohomology group H3 T (X, A). Notice that there is a canonical morphism

HYTH (X, A) — HY(X,AUTB"A)
induced from the morphism B"1 A4 — Aut(B"A).

Remark 2.3.67. By prop. 2.3.64 we may effectively think of G-oco-gerbes in terms of the AUT(G)-principal
oo-bundles that they are associated to. As for ordinary associated bundles, this way most notions for
principal oco-bundles carry over to oo-gerbes. For instance an oco-connection on a G-oo-gerbe we may take
to be an oo-connection on the corresponding principal oo-bundle, discussed below in 2.3.15.

From the classification prop. 2.3.64 are naturally derived the following further notions.
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Definition 2.3.68. Fix k € N. For G € coGrp(X) a k-truncated co-group object (a (k + 1)-group), write
Out(G) := 1, AUT(G)

for the k-truncation of AUT(G). (Notice that this is still an co-group, since by lemma 6.5.1.2 in [LuHTT)
Tn, preserves all co-colimits but also all products.) We call this the outer automorphism n-group of G.

Example 2.3.69. For G € Grpd(coGrpd) an ordinary group, Out(G) is the coimage of Ad : G — Aut(G),
which is the traditional group of outer automorphisms of G.

Notice that by definition there is a canonical morphism
BAUT(G) — BOut(G) .
Definition 2.3.70. Write B2Z(G) for the co-fiber of this morphism, fitting into a fiber sequence
B?Z(G) — BAUT(G) — BOut(G) .
We call Z(G) the center of the co-group G.

Example 2.3.71. For X = coGrpd and k = 0 we have that G is an ordinary discrete group, AUT(G) is

the strict 2-group coming from the crossed module, def. 1.3.5, [G A Aut(G)] and the canonical morphism
of crossed modules
G *

e

Aut(G) —— Out(G)

induces a fibration of connected 2-groupoids. Therefore its homotopy fiber is equivalent to its ordinary fiber,

which is given by the crossed complex [G A Inn(G)]. This is weakly equivalent to the 2-group BZ(G) given
by the crossed module [Z(G) — 1], where Z(G) is the center of G in the traditional sense.

By theorem 2.3.64 this induces a morphism
Band : myGGerbe — H3.(X, Out(G)).

Definition 2.3.72. For E € GGerbe we call Band(F) the band of E.
Fix an element [K] € H% (X, Out(G)). The co-groupoid GGerbef of K-banded gerbes is the oo-pullback

GGerbeg *

| I

X (X, BAUT(G)) — X (X, BOut(G))

Remark 2.3.73. To even specify the band we need to have the group object GG specified. More in detail the
data of a K-banded gerbe is therefore a pair (G € coGrp(X), [K] € HY(X,0ut(G))). For instance if G an
abelian group then the class [K] is necessarily trivial, and so G itself is the information given by the band.

Observation 2.3.74. For K = x the trivial band, it follows from the universality of the co-bullback that
m1oGGerbeg—, ~ H% (X, Z(G)).

Therefore for general K we may think of 7gGGerbeg as the K-twisted Z(G)-cohomology, def. 2.3.45, in
degree 2 (which of course may itself be cohomology in higher degree when Z(G) itself is higher connected).

Example 2.3.75. For G a 0-group this reduces to the notion of band as introduced in [Gir71].
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2.3.7 Geometric homotopy and Galois theory

We discuss canonical internal realizations of the notions of geometric realization, geometric homotopy groups,
local systems and Galois theory in any cohesive co-topos H.

Definition 2.3.76. For H a locally oco-connected oo-topos and X € H an object, we call II(X) € coGrpd
the fundamental co-groupoid of X.
The ordinary homotopy groups of II(X) we call the geometric homotopy groups of X

T8O X € H) := 7o (II(X € 0oGrpd)).
Definition 2.3.77. For | — | : coGrpd = Top the canonical equivalence of co-toposes, we write
| X| := |IIX| € Top
and call this the geometric realization of X.

Remark. In presentations of H by simplicial presheaves as in prop. 2.2.11 aspects of this abstract notion
are more or less implicit in the literature. See for instance around remark 2.22 of [SiTe]. But the key insight
is, more or less explicitly, in [ArMa69]. This we discuss in detail in 3.2.2.

In some applications we need the following characterization of geometric homotopies in a cohesive oo-
topos.

Definition 2.3.78. We say a geometric homotopy between two morphisms f,g: X — Y in H is a diagram
X

(Id,i)i \

XxI-1 oy

(Id’O)T /

X

such that I is geometrically connected, 7§“°™ (I) = x.

Proposition 2.3.79. If two morphism f,g: X — Y in a cohesive co-topos H are geometrically homotopic
then their images I1(f),11(g) are equivalent in coGrpd.

Proof. By the condition that IT preserves products in a strongly co-connected oo-topos we have that the
image of the geometric homotopy in coGrpd is a diagram of the form

I(X)
(Id,H(i))l &
I1(n)
I(X) x II(I) —=T1(Y)
(Id,H(O))T o)
I(X)

Since II(7) is connected by assumption, there is a diagram
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in coGrpd (filled with homotopies, which we do not display, as usual, that connect the three points in II(I)).
Taking the product of this diagram with II(X) and pasting the result to the above image II(n) of the geo-
metric homotopy constructs the equivalence II(f) = TI(g) in coGrpd. O

Proposition 2.3.80. For H a locally co-connected co-topos, also all its objects X € H are locally oo-
connected, in the sense that their over-co-toposes H/ X are locally co-connected (IIx 4 Ax 4T'x) : H/X —
0oGrpd.
The two notions of fundamental co-groupoids of any object X induced this way do agree, in that there is
a natural equivalence
Ix(XeH/X)~II(X € H).

Proof. By the general properties of over-co-toposes ([LuHTT], prop 6.3.5.1) we have a a composite
essential co-geometric morphism

(Ilx 4Ax 4Tx) : H/X =X H =2 coGrpd
X. r
and X is given by sending (Y -+ X) e H/X to Y € H. O

Definition 2.3.81. For k a regular cardinal write
CoreocoGrpd,, € coGrpd

for the oo-groupoid of k-small co-groupoids: the core (maximal co-groupoid inside an oco-category) of the
full sub-oo-category of coGrpd on the k-small ones.

Remark 2.3.82. We have
Core coGrpd,, ~ H BAut(F;),
where the coproduct ranges over all k-small homotopy types [F;] and where Aut(F;) is the automorphism
oo-group of any representative F; of [F;].
Definition 2.3.83. For X € H write
LConst(X) := H(X, Disc(Core(coGrpd,,)))

for the cocycle co-groupoid on X with coefficients in the discretely cohesive oo-groupoid on the oo-groupoid
of k-small co-groupoids. We call this the co-groupoid of locally constant oo-stacks on X.

Since Disc is left adjoint and right adjoint it commutes with coproducts and with delooping and therefore

Disc(Core coGrpd,,) ~ H BDisc(Aut(F;)) .

Therefore, by the discussion in 2.3.3, a cocycle P € LConst(X) may be identified on each geometric con-
nected component of X with a Disc Aut(F;)-principal co-bundle P — X over X for the co-group object
DiscAut(F;) € H. We may think of this as an object P € H/X in the little topos over X. This way the
objects of LConst(X) are indeed identified co-stacks over X.

The following proposition says that the central statements of Galois theory hold for these canonical
notions of geometric homotopy groups and locally constant co-stacks.

Proposition 2.3.84. For H locally and globally co-connected, we have
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1. a natural equivalence
LConst(X) ~ coGrpd(TI(X), coGrpd,,)

of locally constant oo-stacks on X with co-permutation representations of the fundamental oo-groupoid
of X (local systems on X );

2. for every point x : x — X a natural equivalence of the endomorphisms of the fiber functor x* and the
loop space of TI(X) at

End(z* : LConst(X) — coGrpd) ~ Q,I1(X).

Proof. The first statement is essentially just the (IT 4 Disc)-adjunction :

LConst(X) := H(X, Disc(Core coGrpd,,))
~ coGrpd(II(X), Core coGrpd,, ) .
~ coGrpd(II(X), coGrpd,,)

Using this and that II preserves the terminal object, so that the adjunct of (* — X — Disc Core coGrpd,,) is
(* = II(X) — 0oGrpd,,) the second statement follows with an iterated application of the co-Yoneda lemma:
The fiber functor z* : Funce, (II(X), coGrpd) — coGrpd evaluates an oo-presheaf on I1(X)°P at 2 € TI(X).
By the co-Yoneda lemma this is the same as homming out of j(z), where j : II(X)°? — Func(II(X), coGrpd)
is the oo-Yoneda embedding:
¥~ HOmpSh(H(X)op)(j(SC), 7) .

This means that z* itself is a representable object in PShy, (PSha (IT(X)°P)°P). If we denote by j :
PSheo (IT(X)°P)°P — PSheo (PSheo (IT(X)°P)°P) the corresponding Yoneda embedding, then

With this, we compute the endomorphisms of z* by applying the co-Yoneda lemma two more times:

End(z") = Endpgnpsn(i(x)er)or) (7(4(2)))
~ End(PSh(I1(X))°?)(j(x))
~ Endn(x)op (z,x)
~ Aut,II(X)
=: Q,II(X)

2.3.8 Paths and geometric Postnikov towers

The above construction of the fundamental co-groupoid of objects in H as an object in coGrpd may be
reflected back into H, where it gives a notion of homotopy path n-groupoids and a geometric notion of
Postnikov towers of objects in H.

Definition 2.3.85. For H a locally co-connected oco-topos define the composite adjoint co-functors
(IT Hb) := (DiscoII 4DiscoT') : H — H.
We say for any X, A € H

e II(X) is the path co-groupoid of X — the reflection of the fundamental co-groupoid from 2.3.7 back
into the cohesive context of H;
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e A (“flat A”) is the coefficient object for flat differential A-cohomology or for A-local systems (discussed
below in 2.3.10).

Write
, i

(tn 7in) Hepy, = H
for the reflective sub-oo-category of n-truncated objects ([LuHTT], section 5.5.6) and

i HD He, —H
for the localization funtor. We say

m, HLYHDH
is the homotopy path n-groupoid functor. The (truncated) components of the (IT - Disc)-unit

X = II,(X)

we call the constant path inclusion. Dually we have canonical morphisms

bA — A

natural in A € H.
Observation 2.3.86. If H is cohesive, then b has a right adjoint T’

IT
—_—

(IT 45 4 T) := (DiscIl 4 DiscT" 4 coDiscT'): H=>_H .

E——
r

and this makes H be oco-connected and locally co-connected over itself.

Definition 2.3.87. For X € H we say that the geometric Postnikov tower of X is the categorical Postnikov
tower ([LuHTT] def. 5.5.6.23) of II(X) € H :

IIX) —» - - > (X)) > I (X) = p(X) .
The main purpose of geometric Postnikov towers for us is the notion of geomtric Whitehead towers that
they induce, discussed in the next section.

2.3.9 Universal coverings and geometric Whitehead towers

We discuss an intrinsic notion of Whitehead towers in a locally oo-connected oco-topos H.

Definition 2.3.88. For X € H a pointed object, the geometric Whitehead tower of X is the sequence of
objects
x) ... 5 x@) o, x(1)  x(0) L x

in H, where for each n € N the object X ("t is the homotopy fiber of the canonical morphism X — I, 1 X
to the path (n + 1)-groupoid of X (2.3.8). We call X(®*+1) the (n + 1)-fold universal covering space of X.
We write X (°) for the homotopy fiber of the untruncated constant path inclusion.

X&) 5 X 5 TI(X).
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Here the morphisms X ™ — X™~1 are those induced from this pasting diagram of co-pullbacks

p, ¢ R———

L

X1 o B, (X) —— %

o

T<(n—1)

X ———1I,(X) ——TI,_)(X)

where the object B" 7, (X) is defined as the homotopy fiber of the bottom right morphism.

Proposition 2.3.89. Every object X € H is covered by objects of the form X(*°) for different choices of
base points in X, in the sense that every X is the oo-colimit over a diagram whose vertices are of this form.

Proof. Consider the diagram

lim (i**xg) — lim *g
— sell(X) — sell(X)
X— ' CT(X)

The bottom morphism is the constant path inclusion, the (IT - DibC) unit. The right morphism is the equiv-
alence that is the image under Disc of the decomposition hm % = S of every oo-groupoid as the co-colimit

over itself of the oo-functor constant on the point. The left morphism is the oco-pullback along ¢ of this
equivalence, hence itself an equivalence. By universality of co-colimits in the oo-topos H the top left object
is the co-colimit over the single homotopy fibers i*x, of the form X (°°) as indicated. O
We would like claim that moreover each of the patches i*x of the object X in a cohesive co-topos is geomet-
rically contractible, thus exhibiting a generic cover of any object by contractibles. However, the following
only states something slightly weaker than this.

Proposition 2.3.90. The inclusion I1(i*x) — II(X) of the fundamental co-groupoid I1(i*x) of each of these
patches into TI(X) is homotopic to the point.

Proof. We apply II(—) to the above diagram over a single vertex s and attach the (IT 4 Disc)-counit to
get
TI(3* %) *

| |

II(X) —— IDiscll(X) —— TI(X)

Then the bottom morphism is an equivalence by the (II 4 Disc)-zig-zag-identity. O

2.3.10 Flat oo-connections and local systems

We describe for a locally co-connected co-topos H a canonical intrinsic notion offlat connections on oo-
bundles, flat higher parallel transport and oco-local systems.
Let IT : H — H be the path co-groupoid functor from def. 2.3.85.

Definition 2.3.91. For X, A € H we write
Hp.: (X, A) := H(IIX, A)
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and call Hyat (X, A) := moHaat (X, A) the flat (nonabelian) differential cohomology of X with coefficients in
A. We say a morphism V : II(X) — A is a flat co-connnection on the principal co-bundle corresponding to

X - II(X) Y A, or an A-local system on X.
The induced morphism
Hﬂat(X7 A) - H(X7 A)

we say is the forgetful functor that forgets flat connections.

The object II(X) has the interpretation of the path co-groupoid of X: it is a cohesive co-groupoid whose
k-morphisms may be thought of as generated from the k-morphisms in X and k-dimensional cohesive paths
in X. Accordingly a mophism IT(X) — A may be thought of as assigning

e to each point of X a fiber in A;

e to each path in X an equivalence between these fibers;

e to each disk in X a 2-equivalalence between these equivaleces associated to its boundary
e and so on.

This we think of as encoding a flat higher parallel transport on X, coming from some flat co-connection and
defining this flat co-connection.

Observation 2.3.92. By the (II - b)-adjunction we have a natural equivalence
Hiaa (X, A) ~ H(X,bA).

A cocycle g : X — A for a principal oco-bundle on X is in the image of
Ha.: (X, A) - H(X, A)

precisely if there is a lift V in the diagram

bA .

4
X2+ 4
We call bA the coefficient object for flat A-connections.

Proposition 2.3.93. For G := Disc(Gy) € H discrete oo-group (2.5.2) the canonical morphism Haa (X, BG) —
H(X,BG) is an equivalence.

Proof. This follows by definition 2.3.85 b = DiscT" and using that Disc is full and faithful. (]
This says that for discrete structure co-groups G there is an essentially unique flat co-connection on any
G-principal co-bundle. Moreover, the further equivalence

H(II(X), BG) ~ Hy.t (X, BG) ~ H(X,BG)

may be read as saying that the G-principal co-bundle for discrete G is entirely characterized by the flat
higher parallel transport of this unique oo-connection.
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2.3.11 de Rham cohomology

We discuss how in every locally co-connected co-topos H there is an intrinsic notion of nonabelian de Rham
cohomology.

Definition 2.3.94. Let H be a locally co-connected oo-topos. For X € H an object, write IIgg X :=
[ ¢ ILX for the co-pushout

X —— %

|

H(X) I HdRX
For pt, : * — A any pointed object in H, write bqr A := %[, bA for the co-pullback
barA —=DbA .

x — A
Proposition 2.3.95. This construction yields a pair of adjoint co-functors

IIar
(HdR = bdR) : */H*)H .

bar
Proof. We check the defining natural hom-equivalence
x/H(IIgr X, A) ~ H(X,bgrA) .
The hom-space in the under-co-category */H is computed ([LuHTT], prop. 5.5.5.12) by the co-pullback
«/H(ILp X, A) — H(II4r X, 4) .

|

H(x, A)

pta
*

By the fact that the hom-functor H(—, —) : H°? x H — 0coGrpd preserves oo-limits in both arguments we
have a natural equivalence
H(ILir X, A) := H(x [ [TI(X), 4)
X

~H(x,A) [[ HILX),A)
H(X,A)

We paste this pullback to the above pullback diagram to obtain
«/H(IIgr X, A) — H(IIjr X, A) — H(II(X), A) .

| l l

T H(A) = H(X, A)

By the pasting law for co-pullbacks, prop. 2.1.26, the outer diagram is still a pullback. We may evidently
rewrite the bottom composite as in

«/H(ILgr X, A) H(TI(X), A) .
i—% H(X,+) 2% H(X, A)
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This exhibits the hom-space as the pullback

#/H(Tar (X), A) ~ H(X, ) [] H(X,04)
H(X,A)

where we used the (IT - b)-adjunction. Now using again that H(X, —) preserves pullbacks, this is

-~ H(X, «[[pA) ~ H(X,bar A) .
A

Observation 2.3.96. If H is also local, then there is a further right adjoint I'yg

—TITar
(Tar = bar 4 Tar) : H =" +/H
Tar
given by
TurX = *HI‘(X) )
X

Definition 2.3.97. For X, A € H we write
Har(X, A) == H(IIqr X, A) ~ H(X,bar A) .

A cocycle w : X — bgrA we call a flat A-valued differential form on X.
We say that Hyg (X, A):=moHgr (X, A) is the de Rham cohomology of X with coefficients in A.

Observation 2.3.98. A cocycle in de Rham cohomology
W HdRX — A

is precisely a flat co-connection on a trivializable A-principal oco-bundle. More precisely, Hgr (X, A) is the
homotopy fiber of the forgetful functor from co-bundles with flat co-connection to co-bundles: we have an
oo-pullback diagram

Hir (X, A)

|

Hp. (X, A) —H(X, A)

Proof. This follows by the fact that the hom-functor H(X, —) preserves the defining co-pullback for

barA. O
Just for emphasis, notice the dual description of this situation: by the universal property of the co-colimit
that defines IIyjg X we have that w corresponds to a diagram

X ——x .

L

mXx)-~—A
The bottom horizontal morphism is a flat connection on the co-bundle which in turn is given by the composite

cocycle X — II(X) % A. The diagram says that this is equivalent to the trivial bundle given by the trivial
cocycle X — « — A.
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Proposition 2.3.99. The de Rham cohomology with coefficients in discrete objects is trivial: for all S €
ooGrpd we have
bdRDiSCS ~ k.

Proof. Using that in a oco-connected oco-topos the functor Disc is a full and faithful co-functor so that
unit Id — T'Disc is an equivalence and using that by the zig-zag identity the counit component bDiscS :=
DiscI'DiscS — DiscS is also an equivalence, we have

barDiscS:= * H bDiscS
DiscS

~ % H DiscS >
DiscS

>~ %k

since the pullback of an equivalence is an equivalence. (|

Proposition 2.3.100. For every X in a cohesive co-topos H, the object ILar X is globally connected in that
WoH(*,HdRX) = *.

If X has at least one point (mo(UX) # 0) and is geometrically connected (mo(ILX) = *) then Ilar(X) is
also locally connected: ToIlgr ~ x € H.

Proof. Since I' preserves co-colimits in a cohesive co-topos we have
H(*, HdRX) >~ FHdRX
~« [[rTIX

rx
~ % H IIX
rx

where in the last step we used that Disc is full and faithful, so that there is an equivalence T'TIX :=
I'DisclIX ~ I1X.

To analyse this oco-pushout we present it by a homotopy pushout in sSetquien. Denoting by I'’X and
ILX any represetatives in sSetquillen Of the objects of the same name in coGrpd, this may be computed by
the ordinary pushout of simplicial sets

)

I'X — TX) x A1 [ Ipx * ,

| |

1196 Q

where on the right we have inserted the cone on I'X in order to turn the top morphism into a cofibration.
From this ordinary pushout it is clear that the connected components of () are obtained from those of I1X
by identifying all those in the image of a connected component of I'’X. So if the left morphism is surjective
on mo then mo(Q) = *. This is precisely the condition that pieces have points in H.

For the local analysis we consider the same setup objectwise in the injective model structure [C°P, sSet]inj 1oc-
For any U € C we then have the pushout Qy in

X(U) ——— (X (U)) x AQ] [T x ) * -

| |

sSet(L'(U), I1X) Qu
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as a model for the value of the simplicial presheaf presenting ITqg (X). If X is geometrically connected then
mosSet(I(U), II(X)) = * and hence for the left morphism to be surjective on mp it suffices that the top left
object is not empty. Since the simplicial set X (U) contains at least the vertices U — x — X of which there
is by assumption at least one, this is the case. O
Remark. In summary we see that in any cohesive oo-topos the objects II4r (X ) have the essential abstract
properties of pointed geometric de Rham homotopy types ([Toén06], section 3.5.1). In section 3 we will see
that, indeed, the intrinsic de Rham cohomology of the cohesive oo -topos H = SmoothooGrpd

Har (X, A):=moH(Ilqr X, A)

reproduces ordinary de Rham cohomology in degree d > 1.

In degree 0 the intrinsic de Rham cohomology is necessarily trivial, while in degree 1 we find that it
reproduces closed 1-forms, not divided out by exact forms. This difference to ordinary de Rham cohomology
in the lowest two degrees may be understood in terms of the obstruction-theoretic meaning of de Rham
cohomology by which we essentially characterized it above: we have that the intrinsic Hj (X, K) is the
home for the obstructions to flatness of B"~2K-principal oco-bundles. For n = 1 this are groupoid-principal
bundles over the groupoid with K as its space of objects. But the 1-form curvatures of groupoid bundles are
not to be regarded modulo exact forms.

2.3.12 Exponentiated oco-Lie algebras

We consider an intrinsic notion of exponentiated co-Lie algebras in every cohesive co-topos. In order to have
a general abstract notion of the co-Lie algebras themselves we need the further axiomatics of infinitesimal
cohesion, discussed below in 2.4 and 2.4.3.

Definition 2.3.101. For a connected object B exp(g) in H that is geometrically contractible
II(Bexp(g)) ~ x*
we call its loop space object (see 2.3.2) exp(g) := Q.Bexp(g) a Lie integrated co-Lie algebra in H.

Definition 2.3.102. Set
exp Lie := IIgg o bqr : */H — *x/H.

Observation 2.3.103. If H is cohesive, then exp Lie is a left adjoint.
Proof. By observation 2.3.86. O

Example 2.3.104. For all X € H the object IT4g (X) is geometrically contractible.

Proof. Since on the locally co-connected and oo-connected H the functor I preserves co-colimits and
the terminal object, we have

IIIT4p X :=I1() ]_[ 111106
119,
~ % H IIDiscII X
119,
~ % H IIX
119,

where we used that on the oo-connected H the functor Disc is full and faithful. O

12
*

Corollary 2.3.105. We have for every (x — A) € x/H that exp LieA is geometrically contractible.

We shall write B exp(g) for exp LieBG, when the context is clear.
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Proposition 2.3.106. Every de Rham cocycle (2.3.11) w : IIqr X — BG factors through the Lie integrated
oo-Lie algebra of G
Bexp(g) .

s

M X ——— BG

Proof. By the universality of the (IIgg - bgr)-counit we have that w factors through the counit € :
exp LieBG — BG

II4r X ;
IirParBG < BG
where @ : X — bgrBG is the adjunct of w. a

Therefore instead of speaking of a G-valued de Rham cocycle, it is less redundant to speak of an exp(g)-valued
de Rham cocycle. In particular we have the following.

Corollary 2.3.107. Every morphism Bexp(h) := expLieBH — BG from a Lie integrated oo-Lie algebra
to an co-group factors through the Lie integrated oco-Lie algebra of that co-group

B exp(h) — Bexp(g) -

S

BG

2.3.13 Maurer-Cartan forms and curvature characteristic forms

In the intrinsic de Rham cohomology of the cohesive co-topos H there exist canonical cocycles that we may
identify with Maurer-Cartan forms and with universal curvature characteristic forms.

Definition 2.3.108. For G € Group(H) an co-group in the cohesive co-topos H, write
0:G— bdRBG

for the G-valued de Rham cocycle on G induced by this pasting of co-pullbacks

G *
o,
bdRBG —— bBG

|

* — BG

using prop. 2.3.106.
We call 0 the Maurer-Cartan form on G.

For any object X, postcomposition the Maurer-Cartan form sends G-valued functions on X to g-valued
forms on X
[0.]: H(X,G) — Hiz(X,G).
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Definition 2.3.109. For G = B" A an Eilenberg-MacLane object, we also write
curv : B"A — bggB" 1 A

for its intrinsic Maurer-Cartan form and call this the intrinsic universal curvature characteristic form on
B"A.

These curvature characteristic forms serve to define differential cohomology in the next section.

2.3.14 Differential cohomology

Fix a O-truncated abelian group object A € Grp(7<oH) — H. For all n € N we have then the Eilenberg-
MacLane object B™ A.

Definition 2.3.110. For X € H any object and n > 1 write
Hae(X,B"A):=H(X,B"4) [ HF'(X 4)
Hag (X,B"A)

for the cocycle oo-groupoid of twisted cohomology, 2.3.5, of X with coefficients in A relative to the canonical
curvature characteristic morphism curv : B"A — bqr B" 14 (2.3.13). By prop. 2.3.47 this is the co-pullback

Hgig (X, B"A) _F HEN (X, A)

) |

CUurvx

H(X,B"A) —"% Hyg (X, B"14)

where the right vertical morphism moHggr (X, BTt A) — Hgr (X, B"*14) is any choice of cocycle represen-
tative for each cohomology class: a choice of point in every connected component.
We call
Hg’iﬂc(X, A)Z:ﬂ'oHdiff(X, BnA)

the degree-n differential cohomology of X with coefficient in A.
For V € Hy;n(X,B™A) a cocycle, we call

o [c(V)] € H*(X, A) the characteristic class of the underlying B"~! A-principal co-bundle;
o [F)(V) € HF' (X, A) the curvature class of ¢ (this is the twist).
We also say that V is an co-connection on the principal oo-bundle n(V).

Observation 2.3.111. The differential cohomology HJ (X, A) does not depend on the choice of morphism
HYHN (X, A) — Hqr(X,B"1A) (as long as it is an isomorphism on g, as required). In fact, for different
choices the corresponding cocycle co-groupoids Hai (X, B"A) are equivalent.

Proof. This is a special case of observation 2.3.46. The set
HcTiLPJ{rl(X7 A) = H *
Hid ' (X,4)

is, as a O-truncated oo-groupoid, an oco-coproduct of the terminal object coGrpd. By universal colimits in
this co-topos we have that oo-colimits are preserved by co-pullbacks, so that Hgis (X, B™A) is the coproduct

Haig(X,B"A) ~ H H(X,B"A) H *
HITN(X,A) Hygr (X,B7t1A)

of the homotopy fibers of curv, over each of the chosen points * — Hgr (X, B"*!A4). These homotopy fibers
only depend, up to equivalence, on the connected component over which they are taken. O
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Proposition 2.3.112. When restricted to vanishing curvature, differential cohomology coincides with flat
differential cohomology (2.3.10)

Hgiff(X7 A)'[F]:O =~ Hﬂat(X7 BnA) .
Moreover this is true at the level of cocycle co-groupoids
Hain (X, B"A) H {[F] =0} | @ Hgp.(X,B"A).
HH (x,A)

Proof. This is a special case of prop. 2.3.48. By the pasting law for co-pullbacks the claim is equivalently
that we have an co-pullback diagram

*

Hi. (X, B"A)

Hyg(X,B"A) —— Hgg X, A)
) |
H(X,B"A) —% Hyp (X, B" 1 A)

By definition of flat cohomology, def. 2.3.91 and of intrinsic de Rham cohomology, def. 2.3.97, in H, the
outer rectangle is

H(X,bB"A) s
H(X,B"A) —S"H(X, bqg B" 1 A)

Since the hom-functor H(X, —) preserves co-limits this is a pullback if

PB"A ——— >

L

B"A —EhrB"ttA
is. Indeed, this is one step in the fiber sequence
-+ > bhB"A - B"A Y hrB"T1A - bB"H A - B A

that defines curv (using that b preserves limits and hence looping and delooping). O
The following establishes the characteristic short exact sequences that characterizes intrinsic differential
cohomology as an extension of curvature forms by flat oo-bundles and of bare oco-bundles by connection
forms.

Proposition 2.3.113. Let imF C H(’fgl(X, A) be the image of the curvatures. Then the differential coho-
mology group HFe(X, A) fits into a short exact sequence

0 — Hi, (X, A) = Hiig(X, A) — imF — 0

Proof. Form the long exact sequence in homotopy groups of the fiber sequence

Hp. (X,B"A) — Hyig(X B"A) Hggl(x A)
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of prop. 2.3.112 and use that Hg;{l(X, A) is, as a set — a homotopy 0-type — to get the short exact sequence
on the bottom of this diagram

71 (Han (X, A)) — m0o(Hine (X, B" A)) —> 1o (Hagr (X, B" A)) o o (HZEHL (X, A))

|

00— Hp (X, A) ——> H7.o(X,A) —— im[F]

O

Proposition 2.3.114. The differential cohomology group HFx(X,A) fits into a short exact sequence of
abelian groups
0— Hig(X,A)/H" 1 (X, A) - H}g(X,A) S5 H"(X,A) =0

Proof. We claim that for all n > 1 we have a fiber sequence
H(X,B" 'A) - Hyr(X,B"A) — Hyig(X,B"A) - H(X,B"A)

in coGrpd. This implies the short exact sequence using that by construction the last morphism is surjective
on connected components (because in the defining co-pullback for Hgig the right vertical morphism is by
assumption surjective on connected components).

To see that we do have the fiber sequence as claimed consider the pasting composite of co-pullbacks

HdR(X, Bn—lA) e Hdiff(X7 BWA) I HdR(X, Bn+1A) )

| |

S H(X,B"A) —"L Hp (X, B A)

The square on the right is a pullback by the above definition. Since also the square on the left is assumed
to be an oo-pullback it follows by the pasting law for co-pullbacks, prop. 2.1.26, that the top left object is
the co-pullback of the total rectangle diagram. That total diagram is

H(X, bdRBn+1A) —_— H(X, bdRBn+1A) 5

| |

% H(X,bqrB 1 A)

because, as before, this co-pullback is the coproduct of the homotopy fibers, and they are empty over the
connected components not in the image of the bottom morphism and are the loop space object over the
single connected component that is in the image.
Finally using that
H(X,bggB" ™ A4) ~ H(X, QbgrB" 1 A4)

and
deRBn+1 A~ bdRQBn+1A

since both H(X, —) as well as bqr preserve oco-limits and hence formation of loop space objects, the claim
follows. |

Remark 2.3.115. This are essentially the short exact sequences whose form is familiar from the traditional
definition of ordinary differential cohomology [HoSi05] only up to the following slight nuances in notation:
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e The cohomology groups of the short exact sequence above denote the groups obtained in the given
oo-topos H, not in Top. Notably for the case H = SmoothooGrpd discussed in 3.3, A =U(1) = R/Z
the circle group and |II(X)| € Top the geometric realization of a paracompact manifold X, we have
that H"(X,R/Z) above is H""}(|TI(X)|,Z).

sing

e The fact that on the left of the short exact sequence for differential cohomology we have the de Rham
cohomology set Hlp (X, A) instead of something like the set of all flat forms as familiar from ordi-
nary differential cohomology is because the latter has no intrinsic meaning but depends on a choice
of model. After fixing a specific presentation of H by a model category C we can consider instead of
HIFH (X, A) — Har(X,B" 1 A) the inclusion of the set of objects Q74! (X, A):=RHomc (X, B"*1A)y —
RHomc (X, B" 1 A) to get the bigger cohomology set traditionally considered.

Details on how traditional ordinary differential cohomology is implied by the above are discussed in
3.3.11.
2.3.15 Chern-Weil homomorphism
We discuss an intrinsic realization of the Chern-Weil homomomorphism in an arbitrary cohesive co-topos.
Definition 2.3.116. For G an co-group and
c:BG—B"A
a representative of a characteristic class [c] € H"(BG, A) we say that the composite
car : BG 5 B"A 5 hgpB" A
represents the curvature characteristic class [car] € Hiji ' (BG, A). The induced map on cohomology
(car)s s H'(=, G) = Hig ' (=, A)
we call the (unrefined) oo-Chern-Weil homomorphism induced by c.

The following construction universally lifts the co-Chern-Weil homomorphism from taking values in the
de Rham cohomology to values in the differential cohomology of H.

Definition 2.3.117. For X € H any object, define the oo-groupoid Heonn (X, BG) as the oo-pullback

Heonn (X, BG) &0 I Har (X, B A) .
[c;]eH™i (BG,A);i>1

" i
H(X,BG) < o I H(X, B™ A)

[ci]€eHMi (BG,A);i>1
We say
e a cocycle in V € Heonn (X, BG) is an oo-connection
e on the principal co-bundle n(V);
e a morphism in Heonn (X, BG) is a gauge transformation of connections;
e for each [c] € H"(BG, A) the morphism
[€] : Heonn (X, BG) — Hiig(X, A)

is the (full/refined) oo-Chern- Weil homomorphism induced by the characteristic class [c].
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Observation 2.3.118. Under the curvature projection [F| : Hiq(X, A) — H/ (X, A) the refined Chern-
Weil homomorphism for ¢ projects to the unrefined Chern-Weil homomorphism.

Proof. This is due to the existence of the pasting composite

Hconn (X7 BG) ﬂ) H Hdiﬁ (X7 B A) ] Hgf{+1 (Xa A)
[Ci]eH"i (BG,A),%ZI [Ci]EH"i (BG,A),’LZl
eta l \L
(ci)i " curv, "
H(X, BG) H[Ci]GH"i (BG,A);ix1 H(X,B"A) — H[ci]eH”z‘ (BG,A);i>1 Har (X, B, A)

of the defining oco-pullback for Heonn (X, BG) with the products of the definition oco-pullbacks for the
Hdiff(X, Bn‘A) O

2.3.16 Higher holonomy
The notion of co-connections in a cohesive co-topos induces a notion of higher holonomoy.

Definition 2.3.119. We say an object X € H has cohomological dimension < n € N if for all Eilenberg-
MacLane objects B"*1 A the corresponding cohomology on ¥ is trivial

H(Z,B"A) ~ «.
Let dim(X) be the maximum n for which this is true.

Observation 2.3.120. If ¥ has cohomological dimension < n then its de Rham cohomology, def. 2.3.97,
vanishes in degree k > n
HEZ™(S,A) =~ %

Proof. Since b is a right adjoint it preserves delooping and hence bB¥A ~ BFbA. It follows that
HEL (2, A) := moH(Z, bgr B* A)
~ moH(X, % H BFbA)

BFA

~m |H(E,%) [[ HE BA)
H(Z,BkA)

~ 7o (*)

Let now A be fixed as in 2.3.14.
Definition 2.3.121. Let ¥ € H, n € N with dim¥ < n. We say that the composite

T<n—dim(%)
_>

/ : Hﬂat(27 BnA) E> OOGprd(H(Z)a H(BHA)) Tnfdim(E)OOGprd(H(E% H(BNA))
by

of the adjunction equivalence followed by truncation as indicated is the flat holonomy operation on flat
oo-connections.
More generally, let

e V € Hyig(X,B™A) be a differential coycle on some X € H

e ¢:X — X a morphism.
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Write
" : Hag(X,B"A) = Hyig(X, B"A) ~ Hp. (X, B"A)

(using prop. 2.3.112) for the morphism on co-pullbacks induced by the morphism of diagrams

H(X,B"A) —— Har(X,B""A) < HIT (X, A)

T

H(Z,B"A) — > Hap (X, B"H1A) <

The holonomomy of V over ¢ is the flat holonomy of ¢*V:

/(ﬁV::-/ZqS*V.

This is a special case of the following more general notion.

Definition 2.3.122. For ¥ of dimension & < n we say that the morphism
/ : [E7BnAdiff] — COnCn_k_lTn_k[E,BnAdiﬁ‘]
b

is the fiber integration over % on the moduli co-stack of differental A-cocycles.

Here angular brackets indicate the internal hom in the co-topos and conc,,_;_1(—)isthen — k — 1-concretification
from prop. 2.3.7.
2.3.17 Chern-Simons functionals

Combining the refined co-Chern-Weil homomorphism, 2.3.15 with the higher holonomy, 2.3.16, of the co-
connections that it takes values in produces a notion of higher Chern-Simons functionals.

Definition 2.3.123. Let ¥ € H be of cohomological dimension dim¥ =n € Nand let ¢c: X — B"A4 a

representative of a characteristic class [c] € H™(X, A) for some object X. We say that the composite
exp(Sc(—)) : H(Z, X) 5 Hug(X,B"A4) 5 Hyo: (3, B"A) f@ T<oooGrpd(II(X), [IB" A)

is the co-Chern-Simons functional induced by ¢ on 3.

Here ¢ denotes the refined Chern-Weil homomorphism, 2.3.15, induced by ¢, and fz: is the holonomy over
3, 2.3.16, of the resulting n-bundle with connection.

In the language of o-model quantum field theory the ingredients of this definition have the following
interpretation

e Y is the worldvolume of a fundamental (dimX¥ — 1)-brane ;

e X is the target space;

¢ is the background gauge field on X;

e H.,,, (2, X) is the space of worldvolume field configurations ¢ : ¥ — X or trajectories of the brane in
X.

)

o exp(Sc(¢)) = [y ¢*¢ is the value of the action functional on the field configuration ¢.
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In suitable situations this construction refines to an internal construction.

Assume that H has a canonical line object A! and a natural numbers object Z. Then the action functional
exp(25(—)) may lift to the internal hom with respect to the canonical cartesian closed monoidal structure
on any oco-topos to a morphism of the form

exp(iSe(—)) : [2, BGeonn] — B 4™M>Al /7.
We call [£, BGconn] the configuration space of the co-Chern-Simons theory defined by ¢ and exp(iSe(—))
the action functional in codimension (n — dimX) defined on it.
2.3.18 Wess-Zumino-Witten functionals

To every oo-Chern-Simons functional on BG oy, 2.3.17, is associated a corresponding Wess-Zumino- Witten
functional on G.
Before giving the definition it is useful to restate the content of prop. 2.3.44 in the following way.

Definition 2.3.124. Let G € coGrp(H) be an oco-group and
c:BG —B"t4

a characteristic map classifying Chern-Simons (B"A)-bundle BG — BG.
We say that its image G — G under forming loop space objects is the corresponding Wess-Zumino- Witten
(B™A)-principal bundle.

Remark 2.3.125. By prop. 2.3.27, the WZW oo-bundle sits in the pasting diagram of oo-pullbacks

G %
G——=B"tlA o«
* BG BG

The WZW action functional arises from the differential refinement of this situation.

Definition 2.3.126. Let
é . BGconn — BﬂJrlAconn

be a differential refinement, inducing an co-Chern-Simons functional, by 2.3.17. We say that the morphism
WZW (&) in the pasting diagram of oo-pullbacks

\ﬂéhnASonn e bdRBG

G
* — Béconn —_— BGconn

is the corresponding WZW connection. For ¥ of dimension (n + 1) we say that the composition with the
holonomy over ¥, def. 2.3.121,

eXp(SWZW(é)) : H(Za G) % H(Ea BnJrlAconn) g A

is the corresponding exponentiated WZW action functional induced by €.
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Observation 2.3.127. The object B"A¢  is a moduli co-stack of circle n-bundles with connection whose
curvature n-form is the globally defined connection n-form of ¢ evaluated on a trivial G-principal bundle
with flat connection.

We have an oco-pullback

BrAS bar BG

| ;

> BnJrlAconn

Proof. By the pasting law for oo-pullbacks, prop. 2.1.26. (]
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2.4 Infinitesimal cohesion

We discuss extra structure on a cohesive co-topos that encodes a refinement of the corresponding notion of
cohesion to infinitesimal cohesion. More precisely, we consider inclusions H — Hy;, of cohesive oo-toposes
that exhibit the objects of Hyy, as infinitesimal cohesive neighbourhoods of objects in H.

Definition 2.4.1. Given a cohesive co-topos H we say that an infinitesimal cohesive neighbourhood of H
is another cohesive co-topos Hyy, equipped with a quadruple of adjoint co-functors

C iy
(i Hi* i, Hd') : H= ~ Hy,
-

1
K3

such that ¢, is a full and faithful co-functor that preserves the terminal object.
Observation 2.4.2. This implies that also i, is full and faithful.

Proof. By the characterizaton of full and faithful adjoint co-functors the condition on i is equivalent to
1*4) ~ id. Since (i*4 4 i*i,) it follows by essential uniqueness of adjoint co-functors that also i*i, ~id. O
This definition captures the characterization of infinitesimal objects as having a single global point surrounded
by an infinitesimal neighbourhood: as we shall see in more detail below in 2.4.1, the co-functor * may be
thought of as contracting away any infinitesimal extension of an object. Thus X being an infinitesimal object
amounts to i*X ~ %, and the co-adjunction (i) - ¢*) then implies that X has only a single global point, since

ch(*7 X) ~ ch(il*, X)
~ H(*,i"X)
~ H(x, %)
~ x
Observation 2.4.3. The inclusion into the infinitesimal neighbourhood is necessarily a morphism of oo-

toposes over coGrpd.
i)

H ( H,),

coGrpd

as is the induced oco-geometric morphism (i, -4') : Hy, — H:

(35"

) H

ooGrpd

Hn

Proof. By essential uniqueness of the terminal global section geometric morphism. In both cases the
direct image functor has as left adjoint that preserves the terminal object. Therefore we compute in the first

case . ‘
Ta,, (14X) ~ Hyp (%, 1..X)

~ H(i"x, X)
~ H(x, X)
~ Ty (X)
and analogously in the second. O

We now establish a class of examples of infinitesimal neighbourhoods constructed from suitable neighbour-
hoods of sites.
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Definition 2.4.4. Let C be an oo-cohesive site, def. 2.2.10. We say a site Cyy

e equipped with a coreflective embedding
(idp):C & Cin
P

e such that

— 1 preserves pullbacks along morphisms in covering families;

— both 4 and p send covering families to covering families;

— for all U € Cy, and for all covering families {U; — p(U)} in C there is a lift through p to a
covering family {U; — U} in Cyy,

is an infinitesimal neighbourhood site of C.

Proposition 2.4.5. Let C be an co-cohesive site and (i 4 p) : C & Cyn an infinitesimal neighbourhood site.
P

Then the co-category of co-sheaves on Cyy, is a cohesive co-topos and the restriction i* along i exhibits it
as an infinitesimal neighbourhood of the cohesive co-topos over C'.

(iy 4 i* Hi, 44") : Shao (C) = Sheo (Cin) -
Moreover, iy Testricts on representables to the co-Yoneda embedding factoring through i:

CC—= Shoo(C)

.

Cthc—> Shoo (Cth)

Proof. We demonstrate this in the model category presentation of Shy,(Cin) as in the proof of prop.
2.2.11.

Consider the right Kan extension Ran; : [C°P,sSet] — [Cyl,sSet] of simplicial presheaves along the
functor 7. On an object K € Cyy, it is given by

Ran; F': K — sSet(Cyn (4(U), K), F(U))
veC

z/ sSet(C(U,p(K)),F(U))
veC
~ F(p(K)

where in the last step we use the Yoneda reduction-form of the Yoneda lemma.
This shows that the right adjoint to (—) o7 is itself given by precomposition with a functor, and hence
has itself a further right adjoint, which gives us a total of four adjoint functors

Lan;
S

[CoP, sSet] =—(T)9i——

Ran,

[Cil,sSet] .

|

From this are induced the corresponding simplicial Quillen adjunctions on the global projective and injective
model structure on simplicial presheaves

Lan;

(Lan; 4 (=) 04) : [C°P, sSet] [CY, sSet]proj

proj < —

(—)oi
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(—)oi
(=) ei—(=)op): [CP,sSet]pro; = [Ciy > sSet]proj
Zop
(=)op
((=) op 4 Ran,) : [C°P,sSet]in; [CeF, sSet]in; -
Ran,
By prop. 2.1.28, for these Quillen adjunctions to descend to the Cech-local model structure on simplicial
presheaves it suffices that the right adjoints preserve locally fibrant objects.

We first check that (—) o ¢ sends locally fibrant objects to locally fibrant objects. To that end, let
{Us = U} be a covering family in C. Write JUEA AR T, i GWUi) X500y 3(Us) X0y -+ %50 3 (Ux))
for its Cech nerve, where j denotes the Yoneda embedding. Recall by the definition of the oco-cohesive site
C that all the fiber products of representable presheaves here are again themselves representable, hence
s = f[k]EA Alk]-T,, ... 5, (G(Uig xu Uiy Xy -+ - xp Ug)). Using that the left adjoint Lan; preserves the coend
and tensoring, that it restricts on representables to ¢ and by the assumption that i preserves pullbacks along
covers we have that

[k]leA
LaniC({Ui — U}) ~ / AU{)] . H Lani(j(UiO XU Ui1 Xy Xy Uk))
50, 5Tk
[k]leA
2/ Alk] - H 31Uy xv Uiy xu -+ xu Uy))
[k]leA
2/ AR T 36GUs,) xiw) iU xiw) - Xaw) i(Ur))
7;0,..477;}9

By the assumption that i preserves covers, this is the Cech nerve of a covering family in Cy,. Therefore for
F € [CyP, sSet]proj,loc fibrant we have for all coverings {U; — U} in C' that the descent morphism

"F(U) = F(i(U)) = [CF,sSet](C({i(U:)}), F) = [C°P, sSet](C({Ui}),i* F)

is a weak equivalence.

To see that (—) o p preserves locally fibrant objects, we apply the analogous reasoning after observing
that its left adjoint (—) o ¢ preserves all limits and colimits of simplicial presheaves (as these are computed
objectwise) and by observing that for {U; 2 U} a covering family in Cy,, we have that its image under
(=) o1 is its image under p, by the Yoneda lemma:

[C°P, sSet] (K, ((—) 0i)(U)) =~ Cyp(i(K), U)
~ C(K,p(U))

and using that p preserves covers by assumption.

Therefore (—) o4 is a left and right local Quillen functor with left local Quillen adjoint Lan; and right
local Quillen adjoint (—) o p.

Finally to see by the above reasoning that also Ran, preserves locally fibant objects notice that for every
covering family {U; — U} in C and every morphism K — p*U in Cy, we may find a covering {K; — K}
such that we have commuting diagrams as on the left of

K; ——p'Ui) p(K;) =——=1i"(K;) —= Ui
N
K ——p'U p(K) i*(K) ——=U




because by the (i* 4 p*) adjunction established above these correspond to the diagrams as indicated on the
right, which exist by definition of coverage and the fact that, by definition, in Cyy, covers lift through p.

This implies that {p*U; — p*U} is a generalized cover in the terminology of [DuHoIs04], which by the
discussion there implies that the corresponding Cech nerve projection C'({p*U;}) — p*U is a weak equivalence
in [CFP, sSet]proj,loc-

This establishes the quadruple of adjoint co-functors as claimed and that ¢, preserves the terminal object.
It remains to see that 4, is a full and faithful co-functor.

For that notice the general fact that left Kan extension along a full and faithful functor 7 satisfies
Lan; o4 ~ id. It only remains to observe that since (—) o4 is not only right but also left Quillen by the above,
we have that ¢* o Lan; applied to a cofibrant object is already the derived functor of the composite. (]

Definition 2.4.6. For (4 H¢* 44, - i!) : H — Hy;, an infinitesimal neighbourhood of a cohesive co-topos,
we write
(Iling A Discing 4 Ding) == (0* 4 iy '),

so that the locally connected terminal geometric morphism of Hyy, factors as

Ting Iy

(Hch = DiSCch = thh) : Hy, < Discint
Tint I'n

H ~<—Discg—

ooGrpd .
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We discuss now structures that are canonically present in a cohesive co-topos equipped with infinitesimal
cohesion, def. 2.4.1. These structures parallel the structures in a general cohesive co-topos, 2.3.

e 2.4.1 — Infinitesimal paths and de Rham spaces
e 2.4.2 — Flat co-connections and local systems

e 2.4.3 — Formal cohesive co-groupoids

2.4.1 Infinitesimal paths and de Rham spaces

In the presence of infinitesimal cohesion there is an infinitesimal analog of the geometric paths co-groupoid,
2.3.8. We discuss this infnitesimal path co-groupoid and various structures that it gives rise to:

e Infinitesimal path oco-groupoid
e Jet oco-bundles

e Formally smooth/étale/unramified morphisms

2.4.1.1 Infinitesimal path oo-groupoid Let (i, 4 i* 4 i, - i') : H — Hy, be an infinitesimal neigh-
bourhood of a cohesive co-topos.

Definition 2.4.7. For (i) 4 i* i, il) : H — Hy, an infinitesimal cohesive neighbourhood, define the
triple of adjoint co-functors

(Red - Mg 4 bar) : (iri* 4 ini* Hi, 44') : Hy — Hyp,
For X € Hy, we say that

o IT, ¢ (X) is the infinitesimal path co-groupoid of X;
The (i* 4 i4)-unit
X — I (X)

we call the constant infinitesimal path inclusion.

e Red(X) is the reduced cohesive oo-groupoid underlying X.

The (i, - i*)-counit
RedX — X

we call the inclusion of the reduced part of X.

Remark. This is an abstraction of the setup considered in [SiTe]. In traditional contexts as considered
there, the object IT;y¢(X) is called the de Rham space of X or the de Rham stack of X. Here we may
tend to avoid this terminology, since by 2.3.11 we have a good notion of intrinsic de Rham cohomology in
every cohesive oo-topos already without equipping it with infinitesimal cohesion. From this point of view
the object Iine(X) is not primarily characterized by the fact that (in some models, see 3.4.2 below) it does
co-represent de Rham cohomology — because the object ILgg (X) from def. 2.3.94 does, too — but by the fact
that it does so in an explicitly synthetic infinitesimal way in the sense of [Kock10].

Observation 2.4.8. There is a canonical natural transformation

ITine (X) — II(X)
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that factors the finite path inclusion through the infinitesimal path inclusion

ITne(X) .

|

x o mx)

Proof. This is just the formula for the unit of the composite adjunction

Iing 1
Hy, —H_—= coGrpd
Discins Disc

2.4.1.2 Jet co-bundles
Definition 2.4.9. For any object X € H write

Jet : H/X 5 H/T,, ¢ (X)
Tx

for the base change geometric morphism, prop. 2.1.32, induced by the constant infinitesimal path inclusion
1: X = I (X), def. 2.4.7.

For (E — X) € H/X we call Jet(E) — ILy,(X) as well as its pullback i*Jet(E) — X (depending on
context) the jet co-bundle of E — X.

2.4.1.3 Formally smooth/étale/unramified morphisms
Definition 2.4.10. We say an object X € Hyy, is formally smooth if the constant infinitesimal path inclusion
X — Iine(X)
is an effective epimorphism.
In this form this is the direct oo-categorical analog of the characterization of formal smoothness in [SiTe].

Proposition 2.4.11. An object X € Hyy, is formally smooth according to def. 2.4.10 precisely if the
canonical morphism
¢ X — i X

is an effective epimorphismeffective epimorphism.

Proof. The canonical morphism is the composite
¢ =1 T Ty i= d4i i) = i

By the condition that ¢ is a full and faithful co-functor the second morphism here in an equivalence as
indicated and hence the component of the composite on X being an effective epimorphism is equivalent to
the component 4y X — ITj,¢4 X being an effective epimorphism. O
Remark. In this form this characterization of formal smoothness is the evident generalization of the
condition given in section 4.1 of [RoKo04]. (Notice that the notation there is related to the one used here
by u* =iy, uy, =i* and u' = ix.)

Therefore we have the following more general definition.
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Definition 2.4.12. For f: X — Y a morphism in H, we say that
1. f is a formally smooth morphism if the canonical morphism
WX —aY [[iy
Y
is an effective epimorphism;

2. fis a formally étale morphism if this morphism is an equivalence, equivalently if the naturality square

ax gy
lﬁﬁx l%f
. if .
1u X ——=1,Y
is an oo-pullback square.

3. fisa formally unramified morphism if this is a (-1)-truncated morphism. More generally, f is an order-k
formally unramified morphisms for (—2) < k < oo if this is a k-truncated morphism ([LuHTT], 5.5.6).

Remark. An order-(—2) formally unramified morphism is equivalently a formally étale morphism. Ounly
for O-truncated X does formal smoothness together with formal unramifiedness imply formal étaleness.

Proposition 2.4.13. The collection of formally étale morphisms in H, def. 2.4.12, is closed under the
following operations.

1. Every equivalence is formally étale.

2. The composite of two formally étale morphisms is itself formally étale.

A

is a diagram such that g and h are formally étale, then also f is formally étale.

3. If

Z

4. Any retract of a formally étale morphisms is itself formally étale.
5. The co-pullback of a formally étale morphisms is formally étale if the pullback is preserved by ;.

The statements about closure under composition and pullback appears as prop. 5.4, prop. 5.6 in
[RoKo04]. The extra assumption that i, preserves the pullback is implicit in their setup.
Proof. The first statement follows trivially because oo-pullbacks are well defined up to equivalence. The
second two statements follow by the pasting law for co-pullbacks, prop. 2.1.26: let f: X - Y andg:Y — Z
be two morphisms and consider the pasting diagram

X i f WY ig

L

) . g
WX —=1i,Y —>i.7

If f and g are formally étale then both small squares are pullback squares. Then the pasting law says that
so is the outer rectangle and hence g o f is formally étale. Similarly, if g and g o f are formally étale then
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the right square and the total reactangle are pullbacks, so the pasting law says that also the left square is a
pullback and so also f is formally étale.

For the fourth claim, let Id ~ (g — f — g) be a retract in he arrow oo-category H’. By applying the
natural transformation ¢ : iy — i, this becomes a retract

Id >~ ((i1g = ivg) = (itf = i f) = (irg = ixg))

in the category of squares H-. By assumption the middle square is an oo-pullback square and we need
to show that the also the outer square is. This follows generally: a retract of an oo-limiting cone is itself
oo-limiting. To see this, we invoke the presentation of oo-limits by derivators (thanks to Mike Shulman for
this argument): we have

1. co-limits in H are computed by homotopy limits in an presentation by a model category K :=
[C°P sSet]ioe [LUuHTT];

2. for j : J — J< the inclusion of a diagram into its cone (the join with an initial element), the homotopy
limit over C' is given by forming the right Kan extension j, : Ho(K7(W7)~1) — Ho(K 7" (W7")~1),

3. a J%diagram F is a homotopy limiting cone precisely if the unit
F — j.j°F
us an isomorphism.

Therefore we have a retract in [A[1], [0, K

(hg = i1g) ——— (irf = if) ——— (hg = i1g)

i l |

3G (ing = 01g) ——= j"ju (i1 f = irf) —— j"ju(irg — irg)

where the middle morphism is an isomorphism. Hence so is the outer morphism and therefore also g is
formally étale.
For the last claim, consider an oo-pullback diagram

AXyXHX

P

A Y

where f is formally étale. Applying the natural transformation ¢ : iy — 4, to this yields a square of squares.
Two sides of this are the pasting composite

WA Xy X — =i X~ X

lilp \Li!f li*f
(2%

nA 1Y 1Y

and the other two sides are the pasting composite

baxy X
WA Xy X Y20 Axy A——=i X

lilp li*p ii*f
¢

iWA 4 i A Y

Counting left to right and top to bottom, we have that
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e the first square is a pullback by assumption that 4, preserves the given pullback;

e the second square is a pullback, since f is formally étale.

e the total top rectangle is therefore a pullback, by the pasting law;

e the fourth square is a pullback since i, is right adjoint and so also preserves pullbacks;
e also the total bottom rectangle is a pullback, since it is equal to the top total rectangle;

e therefore finally the third square is a pullback, by the other clause of the pasting law. Hence p is
formally étale.

O

Remark 2.4.14. The properties listed in prop. 2.4.13 correspond to the axioms on the “admissible maps”
modelling a notion of local homeomorphism in a geometry for structured co-toposes according to def. 1.2.1
of [LuSp]. This means that the intrinsic noition of local étaleness induced from a notion of infinitesimal
cohesion itself canonically induces a notion of co-toposes equipped with cohesive co-structure sheaves.

In order to interpret the notion of formal smoothness, we turn now to the discussion of infinitesimal
reduction.

Observation 2.4.15. The operation Red is an idempotent projection of Hy;, onto the image of H under i;:
Red Red ~ Red.

Accordingly also
Hianinf = Hinf

and
|7infbinf ~ binf .

Proof. By definition of infinitesimal neighbourhood we have that 4, is a full and faithful co-functor. It

follows that 7*4, ~ id and hence
RedRed ~ 7% 411"

~ 3%
~ Red
|

Observation 2.4.16. For every X € Hyy,, we have that IT;,¢(X) is formally smooth according to def. 2.4.10.

Proof. By prop. 2.4.15 we have that
Hinf(X) — Hianian

is an equivalence. As such it is in particular an effective epimorphism. O
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2.4.2 Flat co-connections and local systems
We discuss the infinitesimal analog of intrinsic flat cohomology, 2.3.10.

Definition 2.4.17. For X, A € Hy, we say that
Hinfiat (X, A) := moH (Iine (X), A) = moH(X, bint A)
is the infinitesimal flat cohomology of X with coefficient in A.

Remark 2.4.18. In traditional contexts, such as considered in [SiTe], this is de Rham cohomology. To
distinguish the abstract notion from the closely related but slightly different intrinsic de Rham cohomology
of def. 2.3.11 we shall also say synthetic de Rham cohomology for the notion of def. 2.4.17. In this case we
shall write

Hag,in (X, A) = moHen (Tine (X), 4) .

Remark 2.4.19. By observation 2.4.8 we have canonical natural morphisms
Hﬂat (X7 A) — Hinfﬂat (Xa A) — H(Xa A)

The objects on the left are principal oco-bundles equipped with flat oo-connection. The first morphism
forgets their higher parallel transport along finite volumes and just remembers the parallel transport along
infinitesimal volumes. The last morphism finally forgets also this connection information.

Definition 2.4.20. For A € Hy,, a O-truncated abelian oo-group object we say that the de Rham theorem
for A-coefficients holds in Hyy, if for all X € Hyy, the infinitesimal path inclusion of observation 2.4.8

ITine (X) — II(X)
is an equivalence in A-cohomology, hence if for all n € N we have that
moH (TI(X), B"A) — moH, (L, (X)), B™A)
is an isomorphism.

If we follow the notation of remark 2.4.18 and moreover write |X| = |IIX| for the intrinsic geometric
realization, def. 2.3.77, then this becomes

Hig (X, A) ~ H*(|X], Agisc) »

where on the right we have ordinary cohomology in top (for instance realized as singular cohomology) with
coefficients in the discrete group Agjsc := I'A underlying the cohesive group A.

In certain contexts of infinitesimal neighbourhoods of cohesive co-toposes the de Rham theorem in this
form has been considered in [SiTe]. We discuss a realization below in 3.4.2.

2.4.3 Formal cohesive co-groupoids

The infinitesimal analog of an exponentiated co-Lie algebra, 2.3.12, is a formal cohesive co-group.

Definition 2.4.21. An object X € Hyy, is a formal cohesive oco-groupoid if Tl X ~ x.
An oo-group object g € Hyy, that is infinitesimal we call a formal co-group.
For X € H any object, we say a € Hyy, is an formal cohesive co-groupoid over X if IIine(a) ~ Il (X);
equivalently: if there is a morphism
a — Ili,r (X)

equivalent to the infinitesimal path inclusion, def. 2.4.7, for a.
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Proposition 2.4.22. An infinitesimal cohesive co-groupoid, def. 2.4.21 — X € Hy, with Iy (X) ~ * — is
both geometrically contractible and has as underlying discrete co-groupoid the point:

o JIX ~ %
o I'X ~ x.

Proof. The first statement is implied by observation 2.4.2, which says that both 4, as well as i, are full
and faithful. This means that if IT;ye(X) ~ * then already i*X = IIjns(X) ~ *. Since gy, ~ Hglliye and
Iy preserves the terminal object by cohesiveness, this implies the first claim.

The second statement follows by
X ~ Hy, (%, X)

(
~ H;j (Redx, X)
~ ch(*7Hinf(X)) .
~ Hyp, (%, %)

~ %

O

Observation 2.4.23. For all X € H, we have that X and II;,¢(X) are formal cohesive oo-groupoids over
X, X by the constant infinitesimal path inclusion and IT;,s(X) by the identity.

Proof. For X this is tautological, for II(X) it follows from prop. 2.4.15 and the (¢* - 4. )-zig-zag-identity.
O

Proposition 2.4.24. The delooping Bg of a formal co-group g, def. 2.4.21, is a formal co-groupoid over
the point.

Proof. Since both i* and i, are right adjoint, Il commutes with delooping. Therefore
II;,:Bg ~ Blliycg
~ Bx
~ %

~ IT; %
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3 Models

In this section we construct specific cohesive co-toposes, 2.2, and discuss the nature of the general abstract
structures, 2.3, in these models.

e 3.1 — discrete cohesion;

e 3.2 — Euclidean-topological cohesion;

3.3 — smooth cohesion;

3.4 — synthetic differential cohesion;

3.5 — super cohesion.
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3.1 Discrete oco-groupoids

For completeness, and because it serves to put some important concepts into a useful perspective, we record
aspects of the case of discrete cohesion.

Observation 3.1.1. The terminal co-sheaf co-topos coGrpd is trivially a cohesive co-topos, where each of
the defining four oo-functors (IT 4 Disc 4 T" 4 coDisc) : coGrpd — coGrpd is an equivalence of co-categories.

Definition 3.1.2. In the context of cohesive co-toposes we say that coGrpd defines discrete cohesion and
refer to its objects as discrete co-groupoids.
More generally, given any other cohesive co-topos

(IT 4 Disc 4T 4 coDisc) : H — coGrpd

the inverse image Disc of the global section functor is a full and faithful co-functor and hence embeds coGrpd
as a full sub-oco-category of H. We say X € H is a discrete co-groupoid if it is in the image of Disc.

This generalizes the traditional use of the terms discrete space and discrete group:
e a discrete space is equivalently a 0-truncated discrete co-groupoid;
e a discrete group is equivalently a O-truncated group object in discrete co-groupoids.

We now discuss some of the general abstract structures in cohesive co-toposes, 2.3, in the context of
discrete cohesion.

e Geometric homotopy and Galois theory — 3.1.1

e Cohomology and principal co-bundles — 3.1.3

3.1.1 Geometric homotopy and (alois theory

We discuss geometric homotopy and path co-groupoids, 2.3.7, in the context of discrete cohesion, 3.1. Using
sSetqQuillen as a presentation for coGrpd this is entirely trivial, but for the equivalent presentation by Topqyinen
it becomes effectively a discussion of the classical Quillen equivalence Topgiien = $S€tQuillen from the point
of view of cohesive co-toposes.

By the homotopy hypothesis-theorem the co-toposes Top and coGrpd are equivalent, hence indistinguish-
able by general abstract constructions in co-topos theory. However, in practice it can be useful to distinguish
them as two different presentations for an equivalence class of co-toposes. For that purposes consider the
following

Definition 3.1.3. Define the quasi-categories
Top = N(TopQuillen)O

and
00Grpd := N(sSetquillen)® -

Here on the right we have the standard model structure on topological spaces, Topq;jien, and the standard
model structure on simplicial sets, sSetquillen, and N((—)°) denotes the homotopy coherent nerve of the
simplicial category given by the full sSet-subcategory of these simplicial model categories on fibrant-cofibrant
objects.

For

=
(| - | B Slng) : TOpQuillcn S*> SsetQuillen
ing
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the standard Quillen equivalence given by the singular simplicial complex-functor and geometric realization,
write
, e
(L] — | 4RSing) : Top ooGrpd
RSing

for the corresponding derived oco-functors (the image under the homotopy coherent nerve of the restriction of
| — | and Sing to fibrant-cofibrant objects followed by functorial fibrant-cofibrant replacement) that constitute
a pair of adjoint co-functors modeled as morphisms of quasi-categories.

Since this is an equivalence of co-categories either functor serves as the left adjoint and right co-adjoint
and so we have

Observation 3.1.4. Top is exhibited as a cohesive oco-topos by

LSing
_—

(IT 4 Disc 4T 4 coDisc) : Top K| ocoGrpd

LSing———>

R|—|

In particular a presentation of the intrinsic fundamental co-groupoid is given by the familiar singular sim-
plicial complex construction
II(X) ~ RSing X .

Notice that the topology that enters the explicit construction of the objects in Top here does not show
up as cohesive structure. A topological space here is a model for a discrete oo-groupoid, the topology only
serves to allow the construction of SingX. For discussion of co-groupoids equipped with genuine topological
cohesion see 3.2.

3.1.2 Cohesive co-groups
We discuss the notion of cohesive co-groups, 2.3.2 in the context of discrete cohesion: discrete co-groups.
Definition 3.1.5. Write sGrp = Grp(sSet) for the category of simplicial groups.

A classical reference is section 17 of [May67].

Proposition 3.1.6. o The category sGrpd inherits a model structure transferred along the forgetful func-
tor F': sGrp — sSet.

e The category sSetqg — sSet of reduced simplicial sets (simplicial sets with a single vertex) carries a
model category structure whose weak equivalences and cofibrations are those of sSetquilien -

o There is a Quillen equivalence

_ G
(GHAW): sGrpd sSetg
w

which presents the abstract looping/delooping equivalence of co-categories

Q
(Q@4B): coGrp 0oGrpd| o=« ,

—_—
B

Proof. The model structures and the Quillen equivalence are classical, discussed in section V of [GoJa99].
O

This means on abstract grounds that for G a simplicial group, WG € sSet is a model of the classifying
delooping object BG for G-principal discrete co-bundles.
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3.1.3 Cohomology and principal co-bundles

We discuss the general abstract notion of cohomology and principal co-bundles in cohesive co-toposes, 2.3.3,
in the context of discrete cohesion.

Definition 3.1.7. For G a simplicial group and WG the model for BG given by prop. 3.1.6, write
WG — WG

for the simplicial décalage on WG@.

This characterization of the object going by the classical name WG is made fairly explicit on p. 85 of
[Dus75].

Proposition 3.1.8. The morphism WG — WG is a Kan fibration resolution of the point inclusion + — WG.

Proof. This follows directly from the characterization of WG — WG by décalage. ]
Pieces of this statement appear in [May67]: lemma 18.2 there gives the fibration property, prop. 21.5 the
contractibility of WG.

The following statement expands on observation 2.3.42 for the discrete case.

Corollary 3.1.9. ) ) For G a simplicial group, the sequence of simplicial sets
G—WG— WG

is a presentation of the fiber sequence
G =+ — BG.

Hence WG — WG is a model for the universal G-principal discrete oo-bundle: every G-principal discrete
oo-bundle P — X in coGrpd, which by definition is a homotopy fiber

P— >«

]

X —— BG

in coGrpd, is presented in the model category sSetquilen by the ordinary pullback

P——WG .

L

X —=WG

The explicit statement that the sequence G — WG — WG is a model for the looping fiber sequence
appears on p. 239 of [Por]. The universality of WG — WG for G-principal simplicial bundles is the topic of
section 21 in [May67], where however it is not made explicit that the “twisted cartesian products” considered
there are precisely the models for the pullbacks as above. This is made explicit on page 148 of [Por].

In 3.2.4 we discuss how this model of discrete principal co-bundles by simplicial principal bundles lifts
to a model of topological principal co-bundles by simplicial topological bundles principal over simplicial
topological groups.
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3.2 Euclidean-topological co-groupoids

We discuss Fuclidean-topological cohesion, modeled on Euclidean topological spaces and continuous maps
between them.

Definition 3.2.1. Let CartSp,,, be the site whose underlying category has as objects the Cartesian spaces
R™ n € N equipped with the standard Euclidean topology and as morphisms the continuous maps between
them; and whose coverage is given by good open covers.

Proposition 3.2.2. The site CartSpy,, is an oo-cohesive site (def 2.2.10).

Proof. Clearly CartSp,,. has finite products, given by R¥ x R! ~ R¥*! and clearly every object has a
point * = R® — R™. In fact CartSptop(*,R”) is the underlying set of the Cartesian space R™.
Let {U; — U} be a good open covering family in CartSp,,,. By the very definition of good cover it

follows that the Cech nerve C (I, Ui = U) € [CartSp°?, sSet] is degreewise a coproduct of representables.
The condition lim C(][; U;) = limU = * follows from the nerve theorem [Bors48], which asserts that
— —

lim C(]]; U; — U) ~ SingU and using that as a topological space every Cartesian space is contractible.
—
The condition lim C([[, U;) = limU = CartSpy,.(*, U) is immediate. Explicitly, for (z;, € Uiy, -~ , i, €
pa pa

U;,,) a sequence of points in the covering patches of U such that any two consecutive ones agree in U, then
they all agree in U. So the morphism of simplicial sets in question has the right lifting property against all
boundary inclusions dA[n] — A[n] and is therefore is a weak equivalence. O

Definition 3.2.3. Define
ETopooGrpd := She (CartSpy,,)

to be the oo-category of oo-sheaves on CartSp,,.
Proposition 3.2.4. The co-category ETopooGrpd is a cohesive co-topos.
Proof. This follows with prop. 3.2.2 by prop. 2.2.11. ]

Definition 3.2.5. We say that ETopooGrpd defines Fuclidean-topological cohesion. An object in ETopooGrpd
we call a Fuclidean-topological co-groupoid.

Definition 3.2.6. Write TopMfd for the category whose objects are topological manifolds that are
e finite-dimensional;
e paracompact;
e with an arbitrary set of connected components (hence not assumed to be second-countable);

and whose morphisms are continuous functions between these. Regard this as a (large) site with the standard
open-cover coverage.

Proposition 3.2.7. The oo-topos ETopooGrpd is equivalently that of hypercomplete oo-sheaves ([LuHTT],
section 6.5) on TopMfd
ETopooGrpd =~ Sh, (TopMI{d) .

Proof. Since every topological manifold admits an cover by open balls homeomorphic to a Cartesian
space, we have that CartSpy,, is a dense sub-site of TopMfd. By theorem C.2.2.3 in [John03] it follows that
the sheaf toposes agree

Sh(CartSpy,,,) =~ Sh(TopMfd) .
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From this it follows directly that the Joyal model structures on simplicial sheaves over both sites (see [Jard87])
are Quillen equivalent. By [LuHTT], prop 6.5.2.14, these present the hypercompletions

SAhOO(CartSptop) ~ Shy, (TopMfd) .

of the corresponding oo-sheaf co-toposes. But by corollary 2.2.5 we have that oo-sheaves on CartSpy,,, are
already hypercomplete, so that R
Sh (CartSpy,,) =~ She (TopMfd) .

O

Definition 3.2.8. Let Top,g be the 1-category of compactly generated and Hausdorff topological spaces
and continuous functions between them.

Proposition 3.2.9. The category Top.,y is cartesian closed.
See [Stee67]. We write [—, —] : Topggy X Topeey — Topg,y for the corresponding internal hom-functor.

Definition 3.2.10. There is an evident functor
J + Topggn — ETopooGrpd
that sends each topological space X to the O-truncated oo-sheaf (ordinary sheaf) represented by it
J(X) : (U € CartSpy,,) = Homropegn (U, X) € Set — ocoGrpd .
Corollary 3.2.11. The functor j exhibits TopMfd as a full sub-co-category of ETopooGrpd
j : TopMfd — ETopooGrpd

Proof. By prop. 3.2.7 this is a special case of the co-Yoneda lemma. ]

Remark 3.2.12. While according to prop. 3.2.7 the model categories [CartSpffp, sSet]proj,loc and [TopMEd°P, sSet]proj loc

(after hypercompletion) are both presentations of ETopooGrpd, they lend themselves to different compu-
tations: in the former there are more fibrant objects, fewer cofibrant objects than in the latter, and vice
versa.

In 2.2.3 we gave a general discussion concerning this point, here we amplify specific detail for the present
case.

Proposition 3.2.13. Let X € [TopM{d°?,sSet] be an object that is globally fibrant, separated and locally
trivial, meaning that

1. X(U) is a non-empty Kan complex for all U € TopM{d;

2. for every covering {U; — U} in TopMId the descent morphism X (U) — [TopMId°?,sSet](C({U;}), X)
is a full and faithful co-functor;

3. for contractible U we have 7o TopMfd°?, sSet](C'({U;}), X) =~ *.

Then the restriction of X along CartSp,, < TopMfd is a fibrant object in the local model structure
[CartSpeyy,, sSet]projloc-
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Proof. The fibrant objects in the local model structure are precisely those that are Kan complexes over
every object and for which the descent morphism is an equivalence for all covers. The first condition is given
by the first assumption. The second and third assumptions imply the second condition over contractible
manifolds, such as the Cartesian spaces. |
Example. Let G be a topological group, regarded as the presheaf over TopMfd that it represents. Write
WG for the simplicial presheaf on TopMfd given by the nerve of the topological groupoid (G 3 x). (We
discuss this in more detail in 3.2.1 below.)

The fibrant resolution of WG in [TopMfd®?,sSet] o 10c is (the rectification of) its stackification: the
stack GBund of topological G-principal bundles. But the canonical morphism

WG — GBund

is a full and faithful functor (over each object U € TopMfd): it includes the single object of WG as the
trivial G-principal bundle. The automorphisms of the single object in WG over U are G-valued continuous
functions on U, which are precisely the automorphisms of the trivial G-bundle. Therefore this inclusion is
full and faithful, the presheaf W@ is a separated prestack.

Moreover, it is locally trivial: every Cech cocycle for a G-bundle over a Cartesian space is equivalent
to the trivial one. Equivalently, also moGBund(R") ~ . Therefore WG, when restricted CartSpy,,,, does
become a fibrant object in [CartSpyy,, sSet]proj loc-

On the other hand, let X € TopMfd be any non-contractible manifold. Since in the projective model struc-
ture on simplicial presheaves every representable is cofibrant, this is a cofibrant object in [Mfd°?, sSet]pyro;,10c. However,
it fails to be cofibrant in [CartSpi’gp, 8Set]proj,loc. Instead, there a cofibrant replacement is given by the Cech
nerve C'({U;}) of any good open cover {U; — X}.

This yields two different ways for computing the first nonabelian cohomology

HéTop(X, G) := moETopooGrpd (X, BG)
in ETopooGrpd on X with coefficients in G:
1.« = m[Mfd°?, sSet] (X, GBund) ~ 7oGBund(X);
2. -~ mo[CartSpyY . sSet] (C({U;}), WG) ~ HY (X, G).

top?

In the first case we need to construct the fibrant replacement GBund. This amounts to constructing G-
principal bundles over all paracompact manifolds and then evaluate on the given one, X, by the 2-Yoneda
lemma. In the second case however we cofibrantly replace X by a good open cover, and then find the Cech
cocycles with coefficients in G on that.

For ordinary G-bundles the difference between the two computations may be irrelevant in practice,
because ordinary G-principal bundles are very well understood. However, for more general coefficient objects,
for instance general topological simplicial groups G, the first approach requires to find the full co-sheafification
to the oo-sheaf of all principal co-bundles, while the second approach requires only to compute specific coycles
over one specific base object. In practice the latter is often all that one needs

172



We now discuss some of the general abstract structures in any cohesive co-topos, 2.3, realized in ETopooGrpd.

e 3.2.1 — Cohesive co-groups
e 3.2.2 — Geometric homotopy and Galois theory

e 3.2.3 — Paths and geometric Postnikov towers

3.2.4 — Cohomology and principal co-bundles

e 3.2.6 — Universal coverings and geometric Whitehead towers

3.2.1 Cohesive co-groups

We discuss cohesive oo-group objects, def 2.3.2, realized in ETopooGrpd: Fuclidean-topological co-groups.
Recall that by prop. 2.3.20 every oo-group object in ETopocoGrpd has a presentation by a presheaf of
simplicial groups. Among the presentations for concrete co-groups in ETopooGrpd are therefore simplicial
topological groups.

Write sTop,,y for the category of simplicial objects in Top,y, def. 3.2.8. For X,Y € sTop,.y, write

sTopeeu (X,Y) ::/ [Xk, Yi] € Topegn
[kleA

for the hom-object, where in the integrand of the end [—, —] is the internal hom of Top,y-

Definition 3.2.14. We say a morphism f : X — Y of simplicial topological spaces is a global Kan fibration
if for all n € N and 0 < k£ < n the canonical morphism

Xp— Y, ><sTongH(A[n]i,Y) STOpch (A[n]lv X)

in Top.,y has a section, where A[n]; € sSet — sTop .y is the ith n-horn regarded as a discrete simplicial
topological space.

We say a simplicial topological space X, is a (global) Kan simplicial space if the unique morphism X, — *
is a global Kan fibration, hence if for all n € N and all 0 < ¢ < n the canonical continuous function

X, — sr‘l‘opch(A[n]i7 X)
into the topological space of ith n-horns admits a section.

This global notion of topological Kan fibration is considered for instance in [BrSz89], def. 2.1, def. 6.1. In
fact there a stronger condition is imposed: a Kan complex in Set automatically has the lifting property not
only against all full horn inclusions but also against sub-horns; and in [BrSz89] all these fillers are required
to be given by global sections. This ensures that with X globally Kan also the internal hom [Y, X] € sTopeg
is globally Kan, for any simplicial topological space Y. This is more than we need and want to impose here.
For our purposes it is sufficient to observe that if f is globally Kan in the sense of [BrSz89], def. 6.1, then
it is so also in the above sense.

For G a simplicial group, there is a standard presentation of its universal simplicial bundle by a mor-
phism of Kan complexes traditionally denoted WG — W@G. This construction has an immediate analog for
simplicial topological groups. A review is in [RoSt11].

Proposition 3.2.15. Let G be a simplicial topological group. Then
1. G is a globally Kan simplicial topological space;
2. WG is a globally Kan simplicial topological space;
3. WG — WG is a global Kan fibration.
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This says that WG — W@ is a presentation of the universal G-principal co-bundle, 1.3.2. ). Proof. The
first and last statement appears as [BrSz89], theorem 3.8 and lemma 6.7, respectively, the second is noted
in [RoSt11]. O
Let for the following Top, C Top,,y be any small full subcategory. Under the degreewise Yoneda embedding

sTop, — [Top(P, sSet] simplicial topological spaces embed into the category of simplicial presheaves on Top,.

We equip this with the projective model structure on simplicial presheaves [Top??, sSet]pro;.

Proposition 3.2.16. Under this embedding a global Kan fibration, def. 3.2.14, f : X — Y in sTop, maps

to a fibration in [TopP, sSet]pro;-

Proof. By definition, a morphism f : X — Y in [Top??, sSet]po; is a fibration if for all U € Top, and all
n € Nand 0 < i < n diagrams of the form

Aln]; - U —= X
f
A

[n] - U——Y
have a lift. This is equivalent to saying that the function
Hom(Aln] - U, X) — Hom(A[n] - U,Y) Xtom(A[n),-v,y) Hom(A[n]; - U, X)
is surjective. Notice that we have
Hom[Top‘;P,sSet] (An]- U, X) = Homgrop, (Aln] - U, X)

= / Homrop_ (Aln]r x U, Xi)
klea )

_ / Homrop, (U, [A[n]k, Xx])
[klea

= Homrop (U, [Aln]k, Xk])
(KleA

= Homrep,_(U,sTop(A[n], X))
= Homryp (U, X,)

and analogously for the other factors in the above morphism. Therefore the lifting problem equivalently says
that the function
HomTop(U; X, =Y, XsTop, (A[n];,Y) sTops(A[n]i, X) )

is surjective. But by the assumption that f : X — Y is a global Kan fibration of simplicial topological
spaces, def. 3.2.14, we have a section o : Y, Xgrop_(A[n);),y STOPs(A[n]i, X) — X,,. Therefore Homre,, (U, o)
is a section of our function. O
In the next section we use this in the discussion of geometric realization of simplicial topological groups.

3.2.2 Geometric homotopy and Galois theory

We discuss the geometric homotopy co-groupoid (2.3.7) in ETopooGrpd. This turns out to be related to the
notion of geometric realization of simplicial topoological spaces and so we start with some facts about that.

Definition 3.2.17. For X, € sTop,,y a simplicial topological space, write

° ‘X.‘ = f[k}EA Ak

Top X Xy for its geometric realization;

o | X, = f[k]EA+ Al}op x X}, for its fat geometric realization,
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where in the second case the coend is over the subcategory A, — A spanned by the face maps.
See [RoSt11] for a review.

Proposition 3.2.18. Ordinary geometric realization | — | : sTopeg — Topgy preserves pullbacks. Fat
geometric realization preserves pullbacks when regarded as a functor || — || : sTop.gy — Topegn /Il * |-

Definition 3.2.19. We say

e a simplicial topological space X € sTop,gy, def. 3.2.8, is good if all degeneracy maps s; : X;, = X1
are closed Hurewicz cofibrations;

e a simplicial topological group G is well pointed if all units i,, : * — G, are closed Hurewicz cofibrations.
The notion of good simplicial topological spaces goes back to [Sega73]. For a review see [RoSt11].

Proposition 3.2.20. For X € sTop, a good simplicial topological space, its ordinary geometric realization
is equivalent to its homotopy colimit, when regarded as a simplicial diagram:

hocolim

sTop, — [Top.?,sSet]proj  — Topquitten -

Proof. Write || — || for the fat geometric realization. By standard facts about geometric realization of
simplicial topological spaces [Sega70] we have the following zig-zag of weak homotopy equivalences

I Xol| =<—= || [Sing(Xa)| |

-

| X | [Sing(Xe)] | ——— |diagSing(X, )| —=> [hocolim,,Sing X, |

By the Bousfield-Kan map, the object on the far right is manifestly a model for the homotopy colimit
hocolim,, X,,. O

Proposition 3.2.21. For X € TopMfd and {U; — X} a good open cover, the Cech nerve C({Us;}) =

f[k]eA Alk] - ]_[mzn Ui, Xx -+ x U,;, 1is cofibrant in [CartSp%’p,sSet]pmj)loc and the canonical projection
C{Ui}) = X is a weak equivalence.

Proof. Since the open cover is good, the Cech nerve is degreewise a coproduct of representables, hence
is a split hypercover in the sense of [DuHols04], def. 4.13. Moreover [[, U; — X is directly seen to be a
generalized cover in the sense used there (below prop. 3.3) By corollary A.3 there, C({U;}) — X is a weak
equivalence. O

Proposition 3.2.22. Let X be a paracompact topological space that admits a good open cover by open
balls (for instance a topological manifold). Write i(X) € ETopooGrpd for its incarnation as a 0-truncatd
FEuclidean-topological co-groupoid. Then II(X) := TI(i(X)) € coGrpd is equivalent to the standard funda-
mental co-groupoid of X, presented by the singular simplicial complex SingX : [k] — Homrop,, (AF, X)

II(X) ~ Sing X .

Equivalently, under geometric realization L| — | : coGrpd — Top we have that there is a weak homotopy
equivalence
X ~ |II(X)].
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Proof. By the proof of prop. 2.2.11 we have an equivalence II(—) ~ Llim to the derived functor of the
—
sSet-colimit functor lim : [CartSp°?, sSet]proj,ioc — $S€tQuillen-
—

To compute this derived functor, let {U; — X} be a good open cover by open balls, hence homeomor-
phically by Cartesian spaces. By goodness of the cover the Cech nerve C(I[, U; — X) € [CartSp°?, sSet] is
degreewise a coproduct of representables, hence a split hypercover. By [DuHols04] we have that in this case
the canonical morphism

c(lui—x)—»x
is a cofibrant resolution of X in [CartSp°?, sSet]proj,10c. Accordingly we have

mmz@@%mgyaﬂmam.

Using the equivalence of categories [CartSp°P,sSet] ~ [A°P, [CartSp°P, Set] and that colimits in presheaf
categories are computed objectwise, and finally using that the colimit of a representable functor is the point
(an incarnation of the Yoneda lemma) we have that II(X) is presented by the Kan complex that is obtained
by contracting in the Cech nerve C(][; U;) each open subset to a point.

The classical nerve theorem [Bors48] asserts that this implies the claim. O
Regarding Top itself as a cohesive co-topos by 3.1.1, the above proposition may be stated as saying that for
X a paracompact topological space with a good covering, we have

HETopooGrpd (X) = HTOp(X) .

Proposition 3.2.23. Let X, be a good simplicial topological space that is degreewise paracompact and
degreewise admits a good open cover, regarded naturally as an object Xo € sTop.,i — ETopooGrpd.

We have that the intrinsic TI(X,) € coGrpd coincides under geometric realization LL| — | : coGrpd = Top
with the ordinary geometric realization of simplicial topological spaces |X.|T0PA0P from def. 3.2.18:

T(X.)| = |Xa].

Proof. Write @ for Dugger’s cofibrant replacement functor on [CartSp°?,sSet|proj10c [Dugg0l]. On a
simplicially constant simplicial presheaf X it is given by

[nleA
ax = | A[n}~( 11 Uo>,
Up—-—=Up,—X

where the coproduct in the integrand of the coend is over all sequences of morphisms from representables
U; to X as indicated. On a general simplicial presheaf X, it is given by

[k]leA
QX, ::/ Alk] - QX

which is the simplicial presheaf that over any R™ € CartSp takes as value the diagonal of the bisimplicial
set whose (n,7)-entry is [, .y _ x, CartSpy,,(R",Up). Since coends are special colimits, the colimit
functor itself commutes with them and we find

II(X,) ~ (Llim) X,
—
~ lim QX,
—

[n]eA
:/) AJK] - Im(QXy)
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By general facts about the Reedy model structure on bisimplicial sets, this coend is a homotopy colimit over
the simplicial diagram lim Q@ X, : A — sSetquillen
—

-~ hocolimp lim QX, .
—
By prop. 3.2.22 we have for each k € N weak equivalences lim QX ~ (L1lim)X} ~ SingX}, so that
— —

- =~ hocolima Sing X,

[kleA
~ / A[K] - Sing X, -
~ diag Sing(X,)e

By prop. 3.2.20 this is the homotopy colimit of the simplicial topological space X,, given by its geometric
realization if X, is proper. O

3.2.3 Paths and geometric Postnikov towers

We discuss the general abstract notion of path co-groupoid, 2.3.8, realized in ETopooGrpd.

Proposition 3.2.24. Let X be a paracompact topological space, canonically regarded as an object of ETopooGrpd,
then the path oo-groupoid TI(X) is presented by the simplicial presheaf Disc SingX € [CartSp°P, sSet] which
is constant on the singular simplicial complex of X :

Disc SingX : (U, [k]) — SingX .

Proof. By definition we have II(X) = DiscII(X). By prop. 3.2.22 II(X) € ocoGrpd is presented by
SingX. By prop. 2.2.11 the oco-functor Disc is presented by the left derived functor of the constant presheaf
functor. Since every object in sSetquilen is cofibrant this is just the plain constant presheaf functor. O
A more natural presentation of the idea of a topological path co-groupoid may be one that remembers the
topology on the space of k-dimensional paths:

Definition 3.2.25. For X a paracompact topological space, write SingX € [CartSp°?, sSet] for the simpli-
cial presheaf given by
SingX : (U, [k]) = Homr,, (U x A*, X).

Proposition 3.2.26. Also SingX is a presentation of IL1.X.

Proof. For each U € CartSp the canonical inclusion of simplicial sets
SingX — Sing(X)(U)

is a weak homotopy equivalence, because U is continuously contractible. Therefore the canonical inclusion
of simplicial presheaves
DiscSing X — SingX

is a weak equivalence in [CartSp“?, sSet]proj loc- O

Remark 3.2.27. Typically one is interested in mapping out of II(X). While DiscSingX is always cofibrant
in [CartSp°?, sSet]proj, the relevant resolutions of Sing(X) may be harder to determine.
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3.2.4 Cohomology and principal co-bundles
We dicuss aspects of the intrinsic cohomology (2.3.3) in ETopooGrpd.

Proposition 3.2.28. For X € TopMfd and A € [CartSp®”, sSet]proj10c @ fibrant representative of an object
in ETopooGrpd, the intrinsic cocycle co-groupoid ETopooGrpd s given by the Cech cohomology cocycles on
X with coefficients in A.

Proof. Let {U; — X} be a good open cover. By prop. 3.2.21 its Cech nerve C({U;}) = X is a cofibrant
replacement for X (it is a split hypercover [Dugg01] and hence cofibrant because the cover is good, and it is a
weak equivalence because it is a generalized cover in the sense of [DuHoIs04]). Since [CartSp°?, sSet]proj,ioc 1S
a simplicial model category, it follows that the cocycle co-groupoid in question is given by the Kan complex
[CartSp°P, sSet](C({U;}), A). One checks that its vertices are Cech cocycles as claimed, its edges are Cech
homotopies, and so on. O

Definition 3.2.29. Let A € ooGrpd be any discrete oo-groupoid. Write |A| € Top,,y for its geometric
realization. For X any topological space, the nonabelian cohomology of X with coefficients in A is the set
of homotopy classes of maps X — |A4|

HTop(X; A) = 7'I'O,I‘Op()(a |A|) :

We say Top(X, |A]) itself is the cocycle co-groupoid for A-valued nonabelian cohomology on X.
Similarly, for X, A € ETopooGrpd two Euclidean-topological co-groupoids, write

Hgrop(X, A) := moETopooGrpd(X, A)
for the intrinsic cohomology of ETopocoGrpd on X with coefficients in A.

Proposition 3.2.30. Let A € coGrpd , write DiscA € ETopooGrpd for the corresponding discrete topo-
logical oo-groupoid. Let X be a paracompact topological space admitting a good open cover, regarded as
O-truncated Fuclidean-topological co-groupoid.

We have an isomorphism of cohomology sets

Hrop(X, A) ~ Hgrop(X, DiscA)
and in fact an equivalence of cocycle co-groupoids
Top(X, |A]) = ETopooGrpd (X, DiscA) .
Proof. By the (II - Disc)-adjunction of the locally oo-connected oo-topos ETopooGrpd we have

ETopooGrpd(X, DiscA) ~ coGrpd(TI(X), A) ——= Top(|ILX], |A]).

From this the claim follows by prop. 3.2.22. O

We now discuss topological principal co-bundles presented by simplicial principal bundles.

Proposition 3.2.31. If G is a well-pointed simplicial topological group, def. 3.2.19, then both WG and WG
are good simplicial topological spaces.

Proof. For WG this is [RoSt11] prop. 19. For WG this follows with their lemma 10, lemma 11, which
says that WG = DecoW G and the observations in the proof of prop. 16 that DecyX is good if X is. |
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Proposition 3.2.32. For G a well-pointed simplicial topological group, the geometric realization of the
universal simplicial principal bundle WG — WG

WG| — WG]

is a fibration resolution in Topquen of the point inclusion * — B|G| into the classifying space of the
geometric realization of G.

This is [RoSt11], prop. 14.

Proposition 3.2.33. Let X, be a good simplicial topological space and G a well-pointed simplicial topological
group. Then for every morphism ~
T: X > WG

the corresponding topological simplicial principal bundle P over X is itself a good simplicial topological space.

Proof. The bundle is the pullback P = X Xy, WG in sTopge

P——=WG .
X—"WaG

By assumption on X and G and using prop. 3.2.31 we have that X, WG and WG are all good simplicial
spaces. This means that the degeneracy maps of P, are induced degreewise by morphisms between pullbacks
in Top,y that are degreewise closed cofibrations, where one of the morphisms in each pullback is a fibration.
This implies that also these degeneracy maps of P, are closed cofibrations. O

Proposition 3.2.34. The homotopy colimit operation

hocolim

sTop, — [Top.?,sSet]pro;  — Topquilten

preserves homotopy fibers of morphisms 7: X — WG with X good and G well-pointed (def. 3.2.19) and
globally Kan (def. 3.2.14).

Proof. By prop. 3.2.15 and prop. 3.2.16 we have that WG — WG is a fibration resolution of the
point inclusion * — WG in [Top®P, SSet]Emj. By general properties of homotopy limits this means that the
homotopy fiber of a morphism 7: X — WG is computed as the ordinary pullback P in

P——WG
X —">WGqG

(since all objects X, WG and W@ are fibrant and at least one of the two morphisms in the pullback diagram
is a fibration) and hence
hofib(7) ~ P.

By prop. 3.2.15 and prop. 3.2.33 it follows that all objects here are good simplicial topological spaces.
Therefore by prop. 3.2.20 we have
hocolimP, ~ |P, |

in Ho(Topquinen)- By prop. 3.2.18 we have that

= [ Xe| Xy (WG]
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But prop. 3.2.32 says that this is again the presentation of a homotopy pullback/homotopy fiber by an
ordinary pullback

|P| — WG],

L

| X| —— WG]

because |WG| — |WG]| is again a fibration resolution of the point inclusion. Therefore

hocolim P, =~ hofib(|7]).
Finally by prop. 3.2.20 and using the assumption that X and WG are both good, this is

- ~ hofib(hocolimr) .
In total we have shown
hocolim(hofib(7)) ~ hofib(hocolim(7)) .
O

We will now generalize the model of discrete principal co-bundles by simplicial principal bundles over
simplicial groups, from 3.1.3, from discrete to Euclidean-topological cohesion.

Proposition 3.2.35. Let G be a well-pointed simplicial group object in TopMfd. Then the oco-functor
II : ETopooGrpd — ooGrpd preserves homotopy fibers of all morphisms of the form X — BG that are

presented in [CartSpfgp,sSet]pmj by morphism of the form X — WG with X fibrant

T (hofib(X — W@G)) ~ hofib(II(X — WG)).

Proof. By prop. 2.1.52 we may discuss the homotopy fiber in the global model structure on simplicial

presheaves. Write QX = X for the global cofibrant resolution given by QX : [n] — 11 Ui,
{Uiyg—=—=Ui,, = Xn}

where the U;, range over CartSpy,, [Dugg01]. This has degeneracies splitting off as direct summands, and
hence is a good simplicial topological space that is degreewise in TopMfd. Consider then the pasting of two
pullback diagrams of simplicial presheaves

P—=spP WG .

L

QX =X —> WG

Here the top left morphism is a global weak equivalence because [CartSp%’p, sSet]proj is right proper. Since the
square on the right is a pullback of fibrant objects with one morphism being a fibration, P is a presentation
of the homotopy fiber of X — WG. Hence so is P’, which is moreover the pullback of a diagram of good
simplicial spaces. By prop. 3.2.23 we have that on the outer diagram II is presented by geometric realization

of simplicial topological spaces | — |. By prop. 3.2.32 we have a pullback in Topquitien

|P| —— WG]

L

QX| — WG|

which exhibits |P| as the homotopy fiber of |QX| — |[WG|. But this is a model for [II(X — WG)|. O
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3.2.5 oo-gerbes

We discuss oo-gerbes, 2.3.6, in the context of Euclidean-topological cohesion, with respect to the cohesive
oo-topos H := ETopooGrpd from def. 3.2.3.
For X € TopMfd write
X:=H/X

for the slice of H over X, as in remark 2.3.25. This is equivalently the oo-category of co-sheaves on X itself
X ~ Sh(X).
By remark 2.3.25 this comes with the canonical étale essential geometric morphism
X

(X, 4X*"4X,): H/ XX _"H .
Xy

Any topological group G is naturally an object G € Grp(H) C coGrp(H) and hence as an object
X*G € Grp(X).

Under the identification X ~ Sh.(X) this is the sheaf of grpups which assigns sets of continuous functions
from open subsets of X to G:
X*G: (UcCcX)~C(U,QG).

Since the inverse image X* commutes with looping and delooping, we have
X*BG ~BX*G.

On the left BG is the abstract stack of topological G-principal bundles, regarded over X, on the right is the
stack over X of X*G-torsors.

More generally, an arbitrary group object G € Grp(X) is (up to equivalence) any sheaf of groups on X,
and BG € X is the corresponding stack of G-torsors over X. (A detailed discussion of these is for instance
in [Bro6]. )

Definition 3.2.36. Let G = U(1) := R/Z and n € N, n > 1. Write B !1U(1) € coGrp(H) for the
topological circle n-group.
A B"1U(1)-n-gerbe we call a circle n-gerbe.

Proposition 3.2.37. The automorphism oco-groups, def. 2.3.62, of the circle n-groups, def. 38.2.36, are
given by the following crossed complexes (def. 1.3.21)

AUT(U1)) ~ [U(1) = Zy],

AUT(BU(1)) ~ [U(1) 3 U(1) 3 Z,].

Here Zy acts on the U(1) by the canonical action via Zy ~ Auta,p(U(1)).
The outer automorphism oo-groups, def. 2.3.68 are

Out(U(1)) =~ Zs;
Out(BU(1)) ~ [U(1) > Z,].

Hence both co-groups are, of course, their own center.
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With prop. 2.3.64 it follows that
moU(1)Gerbe(X) ~ HY (X, [U(1) > Zs)

moBU (1)Gerbe(X) ~ HY (X, [U(1) 2> U(1) % Z,).

Notice that this classification is different (is richer) than that of U(1) bundle gerbes and U(1) bundle 2-
gerbes. These are really models for BU(1)-principal 2-bundles and B2U (1)-principal 3-bundles on X, and
hence instead have the classification of prop. 2.3.41:

moBU(1)Bund(X) ~ HY(X, [U(1) — 1]) ~ H*(X,U(1)),

moB?U(1)Bund(X) ~ HY(X,[U(1) = 1 = 1)) ~ H*(X,U(1)).
Alternatively, this is the classification of the U(1)-1-gerbes and BU(1)-2-gerbes with trivial band, def. 2.3.72,
in H1(X,0ut(U(1))) and H'(X, Out(BU(1))).
moU (1)Gerbe,.e i1 (x,0ut(u(1)) (X) ~ H*(X,U(1)),

ﬂoBU(l)GeI‘be*eHl(X’Out(U(l)))(X) >~ HB(X, U(l)) .

3.2.6 Universal coverings and geometric Whitehead towers

We discuss geometric Whitehead towers (2.3.9) in ETopooGrpd.

Proposition 3.2.38. Let X be a pointed paracompact topological space that admits a good open cover. Then
its ordinary Whitehead tower X(*) — ... X2 — X1 5 X() = X in Top coincides with the image under
the intrinsic fundamental oo-groupoid functor |II(=)| of its geometric Whitehead tower * — e X@)
X® & X©) = X in ETopooGrpd:

(=)= (X — .. X o x® 5 X O = X} € ETopooGrpd
k- X@ 5 x5 X0 = X)) € Top '

Proof. The geometric Whitehead tower is characterized for each n by the fiber sequence
X® - X®1 & B 7, (X) — IL,(X) — 1y (X).

By the above prop. 3.2.22 we have that IL,(X) ~ Disc(SingX). Since Disc is right adjoint and hence
preserves homotopy fibers this implies that Bm,(X) ~ B"Discr,(X), where m,(X) is the ordinary nth
homotopy group of the pointed topological space X.

Then by prop. 3.2.35 we have that under |TI(—)| the space X™ maps to the homotopy fiber of
ITI(X(@=1))| = B"|Discm, (X)| = B 1, (X).

By induction over n this implies the claim. ([l
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3.3 Smooth oco-groupoids

We discuss smooth cohesion.

Definition 3.3.1. Write SmoothMfd for the category whose objects are smooth manifolds that are
e finite-dimensional;
e paracompact;
e with arbitrary set of connected components;

and whose morphisms are smooth functions between these.

Notice the evident forgetful functor
¢ : SmoothMfd — TopMfd

to the category of topological manifolds, from def. 3.2.6.

Definition 3.3.2. For X € SmoothMfd, say an open cover {U; — X} is a differentiably good open cover if
each non-empty finite intersection of the U; is diffeomorphic to a Cartesian space R™.

Proposition 3.3.3. Every paracompact smooth manifold admits a differentiably good open cover.

Proof. This is a folk theorem. A detailed proof is in the appendix of [FSS10]. O
Notice that the statement here is a bit stronger than the familiar statement about topologically good open
covers, where the intersections are only required to be homeomorphic to a ball.

Definition 3.3.4. Regard SmoothMfd as a large site equipped with the coverage of differentiably good open
covers. Write CartSpy,ootn < SmoothMfd for the full sub-site on Cartesian spaces.

Observation 3.3.5. Differentiably good open covers do indeed define a coverage and the Grothendieck
topology generated from it is the standard open cover topology.

Proof. For X a paracompact smooth manifold, {U; — X} an open cover and f : Y — X any smooth
function from a paracompact manifold Y, the inverse images {f~1(U;) — Y} form an open cover of Y. Since
1, f~1(Uy) is itself a paracompact smooth manifold, there is a differentiably good open cover {K; — [, U;},
hence a differentiably good open cover {K; — Y} such that for all j there is an i(j) such that we have a
commuting square

Kj— Uy -
y —L o x
O
Proposition 3.3.6. CartSpg,, . S an co-cohesive site.
Proof. By the same kind of argument as in prop. 3.2.2. (]

Definition 3.3.7. The oco-topos of smooth co-groupoids is the oco-sheaf co-topos on CartSpg,oen:
SmoothooGrpd := She (CartSpyooth) -

Since CartSpgpeotn 18 similar to the site CartSpy,, from def. 3.2.1, various properties of SmoothooGrpd
are immediate analogs of the corresponding properties of ETopooGrpd from def. 3.2.3.
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Proposition 3.3.8. SmoothooGrpd is a cohesive co-topos.

Proof. With prop. 3.3.6 this follows by prop. 2.2.11. O

Proposition 3.3.9. SmoothooGrpd is equivalent to the hypercompletion of the oo-sheaf oco-topos over
SmoothMfd: R
SmoothooGrpd ~ She, (SmoothMfd) .

Proof. Observe that CartSpg,oo, 15 & small dense sub-site of SmoothMfd. With this the claim follows
as in prop. 3.2.7. (]

Corollary 3.3.10. The canonical embedding of smooth manifolds as 0-truncated objects of SmoothocoGrpd
extends to a full and faithful oco-functor

SmoothMfd < SmoothooGrpd.

Proof. With prop. 3.3.9 this follows from the co-Yoneda lemma. (|

Remark 3.3.11. By example 2.1.51 there is an equivalence of oco-categories
SmoothooGrpd ~ LWSmtthdAop ,

where on the right we have the simplicial localization of the category of simplicial smooth manifolds (with
arbitrary set of connected components) at the stalkwise weak equivalences.

This says that every smooth oo-groupoid has a presentation by a simplicial smooth manifold (not in
general a locally Kan simplicial manifold, though) and that this identification is even homotopy-full and
faithful.

Consider the canonical forgetful functor
i CartSpgmeoth — CartSpy,,

to the site of definition for the cohesive oco-topos ETopooGrpd of Euclidean-topological co-groupoids, def.
3.2.3.

Proposition 3.3.12. The functor i extends to an essential geometric morphism

-

(iy 4 4* 4 i,) : SmoothooGrpd = ETopooGrpd

such that the co-Yoneda embedding is factored through the induced inclusion SmoothMfd <i> Mfd as

SmoothMfd“——s SmoothooGrpd

T

Mfd—————— ETopooGrpd

Proof. Using the observation that ¢ preserves coverings and pullbacks along morphism in covering fami-
lies, the proof follows the steps of the proof of prop. 2.4.3. ]
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Corollary 3.3.13. The essential global section oco-geometric morphism of SmoothooGrpd factors through
that of ETopooGrpd

ig 1_[ETop
— P Ta—
(Msmooth 7 DisCsmooth  T'smooth) : SmoothooGrpd =~ ETopooGrpd <Discetor—— 5o Grpd
. TETop

Proof. This follows from the essential uniqueness of the global section co-geometric morphism, prop
2.1.30, and of adjoint co-functors. O
The functor ¢, here is the forgetful functor that forgets smooth structure and only remembers Fuclidean
topology-structure.
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We now discuss the various general abstract structures in a cohesive co-topos, 2.3, realized in SmoothooGrpd.

e 3.3.1 — Concrete objects
e 3.3.2 — Cohesive co-groups
e 3.3.3 — Geometric homotopy and Galois theory

e 3.3.4 — Paths and geometric Postnikov towers

3.3.5 — Cohomology and principal co-bundles

e 3.3.6 — Twisted cohomology

3.3.7 — Flat oo-connections and local systems

3.3.8 — de Rham cohomology
e 3.3.9 — Exponentiated oo-Lie algebras

3.3.10 — Maurer-Cartan forms and curvature characteristic forms

3.3.11 — Differential cohomology
e 3.3.12 — 0o-Chern-Weil homomorphism

e 3.3.13 — Higher holonomy and oco-Chern-Simons functional

3.3.1 Concrete objects

We discuss the general notion of concrete objects in a cohesive co-topos, 2.3.1, realized in SmoothooGrpd.

The following definition generalizes the notion of smooth manifold and has been used as a convenient
context for differential geometry. It goes back to [Sour79] and, in a slight variant, to [Chen77]. The formu-
lation of differential geometry in this context is carefully exposed in [Igle]. The sheaf-theoretic formulation
of the definition that we state is amplified in [BaHo09].

Definition 3.3.14. A sheaf X on CartSpg,, .o IS @ diffeological space if it is a concrete sheaf in the sense
of [Dub79]: if for every U € CartSpg,o0in the canonical function

X(U) ~ Sh(U, X) 5 Set(T'(U), (X))
is an injection.
The following observations are due to [CarSch].

Proposition 3.3.15. Write Conc(SmoothooGrpd)<g for the full subcategory on the O-truncated concrete
objects, according to def. 2.3.4. This is equivalent to the the full subcategory of Sh(CartSpg,ooen) 0N the
diffeological spaces:

DiffeolSpace ~ Conc(SmoothooGrpd)<g .

Proof. Let X € Sh(CartSpg,ootn) < SmoothooGrpd be a sheaf. The condition for it to be a concrete
object according to def. 2.3.4 is that the (I' - coDisc)-unit

X — coDiscI'’ X

is a monomorphism. Since monomorphisms of sheaves are detected objectwise this is equivalent to the
statement that for all U € CartSpg,,oorn the morphism

X (U) ~ SmoothocoGrpd(U, X) — SmoothooGrpd(U, coDiscI' X ) ~ coGrpd(T'U, T'X)
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is a monomorphism of sets, where in the first step we used the co-Yoneda lemma and in the last one the
(T - coDisc)-adjunction. This is manifestly the defining condition for concrete sheaves that define diffeolog-
ical spaces. ([l

Corollary 3.3.16. The canonical embedding SmoothMfd < SmoothocoGrpd from prop. 3.3.10 factors
through diffeological spaces: we have a sequence of full and faithful co-functors

SmoothMfd < DiffeolSpace < SmoothooGrpd .

Definition 3.3.17. Write DiffeolGrpd — SmoothGrpd for the full sub-oo-category on those smooth oo-
groupoids that are represented by a groupoid object internal to diffeological spaces.

Proposition 3.3.18. There is a canonical equivalence
DiffeolGrpd ~ Conc(SmoothooGrpd) <

identifying diffeological groupoids with the concrete 1-truncated smooth co-groupoids.

Proof. By definition, an object X € SmoothooGrpd is concrete precisely if there exists a 0-concrete
object U, and an effective epimorphism U — X such that U x x U is itself 0-concrete. By prop. 3.3.15 both
U and U xx U are equivalent to diffeological spaces. Therefore the groupoid object (U xx U —_—Z U )
internal to SmoothocoGrpd comes from a groupoid object internal to diffeological spaces. By Giraud’s axioms
for oo-toposes, X is equivalent to (the co colimit over) this groupoid object:

X ~lim(UxxU—ZU).

3.3.2 Cohesive co-groups

We discuss some cohesive co-group objects, according to 2.3.2, in SmoothocoGrpd.

Let G € SmoothMfd be a Lie group. Under the embedding SmoothMfd — SmoothooGrpd this is
canonically identifed as a O-truncated co-group object in SmoothooGrpd. Write BG € SmoothooGrpd for
the corresponding delooping object.

Proposition 3.3.19. A fibrant presentation of the delooping object BG in the projective local model structure
on simplicial presheaves [CartSpo> .\ sSet]proj 10c @S given by the simplicial presheaf that is the nerve of the
one-object Lie groupoid

BGa = (G = %)

regarded as a simplicial manifold and canonically embedded into simplicial presheaves:
BGu : U — N(C®(U,G) = ).

Proof. This is essentially a special case of prop. 3.2.13. The presheaf is clearly objectwise a Kan
complex, being objectwise the nerve of a groupoid. It satisfies descent along good open covers {U; — R™} of
Cartesian spaces, because the descent co-groupoid [CartSpgp, ., 5Set](C({Ui}), BG) is - - - =~ GBund(R") =~
GTrivBund(R™): an object is a Cech 1-cocycle with coefficients in G, a morphism a Cech coboundary. This
yields the groupoid of G-principal bundles over U, which for the Cartesian space U is however equivalent to
the groupoid of trivial G-bundles over U.

To show that BG is indeed the delooping object of G it is sufficient by prop. 2.1.52 to compute the
oo-pullback G ~ * Xpg * € SmoothooGrpd in the global model structure [CartSp°",sSet]proj. This is
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accomplished by the ordinary pullback of the fibrant replacement diagram

Definition 3.3.20. Write equivalently
U(l)=S'=R/Z

for the circle Lie group, regarded as a 0-truncated oo-group object in SmoothcoGrpd under the embedding
prop. 3.3.10.
For n € N the n-fold delooping B"U(1) € SmoothooGrpd we call the circle Lie (n + 1)-group.

Write
UDn)=[--—0—C>®(—=,U()) -0—---— 0] € [CartSps? .., Che>o]

for the chain complex of sheaves concentrated in degree n on U(1). Recall the right Quillen functor = :
[CartSpZ? Ch*]proj — [CartSp2P . sSet]pro; from prop. 2.1.62.

smooth’

Proposition 3.3.21. The simplicial presheaf E(U(1)[n]) is a fibrant representative in [CartSpg | . sSet]projloc
of the circle Lie (n + 1)-group B"U(1).

Proof. First notice that since U(1)[n] is fibrant in [CartSpgy  ..; Chelproj we have that ZU(1)[n] is
fibrant in the global model structure [CartSp°’, sSet|pro5. By prop. 2.1.52 we may compute the co-pullback
that defines the loop space object in SmoothooGrpd in terms of a homotopy pullback in this global model
structure.

To that end, consider the global fibration resolution of the point inclusion * — Z(U(1)[n]) given under =
by the morphism of chain complexes

[C>(—,U(1)) —%= C=(—,U(1))

Y B

[C>=(=,U(1)) 0 0]

The underlying morphism of chain complexes is clearly degreewise surjective, hence a projective fibration,
hence its image under = is a projective fibration. Therefore the homotopy pullback in question is given by
the ordinary pullback

Z[0 = C®° (=, U(1)) = 0 — -+ — 0] —= E[C®(—, U(1)) 8 C®(=,U(1)) =0 — - — 0] ,

| |

E0—-0—-0—---—0] E[C®(-,U(1)) = 0—=0—---—0]

computed in [CartSp°®, Ch™] and then using that = is the right adjoint and hence preserves pullbacks. This
shows that the loop object QE(U(1)[n]) is indeed presented by E(U(1)[n — 1]).

Now we discuss the fibrancy of U(1)[n] in the local model structure. We need to check that for all
differentiably good open covers {U; — U} of a Cartesian space U we have that the mophism

C*(U,U(1))[n] — [CartSp®, sSet](C({Ui}), E(U(1)[n]))
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is an equivalence of Kan complexes, where C({U;}) is the Cech nerve of the cover. Observe that the Kan
complex on the right is that whose vertices are cocycles in degree-n Cech cohomology (see [FSS10] for more
on this) with coefficients in U(1) and whose morphisms are coboundaries between these.

We proceed by induction on n. For n = 0 the condition is just that C*°(—,U(1)) is a sheaf, which clearly
it is. For general n we use that since C({U;}) is cofibrant, the above is the derived hom-space functor which
commutes with homotopy pullbacks and hence with forming loop space objects, so that

1 [CartSpeh, oy St (C({U:}), E(U(1)[n])) = mo[CartSpeh, oy sSet] (C({U:}), E(U (1) n — 1))

by the above result on delooping. So we find that for all 0 < k < n that m;[CartSp°?, sSet](C({U;}), Z2(U(1)[n]))
is the Cech cohomology of U with coefficients in U(1) in degree n — k. By standard facts about Cech coho-
mology (using the short exact sequence of abelian groups Z — U(1) — R and the fact that the cohomology
with coefficients in R vanishes in positive degree, for instance by a partition of unity argument) we have that
this is given by the integral cohomology groups

o[ CartSp°P, sSet] (C{ULY), EU(1)[n))) = H™(U, Z)

for n > 1. For the contractible Cartesian space all these cohomology groups vanish.
So we find that Z(U(1)[n])(U) and [CartSp.> sSet](C'({U;}),2U(1)[n]) both have homotopy groups

s h7
concentrated in degree n on U(1). The above li)o(;;itng argument together with the fact that U(1) is a sheaf
also shows that the morphism in question is an isomorphism on this degree-n homotopy group, hence is
indeed a weak homotopy equivalence. O
Notice that in the equivalent presentation of SmoothooGrpd by simplicial presheaves on the large site
SmoothMfd the objects ZE(U(1)[n]) are far from being locally fibrant. Instead, their locally fibrant re-

placements are given by the n-stacks of circle n-bundles.

3.3.3 Geometric homotopy and (alois theory

We discuss the intrinsic fundamental oo-groupoid construction, 2.3.7, realized in SmoothooGrpd.

Proposition 3.3.22. If X € SmoothooGrpd is presented by X, € SmoothMfd®™ — [CartSp.> .1, sSet],
then its image i\(X) € ETopooGrpd under the relative topological cohesion morphism, prop. 3.5.12, is
presented by the underlying simplicial topological space Xo € Topl\/lfdA T [CartSpr’gp, sSet].

Proof. Let first X € SmoothMfd < SmoothMfd®™ be simplicially constant. Then there is a differen-
tiably good open cover, 3.3.3, {U; — X} such that the Cech nerve projection

[klea N
/ Al [T Ui xx - xx Ui | 5 X
io,"',ik

is a cofibrant resolution in [CartSpgﬁlooth, sSet]proj,loc Which is degreewise a coproduct of representables. That
means that the left derived functor LLan; on X is computed by the application of Lan; on this coend, which
by the fact that this is defined to be the left Kan extension along i is given degreewise by i, and since
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preserves pullbacks along covers, this is
[E]leA
(LLan;)X ~ Lan; / AR JT Uip xx - xx Uy,
10, 50k

[k]leA
:/ AU{J] H Lani(Uio Xx + Xx Uzk)

[k]leA
A

R

i(UiO XX"'XXUik)

W 11
W 11

12

(i(Uiy) Xi(xy - Xigx) 1(Uiy.)

e ik

/
/[k]EA

A
)

1R

(X

The last step follows from observing that we have manifestly the Cech nerve as before, but now of the
underlying topological spaces of the {U;} and of X.

The claim then follows for general simplicial spaces by observing that X, = [ ke Alk]- X}, € [CartSpr .,
presents the oco-colimit over X, : A°? — SmoothMfd < SmoothooGrpd and the left adjoint co-functor 7,

preserves these. O

Sset} proj,loc

Corollary 3.3.23. If X € SmoothooGrpd is presented by Xo € SmoothMfd®™ < [CartSp® .. sSet],
then the image of X under the fundamental co-groupoid functor, 2.8.7,

SmoothooGrpd R ocoGrpd l;—‘> Top

is weakly homotopy equivalent to the geometric realization of (a Reedy cofibrant replacement of ) the underlying
simplicial topological space
IT(X)| ~ |QXe].

In particular if X is an ordinary smooth manifold then
II(X) ~ SingX
is equivalent to the standard fundamental co-groupoid of X .

Proof. By prop. 3.3.13 the functor II factors as IIX ~ Ilgropt1X. By prop. 3.3.22 this is Ilgtep, applied
to the underlying simplicial topological space. The claim then follows with prop. 3.2.23. O

Corollary 3.3.24. The oo-functor I : SmoothooGrpd — coGrpd preserves homotopy fibers of morphisms
that are presented in [CartSp.¥ sSet|proj by morphisms of the form X — WG with X fibrant and G a

smooth’

simplicial group in SmoothMfd.

Proof. By prop. 3.3.13 the functor factors as Ilsmooth =~ IlgTop © %1. By prop. 3.3.22 i) assigns the
underlying topological spaces. If we can show that this preserves the homotopy fibers in question, then the
claim follows with prop. 3.2.35. We find this as in the proof of the latter proposition, by considering the
pasting diagram of pullbacks of simplicial presheaves

P—=sP WG .

L

QX =X —> WG
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Since the component maps of the right vertical morphisms are surjective, the degreewise pullbacks in
SmoothMfd that define P’ are all along transversal maps, and thus the underlying objects in TopMfd are the
pullbacks of the underlying topological manifolds. Therefore the degreewise forgetful functor SmoothMfd —
TopMf{d presents ¢ on the outer diagram and sends this homotopy pullback to a homotopy pullback. O

3.3.4 Paths and geometric Postnikov towers

We discuss the general abstract notion of path co-groupoid, 2.3.8, realized in SmoothooGrpd.
The presentation of II(X) in ETopooGrpd, 3.2.3 has a direct refinement to smooth cohesion:

Definition 3.3.25. For X € SmthMfd write SingX € [CartSp°?, sSet] for the simplicial presheaf given by
SingX : (U, [k]) — Homgmemmia (U x A%, X).
Proposition 3.3.26. The simplicial presheaf SingX is a presentation of II(X) € SmoothooGrpd.

Proof. This reduces to the argument of prop. 3.2.26 after using the Steenrod approximation theorem
[Wock09] to refine continuous paths to smooth paths O

3.3.5 Cohomology and principal co-bundles
We discuss the intrinsic cohomology, 2.3.3, in SmoothocoGrpd.

Proposition 3.3.27. Let A € coGrpd, write DiscA € SmoothooGrpd for the corresponding discrete smooth

oo-groupoid. Let X € SmoothMfd < SmoothooGrpd be a paracompact topological space regarded as a
O-truncated Fuclidean-topological co-groupoid.
We have an isomorphism of cohomology sets

Hrop(X, A) >~ Hgmooth (X, DiscA)
and in fact an equivalence of cocycle co-groupoids
Top(X, |A|) ~ SmoothooGrpd (X, DiscA) .
More generally, for Xo € SmoothMfd®” presenting an object X € SmoothooGrpd we have
Hgmooth (Xe, DiscA) ~ Hrop (| X1, [A]) .
Proof. This follows from the (II 4 Disc)-adjunction and prop. 3.3.23. ]

Theorem 3.3.28. For G € SmoothMfd — SmoothooGrpd a Lie group and A either
1. a discrete abelian group
2. the additive Lie group of real numbers R

the intrinsic cohomology of G in SmoothooGrpd coincides with the refined Lie group cohomology of Segal
[Sega70][Bryl00]
HélmoothooGrpd (BG7 A) = Hélegal(G7 A) .

In particular we have in general
HgmoothooGrpd (BG7 Z) = H%op (BGa Z)
and for G compact and n > 1 also

HélmoothooGrpd(BG7 U(l)) . HnJrl(BG? Z) .

Top
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Proof. The statement about constant coefficients is a special case of prop. 3.3.27. The statement about
real coefficients is a special case of a more general statement in the context of synthetic differential oo-
groupoids that will be proven as prop. 3.4.29. The last statement finally follows from this using that
nggal(G, R) ~ 0 for positive n and G compact and using the fiber sequence induced by the short sequence
Z—-R—-R/Z~UQ). O
The following proposition asserts that the notion of smooth principal co-bundle reproduces traditional notions
of smooth bundles and smooth higher bundles.

Proposition 3.3.29. For G a Lie group and X € SmoothMfd, we have that
SmoothooGrpd(X, BG) ~ GBund(X)

is equivalent to the groupoid of smooth principal G-bundles and smooth morphisms between these, as tradi-
tionally defined, where the equivalence is established by sending a morphism g : X — BG in SmoothooGrpd
to the corresponding principal co-bundle P — X according to prop. 2.3.34.

Forn € N and G = B"~U(1) the circle Lie n-group, def. 3.8.20, and X € SmoothMfd, we have that

SmoothooGrpd(X,B"U(1)) ~ U(1)(n — 1)BundGerb(X)
is equivalent to the n-groupoid of smooth U(1)-bundle (n — 1)gerbes.

Proof. Presenting SmoothooGrpd by the local projective model structure [CartSp°?, sSet]proj 10c 0N sim-
plicial presheaves over the site of Cartesian spaces, we have that BG is fibrant, by prop. 3.3.19, and that a cofi-
brant replacement for X is given by the Cech nerve C'({U;}) of any differentiably good open cover {U; — X}.
The cocycle co-groupoid in question is then presented by the simplicial set [CartSp°P,sSet](C({U;}), BG)
and this is readily seen to be the groupoid of Cech cocycles with coefficients in BG relative to the chosen
cover.

This establishes that the two groupoids are equivalent. That the equivalence is indeed established by
forming homotopy fibers of morphisms has been discussed in 1.3.1 (observing that by the discussion in 1.3.2
the ordinary pullback of the morphism EG — BG serves as a presentation for the homotopy pullback of
* — BG). |
This establishes the situation for smooth nonabelian cohomology in degree 1 and smooth abelian cohomology
in arbitrary degree. We turn now to a discussion of smooth nonabelian cohomology “in degree 2”7, the case
where G is a Lie 2-group: G-principal 2-bundles.

When G = AUT(H) the automorphism 2-group of a Lie group H (see below) these structures have the
same classification as smooth H-1-gerbes, def. 2.3.60. To start with, note the general abstract notion of
smooth 2-groups:

Definition 3.3.30. A smooth 2-group is a l-truncated group object in H = Sh,,(CartSp). These are
equivalently given by their (canonically pointed) delooping 2-groupoids BG € H, which are precisely, up to
equivalence, the connected 2-truncated objects of H.

For X € H any object, G2Bundgmeoth (X) := H(X,BG) is the 2-groupoid of smooth G-principal 2-
bundles on G.

We consider the presentation of smooth 2-groups by Lie crossed modules, def. 1.3.5, according to prop.
2.3.22. Write [G4 2 Gy] for the 2-group which is the groupoid

p1(=)-6(p2(-))
Go x G4 —: Go
P1

equipped with a strict group structure given by the semidirect product group structure on Goy x G; that is
induced from the action p. The commutativity of the above two diagrams is precisely the condition for this
to be consistent. Recall the examples of crossed modules, starting with example 1.3.10.

We discuss sufficient conditions for the delooping of a crossed module of presheaves to be fibrant in the
projective model structure. Recall also the conditions from prop. 2.2.24.
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Proposition 3.3.31. Suppose that the smooth crossed module (G1 — Gy) is such that the quotient moG =
Go/Gy is a smooth manifold and the projection Gy — Go/G1 is a submersion.
Then B(G1 — Gy) is fibrant in [CartSp°P, sSet]proj,loc-

Proof. We need to show that for {U; — R™} a good open cover, the canonical descent morphism
B(C*(R"™,G1) = C*(R",Gy)) — [CartSp°?, sSet](C({U;}), B(G1 — Gy))

is a weak homotopy equivalence. The main point to show is that, since the Kan complex on the left is
connected by construction, also the Kan complx on the right is.

To that end, notice that the category CartSp equipped with the open cover topology is a Verdier site
in the sense of section 8 of [DuHols04]. By the discussion there it follows that every hypercover over R™
can be refined by a split hypercover, and these are cofibrant resolutions of R™ in both the global and the
local model structure [CartSp°?,sSet]proj10c. Since also C'({U;}) — R™ is a cofibrant resolution and since
BG is clearly fibrant in the global structure, it follows from the existence of the global model structure that
morphisms out of C({U;}) into B(G1 — Gy) capture all cocycles over any hypercover over R™, hence that

mo[CartSp°P, sSet) (C({Ui}), B(G1 = Go)) = Hpoomn(R", (G1 = Go))

is the standard Cech cohomology of R”, defined as a colimit over refinements of covers of equivalence classes
of Cech cocycles.

Now by prop. 4.1 of [NiWall] (which is the smooth refinement of the statement of [BSt] in the continuous
context) we have that under our assumptions on (G; — Gq) there is a topological classifying space for this
smooth Cech cohomology set. Since R™ is topologically contractible, it follows that this is the singleton set
and hence the above descent morphism is indeed an isomorphism on 7.

Next we can argue that it is also an isomorphism on 71, by reducing to the analogous local trivialization
statement for ordinary principal bundles: a loop in [CartSp°®,sSet](C({U;}),B(G1 — Gp)) on the trivial
cocycle is readily seen to be a Go//(Go X G1)-principal groupoid bundle, over the action groupoid as indicated.
The underlying Gy x G1-principal bundle has a trivialization on the contractible R™ (by classical results or,
in fact, as a special case of the previous argument), and so equivalence classes of such loops are given gy
Go-valued smooth functions on R™. The descent morphism exhibits an isomorphism on these classes.

Finally the equivalence classes of spheres on both sides are directly seen to be smooth ker(G; — Gy)-
valued functions on both sides, identified by the descent morphism. O

Corollary 3.3.32. For X € SmoothMfd C H a paracompact smooth manifold, and (G1 — Gp) as above,
we have for any good open cover {U; — X} that the 2-groupoid of smooth (G1 — Gy)-principal 2-bundles is

(G1 — Go)Bund(X) := H(X,B(G1)) ~ [CartSp°?, sSet](C({U;}), B(G1 — Gyp))
and its set of connected components is naturally isomorphic to the nonabelian Cech cohomology

ToH(X,B(G1 — Go)) ~ H}, (X,(G1 — Gy)).

smooth
In particular, for G = AUT(H), BG € H is the moduli 2-stack for smooth H-gerbes, def. 2.3.53.

Proposition 3.3.33. For A — G — G a central extension of Lie groups such that G—-Gisa locally trivial
A-bundle, we have a long fiber sequence in SmoothooGrpd of the form

A—G—G—BA— BG— BG-S B4,

where the morphism c is presented by the span of simplicial presheaves

B(A - @), — B(4A - 1), —— B?4,

lN

BdG.

coming from crossed complezes, def. 1.3.20, as indicated.
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Proof. We need to show that

BG.

*
BG. —= B?4

is an oo-pullback. To that end, we notice that we have an equivalence
B(4 - G). > BG,

and that the morphism of simplicial presheaves B(A id A). — B2A, is a fibration replacement of x — B2A,,
both in [CartSp°P, sSet]pro;-
By prop. 2.1.52 it is therefore sufficient to observe the ordinary pullback diagram

B(l— A). —=B(4 4 4), .

| |

B(A— G)——=B(4 - 1),

3.3.6 Twisted cohomology

We discuss examples of twisted cohomology, 2.3.5, and the corresponding twisted principal co-bundles,
realized in SmoothooGrpd. All of the discussion here goes through verbatim also for in ETopooGrpd, 3.2.

3.3.6.1 Twisted 1-bundles and twisted K-theory We discuss twisted principal bundles, a model for
twisted K-theory [CBMMSO02], as a realization of the general notion of twisted cohomology, 2.3.5, realized
in H = SmoothooGrpd.

We shall concentrate here for definiteness on twists in B2U(1)-cohomology, since that reproduces the
usual notions of twisted bundles found in the literature. But every other choice would work, too, and yield
a corresponding notion of twisted bundles.

Fix once and for all an co-group GG € H and a cocycle

c:BG — B*U(1)

representing a characteristic class
[C] € Hgmooth(BG7 U(l))

Notice that if G is a compact Lie group, as usual for the discussion of twisted bundles where G = PU(n) is
the projective unitary group in some dimension 7, then by theorem 3.3.28 we have that

Hgmooth(BGv U(l)) = Hg(Bsz) ’

where on the right we have the ordinary integral cohomology of the classifying space BG € Top of G.
Write .
BG — BG 5 B?U(1)

for the homotopy fiber of c¢. This identifies G as the group extension of G by the 2-cocycle c. Equivalently
this means by the discussion in2.3.3 that

BU(1) —» BG — BG
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is the smooth circle 2-bundle/bundle gerbe classified by c¢; and its loop space object
Ull) = G—G

is the corresponding circle group principal bundle on G.
Let X € H be any object. From def. 2.3.50 we have the following notion.

Definition 3.3.34. The degree-1 total twisted cohomology HL, (X, G) of X with coefficients in G, relative
to the characteristic class [c] is the set

HL (X,G) := noHy (X, GH)

of connected components of the co-pullback

Hiw (X, BG) —% HZ 0 (X, U(1))

| |

H(X,BG) ——= H(X,B2U(1))

where the right vertical morphism is any section of the truncation projection from cocycles to cohomology
classes.
Given a twisting class [o] € HZ .1 (U(1)) we say that

H[la](X7 é) = Htlw(Xa é) ><[oz] *

is the [a]-twisted cohomology of X with coefficients in G relative to c.

Observation 3.3.35. For [a] = 0 the trivial twist, [a]-twisted cohomology coincides with ordinary coho-
mology: R .
H[la]:O(X7 G) = Hémooth(Xv G) .

By the discussion at 2.3.3 we may identify the elements of Hémooth(X, G’) with G’—principal oo-bundles
P — X. In particular if G is an ordinary Lie group and X is an ordinary smooth manifold, then by prop.
3.3.29 these are ordinary é—principal bundles over X. This justifies equivalently calling the elements of
HL (X, G’) twisted principal co-bundles; and we shall write

GTwBund(X) := H} (X, @),

where throughout we leave the characteristic class [c] with respect to which the twisting is defined implcitly
understood.

We now unwind the abstract definition, def. 3.3.34, to obtain the explicit definition of twisted bundles
by Cech cocycles the way they appear for instance in [CBMMS02] (there called gerbe modules).

Proposition 3.3.36. Let U(1) — G — G bea group extension of Lie groups. Let X € SmoothMfd —
SmoothooGrpd be a smooth manifold with differentiably good open cover {U; — X }.

1. Relative to this data every twisting cocycle [o] € HZ_ (X, U(1)) is a Cech-cohomology representative
given by a collection of functions

{aij : U;NU; NUL = U(1)}
satisfying on every quadruple intersection the equation

QO] = Qg1 Qg -
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2. In terms of this cocycle data, the twisted cohomology H[la] (X, G) is given by equivalence classes of
cocycles consisting of

(a) collections of functions A
{9: : UiNU; — G}

subject to the condition that on each triple overlap the equation
9iiGik = Jik - Qijk

holds, where on the right we are injecting ovji, via U(1) — G into G and then form the product
there;

(b) subject to the equivalence relation that identifies two such collections of cocycle data {g;;} and
{gi;} if there exists functions

{h; :U; = G}
and R
{Bi; : UinU; — U(1)}
such that
BiiBik = Bik
and

gij =hi'gij by Bij-

Proof. We pass to the standard presentation of SmoothooGrpd by the projective local model structure on
simplicial presheaves over the site CartSpg,ooin- We then compute the defining co-pullback by a homotopy
pullback there.

Write BG., B2U(1), € [CartSp°, sSet] etc. for the standard models of the abstract objects of these
names by simplicial presheaves, as discussed in 3.3.2. Write accordingly B(U(1) — @), for the delooping of
the crossed module 2-group associated to the central extension G = G.

In terms of this the characteristic class c is represented by the co-anafunctor

B(U(l) - G)c - B(U(l) — 1)6 = B2U(1)c y
BG.

where the top horizontal morphism is the evident projection onto the U(1)-labels. Moreover, the Cech nerve
of the good open cover {U; — X} forms a cofibrant resolution

- CHU}) =X
and so « is presented by an co-anafunctor
C{U;}) —*=B2U(1). .
X

Using that [CartSp°?,sSet]proj is a simplicial model category this means in conclusion that the homotopy
pullback in question is given by the ordinary pullback of simplicial sets

H, (X, @) *

i o

c

[CartSp°P, sSet] (C({U;}), B(U(1) = G).) = [CartSp°?, sSet](C({U;}), B2U(1),)
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An object of the resulting simplicial set is then seen to be a simplicial map g : C({U;}) — B(U(1) = G).
that assigns

(x,7)
. 9i / Yj(m)
g : / H \ o
(.13,2) (l‘,]f) gzk(x)
such that projection out along B(U(1) = @), — B(U(1) — 1), = B2U(1), produces a.
Similarily for the morphisms. Writing out what these diagrams in B(U(1) — G). mean in equations, one
finds the formulas claimed above. ]

Proposition 3.3.37. Letn € N and let G = PU(n) be the projective unitary group and let c : BG — B2U(1)
be a cocycle for the characteristic class that classifies the extension U(1) — U(n) — PU(n).
Then for X € SmoothMfd the Grothendieck group of the corresponding twisted cohomology

K(Htlw(X, U(n))) =~ Kiw,ntor (X)

is canonically identified with the submodule of twisted complex K-theory of X whose twists are n-torsion
elements in H3(X,7).

Proof. After the identification of H{, (X, U) with equivalence classes of twisted bundles / gerbe modules
by prop. 3.3.36 this is [CBMMS02], prop. 6.4. |

3.3.7 Flat co-connections and local systems

We discuss the intrinsic notion of flat co-connections, 2.3.10, in SmoothooGrpd.

Proposition 3.3.38. Let X, A € SmoothooGrpd be any two objects and write | X| € Top for the intrinsic
geometric realization, def. 2.53.77. We have that the flat cohomolog in SmoothooGrpd of X with coefficients
in A is equivalent to the ordinary cohomology in Top of | X| with coefficients in underlying discrete object of
A:
Hgmooth,fat (X, A) >~ H(|X|, [TA|).
Proof. By definition we have
Hgot (X, A) ~ H(IIX, A) ~ H(DisclIX, A).
Using the (Disc) - I'-adjunction this is
- moooGrpd(IIX,TA) .
Finally applying the equivalence | - | : coGrpd — Top this is
-~ H(|IIX|, |TA|).
The claim hence follows as in prop. 3.3.27. ([l

Let G be a Lie group regarded as a 0-truncated oco-group in SmoothooGrpd. Write g for its Lie algebra.
Write BG € SmoothooGrpd for its delooping. Recall the fibrant presentation BG, € [CartSpgr .. sSet]proj loc
from prop. 3.3.19.
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Proposition 3.3.39. The object b BG € SmoothooGrpd has a fibrant presentation bBG. € [CartSp°?, sSet]proj,10c
given by the groupoid of Lie-algebra valued forms

Adyp, (p2)+py 'dpa
b]3(;’(' =N Coo(fv G) X Q%lat(iﬂg) 2—> Q%lat(77g)
p

and this is such that the canonical morphism bBG — BG is presented by the canonical morphism of simplicial
presheaves PBG, — BG, which is a fibration in [CartSph .. sSet]pro;-

This means that a U-parameterized family of objects of bBG. is given by a Lie-algebra valued 1-form
A € QYU) ® g whose curvature 2-form Fy = dqrA + [A, AA] = 0 vanishes, and a U-parameterized family
of morphisms g : A — A’ is given by a smooth function g € C*°(U, G) such that A’ = Ad,A + g~ 'dg, where
AdyA = g7'Ag is the adjoint action of G on its Lie algebra, and where g~'dg := g*0 is the pullback of the
Maurer-Cartan form on G along g.
Proof. By the proof of prop. 2.2.11 we have that bBG is presented by the simplicial presheaf that is constant
on the nerve of the one-object groupoid

Gdisc :; *,

for the discrete group underlying the Lie group G. The canonical morphism of that into BG, is however not
a fibration. We claim that the canonical inclusion N (G gisc 3) — bBG,. factors the inclusion into BG, by a
weak equivalence followed by a global fibration.

To see the weak equivalence, notice that it is objectwise an equivalence of groupoids: it is essentially
surjective since every flat g-valued 1-form on the contractible R™ is of the form gdg~! for some function
g : R" = G (let g(x) = Pexp(f;)A be the parallel transport of A along any path from the origin to
x). Since the gauge transformation automorphism of the trivial g-valued 1-form are precisely given by the
constant G-valued functions, this is also objectwise a full and faithful functor. Similarly one sees that the
map bBG,. — BG is a fibration.

Finally we need to show that bBG, is fibrant in [CartSpP . sSet|projioc. This is implied by theo-
rem 2.2.17. More explicitly, this can be seen by observing that this sheaf is the coefficient object that in
Cech cohomology computes G-principal bundles with flat connection and then reasoning as above: every G-
principal bundle with flat connection on a Cartesian space is equivalent to a trivial G-principal bundle whose
connection is given by a globally defined g-valued 1-form. Morphisms between these are precisely G-valued
functions that act on the 1-forms by gauge transformations as in the groupoid of Lie-algebra valued forms. O

Let now B"U(1) be the circle (n + 1)-Lie group, def. 3.3.20. Recall the notation and model category
presentations as discussed there.

Proposition 3.3.40. For n > 1 a fibration presentation in [CartSp°?, sSet]pro;j of the canonical morphism
bB"U(1) — B"U(1) in SmoothooGrpd is given by the image under = : [CartSp°®, Ch™] — [CartSp°P, sSet]
of the morphism of chain complexes

c°°<l, U(1) ™~ QE) fon B an(o)
C>(—,U(1)) 0 0

where at the top we have the flat Deligne complez.

Proof. It is clear that the morphism of chain complexes is an objectwise surjection and hence maps to
a projective fibration under =. It remains to observe that the flat Deligne complex is a presentation of
bB"U (1):

By the proof of prop. 2.2.11 we have that b = Disc o I' is presented in the model category on fibrant
objects by first evaluating on the point and then extending back to a constant simplicial presheaf. Since
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(1]

U(1)[n] is indeed globally fibrant, a fibrant presentation of bB™U(1) is given by the constant presheaf
U(1)const[n] : U — E(U(1)[n]).

The inclusion U(1)const[7] = U(1)[n] is not yet a fibration. But by a basic fact of abelian sheaf cohomology
— using the Poincaré lemma — we have a global weak equivalence U(1)const — [C°°(—, U (1)) dap . dap Qn (=)
that factors this inclusion by the above fibration. O

3.3.8 de Rham cohomology

We discuss intrinsic de Rham cohomology, 2.3.11, in SmoothooGrpd.
Let G be a Lie group. Write g for its Lie algebra.

Proposition 3.3.41. The object barBG € SmoothooGrpd has a fibrant presentation in [CartSpo> . sSet]proj loc
by the sheaf bBG. := Q.. (—, 9) of flat Lie algebra-valued forms

PBG, : U+ Q. (U, g) .

Proof. By prop. 3.3.39 we have a fibration bBG. — BG, in [CartSp:? sSet]proj modeling the canon-

smooth’
ical inclusion bBG — BG. Therefore we may get a presentation for the defining oo-pullback

barBG = * xBg bBG
in SmoothooGrpd by the ordinary pullback
bdRBGC ~ * XBG, bBGC

in [CartSp°?, sSet]proj. The resulting simplicial presheaf is fibrant in [CartSp°P, sSet]proj10c because it is a
sheaf. O

For n € N, let now B"U(1) be the circle Lie (n + 1)-group of def. 3.3.20. Recall the notation and model
category presentations from the discussion there.

Proposition 3.3.42. A fibrant representative in [CartSp°?, sSet|projoc 0f the de Rham coefficent object
barB"U (1) from def. 2.3.94 is given by the truncated ordinary de Rham complex of smooth differential
forms

parB U (Denn = Z[Q}(—) 4 Q%(—) o - 0"} (—) ().

Proof. By definition and using prop. 2.1.52 the object bqr B"U(1) is given by the homotopy pullback
in [CartSp?, Che>0]proj Of the inclusion U(1)const[n] — U(1)[n] along the point inclusion ¥ — U(1)[n]. We
may compute this as the ordinary pullback after passing to a resolution of this inclusion by a fibration. By
prop. 3.3.40 such a fibration replacement is given by the map from the flat Deligne complex. Using this we
find the ordinary pullback diagram

E0= Q=) = = Q)] —=E[C=(-,U(1)) = Q1 (=) = - = Qf(-)] -

| |

E0—=-0— - =0 —— = F[C>®(—,U1)) 20— -+ —= 0]

]

Proposition 3.3.43. Let X be a smooth manifold regarded under the embedding SmoothMfd < SmoothocoGrpd.
Write HJn (X)) for the ordinary de Rham cohomology of X .
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For n € N we have tsomorphisms

Hj(X) I
moSmoothooGrpd(X,barB"U (1)) ~ ¢ QL(X) |n=1
0 [n=0

Proof. Let {U; — X} be a differentiably good open cover. The Cech nerve C({U;}) — X is a cofibrant
resolution of X in [CartSp°?, sSet]proj,loc. Therefore we have for all n € N

SmoothooGrpd (X, bar B"U(1)) ~ [CartSp®®, sSet](C({U; 1), E[Q (=) “F ... — Q1 (-)]).

The right hand is the oo-groupoid of cocylces in the Cech hypercohomology of the truncated complex of
sheaves of differential forms. A cocycle is given by a collection

(Civ B2]7 Aijk:7 e 7Zi1,~-- ,in)

of differential forms, with C; € Q7 (U;), B;; € Q"1 (U; NUj), etc. , such that this collection is annihilated
by the total differential D = dgr £+ 9, where dqgr is the de Rham differential and § the alternating sum of the
pullbacks along the face maps of the Cech nerve.

It is a standard result of abelian sheaf cohomology that such cocycles represent classes in de Rham
cohomology of n > 2. For n =1 and n = 0 our truncated de Rham complex degenerates to bqr BU (1)chn =
E[QL(—)] and barU (1)enn = Z[0], respectively, which obviously has the cohomology as claimed above. [
Recall from the discussion in 2.3.11 that the failure of the intrinsic de Rham cohomology of Smoothoo to
coincide with traditional de Rham cohomology in degree 0 and 1 is due to the fact that the intrinsic de
Rham cohomology in degree n is the home for curvature classes of circle (n — 1)-bundles. For n = 1 these
curvatures are not to be taken module exact forms. And for n = 0 they vanish.

3.3.9 Exponentiated oco-Lie algebras

We discuss the intrinsic notion of exponentiated co-Lie algebras, 2.3.12, realized in SmoothocoGrpd.
Recall the characterization of L.-algebras, def. 1.3.72, by dual dg-algebras, prop. 1.3.74 — their
Chevalley-FEilenberg algebras—, and the characterization of the category Lo, Alg as the full subcategory

Loo &8 dgAle® .

We describe now a presentation of the exponentiation of an L., algebra to a smooth oco-group. The
following somewhat technical definition serves to control the smooth structure on these exponentiated objects.

Definition 3.3.44. For k € N regard the k-simplex A* as a smooth manifold with corners in the standard
way. We think of this embedded into the Cartesian space R* in the standard way with maximal rotation
symmetry about the center of the simplex, and equip A* with the metric space structure induced this way.

A smooth differential form w on A* we say has sitting instants along the boundary if, for every (r < k)-
face I of A¥ there is an open neighbourhood Up of F' in A* such that w restricted to U is constant in the
directions perpendicular to the r-face on its value restricted to that face.

More generally, for any U € CartSp a smooth differential form w on U x A* is said to have sitting instants
if there is 0 < e € R such that for all points u : * — U the pullback along (u,Id) : A¥ — U x A* is a form
with sitting instants on e-neighbourhoods of faces.

Smooth forms with sitting instants form a sub-dg-algebra of all smooth forms. We write Q% (U x A*) for
this sub-dg-algebra.

We write Q2

si,vert

(U x A¥) for the further sub-dg-algebra of vertical differential forms with respect to the
projection p : U x A¥ — U, hence the coequalizer

.
Q=N U) =2 Q8 (U x AF) —= Q% (U x A¥) |
0

si,vert
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Definition 3.3.45. For g € L, write exp(g) € [CartSp.> . sSet] for the simplicial presheaf defined over
U € CartSp and n € N by

exp(g) : (U, [n]) = Homagaig (€2 vert (U x A™), CE(g))
with the evident structure maps given by pullback of differential forms.

This definition of the oco-groupoid associated to an L..-algebra realized in the smooth context appears
in [FSS10] and in similar form in [Royt10] as the evident generalization of the definition in Banach spaces
in [Henr08] and for discrete co-groupoids in [Getz09], which in turn goes back to [Hini97].

Proposition 3.3.46. The objects exp(g) € [CartSp2b ..., sSet] are

1. connected;

2. Kan complexes over each U € CartSp.

Proof. That exp(g)o = * follows from degree-counting: Q% ....(U x A%) = C>(U) is entirely in degree
0 and CE(g) is in degree 0 the ground field R.

To see that exp(g) has all horn-fillers over each U € CartSp observe that the standard continuous horn
retracts f : A¥ — A¥ are smooth away from the preimages of the (r < k)-faces of A[k]".

For w € Q% .o (U x A[k]") a differential form with sitting instants on e-neighbourhoods, let therefore
K C OAF be the set of points of distance < e from any subface. Then we have a smooth function

f:AP\K = AP\ K.

The pullback f*w € Q*(AF\ K) may be extended constantly back to a form with sitting instants on all of
AF. The resulting assignment

,vert

(CE(g) & Q8 o (U x AF)) = (CE(g) A Q2. (U x AFY L 02 (U x A™)

si,vert si,vert si,vert

provides fillers for all horns over all U € CartSp. |

Definition 3.3.47. We say that the loop space object Qexp(g) is the smooth co-group exponentiating g.
Proposition 3.3.48. The objects exp(g) € SmoothooGrpd are geometrically contractible:
IMexp(g) ~ *.

Proof. Observe that every simplicial presheaf X is the homotopy colimit over its component presheaves
X, € [CartSpP .. Set] < [CartSpcr ... sSet]
X ~Llim X, .

- n

(Use for instance the injective model structure for which X, is cofibrant in the Reedy model structure
[A°P [CartSpgy .. 8Set]inj loc]Reedy ). Therefore it is sufficient to show that in each degree n the 0-truncated
object exp(g), is geometrically contractible.

To exhibit a geometric contraction, def. 2.3.78, choose for each n € N, a smooth retraction
Nt A" % [0,1] = A"

of the n-simplex: a smooth map such that n,(—,1) = Id and 7,,(—,0) factors through the point. We claim
that this induces a diagram of presheaves

(id,1) \
n, ’
exp(g)n % [0,1] == exp(g)n

(id,0) T
*

exp(g)n ———>

exp(g)n
d
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where over U € CartSp the middle morphism is given by

My (a f) = (f,mm)
where
o a:CE(g) = QF (U x A™) is an element of the set exp(g),(U),

e fis an element of [0,1)(U);

e (f,mn) is the composite morphism
U x A" (id’f—)>Xid U x[0,1] x A™ (id’—n>”) UxA"

e (f,n)*« is the postcomposition of a with the image of (f,n,) under Q2. (—).

Here the last item is well defined given the coequalizer definition of Q)
bundles over U

.+ because (f,n,) is a morphism of

(id, f)xid

Ux A" —> U><[01]><A” ——UXxA" .
U id U id U

Similarly, for h : K — U any morphism in CartSpg,,,.., the naturality condition for a morphism of presheaves
follows from the fact that the composites of bundle morphisms

KxA”ﬂiUxA"aMi(d]x[ 1] x x AR 17 Am
K h U id U id U
and
K x An ((id, foh)><1(§<[ ] Ahdxnn K x An X4 hxid U x A"
K id K id K h U
coincide.

Moreover, notice that the lower morphism in our diagram of presheaves indeed factors through the point
as indicated, because for an L..-algebra g we have that the Chevalley-Eilenberg algebra CE(g) is in degree
0 the ground field algebra algebra R, so that there is a unique morphism CE(g) — Q8. (U x A%) ~ C>(U)
in dgAlg.

Finally, since [0, 1] is a contractible paracompact manifold, we have that II([0,1]) ~ % by prop. 3.2.22.
Therefore the above diagram of presheaves presents a geometric homotopy in SmoothooGrpd from the
identity map to a map that factors through the point. It follows by prop 2.3.79 that II(exp(g),) ~ * for all
n € N. And since II preserves the homotopy colimit exp(g) ~ ]Lli_I}n exp(g), we have that I(exp(g)) =~ *,

too. ]
We may think of exp(g) as the smooth geometrically oco-simply connected Lie integration of g. Notice
however that exp(g) € SmoothooGrpd in general has nontrivial and interesting homotopy sheaves. The
above statement says that its geometric homotopy groups vanish .
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3.3.9.1 Examples Let g € Lo, be an ordinary (finite dimensional) Lie algebra. Standard Lie theory
provides a simply connected Lie group G integrating g. Write BG € SmoothooGrpd for its delooping.
According to prop. 3.3.19 this is presented by the simplicial presheaf BG,. € [CartSp.? sSet].

smooth’

Proposition 3.3.49. The operation of parallel transport Pexp([ —) : 01([0,1],9) — G yields a weak equiv-
alence (in [CartSp.? sSet]proj)

smooth’

Pexp(/ —) : cosks exp(g) ~ cosks exp(g) ~ BG. .

Proof. Notice that a flat smooth g-valued 1-form on a contractible space X is after a choice of basepoint
canonically identified with a smooth function X — G. The claim then follows from the observation that by
the fact that G is simply connected any two paths with coinciding endpoints have a continuous homotopy
between them, and that for smooth paths this may be chose to be smooth, by the Steenrod approximation
theorem [Wock09]. O
Let nown e N, n > 1.

Definition 3.3.50. Write
"R € Lo

for the L,-algebra whose Chevalley-Eilenberg algebra is given by a single generator in degree n and vanishing
differential. We call this the line Lie n-algebra.

Observation 3.3.51. The discrete co-groupoid underlying exp(b” 'R) is given by the Kan complex that
in degree k has the set of closed differential n-forms with sitting instants on the k-simplex

D(exp(b""'R)) : [k] — Q% (A%)

si,cl

Definition 3.3.52. We write equivalently
B"Rgmp := exp(b"'R) € [CartSpl . sSet].

Proposition 3.3.53. We have that B"Rgny, is indeed a presentation of the smooth line n-group B"R, from
3.3.20.

Concretely, with B"Ren, € [CartSpeP . sSet] the standard presentation given under the Dold-Kan
correspondence by the chain complex of sheaves concentrated in degree n on C*°(—,R) the equivalence is

induced by the fiber integration of differential n-forms over the n-simplex:

: B"Ramp — B"Remp -
Al

Proof. First we observe that the map

| @t x s o [ wecmum

. Ak

is indeed a morphism of simplicial presheaves exp(b" 1R) — B"R., on. Since it goes between presheaves of
abelian simplicial groups, by the Dold-Kan correspondence it is sufficient to check that we have a morphism
of chain complexes of presheaves on the corresponding normalized chain complexes.

The only nontrivial degree to check is degree n. Let A € QF . 1(A™"!). The differential of the
normalized chains complex sends this to the signed sum of its restrictions to the n-faces of the (n + 1)-
simplex. Followed by the integral over A™ this is the piecewise integral of A\ over the boundary of the
n-simplex. Since A has sitting instants, there is 0 < € € R such that there are no contributions to this
integral in an e-neighbourhood of the (n — 1)-faces. Accordingly the integral is equivalently that over the
smooth surface inscribed into the (n + 1)-simplex. Since A is a closed form on the n-simplex, this surface
integral vanishes, by the Stokes theorem. Hence f . is indeed a chain map.

It remains to show that f Ao COSKy 11 exp(b"’%R) — B"Rehy, is an isomorphism on simplicial homotopy
groups over each U € CartSp. This amounts to the statement that
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e a smooth family of closed n < k-forms with sitting instants on the boundary of A**! may be extended
to a smooth family of closed forms with sitting instants on A*+!

e a smooth family of closed n-forms with sitting instants on the boundary of A"*! may be extended
to a smooth family of closed forms with sitting instants on A"*! precisely if their smooth family of
integrals over dDelta™" ! vanishes.

To demonstrate this, we want to work with forms on the (k + 1)-ball instead of the (k + 1)-simplex. To
achieve this, choose again 0 < ¢ € R and construct the diffeomorphic image of S* x [1 — ¢, 1] inside the
(k+ 1)-simplex as indicated by the above construction: outside an e-neighbourhood of the corners the image
is a rectangular e-thickening of the faces of the simplex. Inside the e-neighbourhoods of the corners it bends
smoothly. By the Steenrod-approximation theorem [Wock09] the diffeomorphism from this e-thickening of
the smoothed boundary of the simplex to S* x [0, 1] extends to a smooth function from the (k 4 1)-simplex
to the (k + 1)-ball. By choosing ¢ smaller than each of the sitting instants of the given n-form on JAF, we
have that this n-form vanishes on the e-neighbourhoods of the corners and is hence entirely determined by
its restriction to the smoothed simplex, identified with the (k + 1)-ball.

It is now sufficient to show: a smooth family of smooth n-forms w € Q7. (U x S k) extends to a smooth
family of closed n-forms @ € Qgert’cl(U x B"*1) that is radially constant in a neighbourhood of the boundary
for all n < k and for n = k precisely if its smooth family of integrals fsn w=0¢€ C*>(U,R) vanishes.

Notice that over the point this is a direct consequence of the de Rham theorem: all k¥ < n forms are
exact on S* and n-forms are exact precisely if their integral vanishes. In that case there is an (n — 1)-form
A with w = dA. Choosing any smoothing function f : [0,1] — [0,1] (smooth, surjective non,decreasing and
constant in a neighbourhood of the boundary) we obtain a n-form f A A on (0,1] x S™, vertically constant
in a neighbourhood of the ends of the interval, equal to A at the top and vanishing at the bottom. Pushed
forward along the canonical (0,1] x S™ — D" this defines a form on the (n + 1)-ball, that we denote by
the same symbol f A A. Then the form & := d(f A A) solves the problem.

To complete the proof we have to show that this argument does extend to smooth families of forms in
that we can find suitable smooth families of the form A in the above discussion. This may be accomplished
for instance by invoking Hodge theory: If we equip S* with a Riemannian metric then the refined form of
the Hodge theorem says that we have an equality

id — 7y = [d,d*G],

of operators on differential forms, where 74 is the orthogonal projection on harmonic forms and G is the
Green operator of the Hodge-Laplace operator. For w an exact form its harmonic projection vanishes so that
this gives a homotopy

w=d(d"Gw).

This operation w — d*Gw depends smoothly on w. (Il

3.3.9.2 flat coefficients. We consider now the flat coefficient object, 2.3.10, bexp(g) of exponentiated
L algebras exp(g), 3.3.9.

Definition 3.3.54. Write b exp(g)smp for the simplicial presheaf given by
b exp(g)smp : (U, [n]) — Homggaig(CE(g), Q5 (U x A™)).

Proposition 3.3.55. The canonical morphism bB"R — B"R in SmoothooGrpd is presented in [CartSp.> . . sSet]
by the composite

const T exp(b"~'R) = bexp(b" 1 R)smp > exp(b""'R) |

where the first morphism is a weak equivalence and the second a fibration in [CartSpoy .. sSet]pro;-
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We discuss the two morphisms in the composite separately in two lemmas.

Lemma 3.3.56. The canonical inclusion
constI'(exp(g)) — b exp(g)smp
is a weak equivalence in [CartSp°P, sSet]pro;-
Proof. The morphism in question is on each object U € CartSp the morphism of simplicial sets
Homggalg(CE(g), 2% (A*)) — Homagaig(CE(g), 25 (U x AF)),

which is given by pullback of differential forms along the projection U x A* — AF.
To show that for fixed U this is a weak equivalence in the standard model structure on simplicial sets we
produce objectwise a left inverse

Fy - Homggalg(CE(g), Q5(U x A®)) — Homqgale(CE(g), 25(A%))

and show that this is an acyclic fibration of simplicial sets. The statement then follows by the 2-out-of-3-
property of weak equivalences.
We take Fy to be given by evaluation at 0 : x — U, i.e. by postcomposition with the morphisms

QMU x AR) 1207 00 (4 x AF) = Q2 (AF)

(This of course is not natural in U and hence does not extend to a morphism of simplicial presheaves. But
for our argument here it need not.) The morphism Fy is an acyclic Kan fibration precisely if all diagrams
of the form

0A[n] — Hom(CE(g), Q% (U x A*))

l lFU

A[n] ——— Hom(CE(g), 25(A*))

have a lift. Using the Yoneda lemma over the simplex category and since the differential forms on the
simplices have sitting instants, we may, as above, equivalently reformulate this in terms of spheres as follows:
for every morphism CE(g) — Q% (D™) and morphism CE(g) — Q% (U x S"~1) such that the diagram

CE(g) — Q*(U x S™1)

| |

Q(D") ——=Q* (5"
commutes, this may be factored as

CE(g)

S

Q2(U x D) —= Q*(U x §"~1)

| |

Qo(Dn) Q‘(S”*l)

(Here the subscript “y” denotes differential forms on the disk that are radially constant in a neighbourhood
of the boundary.)
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This factorization we now construct. Let first f : [0,1] — [0, 1] be any smoothing function, i.e. a smooth
function which is surjective, non-decreasing, and constant in a neighbourhood of the boundary. Define a
smooth map U x [0,1] — U by (u,0) — u - f(1 — o), where we use the multiplicative structure on the
Cartesian space U. This function is the identity at 0 = 0 and is the constant map to the origin at ¢ = 1. It
exhibits a smooth contraction of U.

Pullback of differential forms along this map produces a morphism

QU x S" 1) = Q*(U x S x[0,1])

which is such that a form w is sent to a form which in a neighbourhood (1 — €,1] of 1 € [0,1] is constant
along (1 —€,1] x U on the value (0, Idgn-1)*w.

Let now 0 < € € R some value such that the given forms CE(g) — Q%(D*) are constant a distance
d < € from the boundary of the disk. Let ¢ : [0,¢/2] — [0,1] be given by multiplication by 1/(¢/2) and
h: D]f—e/z — D7 the injection of the n-disk of radius 1 — ¢/2 into the unit n-disk.

We can then glue to the morphism

xid

CE(g) — Q*(U x 8™ 1) — Q*(U x [0,1] x §71) "4 Q0 (U % [0, /2] x S™1)
to the morphism
CE(g) —» Q*(D") —» Q*(U x {1} x D™) —h@ QU x {1} x D?—e/2)

by smoothly identifying the union [0,€e/2] x S™*[]g.-. Dy_, j; with D™ (we glue a disk into an annulus to
obtain a new disk) to obtain in total a morphism

CE(g) — Q*(U x D")

with the desired properties: at v = 0 the homotopy that we constructed is constant and the above con-
struction hence restricts the forms to radius < 1 — ¢/2 and then extends back to radius < 1 by the constant
value that they had before. Away from 0 the homotopy in the rmaining ¢/2 bit smoothly interpolates to the
boundary value. O

Lemma 3.3.57. The canonical morphism

> exp(g)smp — exp(g)
is a fibration in [CartSpgy . sSet]proj-
Proof. Over each U € CartSp the morphism is induced from the morphism of dg-algebras
Q*(U) - C=(U)

that discards all differential forms of non-vanishing degree.
It is sufficient to show that for

CE(g) — Q2 (U x (D™ x [0,1]))

si,vert

a morphism and

CE(g) — 94U x D)
a lift of its restriction to o = 0 € [0, 1] we have an extension to a lift

CE(g) = Q% oo (U x (D" x [0,1])).

si,vert

From these lifts all the required lifts are obtained by precomposition with some evident smooth retractions.

The lifts in question are obtained from solving differential equations with boundary conditions, and exist
due to the existence of solutions of first order systems of partial differential equations and the identity
d3g = 0. O
We have discussed now two different presentations for the flat coefficient object bB™R:
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1. bB"R¢,, — prop. 3.3.40;
2. b B"Rgmp — prop. 3.3.55;

There is an evident degreewise map
(—1)**! / : DB Ryimp — DB Repn

that sends a closed n-form w € Q(U x A*) to (—1)*! times its fiber integration [,, w.

Proposition 3.3.58. This map yields a morphism of simplicial presheaves
/ : DB Rgmp — DB Rehn

which is a weak equivalence in [CartSp°, sSet]pro;-

Proof. First we check that we have a morphism of simplicial sets over each U € CartSp. Since both
objects are abelian simplicial groups we may, by the Dold-Kan correspondence, check the statement for
sheaves of normalized chain complexes.

Notice that the chain complex differential on the forms w € Q% (U x AF) on simplices sends a form to the
alternating sum of its restriction to the faces of the simplex. Postcomposed with the integration map this is
the operation w + | oar w of integration over the boundary.

Conversely, first integrating over the simplex and then applying the de Rham differential on U yields

w+—>(71)k+1dU/ w:f/ dyw
Ak Ak
:/ dAkUJ s
Ak
:/ w
DAk

where we first used that w is closed, so that dgrw = (dy + dar)w = 0, and then used Stokes’ theorem.
Therefore we have indeed objectwise a chain map.

By the discussion of the two objects we already know that both present the homotopy type of bB™R.
Therefore it suffices to show that the integration map is over each U € CartSp an isomorphism on the
simplicial homotopy group in degree n.

Clearly the morphism

/ 02, (U x A") = C%(U,R)

is surjective on degree n homotopy groups: for f : U — % — R constant, a preimage is f - volan, the nor-
malized volume form of the n-simplex times f. Moreover, these preimages clearly span the whole homotopy
group 7, (bB"R) ~ Ry (they are in fact the images of the weak equivalence constI" exp(b" 'R) — bB" Ry
) and the integration map is injective on them. Therefore it is an isomorphism on the homotopy groups in
degree n. O

3.3.9.3 de Rham coefficients We now consider the de Rham coefficient object bgr exp(g), 2.3.11, of
exponentiated Lo, algebras exp(g), def 3.3.45.

Proposition 3.3.59. For g € Lo, a representive in [CartSp°", sSet]po; of the de Rham coefficient object
bar exp(g) is given by the presheaf

barB " Remp : (U, [n]) — Homagaie (CE(g), Q571 (U x A™)),

where the notation on the right denotes the dg-algebra of differential forms on U x A™ that (apart from having
sitting instants on the faces of A™) are along U of non-vanishing degree.
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Proof. By the prop. 3.3.55 we may present the defining oco-pullback bgr B"R := * xgng bB"R in
SmoothooGrpd by the ordinary pullback

bdRBnRsmp —— anRsmp
+ — > B"R

in [CartSpgP? sSet]. O

smooth?
We have discussed now two different presentations for the de Rham coefficient object bB™R:

1. baqrB"R¢un — prop. 3.3.42;
2. barB"Rgmp — prop 3.3.59;

There is an evident degreewise map
(_1).+1 / : bdRBnRsmp — |7dR]-D’chhn

that sends a closed n-form w € Q% (U x A*) to (—1)*! times its fiber integration [, w.

Proposition 3.3.60. This map yields a morphism of simplicial presheaves
/ : bdR]?’n]Rsmp — bdR]E;n]Rchn

which is a weak equivalence in [CartSp°P, sSet]pro;-

Proof. This morphism is the morphism on pullbacks induced from the weak equivalence of diagrams

x — exp(b"'R) <—— bB" Ry -

T

* ——= B"Ropn < bB"Renn

Since both of these pullbacks are homotopy pullbacks by the above discussion, the induced morphism be-
tween the pullbacks is also a weak equivalence. O

3.3.10 Maurer-Cartan forms and curvature characteristic forms

We discuss the universal curvature forms, 2.3.13, in SmoothooGrpd.
Specifically, we discuss the canonical Maurer-Cartan form on the following special cases of (presentations
of) smooth oco-groups.

e 3.3.10.1 — ordinary Lie groups:
e 3.3.10.2 — circle n-groups B"1U(1);
e 3.3.10.3 — simplicial Lie groups.

Notice that, by the discussion in 2.1.6, the case of simplicial Lie groups also subsumes the case of crossed
modules of Lie groups, def. 1.3.5, and generally of crossed complexes of Lie groups, def. 1.3.20.
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3.3.10.1 Canonical form on an ordinary Lie group

Proposition 3.3.61. Let G be a Lie group with Lie algebra g.
Under the identification
SmoothooGrpd(X, bgrBG) ~ Q4. (X, g)

from prop. 3.8.41, for X € SmoothMfd, we have that the canonical morphism
0:G— bdRBG
in SmoothooGrpd corresponds to the ordinary Maurer-Cartan form on G.

Proof. We compute the defining double co-pullback

G *
.
bdRBG E—— bBG

|

x — BG

in SmoothooGrpd as a homotopy pullback in [CartSpZP . sSet]ro;. In prop. 3.3.41 we already modeled
the lower co-pullback square by the ordinary pullback

bdRBGC E—— bBGC .

|

* BG.

A standard fibration replacement of the point inclusion * — bBG is given by replacing the point by the
presheaf that assigns groupoids of the form

Ay =0
Q:U 2;// \Ql ,
Al h A2

where on the right the commuting triangle is in (hqg BG.)(U) and here regarded as a morphism from (g1, A1)
to (g2, Az). And the fibration @ — bBG, is given by projecting out the base of these triangles.

The pullback of this along bgg BG. — bBG. is over each U the restriction of the groupoid Q(U) to its
set of objects, hence is the sheaf

Ap=0
U s & ~ C®(U,G) = G(U),
g*0
equipped with the projection
ty : G — bqrBG.

given by
ty:(g:U—QG)—g"0.

Under the Yoneda lemma (over SmoothMfd) this identifies the morphism ¢ with the Maurer-Cartan form
0 € Q.. (G, g). g
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3.3.10.2 Canonical form on the circle n-group Consider now again the circle Lie (n+ 1)-group, def.
3.3.20.

Definition 3.3.62. For n € N define the simplicial presheaf

n —_ oo d Id 1_ dar=ld Qn-1(_)dar+Id -,
B U ()it cm = = ( Com()) = gl a9 ) 7

where the de Rham differential acts on both summands, and in degree k the term (—1)¥*1Idgn-—x11 is added.

Proposition 3.3.63. The evident projection
B"U(1)aif,chn — B"U(1)chn
is a weak equivalence in [CartSp°P, sSet]proj. Moreover, the universal curvature characteristic, def. 2.8.109,
curv : B"U(1) — bgrB" U (1)
in SmoothooGrpd is presented in [CartSp°?, sSet]proj 0c by @ sPan

CUrVchn,

B"U(1)gift,chn — parB" MU (1) chn »

lN

B"U(1)

where the horizontal morphism is the image under = of the chain map

C>®(—,U(1)far—Id Q1 (—)dar+Id darFld on—1  dar£ld .,
69(91(7() s @Q§(2) T L (=)
ipz lm \Lm lddR
ddR ddR ddR ddR
Q1) g2 gy g

Proof. By prop. 2.1.52 we present the defining co-pullback

B"U(1) — >

o

barB" U (1) ——HbB"+1U(1)
* ——= B"TLU(1)
by a homotopy pullback in [CartSp°?, sSet],ro; We claim that we have a commuting diagram

CTCUW) dangld @) el Al ) o oo (- (1)) M OTCU0) dngld @t () dandld gy

0—
l(Pz,Pm“wddR) l(ld,Pszwwm,ddR)
0 — Q1(—) 2 Q2(—) M. dap grity) (Co° (=, U(1)) 5 b () W 2(—) D ... dap grrt ()

| |

0-0—-0—---—0 C*(-U1)—=0—-0—=---=0

in [CartSp°?, Ch*],.0; where
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e the objects are fibrant models for the corresponding objects in the above co-pullback diagram;
e the two right vertical morphisms are fibrations;
e the two squares are pullback squares.

This implies that under the right adjoint = we have a homotopy pullback as claimed.

For the lower square this is prop. 3.3.42. For the upper square the same type of reasoning applies. The
main point is to find the chain complex in the top right such that it is a resolution of the point and maps by
a fibration onto our model for bPB™U(1). This is the mapping cone of the identity on the Deligne complex, as
indicated. The vertical morphism out of it is manifestly surjective (by the Poincaré lemma applied to each
object U € CartSp) hence this is a fibration. |

In prop. 3.3.59 we had discussed an equivalent presentation of de Rham coefficient objects above. We
now formulate the curvature characteristic in this alternative form.

Observation 3.3.64. We may write the simplicial presheaf bqg B" ™ Ry, from prop.3.3.59 equivalently as

follows
Q;i,vert(U X Ak) ~—0

bar B Ry ¢ (U, [K]) — T T ,

Q2.(U x AF) CE(b"R)

where on the right we have the set of commuting diagrams in dgAlg of the given form, with the vertical
morphisms being the canonical projections.

Definition 3.3.65. Write W(b"'R) € dgAlg for the Weil algebra of the line Lie n-algebra, defined to be
free commutative dg-algebra on a single generator in degree n, hence the graded commutative algebra on a
generator in degree n and a generator in degree (n + 1) equipped with the differential that takes the former
to the latter.

We write also inn(b" 1) for the L..-algebra corresponding to the Weil algebra

CE(inn(b" 1)) := W™ 'R)
Observation 3.3.66. We have the following properties of W(b" ')

1. There is a canonical natural isomorphism
Homggaig(W("'R), Q*(U)) ~ Q"(U)

between dg-algebra homomorphisms 4 : W(b"'R) — Q°(X) from the Weil algebra of 6" 'R to the
de Rham complex and degree-n differential forms, not necessarily closed.

2. There is a canonical dg-algebra homomorphism W(b" 'R) — CE(b" 'R) and the differential n-form
corresponding to A factors through this morphism preciselly if the curvature dqr A of A vanishes.

3. The image under exp(—)
exp(inn(b""HR) — exp(b"R)

of the canonical morphism W (b"'R) < CE(b"R) is a fibration in [CartSp® ., sSet],ro; that presents
the point inclusion * — B"T'R in SmoothooGrpd.
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Definition 3.3.67. Let B"Raif smp € [CartSpor sSet] be the simplicial presheaf defined by

smooth’

Q;i,vert(U X Ak)"q(& CE(b’rb—lR)
Baniff,smp : ([]7 [k]) — T T |
Q(U x AF) W(br—1R)

where on the right we have the set of commuting diagrams in dgAlg as indicated.

This means that an element of B"Rgigt smp(U)[k] is a smooth n-form A (with sitting instants) on U x A¥
such that its curvature (n 4 1)-form dA vanishes when restricted in all arguments to vector fields tangent to
A*. We may write this condition as dqr A € Q'-zl"(U x AF).

S1

Observation 3.3.68. There are canonical morphisms

CUI'Vgmp

Baniff,SInp > bdRBn]Rsn’lp

lz

BnRsmp

in [CartSp_h .., sSet], where the vertical map is given by remembering only the top horizontal morphism

in the above square diagram, and the horizontal morphism is given by forming the pasting composite

Avert
-

Q;i,vert(U X Ak) CE(bn_lR)

CUI'Vgmp : T T

Q2.(U x AF) <2 W IR)

Avert
-

Q;i,vert(U X Ak) CE(bnilR) 0

o]

Q2.(U x AF) W 'R) ~—— CE(b"R)

Proposition 3.3.69. This span is a presentation in [CartSpsr . sSet] of the universal curvature charac-
teristics curv : B"R — bqr B" MR, def. 2.3.109, in SmoothooGrpd.

Proof. We need to produce a fibration resolution of the point inclusion * — bB" Ry, in [CartSpS® .\ . sSet]pro;
and then show that the above is the ordinary pullback of this along bdRB”HRsmp — bB”“Rsmp.
We claim that this is achieved by the morphism

(U, [K]) : {Q%(U x A*) « WO IR)} = {Q%(U x AF) <~ W(B"'R) <~ CE(b"R)} .

Here the simplicial presheaf on the left is that which assigns the set of arbitrary n-forms (with sitting instants
but not necessarily closed) on U x A* and the map is simply given by sending such an n-form A to the
(n + 1)-form dgr A.

It is evident that the simplicial presheaf on the left resolves the point: since there is no condition on
the forms every form on U x A* is in the image of the map of the normalized chain complex of a form on
U x AF+1: such is given by any form that is, up to a sign, equal to the given form on one n-face and 0 on
all the other faces. Clearly such forms exist.
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Moreover, this morphism is a fibration in [CartSpgr .., sSet]proj, for instanxce because its image under

the normalized chains complex functor is a degreewise surjection, by the Poincar’e lemma.
Now we observe that we have over each (U, [k]) a double pullback diagram in Set

08 vert (U x AF) 22 CE(b"'R) 0 et (U X AF) < W(b"'R)
T Lo T Jo
Q8.(U x AF) <2 W(Hn—'R) Q2.(U x AF) W(r—1R)
{ {
Q;i,vert(U X Ak) 0 Q;i,vert(U X Ak) -~ CE(bnR)
T L T o
Q2(U x AF) <— CE(b"R) Q%(U x AF) < CE(V"R)
{ {
Q;i,vert([j X Ak) <~ Q;i,vert(U X Ak) -~ CE(bnR)

R

Q2 (U x AF) Q2 (U x AF) 0

hence a corresponding pullback diagram of simplicial presheaves, that we claim is a presentation for the
defining double oco-pullback for curv.

The bottom square is the one we already discussed for the de Rham coefficients. Since the top right
vertical morphism is a fibration, also the top square is a homotopy pullback and hence exhibits the defining
oo-pullback for curv. O

Corollary 3.3.70. The degreewise map

(=1)*** [ : B"Raift,smp — B"Raiff,chn
A.
that sends ann-form A € Q"(UxA*) and its curvature dA to (—1)*+1 times its fiber integration ([, A, [xx dA)
is a weak equivalence in [CartSpJP . sSet]pro;-

Proof. Since under homotopy pullbacks a weak equivalence of diagrams is sent to a weak equivalence.
See the analagous argument in the proof of prop. 3.3.60. (]

3.3.10.3 Canonical form on simplicial Lie group. Above we discussed the canonical differential form
on smooth co-groups G for the special cases where G is a Lie group and where G is a circle Lie n-group.
These are both in turn special cases of the situation where G is a simplicial Lie group. This we discuss now.

Proposition 3.3.71. For G a simplicial Lie group the flat de Rham coefficient object barBG is presented
by the simplicial presheaf which in degree k is given by Q.. (—, 9x), where gi, = Lie(Gy,) is the Lie algebra of
Gy.
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Proof. Let
[e's) —
Uhar (—80)//Go = (Uaa(=,80) % C=(=,Ga) S Qfar(—,54))

be the presheaf of simplicial groupoids which in degree k is the groupoid of Lie-algebra valued forms with
values in G}, from theorem. 1.3.36. As in the proof of prop. 3.3.41 we have that under the degreewise nerve
this is a degreewise fibrant resolution of presheaves of bisimplicial sets

N (ot (= 80)//Gs) = N % //Goe = NB(Glaisc)s

of the standard presentation of the delooping of the discrete group underlying G. By basic properties of
bisimplicial sets [GoJa99] we know that under taking the diagonal

diag : sSet® — sSet

the object on the right is a presentation for bqg BG, because (see the discussion of simplicial groups around
prop. 2.3.20)
diag N B(Gaisc)e — W(Gaise) ~ bBG'.

Now observe that the morphism
diag(N Qi (—, 80)//Ga) — diag * //Gaise
is a fibration in the global model structure. This is in fact true for every morphism of the form
diagN (Se//Ge) — diag * / /G4

for Se//Ge — #%//Ge a simlicial action groupoid projection with G a simplicial group acting on a Kan
complex S: we have that

(dlagN(S//G))k = Sk X (Gk)xk .

On the second factor the horn filling condition is simply that of the identity map diagN BG — diagN BG
which is evidently solvable, whereas on the first factor it amounts to S — * being a Kan fibration, hence to
S being Kan fibrant.

But the simplicial presheaf Q.. (—, go) is indeed Kan fibrant: for a given U € CartSp we may use parallel
transport to (non-canonically) identify

Qe (U, g1) ~ SmoothMfd, (U, Gy ,

where on the right we have smooth functions that send the origin of U to the neutral element. But since G,
is Kan fibrant and has smooth global fillers also SmoothMfd. (U, G,) is Kan fibrant.
In summary this means that the defining homotopy pullback

bdRBG =bBG XBG *
is presented by the ordinary pullback of simplicial presheaves

diagNQ;lat(—,g.) x diagNBGex = Q' (—, g4) .

Proposition 3.3.72. For G a simplicial Lie group the canonical differential form, def. 2.3.108,
0:G — bhyrBG
is presented in terms of the above presentation for bqrBG by the morphism of simplicial presheaves
0o : Go = Qpia(—, go)

which is in degree k the presheaf-incarnation of the Maurer-Cartan form of the ordinary Lie group Gy as in
prop. 3.3.61.

214



Proof. Continuing with the strategy of the previous proof we find a fibration resolution of the point
inclusion * — bBG by applying the construction of the proof of prop. 3.3.61 degreewise and then applying
diag o N.

The defining homotopy pullback

G—— %

L

bar — bBG

for 6 is this way presented by the ordinary pullback

G\Lo diagN(Q%iat(_\La g'))triv//Go>
Qfllat(_v go) —> diagN(Q%iat(—, ge)//Ga)

of simplicial presheaves, where Q. (—, gx) is the set of flat g-valued forms A equipped with a gauge trans-

formation 0 % A. As in the above proof one finds that the right vertical morphism is a fibration, hence
indeed a resolution of the point inclusion. The pullback is degreewise that from the case of ordinary Lie
groups and thus the result follows. O

We can now give a simplicial description of the canonical curvature form 6 : B"U(1) — bypB"T1U(1)
that above in prop. 3.3.63 we obtained by a chain complex model:

Example 3.3.73. The canonical form on the circle Lie n-group
0:B"'U(1) = bgrB"U(1)
is presented by the simplicial map
EUD)n = 1)) = E(Qq (=)~ 1])

which is simply the Maurer-Cartan form on U(1) in degree n.
The equivalence to the model we obtained before is given by noticing the equivalence in hypercohomology
of chain complexes of abelian sheaves

QL(—)[n] = (Q'(—) @ .. M gn ()
on CartSp.

3.3.11 Differential cohomology

We discuss the intrinsic differential cohomology, 2.3.14, in SoothooGrpd, with coefficients in the circle Lie
(n+ 1)-group B"U(1), def. 3.3.20.
First we observe that intrinsic differential cohomology in SmoothocoGrpd has the abstract properties of
traditional ordinary differential cohomology, [HoSi05], then we establish that both notions indeed coincide.
By def. 2.3.110 we are to consider the co-pullback

HdiH(X7 BnU(l)) —_— HdR(X, BnJrlU(l)) 5

| |

H(X,B"U(1)) —% Hyr (X, B"T'U(1))
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where the right vertical morphism picks one point in each connected component. Moreover, following remark
2.3.52 and remark 2.3.115, in the particular presentation of SmoothooGrpd by the model structure on
simplicial presheaves on CartSp and using the model for bqg B"T*U (1) of prop. 3.3.42 we are entitled to the
following bigger object

Definition 3.3.74. Consider the co-pullback

H/o (X, B"U(1)) —~ O (X) :

i° !

H(X,B"U(1)) —% Hyr (X, B"T'U(1))

where the right vertical morphism is induced from the canonical morphism of simplicial presheaves Q"H( ) —
barB"T1U(1) (where on the left we have the simplicially constant sheaf of closed forms).

We call Hyig (X, B"U (1)) and its primed version the cocycle co-groupoid for ordinary smooth differential
cohomology in degree n .

Proposition 3.3.75. For n > 1 and X € SmoothMfd, the abelian group H'yx(X) sits in the following
short exact sequences of abelian groups

e the curvature exact sequence

0— H"(X,U(D)aise) — Ha(X,U(1)) 5 a2t (X) =0

cl,int
e the characteristic class exact sequence

O—>Q /chmt( ) Hldlff(X U( ))£>Hn+l(X7Z)—>O

Here Q7 denotes closed forms with integral periods.

cl,int

Proof. For the curvature exact sequence we invoke prop. 2.3.113 which yields (for Hyig as for H}y)

0— HL (X, U() > H (X, U(1) S artl (X) > 0.

cl,int

The claim then follows by using prop. 3.3.38 to get H..(X,U(1)) ~ H™"(X, U(1)4isc)-
For the characteristic class exact sequence, we have with 2.3.114 for the smaller group HJs (the fiber
over the vanishing curvature (n 4 1)-form F' = 0) the sequence

0 — Hilp (X)/Q e (X) = H g (X, U(1)) = H"H(X,Z) - 0

where we used prop. 3.3.43 to identify the de Rham cohomology on the left, and the fact that X is
paracompact to identify the integral cohomology on the right. Since ch it (X) contains the exact forms
(with all periods being 0 € Z), the leftmost term is equivalently Q7%(X)// ch it (X). As we pass from Hgig
to the bigger H),s, we get a copy of a torsor over this group, for each closed form F, trivial in de Rham
cohomology, to a total of

H {w|dw = F}/Q?l,int - ( )/ch mt( ) .
FeQlt(X)

This yields the curvature exact sequence as claimed. ]
If we invoke standard facts about Deligne cohomology, then prop. 3.3.75 is also implied by the follow-
ing proposition, which asserts that in SmoothooGrpd the groups H'3:z not only share the above abstract
properties of ordinary differential cohomology, but indeed coincide with it.

216



Proposition 3.3.76. For X € SmoothMfd — SmoothooGrpd a paracompact smooth manifold we have that
the connected components of the object Hainr (X, B"U(1)) are given by

Hiig(X,U(1) = ( H(X,Z(n+1)p) ) Xgn+1(x) HER 10t (X) -

Here on the right we have the subset of Deligne cocycles that picks for each integral de Rham cohomology
class of X only one curvature form representative.
For the connected components of Hj,q(X,B"U(1)) we get the complete ordinary Deligne cohomology of
X in degree n + 1:
H'4g(X,U(1)) = H(X,Z(n+1)F)

Proof. Choose a differentiably good open cover, def. 3.3.2, {U; — X} and let C({U;}) — X in
[CartSp°P, sSet]pro; be the corresponding Cech nerve projection, a cofibrant resolution of X.

Since the presentation of prop. 3.3.63 for the universal curvature class curvenn, @ B"U(1)aiff,chn —
barB" T U (1)cny is a global fibration and C'({U;}) is cofibrant, also

[Cartp®P, sSet](C({U;}), BiigU(1)) — [Cartp®®, sSet](C'({U;}),barB"U(1))

is a Kan fibration by the fact that [CartSp°?, sSet]proj is an sSetquitlen-enriched model category. Therefore
the homotopy pullback in question is computed as the ordinary pullback of this morphism.

By prop. 3.3.42 we have that we can assume that the morphism H i (X) — [CartSp°®, sSet|(C({U;}),barB" )
picks only cocycles represented by globally defined closed differential forms F' € Q7! (X). We see that the
elements in the fiber over such a globally defined (n + 1)-form F' are precisely the cocycles with values only
in the upper row complex of B"U(1)aiff chn

O (=, U(1)) M Ql(—) % .. gn(y,

such that F' is the de Rham differential of the last term.
This is the complex of sheaves that defines Deligne cohomology in degree (n + 1). O

3.3.11.1 Orientifold circle n-bundles with connection We discuss the notion of circle n-bundles
with connection over double covering spaces with orientifold structure (see [SSW05] and [DiFrMo11] for the
notion of orientifolds).

Proposition 3.3.77. The smooth automorphism 2-group of the circle group U(1) is that corresponding to
the smooth crossed module (as discussed in 2.1.6)

AUT(U(1)) ~ [U(1) — Zs],

where the differential U(1) — Zg is trivial and where the action of Zy on U (1) is given under the identification
of U(1) with the unit circle in the plane by reversal of the sign of the angle.
This is an extension of smooth oco-groups, def. 2.8.43, of Zs by the circle 2-group BU(1):

BU(1) = AUT(U(1)) — Zs.

Proof. The nature of AUT(U(1)) is clear by definition. Let BU(1) — AUT(U(1)) be the evident
inclusion. We have to show that its delooping is the homotopy fiber of BAUT(U(1)) — BZ,.
Passing to the presentation of SmoothooGrpd by the model structure on simplicial presheaves [CartSpgP | . sSet]proj,loc
and using prop. 2.1.52, it is sufficient to show that the simplicial presheaf B2U (1), from 3.3.2 is equivalent to
the ordinary pullback of simplicial presheaves BAUT(U(1)). X Bz, EZs of the Za-universal principal bundle,
as discussed in 1.3.1.
This pullback is the 2-groupoid whose
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e objects are elements of Zs;

e morphisms o1 — oy are labeled by ¢ € Zsy such that o3 = ooy;

e all 2-morphisms are endomorphisms, labeled by ¢ € U(1);

e vertical composition of 2-morphisms is given by the group operation in U(1),

e horizontal composition of 1-morphisms with 1-morphisms is given by the group operation in Zo

e horizontal composition of 1-morphisms with 2-morphisms (whiskering) is given by the action of Zs on
U(1).

Over each U € CartSp this 2-groupoid has vanishing 71, and 7o = U(1). The inclusion of B2U(1) into this
pullback is given by the evident inclusion of elements in U(1) as endomorphisms of the neutral element in
Zso. This is manifestly an isomorphism on 7o and trivially an isomorphism on all other homotopy groups.
Therefore it is a weak equivalenc. O

Observation 3.3.78. A U(1)-gerbe in the full sense Giraud (see [LuHTT], section 7.2.2) as opposed to a
U(1)-bundle gerbe / circle 2-bundle is equivalent to an AUT(U(1))-principal 2-bundle, not in general to a
circle 2-bundle, which is only a special case.

More generally we have:

Proposition 3.3.79. For every n € N the automorphism (n + 1)-group of B"U(1) is given by the crossed
complez (as discussed in 2.1.6)

AUTB"U(1)) ~[U(1) -0 — -+ — 0 — Zo]
with U(1) in degree n+ 1 and Zo acting by automorphisms. This is an extension of cohesive co-groups
B"U(1) - AUT(B"U(1)) — Zs.

Definition 3.3.80. For X € SmoothooGrpd, a double cover X5 Xisa Zo-principal bundle.

For n € N, n > 1, an orientifold circle n-bundle (with connection) is an AUT(B"~U(1))-principal
co-bundle (with co-connection) on X that extends X — X (by def. 2.3.43) with respect to the extension of
Z? by AUT(B"U(1)), prop. 3.3.79.

This means that relative to a cocycle g : X — BZ? for a double cover X , the structure of an orientifold
circle n-bundle is a factorization of this cocycle as

g: X % BAUT(B"'U(1)) — BZ2
where § is the cocycle for the corresponding AUT(B"™U(1))-principal co-bundle.

Proposition 3.3.81. Every orientifold circle n-bundle (with connectzon) on X induces an ordinary circle
n-bundle (with connection) P = X on the given double cover X such that restricted to any fiber ofX this
is equivalent to AUT(B" U (1)) — Zo.

Proof. By prop. 2.3.44. O

Proposition 3.3.82. Orientifold circle 2-bundles over a smooth manifold are equivalent to the Jandl gerbes
introduced in [SSWO05].
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Proof. By prop. 3.2.28 we have that [U(1) — Zs]-principal co-bundles on X are given by Cech cocycles
relative to any good open cover of X with coefficients in the sheaf of 2-groupoids B[U(1) — Zg]. Writing
this out in components it is straightforward to check that this coincides with the data of a Jandl gerbe (with
connection) over this cover. O

Remark 3.3.83. Orientifold circle n-bundles are not Zs-equivariant circle n-bundles: in the latter case
the orientation reversal acts by an equivalence between the bundle and its pullback along the orientation
reversal, whereas for an orientifold circle n-bundle the orientation reversal acts by an equivalence to the dual
of the pulled-back bundle.

Proposition 3.3.84. The geometric realization, def. 2.3.77,

R:=[BU(1) - Zo]|

of BIU(1) — Z] is the homotopy 3-type with homotopy groups

mo(R) = 0;
Wl(é) :ZQ;
mo(R) =0;
7T3(R/) =7

and nontrivial action of w on m3.
Proof. By prop. 3.3.22 and the results of 3.2.4 we have
1. specifically
(a) |BZs| ~ BZs;
(b) BU(1)| ~ B2U(1) ~ K(Z;3);
where on the right we have the ordinary classifying spaces going by these names;

2. generally geometric realization preserves fiber sequences of nice enough objects, such as those under
consideration, so that we have a fiber sequence

K(Z,3) - R — BZ,
in Top.

Since m3(K(Z),3) ~ Z and m1(BZs) ~ Z- and all other homotopy groups of these two spaces are trivial,
the homotopy groups of R follow by the long exact sequence of homotopy groups associated to our fiber
sequence.

Finally, since the action of Zy in the crossed module is nontrivial, 71 (R) must act notriviall on ms(Z). It
can only act nontrivial in a single way, up to homotopy. O
The space R

R = ZQ X R

is taken to be the coefficient object for orientifold (differential) cohomology as appearing in string theory in
[DiFrMol1].
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3.3.12 o0-Chern-Weil homomorphism

We discuss the general abstract notion of Chern-Weil homomorphism, 2.3.15, realized in SmoothooGrpd.
Recall that for A € SmoothooGrpd a smooth co-groupoid regarded as a coefficient object for cohomology,
for instance the delooping A = BG of an oo-group G we have general abstractly that

e a characteristic class on A with coefficients in the circle Lie n-group, 3.3.20, is represented by a
morphism

c: A—B"U(1);

e the (unrefined) Chern-Weil homomorphism induced from this is the differential characteristic class
given by the composite
. c n curv n+1
CdR.A—>B U(l)—)bdRB R
with the universal curvature characteristic, 2.3.13, on B"U(1), or rather: is the morphism on coho-
mology

HS oo (X, G) := mpSmoothooGrpd(X, BG) mol(eqr)-) ToSmoothooGrpd (X, barB" ™ R) ~ Hi (X)
induced by this.

By prop. 3.3.68 we have a presentation of the universal curvature class B"R — bqrB" TR by a span

CUrvgm

1
Baniﬁ",smp *>pbdRBn+ Rsmp

lN

BnRsmp

in the model structure on simplicial presheaves [CartSph . sSet]poj, given by maps of smooth families
of differential forms. We now insert this in the above general abstract definition of the oo-Chern-Weil
homomorphism to deduce a presentation of that in terms of smooth families L..-algebra valued differential
forms.

The main step is the construction of a well-suited composite of two spans of morphisms of simplicial
presheaves (of two oco-anafunctors): we consider presentations of characteristic classes ¢ : BG — B"U(1)
in the image of the exp(—) map, def. 3.3.45, and presented by trunactions and quotients of morphisms of
simplicial presheaves of the form

exp(g) o®{) exp(b"'R).
Then, using the above, the composite differential characteristic class cqr is presented by the zig-zag

CUurvsm

1
BaniH,smp HpbdR:BnJr Rsmp

exp(g) — UL BrR

of simplicial presheaves. In order to efficiently compute which morphism in SmoothocoGrpd this presents we
need to construct, preferably naturally in the L.-algebra g, a simplicial presheaf exp(g)ai that fills this
diagram as follows:

exp(p,cs Curvem 1
exp(8)aitt B Rt gmp b ar B R

o

exp(n)

exp(g) — B"Rymyp,
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Given this, exp(g)dift,smp Serves as a new resolution of exp(g) for which the composite differential character-
istic class is presented by the ordinary composite of morphisms of simplicial presheaves curvgmp, o exp(g, ¢s).

This object exp(g)air we shall see may be interpreted as the coefficient for pseudo-oo-connections with
values in g.

There is however still room to adjust this presentation such as to yield in each cohomology class special
nice cocycle representatives. This we will achieve by finding naturally a subobject exp(g)conn <> €xp(@)aifr
whose inclusion is an isomorphism on connected components and restricted to which the morphism curvgyp o
exp(p, cs) yields nice representatives in the de Rham hypercohomology encoded by bqr B" T Rgpp, namely
globally defined differential forms. On this object the differential characteristic classes we will show factors
naturally through the refinements to differential cohomology, and hence exp(g)conn is finally identified as a
presentation for the the coefficient object for co-connections with values in g.

Let g € Lo & dgAlg®® be an L,.-algebra, def. 1.3.72.
Definition 3.3.85. A L.-algebra cocycle on g in degree n is a morphism
pig— "R
to the line Lie n-algebra.
Observation 3.3.86. Dually this is equivalently a morphism of dg-algebras
CE(g) < CE(b"'R) : p,

which we denote by the same letter, by slight abuse of notation. Such a morphism is naturally identified
with its image of the single generator of CE(b"~'R), which is a closed element

p € CE(g)

in degree n, that we also denote by the same letter. Therefore L,-algebra cocycles are precisely the ordinary
cocycles of the corresponding Chevalley-Eilenberg algebras.

Remark 3.3.87. After the injection of smooth oo-groupoids into synthetic differential co-groupoids, dis-
cussed below in 3.4, there is an intrinsic abstract notion of cohomology of co-Lie algebras. Proposition 3.4.31
below asserts that the above definition is indeed a presentation of that abstract cohomological notion.

Definition 3.3.88. For ;1 : g — b" 'R an L..-algebra cocycle with n > 2, write g, for the Lo-algebra whose
Chevalley-Eilenberg algebra is generated from the generators of CE(g) and one single further generator b in
degree (n — 1), with differential defined by

dCE(gu) g* = dCE(g) )

and
dCE(g“,) b — 1
where on the right we regard p as an element of CE(g), hence of CE(g,), by observation 3.3.86.

Definition 3.3.89. For g € L, Alg an L..-algebra, its Weil algebra W(g) € dgAlg is the unique represen-
tative of the free dg-algebra on the dual cochain complex underlying g such that the canonical projection
gs[1] @ g%[2] — gi[1] extends to a dg-algebra homomorphism

CE(g) < W(g).

Since W(g) is itself in Lo, Alg®® < dgAlg we can idenntify it with the Chevalley-Eilenberg algebra of an
Lo-algebra. That we write inn(g) or eg:

W(g) :=: CE(eg) .
In terms of this the above canonical morphism reads

g—eg.
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Remark 3.3.90. This notation reflects the fact that eg may be regarded as the infinitesimal groupal model
of the universal g-principal co-bundle.

Proposition 3.3.91. Forn € N, n > 2 we have a pullback in Lo, Alg

IR ——=eb" IR .
* ——— b IR

Proof. Dually this is the pushout diagram of dg-algebras that is free on the short exact sequence of
cochain complexes concentrated in degrees n and n + 1 as follows:

Ont1 (d)n+1 (d)n+1
dCE(b“—lR)T — dCE(cb“lR)TN — dCE(bb"—lT&)T
<C>n <C>n 0n,

Proposition 3.3.92. The L-algebra g, from def. 3.3.88 fits into a pullback diagram in Lo Alg

g, —eb" R .

.

g — b 2R

Proposition 3.3.93. Let 1 : g — b"R be a degree-n cocycle on an Lo -algebra and g, the Lo-algebra from
def. 3.3.88.

We have that exp(g,) — exp(g) presents the homotopy fiber of exp(u) : exp(g) — exp(b" 'R) in
[CartSp°?, sSet]proj,loc-

Since exp(b" 'R) ~ B"R by prop. 3.3.53, this means that exp(g,) is the B"~!'R-principal co-bundle
classified by exp(u) in that we have an co-pullback

exp(gu) ——*

|

exp(g) Pl B"R

in SmoothooGrpd.
Proof. Since exp : Lo Alg — [CartSp°P, sSet] preserves pullbacks (being given componentwise by a hom-
functor) it follows from 3.3.92 that we have a pullback diagram

exp(g,) — exp(eb"'R) .

l exp(p) l

exp(g) — exp(bnilR)
The right vertical morphism is a fibration resolution of the point inclusion * — exp(b"~'R). Hence this is a

homotopy pullback in [CartSp°?, sSet]po; and the claim follows with prop. 2.1.52. ]
We now come to the definition of differential refinements of exponentiated L..-algebras.
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Definition 3.3.94. For g € Lo, define the simplicial presheaf exp(g)airr € [CartSpgr ..., sSet] by

Q8 (U x AF) <— CE(g)
exp(g)aie : (U, [K]) > T T ,
Q*(U x AF) < W(g)

where on the left we have the set of commuting diagrams in dgAlg as indicated, with the vertical morphisms
being the canonical projections.

Proposition 3.3.95. The canonical projection
exp(g)aitr — exp(g)

is a weak equivalence in [CartSpgP . sSet]pro;-
Moreover, for every Ly-algebra cocycle it fits into a commuting diagram

exp(u)dir

exp(g)air — exp(b" ' R)air =—— B"Raitt smp
exp(g) Lp(u; exp(bn_lR) E— BnRsmp
for some morphism exp(u)ai -
Proof. Use the contractibility of the Weil algebra. (]

Definition 3.3.96. Let G € SmoothocoGrpd be a smooth n-group given by Lie integration, 3.3.9, of an
Lo algebra g, in that the delooping object BG is presented by the (n + 1)-coskeleton simplicial presheaf

cosk,, 11 exp(g). R
Then for X € [CartSpy,ootns S5€t]proj any object and X a cofibrant resolution, we say that

[CartSp2h ..., sSet] (X, cosky, 41 exp(g)ais)
is the Kan complex of pseudo-n-connections on G-principal n-bundles.
We discuss now subobjects that pick out genuine oo-connections.

Definition 3.3.97. An invariant polynomial on an L..-algebra g is an element (—) € W(g) in the Weil
algebra, such that

L dw(g) (= —) = 0;
2. (=) e ntgrl] = W(g);
hence such that it is a closed element built only from shifted generators of W(g).

Proposition 3.3.98. For g an ordinary Lie algebra, this definition of invariant polynomial is equivalent to
the traditional one (for instance [AzIz95]).

Proof. Let {t} be a basis of g* and {r®} the corresponding basis of g*[1]. Write {C%,.} for the structure
constants of the Lie bracket in this basis.

Then for P = Py, ... a7 A+ AT% € A"g*[1] an element in the shifted generators, the condition that
its image under dyq) is in the shifted copy is equivalent to

Cb va'”yak)tc/\’l"al /\"'/\’I“ak —0,

c(ar
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where the parentheses around indices denotes symmetrization, so that this is equivalent to
Z Cg(aipal"'az—lbai+l"' saK) — 0
i

for all choice of indices. This is the component-version of the defining invariance statement

ZP(t17 ati—17[tcvti]7ti+17”' 7t7€) = O
A

for all t4 € g. O

Observation 3.3.99. For the line Lie n-algeba we have
inv(b" " 'R) ~ CE(b"R).
This allows us to identify an invariant polynomial (=) of degree n + 1 with a morphism

inv(g) ‘o inv(b"'R)

in dgAlg.
Remark 3.3.100. Write ¢ : g — Deros(W(g)) for the identification of elements of g with inner graded
derivations of the Weil-algebra, induced by contraction. For v € g write

Ly := [dyy(q), Lv] € dere(W(g))

for the induced Lie derivative. Then the fist condition on an invariant polynomial (—) in def. 3.3.97 is
equivalent to
w{—)=0 Yveg

and the second condition implies that
L,(—=)=0 Yveg.

In Cartan calculus [Cart50a][Cart50b] elements satisfying these two conditions are called basic elements
or basic forms. By prop. 3.3.98 on an ordinary Lie algebra the basic forms are precisely the invariant
polynomials. But on a general L..-algebra there can be non-closed basic forms. Our definition of invariant
polynomials hence picks the closed basic forms on an L..-algebra.

Definition 3.3.101. We say that an invariant polynomial (—) on g is in transgression with an L..-algebra
cocycle p1 : g — V" IR if there is a morphism cs : W(b"*R) — W(g) such that we have a commuting
diagram

CE(g) <—— CE(b"'R)

I

W(g) <—— W(0"'R)

]

inv(g) <= inv(5"~'R) —— CE(b"R)
hence such that

1. dy(gycs = (—);

2. CS|CE(Q) = .
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We say that cs is a Chern-Simons element exhibiting the transgression between p and (—).
We say that an L..-algebra cocycle is transgressive if it is in transgression with some invariant polynomial.

Observation 3.3.102. We have
1. There is a transgressive cocycle for every invariant polynomial.
2. Any two L.-algebra cocycles in transgression with the same invariant polynomial are cohomologous.

3. Every decomposable invariant polynomial (the wedge product of two non-vanishing invariant polyno-
mials) transgresses to a cocycle cohomologous to 0.

Proof.

1. By the fact that the Weil algebra is free, its cochain cohomology vanishes and hence the definition
property dw(g)(—) = 0 implies that there is some element cs € W (g) such that dywgycs = (—). Then
the image of cs along the canonical dg-algebra homomorphism W(g) — CE(g) is dcgg)-closed hence
is a cocycle on g. This is by construction in transgression with (—).

2. Let csp and csy be Chern-Simons elements for the to given L.-algebra cocycles. Then by assumption
d(g)(cs1 — csz) = 0. By the acyclicity of W(g) there is then A € W(g) such that cs; = csa 4 dy(g) A
Since W(g) — CE(g) is a dg-algebra homomorphism this implies that also p1 = 2 + dcgg) Al cr(q)-

3. Given two nontrivial invariant polynomials (—); and (—)s2 let cs; € W(g) be any element such that
dw(gycs1 = (—)1. Then csy 2 := cs1 A (—)2 satisfies dw(g)cs1,2 = (—)1 A (—)2. By the first observation
the restriction of cs; o to CE(g) is therefore a cocycle in transgression with (—); A (—)2. But by the
definition of invariant polynomials the restriction of (—), vanishes, and hence so does that of csj 2.
The claim the follows with the second point above.

|
The following notion captures the equivalence relation induced by lifts of cocycles to Chern-Simons elements
on invariant polynomials.

Definition 3.3.103. We say two invariant polynomials (—)1,(—)2 € W(g) are horizontally equivalent if
there exists w € ker(W(g) — CE(g)) such that

(== ()2 +dwgw.
Observation 3.3.104. Every decomposable invariant polynomial is horizontally equivalent to 0.

Proof. By the argument of prop. 3.3.102, item iii): for (=) = (—); A (—)2 let cs; be a Chern-Simons
element for (—);. Then cs; A (—)2 exhibits a horizontal equivalence (—) ~ 0. O

Proposition 3.3.105. For g an Leo-algebra, pu : g — b"R a cocycle in transgression to an invariant
polynomial () on g and g, the corresponding shifted central extension, 3.3.88, we have that

1. (=) defines an invariant polynomial also on g,,, by the defining identification of generators;

2. but on g, the invariant polynomial (—) is horizontally trivial.

Proof. O

Definition 3.3.106. For g an L..-algebra we write inv(g) for the free graded algebra on horizontal equiv-
alence classes of invariant polynomials. We regard this as a dg-algebra with trivial differential This comes
with an inclusion of dg-algebras

inv(g) — W (g)

given by a choice of representative for each class.
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Observation 3.3.107. The algebra inv(g) is generated from indecomposable invariant polynomials.

Proof. By observation 3.3.104. O

Definition 3.3.108. Define the simplicial presheaf exp(g)chw € [CartSpc? sSet] by the assignment

smooth’

.
Qs‘.i,vert

(U x A%) < CE(g)

T |

exp(g)cnw : (U, [K]) = QU x AF) <2 W(g) (°

]

Q*(U) inv(g)

where on the right we have the set of horizontal morphisms in dgAlg making commuting diagrams with the
canonical vertical morphisms as indicated.

We call (Fa) the curvature characteristic forms of A.

Let
eXlO(g)duf’f(M> [T; exp(0™ ' R)aise o) I, bar Bl
exp(g)

be the presentation, as above, of the product of all differental refinements of characteristic classes on exp(g)
induced from Lie integration of transgressive L.,-algebra cocycles.

Proposition 3.3.109. We have that exp(g)cnw is the pullback in [CartSps> sSet] of the globally defined

smooth’
closed forms along the curvature characteristics induced by all transgressive Lo, -algebra cocycles:

exp(p,cs) "
exp(@)cnw ———> [1,, % (=)

cl
J/ (curv,)y l

exp(g)diff,smp —— Hz bdRBniJrlemp

&

exp(g)

Proof. By prop. 3.3.69 we have that the bottom horizontal morphims sends over each (U, [k]) and for
each ¢ an element

Q8 ot (U x AF)E— CE(g)

| |

QH(U x A¥) <A——W(g)
of exp(g)(U)x to the composite

(08U x &%) & W(g) & W™ 'R) « inv(b" R) = CE(Y"“R)) )
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- < Q%(U x A% Y& CEmR) )

regarded as an element in baqr B2t (U)y. The right vertical morphism Q1 (U) — baqr B ™ Ry, (U) from

smp
the constant simplicial set of closed (n; + 1)-forms on U picks precisely those of these elements for which

(Fa) is a basic form on the U x A*-bundle in that it is in the image of the pullback Q*(U) — Q% (U x AF).
O

This way the abstract differential refinement recovers the notion of co-connections from Lie integration
discussed before in 1.3.5.6.

3.3.13 Higher holonomy and co-Chern-Simons functional

We discuss the intrinsic notion of higher holonomy and co-Chern-Simons functionals, 2.3.17, realized in
SmoothooGrpd.

Theorem 3.3.110. If ¥ — SmoothMfd — SmoothooGrpd is a closed manifold of dimension dim% < n
then the intrinsic integration by truncation, def. 2.3.121, takes values in

T<n—dimeH(Z, B"U(1)conn) = B 4™*U(1) ~ K(U(1),n — dim(X)) € coGrpd.
Moreover, in the case dimY = n, then the morphism
exp(iSc(—)) : H(X, Aconn) — U(1)

is obtaind from the Lagrangian exp(iL.(—)) by forming the volume holonomy of circle n-bundles with con-
nection (fiber integration in Deligne cohomology)

Sel-) = [ Le().
b
This is due to [FRS11b].
Proof. Since dim¥ < n we have by prop. 3.3.43 that H (X, bqrB"T!'R) ~ Hggl(z) ~ %, It then follows by
prop. 2.3.112 that we have an equivalence

Hgin (2, B"U(1)) = Hyot (5, B"U (1)) = H(IL(S), B"U(1))

with the flat differential cohomology on X, and by the (IT H Disc - I')-adjunction it follows that this is

equivalently
-+~ 0oGrpd(II(X2),I'B"U(1))

~ coGrpd(II(X), B"U(1)gisc)

where B™U(1)qisc is an Eilenberg-MacLane space - -- ~ K(U(1),n). By prop. 3.3.22 we have under | — | :
0oGrpd ~ Top a weak homotopy equivalence |II(X)| ~ ¥. Therefore the cocycle co-groupoid is that of
ordinary cohomology

o OB, U(L)).

By general abstract reasoning it follows that we have for the homotopy groups an isomorphism
miHaig (3, B "U(1)) S H" (2, U(1)).

Now we invoke the universal coefficient theorem. This asserts that the morphism

/()() CH (2, U(1)) = Homap(H,—4(2,7Z),U(1))
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which sends a cocycle w in singular cohomology with coefficients in U(1) to the pairing map

[~ | w
[c]

sits inside an exact sequence
0 — BExt'(H,_; 1(32,Z),U(1)) - H" (2, U(1)) = Homap(H,_i(%,Z),U(1)) =0,
But since U(1) is an injective Z-module we have
Ext'(—,U(1)) =0.

This means that the integration/pairing map f(f)(f) is an isomorphism
/( )(—) cH"H(S,U(1)) ~ Homay (H, (2, Z),U(1)) .

For ¢ < (n — dimX), the right hand is zero, so that
miHaig(X,B"U(1)) =0 fori < (n —dimX).
For i = (n — dimY), instead, H,,_;(¥,Z) ~ Z, since ¥ is a closed dim¥-manifold and so
T(n—dims) Haig (3, B"U(1)) ~ U(1).
(|
Remark 3.3.111. This proof also shows that for dim¥X = n and exp(iL) : Aconn — B"U(1)conn a La-
grangian, we may think of the composite

exp(¢L) f[z](—)

exp(iS) : H(Z, Aconn) —  H(E,B"U(1)conn) U(1)

as being indeed given by integrating the Lagrangian over ¥ in order to obtain the action

We consider precise versions of this statement in 4.6.
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3.4 Synthetic differential co-groupoids

We discuss co-groupoids equipped with synthetic differential cohesion, a version of smooth cohesion in which
an explicit notion of smooth infinitesimal spaces exists.

Notice that the category CartSpg, oin, def. 3.3.4, is (the syntactic category of) a finitary algebraic
theory: a Lawvere theory (see chapter 3, volume 2 of [Borc94]).

Definition 3.4.1. Write
SmoothAlg := Alg(CartSpy,,ooth)

for the category of algebras over the algebraic theory CartSp.,..tn: the category of product-preserving
functors CartSpgootn — Set.

These algebras are traditionally known as C°°-rings or C*°-algebras [KaKrMi87].

Proposition 3.4.2. The map that sends a smooth manifold X to the product-preserving functor
C*(X) : R¥ — SmoothMfd(X, R)
extends to a full and faithful embedding
SmoothMfd < SmoothAlg®? .

Proposition 3.4.3. Let A be an ordinary (associative) R-algebra that as an R-vector space splits as R®V
with V' finite dimensional as an R-vector space and nilpotent with respect to the algebra structure: (v € V <
A) = (v =0).

There is a unique lift of A through the forgetful functor SmoothAlg — Algp.

Proof. Use Hadamard’s lemma. O

Definition 3.4.4. Write
InfSmoothLoc < SmoothAlg®?

for the full subcategory of the opposite of smooth algebras on those of the form of prop. 3.4.3. We call this
the category of infinitesimal smooth loci.
Write
CartSpgynendifr := CartSpgyeorn X InfSmoothLoc — SmoothAlg®™

for the full subcategory of the opposite of smooth algebras on those that are products
X~UxD

in SmoothAlg®® of an object U in the image of CartSpy,, o — SmoothMfd < SmoothAlg® and an object
D in the image of InfSmoothLoc < SmoothAlg®P.

. .1 . ,id
Define a coverage on CartSpy,,,ot, Whose covering families are precisely those of the form {U; x D (i)

U x D} for {U; EiY U} a covering family in CartSpgy,ooth-

This definition appears in [Kock86], following [Dubu79b]. The sheaf topos Sh(CartSpyy,paig) over this
site is equivalent to the Cahiers topos [Dubu79b] which is a model of some set of axioms of synthetic
differential geometry (see [Lawv97] for the abstract idea, where also the relation to the axiomatics of cohesion
is vaguely indicated). Therefore the following definition may be thought of as describing the co-Cahiers topos
providing a higher geometry version of this model of synthetic differential smooth geometry.

Definition 3.4.5. The oo-topos of synthetic differential smooth co-groupoids is

SynthDiffooGrpd := Shy 1) (CartSpyy,enairr) -
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Proposition 3.4.6. SynthDiffooGrpd is a cohesive co-topos.

Proof. Using that the covering families of CartSpyy,¢hair do by definition not depend on the infinitesimal
smooth loci D and that these each have a single point, one finds that CartSp,,¢hqi 1S an co-cohesive site,
def. 2.2.10, by reducing to the argument as for CartSpy,,, prop. 3.2.2. The claim then follows with prop.
2.2.11. O

Definition 3.4.7. Write FSmoothMfd for the category of formal smooth manifolds — manifolds modeled on
CartSpyyyenaisrs €quipped with the induced site structure.

Proposition 3.4.8. We have an equivalence of co-categoris
SynthDiffooGrpd = Shy., 1) (FSmoothMfd)

with the hypercomplete oco-topos over formal smooth manifolds.

Proof. By definition CartSpgy a4 1 a dense sub-site of FSmoothMfd. The statement then follows as
in prop. 3.2.7. (|
Write ¢ : CartSpgpootn <> CartSpgynenair for the canonical embedding.

Proposition 3.4.9. The functori* given by restriction along i exhibits SynthDiffooGrpd as an infinitesimal
cohesive neighbourhood, def. 2.4.1, of SmoothooGrpd, in that we have a quadruple of adjoint co-functors

(iy 4 4* 4, 44") : SmoothooGrpd — SynthDiffooGrpd,
such that iy is full and faithful and preserves the terminal object.

Proof. We observe that CartSpgy,oon <> CartSpgy,inaig 15 an infinitesimal neighbourhood of sites, ac-
cording to def. 2.4.4. The claim then follows with prop. 2.4.5. (|
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We now discuss the general abstract structures in cohesive co-toposes, 2.3 and 2.4, realized in SynthDiffcoGrpd

e 3.4.1 — co-Lie algebroids
e 3.4.2 — Cohomology
e 3.4.3 — Paths and geometric Postnikov towers

e 3.4.4 — Chern-Weil theory

3.4.1 oo-Lie algebroids

We discuss explicit presentations for first order formal cohsive co-groupoids, 2.4.3, realized in SynthDiffcoGrpd:
oo-Lie algebroids.

We consider presentations of the general abstract definition 2.4.21 of oco-Lie algebroids by constructing
in the standard presentation of SynthDiffcoGrpd by simplicial presheaves on FSmoothMfd certain classes of
simplicial presheaves in the image semi-free differential graded algebras under the monoidal Dold-Kan corre-
spondence [CaCo04]. This amounts to identifying the traditional description of Lie algebras, Lie algebroids
and L.-algebras by their Chevalley-Eilenberg algebras, def. 1.3.72, as a convenient characterization of the
corresponding cosimplicial algebras whose formal dual simplicial presheaves are manifest presentations of
infinitesimal smooth oco-groupoids.

Recall the characterization of Lo,-algebra structures in terms of dg-algebras from prop. 1.3.74.

Definition 3.4.10. Let
LooAlgd < cdgAlgp®

be the full subcategory on the opposite category of cochain dg-algebras over R on those dg-algebras that are
e graded-commutative;
e concentrated in non-negative degree (the differential being of degree +1 );
e in degree 0 of the form C*°(X) for X € SmoothMId ;

e semifree: their underlying graded algebra is isomorphic to an exterior algebra on a N-graded locally
free projective C'°°(X)-module;

e of finite rank;
We call this the category of L, -algebroids over smooth manifolds.
More in detail, an object a € L, Algd may be identified (non-canonically) with a pair (CE(a), X ), where
e X € SmoothMfd is a smooth manifold — called the base space of the L..-algebroid ;
e a is the module of smooth sections of an N-graded vector bundle of degreewise finite rank;
e CE(a) = (/\aw(x)a*, d,) is a semifree dg-algebra on a* — a Chevalley-Eilenberg algebra — where
Nowo(x)@" = CT(X) @ a5 @ (a5 Ae=(x) Gg D aj) & -
with the kth summand on the right being in degree k.

Definition 3.4.11. An L..-algebroid with base space X = x the point is an L,,-algebra g, def. 1.3.72, or
rather is the delooping of an L,-algebra. We write bg for L..-algebroids over the point. They form the full
subcategory

LooAlg — Lo Algd.
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We now construct an embedding of L.,Algd into SynthDiffooGrpd. The functor
= : Ch%(R) — Vectf

of the Dold-Kan correspondence from non-negatively graded cochain complexes of vector spaces to cosimpli-
cial vector spaces is a lax monoidal functor and hence induces a functor (which we shall denote by the same
symbol)

= : dgAlgg — Algh

from non-negatively graded cochain dg-algebras to cosimplicial associative algebras (over R).

Definition 3.4.12. Write
2 : LooAlgd — (CAlgg)?

for the restriction of the above = along the inclusion Lo, Algd < dgAlgpP:
for a € Lo, Algd the underlying cosimplicial vector space of Za is given by

Za: [n] — @ CE(a); @ A'R"
1=0

and the product of the R-algebra structure on the right is given on homogeneous elements (w,x), (A, y) €
CE(a); ® A'R™ in the tensor product by

(w,2) - (Ny) = (wA Xz AY).

(Notice that Za is indeed a commutative cosimplicial algebra, since w and « in (w, z) are by definition in the
same degree.)
To define the cosimplicial structure, let {e; 7_o be the canonical basis for R™ and consider also the basis

n .
{v;}j—o given by
Vji=¢€; — €.

Then for « : [k] — [I] a morphism in the simplex category, set
QU5 = Va(j) — Va(0)

and extend this skew-multilinearly to a map o : A°RF — A®R!. In terms of all this the action of a on
homogeneous elements (w,x) in the cosimplicial algebra is defined by

a:(w,z) = (w,ar) + (dow, va) A o))

This explicit description of the dual monoidal Dold-Kan correspondence is given in [CaCo04]. We shall
refine the image of = to cosimplicial smooth algebras, def. 3.4.1. Notice that there is a canonical forgetful
functor

U : SmoothAlg — CAlgg

to the category of comutative associative algebras over the real numbers.

Proposition 3.4.13. There is a unique factorization of the functor E : LoAlgd — (CAlg]}%)Op from def.
3.4.12 through the forgetful functor (SmoothAlgﬂ%)op — (CAlgH%)Op such that for any a over base space X
the degree-0 algebra of smooth functions C*(X) lifts to its canonical structure as a smooth algebra

(SmoothAlg®)ep

= J/U

LooAlgd —— (CAlgh )°P
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Proof. Observe that for each n the algebra (ZEa),, is a finite nilpotent extension of C*°(X). The claim
then follows with the fact that C> : SmoothMfd — CAlgpP is faithful and using Hadamard’s lemma for the
nilpotent part. O

Definition 3.4.14. Write i : Lo,Algd — SynthDiffooGrpd for the composite co-functor

Lo Algd 5 (SmoothAlg™)°P EA [CartSpg;)mhdiH,sSet] re ([CartSp;)}IfnthdiH,sSet]loc)O ~ SynthDiffooGrpd,

where the first morphism is the monoidal Dold-Kan correspondence as in prop. 3.4.13, the second is the
external degreewise Yoneda embedding and PQ is any fibrant-cofibrant resolution functor in the local model
structure on simplicial presheaves.

Proposition 3.4.15. The full subcategory Lo, Alg < Lo Algd from def. 8.4.10 is equivalent to the tradi-
tional definition of the category of Loo-algebras and “weak morphisms” / “sh-maps” between them.

The full subcategory LieAlgd — L. Algd on the 1-truncated objects is equivalent to the traditional category
of Lie algebroids (over smooth manifolds).

In particular the joint intersection LieAlg — L.,Alg on the 1-truncated Lo.-algebras is equivalent to the
category of ordinary Lie algebras.

We discuss now that Lo,Algd is indeed a presentation for objects in SynthDiffooGrpd satisfying the
abstract axioms from 2.4.3.

Lemma 3.4.16. For a € LoAlgd and i(a) € [FSmoothM{d°?, sSet]proj,10c its image in the presentation for

SynthDiffooGrpd, we have that
[k]leA N
/ Alk] - i(a)g | = i(a)

is a cofibrant resolution, where A : A — sSet is the fat simplex.

Proof. The coend over the tensoring

[kleA
/ (=) - (=) : [A, sSetquilten] proj X [A°P, [FSmoothMfd®?, sSet]proj,10c)inj — [FSmoothMfdP, sSet]pro;,10c
for the projective and injective global model structure on functors on the simplex category and its opposite
is a Quillen bifunctor. We have moreover

1. The fat simplex is cofibrant in [A, sSetquillen]proj-

2. Because every representable FSmoothMfd — [FSmoothMfd®?,sSet]proj10c is cofibrant, the object
i(a)e € [A°P, [FSmoothMfd®, sSet]proj locinj 1S cofibrant;

]

Proposition 3.4.17. Let g be an Lo -algebra, regarded as an Lso-algebroid bg € Lo, Algd over the point by
the embedding of def. 3.4.10. Then i(bg) € SynthDiffooGrpd is an infinitesimal object, def. 2.4.21, in that
it is geometrically contractible

IIbg ~

and has as underlying discrete co-groupoid the point

I'bg ~ *.
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Proof. We present now SynthDiffcoGrpd by [CartSpS;’nthdiﬁ, sSet]projloc- Since CartSpgy,epqie 1S an oo-
cohesive site by prop. 3.4.6, we have by the proof of prop. 2.2.11 that II is presented by the left derived
functor L lim — of the degreewise colimit and I' is presented by the left derived functor of evaluation on the
point.

With lemma 3.4.16 we can evaluate

[kleA
(Ltim)i(bg) ~lim [ AW Ga)y
[kleA
~ / Alk] - im(bg).. -

_ /[k]eA Al s

because each (bg), € InfPoint < CartSpg,o:h 1S an infinitesimally thickened point, hence representable and
hence sent to the point by the colimit functor.

That this is equivalent to the point follows from the fact that # — A is an acylic cofibration in
[A, sSetquillen] proj, and that

[k]leA
/ (=) x (=) : [A,sSetquillen)proj X [AP,sSetqillen]inj — SSetquillen

is a Quillen bifunctor, using that * € [A°P, sSetquilien]inj is cofibrant.
Similarly, we have degreewise that
Hom(x, (bg),) = *

by the fact that an infinitesimally thickened point has a single gllobal point. Therefore the claim for I" follows
analogously. ([l
We now characterize ordinary Lie algebroids E — T X as precisely those synthetic differential co-groupoids
that under the presentation of def 3.4.14 are locally on any chart U — X of their base space given by
simplicial smooth loci of the form

. - .
U x D(rankFE,2) —— U x D(rankE,1) —Z U

where D(k,n) is the smooth locus of infinitesimal k-simplices based at the origin in R™ (section 1.2 of

[Kock10]):

Proposition 3.4.18. Let (a — TX) € Lo Algd — [CartSpyy,enaiee> SSet] be an Loo-algebroid, def. 3.4.10,
over a smooth manifold X, regarded as a simplicial presheaf and hence as a presentation for an object in
SynthDiffooGrpd according to def. 3.4.14.
We have an equivalence
Hinf(a) = Hinf(X) .

Proof. Let first X = U € CartSpgynair be a representable. Then according to prop. 3.4.16 we have

that A
fl:_</ A[k}~ak>~a

is cofibrant in [CartSpZ}’fmhdiH, sSet]proj. Therefore by prop. 2.4.5 we compute the derived functor

Hinf(a) ~ i*i a



with the notation as used there. In view of def. 3.4.12 we have for all k¥ € N that a, = X x D where D is an
infinitesimally thickened point. Therefore ((—)oip)a, = ((—)oip)X for all k and hence ((—)oip)a ~ ILine(X).

For general X choose first a cofibrant resolution by a split hypercover that is degreewise a coproduct of
representables (which always exists, by the cofibrant replacement theorem of [Dugg01]), then pull back the
above discussion to these covers. (]

Corollary 3.4.19. Every L,-algebroid in the sense of def. 3.4.10 under the embedding of def. 3.4.14 is
indeed a formal cohesive co-groupoid in the sense of def. 2.4.21.

We now give a detailed explicit analysis of the incarnation of ordinary Lie algebroids (1-Lie algebroids)
as simplicial objects, according to def. 3.4.14.

The following definition may be either taken as an informal but instructive definition — in which case the
next definition 3.4.21 is to be taken as the precise one — or in fact it may be already itself be taken as the
fully formal and precise definition if one reads it in the internal logic of any smooth topos with line object
R — which for the present purpose is the Cahiers topos [Dubu79b] with line object R.

Definition 3.4.20. For k,n € N, an infinitesimal k-simplex in R™ based at the origin is a collection

(€, € R™)k_, of points in R™, such that each is an infinitesimal neighbour of the origin

Va: €,~0

and such that all are infinitesimal neighbours of each other

Write D(k,n) C R*™ for the space of all such infinitesimal k-simplices in R".
Equivalently:
Definition 3.4.21. For k,n € N, the smooth algebra

C*(D(k,n)) € SmoothAlg

is the unique lift through the forgetful functor U : SmoothAlg — CAlgp of the commutative R-algebra
generated from k£ X n many generators

(€])1<j<n,1<a<k

subject to the relations o
Va,j,7 : el =0

a

and

Ya,d',j,7 : (e — ei,)(ef; — eil,) =0.

In the above form these relations are the manifest analogs of the conditions €, ~ 0 and (€, —€,7) ~ 0. But
by multiplying out the latter set of relations and using the former, we find that jointly they are equivalent
to the single set of relations

-/

Y . ./
! .
Va,d',j,j' €, + el =0.

In this expression the roles of the two sets of indices is manifestly symmetric. Hence another equivalent way
to state the relations is to say .
Va,a',j: ee, =0

and ‘ ‘ '
Va,a',j,j : (Efz 76{1)(6]’ - EJ ) =0

This appears arorund (1.2.1) in [Kock10].
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Proposition 3.4.22. For all k,n € N we have a natural isomorphism of real commutative and hence of
smooth algebras
¢ : C=(D(k,n)) = & (A'RF) @ (NR™),

where on the right we have the algebras that appear degreewise in def. 3.4.12, where the product is given on
homogeneous elements by
(W, z) - (A y) = (WAAzAY).

Proof. Let {t,} be the canonical basis for R* and {e‘} the canonical basis for R”. We claim that an
isomorphism is given by the assignment . 4
o€, (tg,€').
To see that this defines indeed an algebra homomorphism we need to check that it respects the relations on
the generators. For this compute:

./

Blehel)) = (ta Ao et Ne')
= —(tg Atg, e AE').
= —¢(elel)
O

Proposition 3.4.23. For a € L Alg a I-truncated object, hence an ordinary Lie algebroid of rank k over
a base manifold X, its image under the map i : LooAlg — (SmoothAlg®)°P, def. 3.4.14, is such that its
restriction to any chart U — X is, up to isomorphism, of the form

i(a)|v: [n] = U x D(k,n).

Proof. Apply prop. 3.4.22 in def. 3.4.12, using that by definition CE(a) is given by the exterior algebra
on locally free C°°(X) modules, so that
CE(aly) = (At o DU x R*)*, dqyy,)
~ (C®(U) ® A°R¥,dy,)
O

Remark 3.4.24. In particular this recovers the presentation of the tangent Lie algebroid T X by the sim-
plicial complex of infinitesimal simplices {(zo,-- ,2,) € X"|Vi,j : ; ~ z;} in X, whose normalized cosim-
plicial function algebra is called the algebra of combinatorial differential forms in [Kock10]. More details on
this are in [Stell10].
Notice that accordingly for g any L..-algebra, flat g-valued differential forms are equivalently morphisms
of dg-algebras
Q°(X)«+ CE(g): A

as well as (“synthetically”) morphisms
TX — g

of simplicial objects in the Cahiers topos Sh(CartSpgy,hait)-

3.4.2 Cohomology
We discuss the intrinsic cohomology, 2.3.3, in SynthDiffcoGrpd.
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3.4.2.1 Cohomology localization

Observation 3.4.25. The canonical line object of the Lawvere theory CartSp,,.ot, (the free algebra on
the singleton) is the real line

A%}‘drtspsmooth -
We shall write R also for the underlying additive group
G, =R

regarded canonically as an abelian co-group object in SynthDiffooGrpd. For n € N write B"R € SynthDiffooGrpd
for its n-fold delooping. For n € N and X € SynthDiffooGrpd write

thai (X, R) := mpSynthDiffooGrpd (X, B"R)
for the cohomology group of X with coefficients in the canonical line object in degree n.

Definition 3.4.26. Write
Lgqig — SynthDiffcoGrpd

for the cohomology localization of SynthDiffooGrpd at R-cohomology: the full sub-co-category on the W-
local objects with respect to the class W of morphisms that induce isomorphisms in all R-cohomology
groups.

Proposition 3.4.27. Let Abﬁmj be the model structure on cosimplicial abelian groups, whose fibrations are

the degreewise surjections and whose weak equivalences the quasi-isomorphisms under the normalized cochain
functor.
The transferred model structure along the forgetful functor

U : SmothAlg® — Ab®

exists and yields a cofibrantly generated simplicial model category structure on cosimplicial smooth algebras
(cosimplicial C*°-rings).

See [Stell0] for an account.

Proposition 3.4.28. Let j : (SmoothAlg™)°P — [CartSpyynenaises SSet] be the prolonged external Yoneda
embedding.

1. This constitutes the right adjoint of a simplicial Quillen adjunction

o
(O Hj): (SmoothAlgA‘)"p I [CartSpSymhdiff,sSet]proj’loc ,

J

where the left adjoint O(—) = C*°(—,R) degreewise forms the algebra of functions obtained by homming
presheaves into the line object R.

2. Restricted to simplicial formal smooth manifolds of finite truncation along
FSmoothMfd5.. < (SmoothAlg™)°P

the right derived functor of j is a full and faithful co-functor that factors through the cohomology
localization and thus identifies a full reflective sub-oo-category

(FSmoothMfd® ™8, < Lgaig — SynthDiffcoGrpd .
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3. The intrinsic R-cohomology of any object X € SynthDiffooGrpd is computed by the ordinary cochain
cohomology of the Moore cochain complex underlying the cosimplicial abelian group of the image of the
left derived functor (LO)(X) under the Dold-Kan correspondence:

cochain

Hyninpin (X, R) & Hlopain (N (LO) (X)) -

ct

Proof. By prop. 3.4.8 we may equivalently work over the site FSmoothMfd. The proof there is given in
[Stel10], following [Toén06]. O

3.4.2.2 Lie group cohomology

Proposition 3.4.29. Let G € SmoothMfd < SmoothocoGrpd < SynthDiffcoGrpd be a Lie group.
Then the intrinsic group cohomology in SmoothooGrpd and in SynthDiffooGrpd of G with coefficients
n
1. discrete abelian groups A;
2. the additive Lie group A =R
coincides with Segal’s refined Lie group cohomology [Sega70], [Bryl00].
Hinootn (BG, A) ~ HE inpin (BG, A) ~ Hipo) (G, A) .

Proof. For discrete coefficients this is shown in theorem 3.3.28 for Hgmooth, which by the full and faithful
embedding then also holds in SynthDiffcoGrpd.

Here we demonstrate the equivalence for A = R by obtaining a presentation for HgynthDiH(BG, R) that
coincides explicitly with a formula for Segal’s cohomology observed in [Bryl00].

Let therefore BG. € [A°P, [CartSp;f’nthdiH, Set& be the standard presentation of BG € SynthDiffcoGrpd

by the nerve of the Lie groupoid (G 3 ) as discussed in 3.3.2. We may write this as
[kleA
BG, — / Ak - G**

By prop. 3.4.28 the intrinsic R-cohomology of BG is computed by the cochain cohomology of the cochain

complex of the underlying simplicial abelian group of the value (LO)BG, of the left derived functor of O.
In order to compute this we shall build and compare various resolutions, moving back and forth through

the Quillen equivalences

id id

[Aop’ D]inj — [Aop7 D]Reedy - [Aop’ D]proj

id id

between injective, projective and Reedy model structures on functors with values in a combinatorial model
category D, with D either sSetquiilen 0r with D itself the injective or projective model structure on simplicial
presheaves over CartSpyndif-

To begin with, let ( QBG,)e —— (G** ) € [A%, [CartSp°®, sSet]prolReedy be a Reedy-cofibrant reso-
lution of the simplicial presheaf BG,. with respect to the projective model structure. This is in particular
degreewise a weak equivalence of simplicial presheaves, hence

[kleA N [k]leA
[ am-@seo s [ am-e - B,

exists and is a weak equivalence in [CartSpep p4iq»SSet]inj, hence in [CartSpey i ig» 8Set]proj, hence in
op )
[CartSpSynthdiﬁ», sSet] proj,loc, because
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1. A € [A,sSetquillen)Reedy 15 cofibrant in the Reedy model structure;

2. every simplicial presheaf X is Reedy cofibrant when regarded as an object X, € [A°P, [CartSp°?, sSet]inj]reedy;

3. the coend over the tensoring

A
/ o [A,sSetquinen|Reedy X [AP, [CartSpey iy aifrs SSetling]Reedy — [CartSpy, i SSet]ing

is a left Quillen bifunctor ([LuHTT], prop. A.2.9.26 ), hence in particular a left Quillen functor in one
argument when the other argument is fixed on a cofibrant object, hence preserves weak equivalences
between cofibrant objects in that case.

To make this a projective cofibrant resolution we further pull back along the Bousfield-Kan fat simplex
projection A — A with A := N(A/(—)) to obtain

[kleA N [kleA N
[ am-@BG) S [ Al (@BG 3 BG..

which is a weak equivalence again due to the left Quillen bifunctor property of [ A(7) - (=), now applied
with the second argument fixed, and the fact that A — A is a weak equivalence between cofibrant objects in
[A, sSet|reedy- (This is the Bousfield-Kan map). Finally, that this is indeed cofibrant in [CartSp°?, sSet]pro;
follows from

1. the fact that the Reedy cofibrant (QBG.). is also cofibrant in [A°P, [CartSp°?, sSet]projlinj

2. the left Quillen bifunctor property of
A
/ : [A, sSetquinen]proj X [AP, [CartSpgr)nthdiff’ sSet]projlinj — [CartSp;);nthdiff’ sSet]proj

3. the fact that the fat simplex is cofibrant in [A, sSet]pro;-

The central point so far is that in order to obtain a projective cofibrant resolution of BG,. we may form
a compatible degreewise projective cofibrant resolution but then need to form not just the naive diagonal
fA A[—] - (=) but the fattened diagonal fA A[=] - (—). In the remainder of the proof we observe that for
computing the left derived functor of O, the fattened diagonal is not necessary after all.

For that observe that the functor

[A®P, O] : [AP, [CartSpgy, i aife> S5€t]proj loc) — [AP, (SmoothAlg®)°P]

preserves Reedy cofibrant objects, because the left Quillen functor O preserves colimits and cofibrations
and hence the property that the morphisms Ly X — X out of latching objects lim , X are cofibrations.

— s—k
Therefore we may again apply the Bousfield-Kan map after application of O to find that there is a weak

equivalence
[kleA

[k]leA
(LO)(BG,) ~ / A[k]- O((QBG.)y) ~ / AlK] - O((QBG.)y)

in (SmoothAlgA)op to the object where the fat simplex is replaced back with the ordinary simplex. Therefore
by prop. 3.4.28 the R-cohomology that we are after is equivalently computed as the cochain cohomology of
the image under the left adjoint

(N*)°PU°P : (SmoothAlg™)°P — (Ch®)°P
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(where U : SmoothAlg® — Ab” is the forgetful functor) of

[kleA
/ Alk] - O(QBG,);, € (SmoothAlg™)°P

which is

[k]leA
(N°)°p/ Alk] - UPO((@BG,)r) € (Ch®)P,
Notice that

1. for S, . a bisimplicial abelian group we have that the coend f[k]EA Alk] - Se € (Ab®)°P is isomorphic
to the diagonal simplicial abelian group and that forming diagonals of bisimplicial abelian groups sends
degreewise weak equivalences to weak equivalences;

2. the Eilenberg-Zilber theorem asserts that the cochain complex of the diagonal is the total complex of
the cochain bicomplex: N°®diagSe ¢ = totC®(Se e );

3. the complex N*O(QBG,)r) — being the correct derived hom-space between G** and R — is related
by a zig-zag of weak equivalences to I'(G**, I (1), where I(; is an injective resolution of the sheaf of
abelian groups R

Therefore finally we have
HgynthDifF(GﬂR) ~ H(, TO‘EF(GX‘,I:) .

cochain

On the right this is manifestly H{, ., (G,R), as observed in [Bryl00]. a

Corollary 3.4.30. For G a compact Lie group we have for n > 1 that

HgynthDiﬂ”ooGrpd(G7 U(l)) = HgmoothooGrpd (G7 U(l)) = HnJrl(BG? Z) .

Top

Proof. For G compact we have, by [Blan85], that nggal(G, R) ~ 0. The claim then follows with prop.
3.4.29 and theorem 3.3.28 applied to the long exact sequence in cohomology induced by the short exact
sequence Z — R — R/Z =U(1). O

3.4.2.3 oo-Lie algebroid cohomology We discuss now the intrinsic cohomology of oco-Lie algebroids,
3.4.1, in SynthDiffcoGrpd.

Proposition 3.4.31. Leta € Lo Algd be an Lo, -algebroid. Then its intrinsic real cohomoloogy in SynthDiffcoGrpd

H"(a,R) := mSynthDiffcoGrpd(a, B"R)

coincides with its ordinary Leo-algebroid cohomology: the cochain cohomology of its Chevalley-Eilenberg

algebra
H"(a,R) ~ H"(CE(a)).

Proof. By prop. 3.4.28 we have that
H"(a,R) ~ H"N*(LO)(i(a)).

By lemma 3.4.16 this is

[kleA
...~ H"N® </ Alk] - O(i(a)k)> .
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Observe that O(a)e is cofibrant in the Reedy model structure [A°P, (SmoothAlgﬁ‘roj)OP]Reedy relative to the
opposite of the projective model structure on cosimplicial algebras: the map from the latching object in
degree n in SmoothAlgA)Op is dually in SmoothAlg < SmoothAlg” the projection

@ ,CE(a); ® A'R™ — &7 CE(a); ® A'R"

hence is a surjection, hence a fibration in SmoothAlgﬁrOj and therefore indeed a cofibration in (SmoothAlgﬁro )P,
Therefore using the Quillen bifunctor property of the coend over the tensoring in reverse to lemma 3.4.16

the above is equivalent to
[k]leA
C~ H'N® / AJK] - O(i(a)e)

with the fat simplex replaced again by the ordinary simplex. But in brackets this is now by definition the
image under the monoidal Dold-Kan correspondence of the Chevalley-Eilenberg algebra

-~ H"(N*ECE(a)).
By the Dold-Kan correspondence we have hence
-~ H"(CE(a)).

O
It follows that an intrinsically defined degree-n R-cocycle on a is indeed presented by a morphism in L., Algd

pwia—b"R,

as in def. 3.3.85. Notice that if a = bg is the delooping of an L..- algebra g this is equivalently a morphism
of L..-algebras
pig— IR,

3.4.3 Paths and geometric Postnikov towers

We discuss the intrinsic notion of infinitesimal geometric paths in objects in a oo-topos of infinitesimal
cohesion, 2.4.1, realized in SynthDiffcoGrpd.

Observation 3.4.32. For U x D € CartSpgeetn X InfinSmoothLoc = CartSpgy,enaig < SynthDiffooGrpd
we have that
Red(U x D)~ U

is the reduced smooth locus: the formal dual of the smooth algebra obtained by quotienting out all nilpotent

elements in the smooth algebra C°(K x D) ~ C*°(K) ® C*(D).

Proof. By the model category presentation of Red = LLan; o Ri* of the proof of prop. 3.4.9 and
using that every representable is cofibrant and fibrant in the local projective model structure on simplicial

presheaves we have
Red(U x D) ~ (LLan;)(Ri*)(U x D)

~ (LLan;)i*(U x D)

where we are using again that ¢ is a full and faithful functor. O
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Corollary 3.4.33. For X € SmoothAlg®® — SynthDiffooGrpd a smooth locus, we have that Iine(X) is the
corresponding de Rham space, the object characterized by

SynthDiffooGrpd(U x D, I1;,¢(X)) =~ SmoothAlg® (U, X) .
Proof. By the (Red — ITj,¢)-adjunction relation we have

SynthDiffcoGrpd(U x D, Ijn¢ (X))
~ SynthDiffooGrpd(Red (U x D), X)
~ SynthDiffooGrpd(U, X)

O

Proposition 3.4.34. Regard SmoothooGrpd, 3.3, as being equipped with infinitesimal cohesion exhibited by
the canonical inclusion i : SmoothooGrpd — SynthDiffooGrpd given by prop. 3.4.9.

Then a smooth function f : X — Y in SmoothMfd — SmoothooGrpd between smooth manifolds is a
formally étale morphism according to the intrinsic def. 2.4.12 precisely if it is a local diffeomorphism in the
traditional sense.

Proof. We need to to show that

ax oy

.y

X ——1,Y

is a pullback in Sh(CartSpgnais) precisely if f is a local diffeomorphism. This is a pullback precisely if for
all U x D € CartSpgyotn X InfSmoothLoc ~ CartSpgy,nair the diagram of sets of plots

Hom(U x D,i1X) —L~ Hom(U x D, #Y)

| |

Hom(U x D, i, X) —'> Hom(U x D,i,Y)

is a pullback. Using that ¢ preserves colimits and restricts, by prop. 2.4.5, on representables to ¢ :
CartSpgpotn — CartSpgyuenai; and using that i*(U x D) = U, this is equivalently the diagram

Hom(U x D, X) —> Hom(U x DY) ,

| i

Hom(U, X) — > Hom(U,Y)
where the vertical morphisms are given by restriction along the inclusion (idy,*) : U — U x D.

For one direction of the claim it is sufficient to consider this situation for U = # the point and D
the first order infinitesimal interval. Then Hom(x, X) is the underlying set of points of the manifold X
and Hom(D, X) is the set of tangent vectors, the set of points of the tangent bundle TX. The pullback
Hom(*, X') Xpom(x,y) Hom(D,Y') is therefore the set of pairs consisting of a point 2 € X and a tangent
vector v € Ty(,)Y. This set is in fiberwise bijection with Hom(D, X) = T'X precisely if for each z € X
there is a bijection T, X ~ T, Y, hence precisely if f is a local diffeomorphism. Therefore f being a local
diffeomorphissm is necessary for f being formally étale with respect to the given notion of infinitesimal
cohesion.

To see that this is also sufficient notice that this is evident for the case that f is in fact a monomorphism,
and that since smooth functions are characterized locally, we can reduce the general case to that case. [
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3.4.4 Chern-Weil theory
We discuss the notion of co-connections, 3.3.12, in the context SynthDiffcoGrpd.

3.4.4.1 oo-Cartan connections A Cartan connection on a smooth manifold is a principal connection
subject to an extra constraint that identifies a component of the connection at each point with the tangent
space of the base manifold at that point. The archetypical application of this notion is to the formulation of
the field theory of gravity, 4.3.1.

We indicate a notion of Cartan oco-connections.

The following notion is classical, see for instance section 5.1 of [Sha97].

Definition 3.4.35. Let (H — G) be an inclusion of Lie groups with Lie algebras (h — g). A (H — G)-
Cartan connection on a smooth manifold X is

1. a G-principal bundle P — X equipped with a connection V;
2. such that

(a) the structure group of P reduces to H, hence the classifying morphism factors as X — BH — BG;

(b) for each point z € X and any local trivialization of (P, V) in some neighbourhood of X, the
canonical linear map

T,X ~—=g—>g/h
is an isomorphism,

Here (h — g) are the Lie algebras of the given Lie groups and g/b is the quotient of the underlying vector
spaces.
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3.5 Super oco-groupoids

We discuss oco-groupoids equipped with super cohesion and with smooth super cohesion (where super is in
the sense of superalgebra and supergeometry).

Definition 3.5.1. Let GrAlgy be the category whose objects are finite dimensional free Zs-graded commu-
tative R-algebras (Grassmann algebras). Write

SuperPoint := GrAlgy”

for its opposite category. For ¢ € N we write R%4 € SuperPoint for the object corresponding to the free
Zo-graded commutative algebra on ¢ generators and speak of the superpoint of order g.
We think of SuperPoint as a site by equipping it with the trivial coverage.

Definition 3.5.2. Write
SuperSet := Sh(SuperPoint) ~ PSh(SuperPoint)
for the topos of presheaves over SuperPoint.

Definition 3.5.3. Write
SuperooGrpd := She, (SuperPoint) ~ PSh, (SuperPoint)
for the co-topos of oo-sheaves over SuperPoint. We say an object X € SupercoGrpd is a super co-groupoid.

We shall conceive of higher superalgebra and higher supergeometry as being the higher algebra and
geometry over the base oo-topos ([John03], chapter B3) SuperooGrpd instead of over the canonical base
oo-topos 0coGrpd. Except for the topos-theoretic rephrasing, this perspective has originally been suggested
in [Schw&4] and [Molo84].

Proposition 3.5.4. The co-topos SupercoGrpd is cohesive, def. 2.2.35.

II
—_—

~<Disc—
—I—
-~
coDisc

SupercoGrpd ocoGrpd .

Proof. The site SuperPoint is co-cohesive, according to def. 2.2.10. Hence the claim follows by prop.
2.2.11. O

Proposition 3.5.5. The inclusion Disc : coGrpd < SupercoGrpd ezhibits the collection of super oo-
groupoids as forming an infinitesimal cohesive neighbourhood, def. 2.4.1, of the discrete co-groupoids, 3.1.

Proof. Observe that the point inclusion ¢ : Point := % < SuperPoint is both left and right adjoint to the
unique projection p : SuperPoint — Point. Therefore we have even a periodic sequence of adjunctions

(«--di*HAp*Hi* 4p* - ---) : SuperooGrpd — coGrpd,

and p* ~ Disc ~ coDisc is full and faithful. O

Definition 3.5.6. Write R € SupercoGrpd for the presheaf SuperPoint®® — Set — coGrpd given by
R : R — C°(RY7) := A,

which sends the order-q superpoint to the underlying set of the Grassmann algebra on ¢ generators.
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Observation 3.5.7. The object R € SupercoGrpd is canonically equipped with the structure of an internal
ring object. Morever, under both II and I' it maps to the ordinary real line R € Set < ocoGrpd while
respecting the ring structures on both sides.

When regarding SmoothocoGrpd as equipped with infinitsimal cohesion by prop. 3.5.5 we have that this
is a non-reduced (def. 2.4.7) super-cohesive structure on R:

Redgyper (R € SuperocoGrpd) =~ DiscgyperR # (R € SupercoGrpd) .

Proposition 3.5.8. The theory of ordinary (linear) R-algebra internal to the 1-topos SuperSet = Super0Grpd —
SupercoGrpd is equivalent to the theory of R-superalgebra in Set.

This is due to [Molo84].

In view prop. 3.5.8 we may define smooth super oco-groupoids exactly as we defined ordinary smooth
oo-groupoids in 3.3, but working over the base oco-topos SuperooGrpd instead of over the canonical base
oo-topos coGrpd.

Definition 3.5.9. Write CartSpy,, ., for the internal site ([John03], section C2.4) in SuperSet < SupercoGrpd,

whose objects are the natural numbers, whose morphisms are smooth morphisms R¥ — R! in SuperSet, and
whose covers ar given by differentiably good open covers.

According to prop. C2.5.4 of [John03] for every internal site there i an external site such that the internal
sheaves on the former are equivalen to the external sheavs on the latter.

Proposition 3.5.10. The external site corresponding to def. 3.5.9 is the cartesian product site CartSpgootn X
SuperPoint (the first factor from def. 3.3.4, the second from def. 3.5.1).

Definition 3.5.11. Write
SmoothSupercoGrpd := She (CartSpgpeorn X SuperPoint) .

An object in this co-topos we call a smooth super oco-groupoid.

Proposition 3.5.12. We have a commuting diagram of cohesive co-toposes

Hsuper

d ~<-Discsuper——
— T super——>>

-
coDiscsuper

SmoothSupercoGrp SupercoGrpd .

II

SmoothooGrpd D;SC ocoGrpd

coDisc

For emphasis we shall refer to the objects of SupercoGrp as discrete super co-groupoids: these refine dis-
crete co-groupoids, 3.1 with super-cohesion and are themselves further refined by smooth super co-groupoids
with smooth cohesion.
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We now discuss the various general abstract structures in a cohesive co-topos, 2.3, realized in SupercoGrpd
and SmoothSupercoGrpd.

e 3.5.1 — Exponentiated oco-Lie algebras

3.5.1 Exponentiated oco-Lie algebras
According to prop. 3.5.8 the following definition is justified.

Definition 3.5.13. A super Lo, -algebra is an L..-algebra, def. 1.3.72, internal to the topos SuperSet, def.
3.5.2, over the ring object R from def. 3.5.6.

Observation 3.5.14. The Chevalley-Eilenberg algebra CE(g), def. 1.3.75, of a super L..-algebra g is
externally

e a graded-commutative algebra over R on generators of bigree in (N, Zs) — the homotopical degree deg;,
and the super degree deg,;

e such that for any two generators a, b the product satisfies

ab = (_1)defh(a)degh(b)+def5(a)degs(b) ba;

e and equipped with a differential dcg of bidegree (1, even) such that d%E =0.

Examples 3.5.15. e Every ordinary L..-algebra is canonically a super L..-algebra where all element
are of even superdegree.

e Ordinary super Lie algebras are canonically identified with precisely the super Lie 1-algebras.

e For every n € N there is the super line super Lie (n + 1)-algebra b" RO characterized by the fact that
its Chevalley-Eilenberg algebra has trivial differential and a single generator in bidegree (n,odd).

e For g any super Lo,-algebra and p : g — 0"R a cocycle, its homotopy fiber is the super L..-algebra
extension of g, as in def. 3.3.88.

Below in 4.3.2 we discuss in detail a class of super L,-algebras that arise by higher extensions from a
super Poincaré Lie algebra.

Observation 3.5.16. The Lie integration
exp(g) € [CartSpymootn X SuperPoint, sSet] = [SuperPoint, [CartSpg,, oo SS€t
of a super L,-algebra g according to 3.3.9 is a system of Lie integrated ordinary L..-algebras
exp(g) : R = exp((g @r Ag)even) ,

where Ay, = C*° (R%14) is the Grassmann algebra on ¢ generators.
Over each U € CartSp this is the discrete super co-groupoid given by

exp(g)y : R = Homggeatg (CE(g ® Ag)even, Qoere (U x R x A®)),

where on the right we have super differential forms vertical with respect to the projection U x R4 x A™ —
U x Rl of supermanifolds.
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Proof. The first statement holds by the proof of prop. 3.5.8. The second statement is an example of a
stadard mechanism in superalgebra: Using that the category sVect of finite-dimensional super vector space
is a compact closed category, we compute

Homagsatg (CE(g), Q300 (U x R 5 A™)) ~ Homggearg (CE(g), C™(R) @ Q5 (U x A™))
~ Homggsalg (CE(g), Ay @ Q% (U x A™))
C HomCh'(sVect (g"[1], Ag® Qlere (U x A™))
~ Homcpe (sveet) (87 [1] @ (A7), Q3 (U x A™))
~ Homcye (bVect)((g Ag)"[1], Qe (A™))
~ Homcpe (sveet) (8 ® Ag) " [Leven, Qere (U x A™))
D Homgsatg (CE((g @k Ag)even) Lert (U X A™))

Here in the third step we used that the underlying dg-super-algebra of CE(g) is free to find the space of

morphisms of dg-algebras inside that of super-vector spaces (of generators) as indicated. Since the differen-
tial on both sides is A4-linear, the claim follows. O
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4 Applications

We study aspects of the realization of the general abstract Chern-Weil theory in a cohesive co-topos, 2.3.15,
in the model SmoothocoGrpd, 3.3. The generalization of ordinary Chern-Weil theory in ordinary differential
geometry obtained this way comes from two directions:

1. The oco-Chern-Weil homomorphism applies to G-principal oco-bundles for G more general than a Lie
group.

e In the simplest case G may be a higher connected cover of a Lie group, realized as a smooth
n-group for some n > 1. Applied to these, the co-Chern-Weil homomorphism sees fractional
refinements of the ordinary differential characteristic classes as seen by the ordinary Chern-Weil
homomorphism. This we discuss in 4.1.

e More generally, G may be any mooth oco-groupoid, for instance obtained from a general oco-Lie
algebra or oco-Lie algebroid by Lie integration. In 4.5 we observe that symplectic forms in higher
symplectic geometry may be understood as examples of co-Chern-Weil homomorphisms. In 4.6
we discuss a list of examples for which the higher parallel transport of the circle n-bundles with
connection in the image of the co-Chern-Weil homomorphism reproduces action functionals of
various o-model/Chern-Simons-like field theories.

2. The oco-Chern-Weil homomorphism is not just a function on cohomology sets, but an oco-functor on
the full cocycle co-groupoids. This allows to access the homotopy fibers of this oco-functor. Over
the trivial cocycle these encode the differential refinement of the obstruction theory associated to the
underlying bare cocycle. Over nontrivial cocycles they encode the corresponding twisted cohomology.
We formalize this in terms of twisted differential c-structures in 4.4. A central class of examples are
higher differential Spin structures, 4.4.4, induced from the Whitehead tower of the orthogonal group.
These appear in various guises in string background gauge fields. But also differential T-duality pairs
are an example, as we discuss in 4.4.6.

Finally, we observe that the co-Chern-Weil homomorphism may be understood as providing the Lagrangian
of higher analogs of Chern-Simons theory, in that its intrinsic integration, 2.3.17, yields a functional on
the oco-groupoid of co-connections that generalizes the action functional of Chern-Simons theory from ordi-
nary semisimple Lie algebras and their Killing form to arbitrary oco-Lie algebroids and arbitrary invariant
polynomials on them. We conclude in 4.6 by a discussion of a list of field theories obtained this way.
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4.1 Higher Spin-structures

For any n € N, the Lie group Spin(n) is the universal simply connected cover of the special orthogonal group
SO(n). Since m1SO(n) ~ Zs, it is an extension of Lie groups of the form

Z2 — Spin(n) — SO(n) .

The lift of an SO(n)-principal bundle through this extension to a Spin(n)-principal bundle is a called a choice
of spin structure. A classical textbook on the geometry of spin structures is [LaMi89].

We discuss now how this construction is only one case within a whole tower of analogous constructions
involving smooth n-groups for various n. These are higher smooth analogs of the Spin-group and define
higher analogs of smooth spin structures.

The Spin-group carries its name due to the central role that it plays in the description of the physics of
quantum spinning particles. Below in 4.4 we discuss how the higher smooth spin structures play an analogous
role in the description of the physics of higher dimensional quantum spinning objects, such as the quantum
spinning string and the quantum spinning fivebrane. For this reason we speak about string structures and
fivebrane structures.

4.1.1 Orienation structure

Before going to higher degree beyond the Spin-group, it is instructive to first consider a lower degree. The
special orthogonal Lie group itself is a kind of extension of the orthogonal Lie group. To see this clearly,
consider the smooth delooping BSO(n) € SmoothooGrpd according to 3.3.2.

Proposition 4.1.1. The canonical morphism SO(n) — O(n) induces a long fiber sequence in SmoothooGrpd
of the form
Zy — BSO(n) — BO(n) 2} BZ,,

where wy is the universal smooth first Stiefel-Whitney class from example 1.5.67.

Proof. Tt is sufficient to show that the homotopy fiber of w; is BSO(n). This implies the rest of the
statement by prop. 2.3.27.

To see this, notice that by the discussion in 2.3.3 we are to compute the Zs-principal bundle over the
Lie groupoid BSO(n) that is classified by the above injection. By observation 2.3.42 this is accomplished by
forming a 1-categorical pullback of Lie groupoids

*//0(n) ———*//Zs
One sees that the canonical projection
Z>//O(n) = +//SO(n)
is a weak equivalence (it is an essentially surjective and full and faithful functor of groupoids). O

Definition 4.1.2. For X € SmoothooGrpd any object equipped with a morphism rx : X — BO(n), we say
a lift ox of r through the above extension

BSO(n)

7
ox »

Ve
e

X" BO(n)

is an orientation structure on (X,rx).
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4.1.2 Spin structure

Proposition 4.1.3. The classical sequence of Lie groups Zs — Spin — SO induces a long fiber sequence in
SmoothooGrpd of the form

Zo — Spin — SO — BZ, — BSpin — BSO %3 B2Z, ,
where wo is the universal smooth second Stiefel-Whitney class from example 1.3.68.

Proof. It is sufficient to show that the homotopy fiber of wy is BSpin(n). This implies the rest of the
statement by prop. 2.3.27.
To see this notice that the top morphism in the stanard anafunctor that presents wy

B(ZQ — O(n))ch —— B(Z2 — 1)ch B2Z2
BSO(n)

is a fibration in [CartSp°P,sSet]proj- By proposition 2.1.52 this means that the homotopy fiber is given by
the 1-categorical pullback of simplicial presheaves

B(Zy — O(n))en —— =

| |

B(Zy — O(n))en ——> B(Zy — 1)en

The canonical projection
B(Zy — O(n))en = BSO(n)en

is seen to be a weak equivalence. O

Definition 4.1.4. For X € SmoothooGrpd an object equipped with orientation structure ox : X —
BSO(n), def. 4.1.2, we say a choice of lift 6x in
BSpin
R 7 i
ox
Ve
Ve
X —2X BSO(n)
equips (X, o0x) with spin structure.
4.1.3 Smooth string structure and the String-2-group
The sequence of Lie groupoids
.-+ — BSpin(n) — BSO(n) — BO(n)

discussed in 4.1.1 and 4.1.2 is a smooth refinement of the first two steps of the Whitehead tower of BO(n).

We discuss now the next step. This is no longer presented by Lie groupoids, but by smooth 2-groupoids.
Write so(n) for the special orthogonal Lie algebra in dimension n. We shall in the following notationally

suppress the dimension and just write so. The simply connected Lie group integrating so is the Spin-group .
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Proposition 4.1.5. Pulled back to BSpin the universal first Pontryagin class p1 : BO — B4Z is 2 times a
generator $py of H*(BSpin, Z)

BSpin i B7. .
|
BO —~ B4z
We call %pl the first fractional Pontryagin class .
This is due to [Bott58]. See [SSS09b] for a review.

Definition 4.1.6. Write BString for the homotopy fiber in Top ~ coGrpd of the first fractional Pontryagin
class
BString —— *

BSpin P Big

Its loop space is the string group
String := O(7) := QBString .

This is defined up to equivalence as an oo-group object, but standard methods give a presentation by a
genuine topological group and often the term string group is implicitly reserved for such a topological group
model. See also the review in [Schol0)].

We now discuss smooth refinements of %pl and of String as lifts through the intrinsic geometric realization,
def. 2.3.77, IT : SmoothooGrpd — coGrpd in SmoothooGrpd, 3.3.

Proposition 4.1.7. We have a weak equivalence
cosks(exp(s0)) = BSpin,

in [CartSpgP | 1, sSet]proj, between the Lie integration, 3.3.9, of so and the standard presentation, 3.3.2, of
BSpin.

Proof. By prop. 3.3.49. (]
Corollary 4.1.8. The image of BSpin € SmoothooGrpd under the fundamental co-groupoid/geometric
realization functor I1, 3.2.2, is the classifying space BSpin of the topological Spin-group

|IIBSpin| ~ BSpin .

Proof. By prop. 3.2.23 applied to prop. 3.3.19. (|

Theorem 4.1.9. The image under Lie integration, 3.5.9, of the canonical Lie algebra 3-cocycle
pw={— [ -] :s0 = b’R
on the semisimple Lie algebra so of the Spin group is a morphism in SmoothooGrpd of the form

1
oP1 = exp(u) : BSpin — B3U(1)

whose image under the the fundamental co-groupoid co-functor/ geometric realization, 3.2.2, I : SmoothooGrpd —
ooGrpd is the ordinary fractional Pontryagin class %pl : BSpin — B*Z in Top, and up to equivalence exp(j1)
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is the unique lift of %pl from Top to SmoothooGrpd with codomain B3U(1). We write %pl = exp(u) and
call it the smooth first fractional Pontryagin class.
Moreover, the corresponding refined differential characteristic class, 3.3.12,

1
if)l : Hconn(_v BSplI’l) — Hdlf‘f(_vBBU(l)) 5
wich we call the differential first fractional Pontryagin class, is in cohomology the corresponding ordinary

refined Chern-Weil homomorphism [HoSi05]

1. .
[ipl] : Hémooth(‘)(’ Spln) - Hélllff(X)
with values in ordinary differential cohomology that corresponds to the Killing form invariant polynomial

(—,—) on so.

Proof. This is shown in [FSS10].

Using corollary. 4.1.7 and unwinding all the definitions and using the characterization of smooth de Rham
coefficient objects, 3.3.8, and smooth differential coefficient objects, 3.3.11, one finds that the postcomposition
with exp(p, cs)qi induces on Cech cocycles precisely the operation considered in [BrMc96b], and hence the
conclusion follows essentially as by the reasoning there: one reads off the 4-curvature of the circle 3-bundle
assigned to a Spin bundle with connection V to be « (Fy A Fy), with the normalization such that this is
the image in de Rham cohomology of the generator of H*(BSpin) ~ Z ~ (3p;).

Finally that %pl is the unique smooth lift of %pl follows from theorem 3.3.28. (]
By the unique smooth refinement of the first fractional Pontryagin class, 4.1.9, we obtain a smooth refinement
of the String-group, def. 4.1.6.

Definition 4.1.10. Write BString for the homotopy fiber in SmoothooGrpd of the smooth refinement of
the first fractional Pontryagin class from prop. 4.1.9:

BString —— %

|

3P1

BSpin —— B3U(1)
We say its loop space object is the smooth string 2-group
Stringgoon = 2BString .

We speak of a smooth 2-group because String .., iS @ categorical homotopy 1-type in SmoothooGrpd,
being an extension
BU(1) — Stringg,ootn — Spin

of the categorical 0-type Spin by the categorical 1-type BU(1) in SmoothooGrp.

Proposition 4.1.11. The categorical homotopy groups of the smooth String 2-group, 7, (BString) € Sh(CartSp),
are
m1(BString) ~ Spin

and
mo(BString) ~ U(1).

All other categorical homotopy groups are trivial.
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Proof. Notice that by construction the non-trivial categorical homotopy groups of BSpin and B3U(1)
are m BSpin = Spin and 73B3U (1) = U(1), respectively. Using the long exact sequence of homotopy sheaves
(use [LuHTT] remark 6.5.1.5,with X = % the base point) applied to def. 4.1.10, we obtain the long exact
sequence of pointed objects in Sh(CartSp)

oo = T (B2U(1)) = 7, (BString) — 7, (BSpin) — 7, (B*U(1)) — m,_1(BString) — - - -

this yields for n =0
0 — m (BString) — Spin — 0

and for n =2
0 — U(1) — ma(BString) — 0

and for n > 3
0 — m,(BString) — 0.

|
However the geometric homotopy type, 2.3.7, of BString is not bounded, in fact it coincides with that of the
topological string group:
Proposition 4.1.12. Under intrinsic geometric realization, 3.3.3, | — | : SmoothooGrpd I ooGrp t)‘
the smooth string 2-group maps to the topological string group

Top

|Stringsmooth| = String .

Proof. Since B3U(1) has a presentation by a simplicial object in SmoothMfd, prop. 3.3.24 asserts that

) 1
|Str1ngsmooth| = hOﬁb|§p1| :

The claim then follows with prop. 4.1.9
1
-~ hofib=
0 2101
and def. 4.1.6
.- o~ String .

|
Notice the following important subtlety:

Proposition 4.1.13. There exists an infinite-dimensional Lie group String; ..o Whose underlying topo-
logical group is a model for the String group in Top, def. 4.1.6.

This is due to [NSW11], by a refinement of a construction in [Stol96].

Remark 4.1.14. However, BString;.,,,.1, itself is not a model for def. 4.1.10, because it is an internal
1-type in SmoothooGrpd, hence because maBString; o0tn = 0- In [NSW11] a smooth 2-group with the
correct internal homotopy groups based on String; ..ot 15 given, but it is not clear yet whether or not this
is a model for def. 4.1.10.

We proceed by discussing concrete presentations of the smooth string 2-group.

Definition 4.1.15. Write
string := 50,

for the L,-algebra extension of so induced by u according to def 3.3.88.
We call this the string Lie 2-algebra
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Observation 4.1.16. The indecomposable invariant polynomials on string are those of so except for the
Killing form:
inv(string) = inv(so)/({(—, —)) .

Proof. As a special case of prop. 3.3.105. O

Proposition 4.1.17. The smooth co-groupoid that is the Lie integration of so, is a model for the smooth
string 2-group
BString ~ cosks exp(so,,) .

Notice that this statement is similar to, but different from, the statement about the untruncated expo-
nentiated Lo-algebras in prop. 3.3.93.
Proof. By prop. 4.1.9 an explicit presentation for BString is given by the pullback

BString,, EB%U(1),

l fA' eXp(lL) l

coskj exp(s0) —— B3U(1).

in [CartSp®?, sSet], where B3U(1).. is the simplicial presheaf whose 3-cells form the space U(1), and where
EB?U(1) is the simplicial presheaf whose 2-cells form U(1) and whose 3-cells form the space of arbitrary
quadruples of elements in U(1). The right vertical morphism forms the oriented sum of these quadruples.
Since all objects are 3-truncated, it is sufficient to consider the pullback of the simplices in degrees 0 to
3. In degrees 0 to 1 the morphism EB2U(1) — B3U(1). is the identity, hence in these degrees BString,
coincides with cosksexp(so). In degree 2 the pullback is the product of cosks(so)s with U(1), hence the
2-cells of BString, are pairs (f,c) consisting of a smooth map f : A% — Spin (with sitting instants) and an
elemement ¢ € U(1). Finally a 3-cell in BString,, is a pair (o, {c;}) of a smooth map o : A3 — Spin and four
labels ¢; € U(1), subject to the condition that the sum of the labels is the integral of the cocycle u over o

cacacytezt = / o*u(f) modZ ,
A3

(with 6 the Maurer-Cartan form on Spin).

The description of the cells in cosks exp(g,,) is similar: a 2-cells is a pair (f, B) consisting of a smooth
function f: A% — Spin and a smooth 2-form B € Q2?(A?) (both with sitting instants), and a 3-cell is a pair
consisting of a smooth function ¢ : A3 — Spin and a 2-form B € Q%(A3) such that dB = o* u(6).

There is an evident morphism

D / : cosks(so,) — BString,

that is the identity on the smooth maps from simplices into the Spin-group and which sends the 2-form
labels to their integral over the 2-faces

pes (1.B) = ([ Bymodz).

We claim that this is a weak equivalence. The first simplicial homotopy group on both sides is Spin itself
(meaning: the presheaf on CartSp represented by Spin). The nontrivial simplicial homotopy group to check
is the second. Since 72(Spin) = 0 every pair (f, B) on A? is homotopic to one where f is constant. It fol-
lows from prop. 3.3.53 that the homotopy classes of such pairs where also the homotopy involves a constant
map A3 x A! — Spin are given by R, being the integral of the 2-forms. But then moreover there are the
non-constant homotopies in Spin from the constant 2-sphere to itself. Since m3(Spin) = Z and u(6) is an
integral form, this reduces the homotopy classes to U(1) = R/Z. This are the same as in BString, and the
integration map that sends the 2-forms to elements in U(1) is an isomorphism on these homotopy classes. [
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Remark 4.1.18. Propositions 4.1.17 and 4.1.12 together imply that the geometric realization |cosks exp(so,, )|
is a model for BString in Top
| exp(s0,,)| ~ BString.

With slight differences in the technical realization of exp(g,,u) this was originally shown in [Henr08], theorem
8.4. For the following discussion however the above perspective, realizing cosks exp(so,) as a presentation
of the homotopy fiber of the smooth first fractional Pontryagin class, def 4.1.10, is crucial.

We now discuss three equivalent but different models of the smooth String 2-group by diffeological strict
2-groups, hence by crossed modules of diffeological groups. See [BCSS07] for the general notion of strict
Fréchet-Lie 2-groups and for discussion of one of the following models.

Definition 4.1.19. For (G; — Gy) a crossed module of diffeological groups (groups of concrete sheaves on
CartSp) write
E(G1 — Gy) € [CartSp°P, sSet)

for the corresponding presheaf of simplicial groups.

There is an evident strictification of BString, from the proof of prop 4.1.17 given by the following
definition. For the notion of thin homotopy classes of paths and disks see [ScWall].

Definition 4.1.20. Write R
QepSpin — Py, Spin,

for the crossed module where

e P, Spin is the group whose elements are thin-homotopy classes of based smooth paths in G and whose
composition is obtained by rigidly translating one path so that its basepoint matches the other path’s
endpoint and then concatenating;

e Oy, Spin is the group whose elements are equivalence classes of pairs (d, x) consisting of thin homotopy
classes of disks d : D? — G in G with sitting instant at a chosen point on the boundary which is sent to
the neutral element, and consisting of an element « € R/Z. Two such pairs are taken to be equivalent
if the boundary of the disks has the same thin homotopy classes and if the labels  and z’ differ, in
R/Z, by the integral [, f*4u(6) over any 3-ball f : D3 — G cobounding the two disks. Composition
is by gluing of disks at the basepoint, such that their boundary paths are being concatenated.

Proposition 4.1.21. Let .
BString, — BZ(,Spin — Py, Spin)

be the morphism that sends maps to Spin to their thin-homotopy class. This is a weak equivalence in
[CartSp°?, sSet]proj -

We produce now two equivalent crossed modules that are both obtained as central extensions of path
groups. This is joint with Danny Stevenson, based on results in [MuSt03].
The following proposition is standard.

Proposition 4.1.22. Let H C G be a normal subgroup of some group G and lat H — H be a central
extension of groups such that the conjugation action of G on H lifts to an automorphism action o : G —
Aut(H) on the central extension. Then (H — G) with this « is a crossed module.

We construct classes of examples of this type from central extensions of path groups.

Proposition 4.1.23. Let G C T be a simply connected normal Lie subgroup of a Lie group I'. Write PG
for the based path group of G whose elements are smooth maps [0,1] — G starting at the neutral element
and whose product is given by the pointwise product in G. Consider the complex with differential d £ 9 of
simplicial forms on BG.. Let (F,a, () be a triple where

i. a € QNG x G) such that da = 0;

7. F is a closed integral 2-form on G such that §F = da;

iii. B:T — QYG) such that, for all v,71,7v2 €T,
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o V'F =F+dB,,;

® (71)"Bye = Byiys + By =05

® a=7"a+0(B,);

e for all based paths f :[0,1] = G, f*B, = (f,v"H*a+ (v, fv 1) *a.

1. Then the map ¢ : PG x PG — U(1) given by c: (f,g) — cy,q := exp <2m’ I (f, g)*a> is a group 2-cocycle
0,1

leading to a central extension PG = PG x U(1) with product (y1, 1) - (72, 22) = (71 - Y2, T1&2C, 175 ) -

2. Since G is simply connected every loop in G bounds a disk D. There is a normal subgroup N C PG
consisting of pairs (7, x) with y(1) = e and x = exp(2wi [, F) for any disk D in G such that 0D = ~.

3. Finally, G = I/DE’/N is a central extension of G by U(1) and the conjugation action of I' on G lifts to
G by setting a(v)(f,x) = (a(v)(f), zexp(€f By)) such that Cent(G,T', F,a, ) := (G — T) is a Lie crossed
module and hence a strict Lie 2-group of the type in prop. 4.1.22.

Proof. All statements about the central extension G can be found in [MuSt03]. It remains to check that
the action « : I' — Aut(G) satisfies the required axioms of a crossed module, in particular the condition
a(t(h))(h') = hh'h~1. For this we have to show that

a(h()([f,2) = (5,112 [h—l,exm— /. m“)] ,

where h denotes a based path in PG, so that [h, 1] represents an element of G. By definition of the product
in G, the right hand side is equal to

[hfhl,zexp (/ a+/ a—/ a>] .
(h,f) (hf,h=1) (h,h=1)

This is not exactly in the form we want, since the left hand side is equal to {h( Vfh(1)7Y zexp ff Br) ]

Therefore, we want to replace hfh~! with the homotopic path h(1)fh(1)~1. An explicit homotopy between
these two paths is given by H(s,t) = h((1 — s)t + s) f(t)h((1 — s)t + s) L. Therefore, we have the equality

[hfh L zexp (/ f)a+/hfh l)a—/(hh 1)&)]
[Ufh (/)/ a_/hhl)ﬁ/m)

Using the relation 6(F) = da and the fact that the pullback of F along the maps [0,1] x [0,1] — G,
(s,t) = h((1 — s)t + s) vanish, we see that

/HF / a—/ a+/ a—|—/ a—/ a.
(f,R(1)~1) (f,h=1) (h,h=1) (h(1),fh(1)~1) (h,fh=1)
Therefore the sum of integrals
/ a +/ a —/ a+ /H*F
(h,f) (hfh=1) (h;h=1)
can be written as

/ a+/ a—/ a+/ a—/ a+/ a+/ a—/ a .
(h,f) (hfh=1) (h,h™1) (f,R(1)~1) (f,h=h) (h,h™1) (h(1),fR(1)~1) (h,fh=1)
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Using the condition §(a) = 0, we see that this simplifies down to f(f h(1)-1) @ f(h(l) Fh(1)-1) @ Therefore, a
sufficient condition to have a crossed module is the equation f*8;, = (f, h(1))*a + (h(1), fR(1)~1)*a. O

Proposition 4.1.24. Given triples (F,a, 3) and (F',a’, ") as above and given b € Q(G) such that

F'=F+db, (4.1)
a =a+d(b) (4.2)

and for ally €T
By +7b=b+4, (4.3)

then there is an isomorphism Cent(G,T, F,a, 8) ~ Cent(G,T, F',a’,3') .
In [BCSS07] the following special case of this general construction was considered.

Definition 4.1.25. Let G be a compact, simple and simply-connected Lie group with Lie algebra g. Let (-, -)
be the Killing form invariant polynomial on g, normalized such that the Lie algebra 3-cocycle p := (-, [-,])
extends left invariantly to a 3-form on G which is the image in deRham cohomology of one of the two
generators of H*(G,Z) = Z. Let QG be the based loop group of G whose elements are smooth maps
v :10,1] = G with v(0) = (1) = e and whose product is by pointwise multiplication of such maps. Define
F € Q?(QG), a € Q1(QG x QG) and 8: T — QYQG)

27
F(y, X,Y) = / (X, Y")dt
0
27
a(y1,72, X1, X2) = / (X1, %25 )dt
0

2
06.X) = [ et
This satisfies the axioms of prop. 4.1.23 and we write
Stringpcgg(G) = Z2Cent(QG, PG, F, a, )
for the corresponding diffeological strict 2-group. If G = Spin we write just Stringgcg for this.

There is a variant of this example, using another cocycle on loop groups that was given in [Mick87].

Definition 4.1.26. With all assumptions as in definition 4.1.25 define now

1 27 L
F(’an7Y) = 5/ <,Y 1’7a [XaYDdt
0
- 1 27 ) . L. .
a(yi,v2, X1, X2) = 3 (X1 9272 ) — (1 91,72 X272 1)) dt
0
1

B(p) (v, X)

27
3 / (v lpTlpy 7 p, X)dt
0

This satisfies the axioms of proposition 4.1.23 and we write
Stringyp (G) := ECent(QG, PG, F, «, )
for the corresponding 2-group. If G = Spin we write just Stringy;q for this.

Proposition 4.1.27. There is an isomorphism of 2-groups Stringpgs(G) ——= Stringy g (G) .
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Proof. We show that b € Q'(QG) defined by b(v, X) = = fozﬂ (y~14, X)dt satisfies the conditions of

prop. 4.1.24 and hence defines the desired isomorphism.

e Proof of equation 4.1: We calculate the exterior derivative db. To do this we first calculate the deriva-
tive Xb(y): if 4 = ve!X then to first order in t, v; *4; is equal to y~'4 + t[y =14, X] + tX’. Therefore

1 2m
X00) =5 [ (6 XY () e

Hence db is equal to

2m
3] (TREYD Y)Y - 07 X) - (7 X YD)

which is easily seen to simplify down to
2m 1 2m
[ g [y,
0 0

e Proof of equation 4.2: We get

e . . _ .
S et X2) — (6 M e, e T Xae) — (v s e, Xa)
0

2
— (3 M2, v3 P X1v2) — (s e, Xa) + (1 T, Xa) ot

which is equal to

I 1. _ .
5/ (=", X 1) — (st Xa) ot
0

which in turn equals
1 2m

. Y _ S
3 {{X1, 3272 ") = (7 1, 72 Xovs D) Fdt — 7/ (X1, 4275 "t .
0 ™ Jo

e Proof of equation 4.3: we get

p*o(v;vX) = blpyp hipyp(pXpTh)

I o . _
= 5/ (pyp (o +pip " —pyp tep T pXp )t
0

I e . _
= 5/ (py o pyp T oy e —pp T pXp )t
0

I . .
= 5/ (v lpT ey Ty —pT i, X)dt
0
]‘ °m 1 1 1
= b(%vX)+§/ (Yo py—p p,X)dt
0

1 27 _ L L 1 2 L
= b(%vX)Jrg/ (v 'pTlpy+p 1p,X>dt—7/ (p~'p, X)dt
0 ™ Jo

The three conditions in proposition 4.1.24 are satisfied and, therefore, the desired isomorphism is established.
O
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Proposition 4.1.28. The strict 2-group Stringy;q from definition 4.1.26 is equivalent to the model E(chSpin —
Pi)Spin from def. 4.1.20.

Proof. We define a morphism F' : BStringy;qc — BE(chSpin — Py,)Spin. Its action on 1- and
2-morphisms is obvious: it sends parameterized paths v : [0,1] — G = Spin. to their thin-homotopy
equivalence class

F:yeDl

and similarly for parameterized disks. On the R/Z-labels of these disks it acts as the identity.

The subtle part is the compositor measuring the coherent failure of this assignment to respect composition:
Define the components of this compositor for any two parameterized based paths v1,72 : [0,1] — G with
pointwise product (y1-72) : [0, 1] = G and images [y1], [y2], [¥1-72] in thin homotopy classes to be represented
by a parameterized disk in G

equipped with a label 2., , € R/Z to be determined. Notice that this triangle is a diagram in E(chSpin —
Py,)Spin, so that composition of 1-morphisms is concatenation v; o 2 of paths. A suitable disk in G is
obtained via the map

(s1,82)71(s1)v2(s2)

D? —%~10,1)? G,

where a is a smooth surjection onto the triangle {(s1,s2)[s2 < s1} C [0,1]? such that the lower semi-circle
of 0D? = S maps to the hypotenuse of this triangle. The coherence law for this compositor for all triples
of parameterized paths v1,72,7s : [0,1] = G amounts to the following: consider the map

(s1,82,83)—71(81)v2(52)v3(s3)

D? —%~10,1)3 G,

where the map a is a smooth surjection onto the tetrahedron {(s3 < so < s1)} C [0,1]2. Then the coherence

condition
Y2 Y2

[ ] [ ] [ ] [ ]
AN Vi
E=y - \ yea)
71 Y12 Y3 71 Y273 Y3
Il \
/5;525} {W\
° Y1-7Y2°73 ° * Y1273 ®

requires that the integral of the canonical 3-form on G pulled back to the 3-ball along these maps accounts
for the difference in the chosen labels of the disks involved:

/ (b ° a)*’u - / (’h "2 73)*M = Ly ,y2 + Lyrva,v3 = Lya,yeys — Lye,vys € R/Z .
D3 s53<s2<s1

(Notice that there is no further twist on the right hand side because whiskering in BE(chG — Py, G) does
not affect the labels of the disks.) To solve this condition, we need a 2-form to integrate over the triangles.
This is provided by the degree 2 component of the simplicial realization (u,v) € Q3(G) x Q2(G x G) of the
first Pontryagin form as a simplicial form on BG.,:

for g a semisimple Lie algebra, the image of the normalized invariant bilinear polynomial (-, -) under the
Chern-Weil map is (u,v) € Q3(G) x Q*(G x G) with

= (0 N[0 A0])
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and -
V= <91 VAN 92) ,

where 6 is the left-invariant canonical g-valued 1-form on G and 6 the right-invariant one.
So, define the label assigned by our compositor to the disks considered above by

L *
Loy 2 _/ (’71/72) v.
s52<81

To show that this assignment satisfies the above condition, use the closedness of (u,v) in the complex of
simplicial forms on BG.: §u = dv and dv = 0. From this one obtains

(y1-v2-93) = —d(v1 - 72,73) v = —d(71,72 - y3)"V
and
(1,72 - 3) v = (172, 73) v + (71, 72) v — (72,73) v

Now we compute as follows: Stokes’ theorem gives

/(71'72'73)*H: / + / - / - / (71,72 - 73)*V .

s3<82<sl1 3=0,52<s1 s1=s2,53<s1 s1=1,53<s2  $2=53,52<51

The first integral is manifestly equal to x, ~,. The last integral is manifestly equal to —x, ,,.4,. For the
remaining two integrals we rewrite

T P T Pneas / B / (71 - 72, 93) "V + (71, 72) "V — (2, 73) ") -

1=52,53<s1 s1=1,53<s2

The first term in the integrand now manifestly yields -, .y,,v; — Tvs,45- The second integrand vanishes on
the integration domain. The third integrand, finally, gives the same contribution under both integrals and
thus drops out due to the relative sign. So in total what remains is indeed

= Tyye T Tyryeevs T Tyryeys T Lyoyys -

This establishes the coherence condition for the compositor.

Finally we need to show that the compositor is compatible with the horizontal composition of 2-
morphisms. We consider this in two steps, first for the horizontal composition of two 2-morphisms both
starting at the identity 1-morphism in BStringy;.(G) — this is the product in the loop group OG centrally
extended using Mickelsson’s cocycle — then for the horizontal composition of an identity 2-morphism in
BStringy ;. (G) with a 2-morphism starting at the identity 1-morphisms — this is the action of PG on QG.
These two cases then imply the general case.

o Let (d1, 1) and (dg, z2) represent two 2-morphisms in BStringy; starting at the identity 1-morphisms.
So

d; : [0, 1] — QG

).

is a based path in loops in G and z; € U(1). We need to show that

Id Id Id Id
/\ /\

° . [}

H

(dy-d2,x14+x2+p(d1,dz))

/H\ . /H\
(dl,:tl) (d27m2)
NV
Y1 H )’Yz

(d"rl 22 ,3?-71 Y2

\Y
Y172 Y172
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as a pasting diagram equation in BE(chG — Py, G). Here on the left we have gluing of disks in G
along their boundaries and addition of their labels, while on the right we have the pointwise product
from definition 4.1.26 of labeled disks as representing the product of elements QG.

There is an obvious 3-ball interpolating between the disk on the left and on the right of the above
equation:
({82 < 81} C [0, 1]3) -G

(51, 82,t) = (di(t, 51) - da(t, 52))

Id Id
/H\ /\ ./\./_\.

Y172 Y12

The compositor property demands that the integral of the canonical 3-form over this ball accounts for
the difference between z., ,, and p(v1,72)

Pl ds) = / (dy - do)" i+ / (11, 72)"v

1 s2<s1
1

$2<81

The first two integrands vanish. The third one leads to boundary integrals

/+/ (dy,dy)*v — /(dl,dg)*u+ /(vmz)*wr /(dbdz)*v
2=0 51=0

t=1 s2<s1 0<t<1
sg<sqy S1=852

The first two integrands vanish on their integration domain. The third integral cancels with the fourth
one. The remaining fifth one is indeed the 2-cocycle on PQG from definition 4.1.26.

The second case is entirely analogous: for 1 a path and (dg, z2) a centrally extended loop we need to
show that

N i

(v1-d2,x1+z2+A(71,d2))
(dvy, 727z71 2)

Y12 Y172

There is an obvious 3-ball interpolating between the disk on the left and on the right of the above
equation:
({s2 <s1} C[0,1P) = G

(51,82,t) = (71(51) - da(t, 52))
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Y172 Y172

The compositor property demands that the integral of the canonical 3-form over this ball accounts for
the difference between ., 4, and A(7v1,72)

A1, d2) = /(dl'd2)*ﬂ+ /(71,W2>*V-

52<81

This is essentially the same computation as before, so that the result is

= / (71,d2)"v.

0<t<1
B

s1=

This is indeed the quantity from definition 4.1.26.

|
Applied to the case G = Spin in summary this shows that all these strict smooth 2-groups are indeed
presentations of the abstractly defined smooth String 2-group from def. 4.1.10.

Theorem 4.1.29. We have equivalences of smooth 2-groups
String ~ Qcosks exp(s0,,) =~ Stringpcgg ~ Stringy g, -

Notice that all the models on the right are degreewise diffeological and in fact Fréchet, but not degreewise
finite dimensional. This means that neither of these models is a differentiable stack or Lie groupoid in the
traditional sense, even though they are perfectly good models for objects in SmoothooGrpd. Some authors
found this to be a deficiency. Motivated by this it has been shown in [Schol0] that there exist finite
dimensional models of the smooth String-group. Observe however the following:

1. If one allows arbitrary disjoint unions of finite dimensional manifolds, then by remark 3.3.11 every
object in SmoothooGrpd has a presentation by a simplicial object that is degreewise of this form, even
a presentation which is degreewise a union of just Cartesian spaces.

2. Contrary to what one might expect, it is not the degreewise finite dimensional models that seem to
lend themselves most directly to differential refinements and differential geometric computations with
objects in SmoothooGrpd, but the models of the form cosk, exp(g). See also the discussion in 4.4.4
below.

4.1.4 Smooth fivebrane structure and the Fivebrane-6-group

We now climb up one more step in the smooth Whitehead tower of the orthogonal group, to find a smooth
and differential refinement of the Fivebrane group.

Proposition 4.1.30. Pulled back along BString — BO the second Pontryagin class is 6 times a generator
%pg of H8(BString, Z) ~ Z:

1
BString s Bsz .

C

BSpin LIy L/
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This is due to [Bott58]. We call %pg the second fractional Pontryagin class .

Definition 4.1.31. Write BFivebrane for the homotopy fiber of the second fractional Pontryagin class in
Top ~ coGrpd
BFivebrane ——— x

o,

BString 5 . B8z
Write
Fivebrane := Q) BFivebrane

for its loop space, the topological fivebrane co-group.

This is the next step in the topological Whitehead tower of O after String, often denoted O(7). For a
discussion of its role in the physics of super-Fivebranes that gives it its name here in analogy to String = O(3)
see [SSS09b]. See also [DoHeHil0], around remark 2.8. We now construct smooth and then differential
refinements of this object.

Theorem 4.1.32. The image under Lie integration, 3.3.9, of the canonical Lie algebra 7-cocycle
pr = (== =L ==l [=-]: 50, —7 bR

on the string Lie 2-algebra so,,,, def. 4.1.15, is a morphism in SmoothooGrpd of the form
1
P2 BString — B'U(1)

whose image under the the fundamental co-groupoid co-functor/ geometric realization, 3.2.2, I : SmoothocoGrpd —
0oGrpd is the ordinary second fractional Pontryagin class %pg : BString — B8Z in Top. We call éﬁg =
exp(ur) the second smooth fractional Pontryagin class

Moreover, the corresponding refined differential characteristic cocycle, 3.3.12,

1, .
P2 ¢ Heonn(—, BSpin) — Har (=, B'U(1)),
induces in cohomology the ordinary refined Chern-Weil homomorphism [HoSi05]
1. .
[EPQ} : Hslmooth(X’ Strlng) — H(Llliff (X)
of (—, —, —, —) restricted to those Spin-principal bundles P that have String-lifts

[P] € H] (X, String) < H_ (X, Spin) .

smooth smooth

Proof. This is shown in [FSS10]. The proof is analogous to that of prop. 4.1.9. O
Definition 4.1.33. Write BFivebrane for the homotopy fiber in SmoothocoGrpd of the smooth refinement
of the second fractional Pontryagin class, prop. 4.1.32:

BFivebrane ———
l 1p, l
BString ——— B7U(1)
We say its loop space object is the smooth fivebrane 6-group
Fivebranegmootn := 2BFivebrane.

This has been considered in [SSS09c]. Similar discussion as for the smooth String 2-group applies.
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4.2 Higher Spin‘-structures
In 4.1 we saw that the classical extension
Zs — Spin(n) — SO(n)

is only the first step in a tower of smooth higher spin groups.
There is another classical extension of SO(n), not by Zs but by the circle group [LaMi89]:

U(1) — Spin‘(n) — SO(n).

Here we discuss higher smooth analogs of this construction.
This section draws form [FiSaScIII].

We find below that Spin® is a special case of the following simple general notion, that turns out to be
useful to identify and equip with a name.

Definition 4.2.1. Let H be an oco-topos, G € ocoGrp(H) an oo-group object, let A be an abelian group
object and let
p:BG - B"4

be a characteristic map. Write G — G for the extension classified by p, exhibited by a fiber sequence
B"A— G — G
in H. Then for H € coGrp(H) any other co-group with characteristic map of the same form
c:BH — B"t'4

we write

G :=Q(BGp xc BH) € coGrp(H)
for the loop space object of the co-pullback

BG°—~BH .

Lk

BG —2-B"A

4.2.1 Spin° as a homotopy fiber product in SmoothooGrpd
A classical definition of Spin® is the following (for instance [LaMi89]).
Definition 4.2.2. For each n € N the Lie group Spin(n) is the fiber product of Lie groups
Spin€(n) := Spin(n) xz, U(1)
= (Spin(n) x U(1))/Z,
where the quotient is by the canonical subgroup embeddings.

We observe now that in the context of SmoothooGrpd this Lie group has the following intrinsic charac-
terization.

Proposition 4.2.3. In SmoothooGrpd we have an co-pullback diagram of the form
BSpin® —— BU(1) ,

i iclmod2

BSO —2 ~ B27Z,

where the right morphism is the smooth universal first Chern class, example 1.3.64, composed with the mod-2
reduction BZ — BZs, and where wo is the smooth universal second Stiefel-Whiteney class, example 1.3.68.
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Proof. By the discussion at these examples, these universal smooth classes are represented by spans of
simplicial presheaves

B(Z — R)ep ——> B(Z — 1) B%Z
BU(1)en
and
B(ZQ — Spin)ch E—— B(ZQ — 1)ch B2(Zg)ch .

lN

BSO.,
Here both horizontal morphism are fibrations in [CartSpS? sSet]proj. Therefore by prop. 2.1.52 the

smooth’
oo-pullback in question is given by the ordinary fiber product of these two morphisms. This is

B(Z — Spin x R)ey —> B(Z — R)q,

| |

B(Z ™% Spin)ey, —— B(Z — 1)en

| |

B(Zs — Spin)e, —— B(Za — 1)

where the crossed module (Z A Spin x R) is given by
0:nw— (nmod 2,n).

Since this is a monomorphism, including (over the neutral element) the fiber of a locally trivial bundle we
have an equivalence

B(Z — Spin x R) = B(Zy — Spin x U(1)) = B(Spin xz, U(1))

in [CartSp°P, sSet|proj. On the right is, by def. 4.2.2, the delooping of Spin°®. a

Remark 4.2.4. Therefore by def. 4.2.1 we have

cimod2
9

Spin® ~ Spin

which is the very motivation for the notation in that definition.

4.2.2 Smooth String®

We consider smooth 2-groups of the form String®, according to def. 4.2.1, where BU(1) — String — Spin in
SmoothooGrpd is the smooth String-2-group extension of the Spin-group from def. 4.1.10.
In [SalOb] the following notion is introduced.

Definition 4.2.5. Let

=

p¢ : BSpin® — BSpin 23 K(Z,4)

[N

in Top ~ coGrpd, where the first map is induced on classifying spaces by the defining projection, def. 4.2.2,
and where the second represents the fractional Pontryagin class from prop. 4.1.5.
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Then write String® for the topological group, well defined up to weak homotopy equivalence, that models
the loop space of the homotopy pullback

BString® —— (BU(1)) x (BU(1))
l iu
BSpin® o (Z,4)
in Top.

This construction, and the role it plays in [SalOb], is evidently an example of general structure of def.
4.2.1, the notation of which is motivated from this example. We consider now smooth and differential
refinements of such objects.

To that end, recall from theorem. 4.1.9 the smooth refinement of the first fractional Pontryagin class

1
5P BSpin — B*U(1)

and from def. 4.1.10 the defining fiber sequence

BString — BSpin phis B3U(1).

The proof of theorem 4.1.9 rests only on the fact that Spin is a compact and simply connected simple
Lie group. The same is true for SU and the exceptional Lie group Eg.

Proposition 4.2.6. The first two non-vanishing homotopy groups of Eg are
m3(Eg) ~ 7

and
7T15(E8) ~7.

This is a classical fact[BoSa58]. It follows with the Hurewicz theorem that
H*(BEg,Z) ~ 7.
Therefore the generator of this group is, up to sign, a canonical characteristic class, which we write
[a] € H*(BEs,Z)

corresponding to a characeristic map a : BEg — K(Z,4). Therefore we obtain analogously the following
statements.

Corollary 4.2.7. The second Chern-class
¢a : BSU — K(Z,4)

has an essentially unique lift through II : SmoothooGrpd — coGrpd ~ Top to a morphism of the form
cy : BSU — B3U(1)

and a representative is provided by the Lie integration exp(us*) of the canonical Lie algebra 3-cocycle us* :
su— b2R
c2 =~ exp(u3").
Similarly the characteristic map
a: BEs — K(Z,4)
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has an essentially unique lift through I1 : SmoothooGrpd — coGrpd ~ Top to a morphism of the form
a:BFg — B*U(1)

and a representative is provided by the Lie integration exp(us®) of the canonical Lie algebra 3-cocycle ps® :
eg — b2R
a ~ exp(ps?).

Therefore we are entitled to the following special case of def. 4.2.1.

Definition 4.2.8. The smooth 2-group
String® € coGrp(SmoothooGrpd)

is the loop space object of the co-pullback

BString® BSU
L
BSpin —— B3U(1)

Analogously, the smooth 2-group
String® € coGrp(SmoothooGrpd)
is the loop space object of the oo-pullback
BString?® BEg

|k

BSpin —— B3U(1)

We consider now a presentation of String® by Lie integration,

Definition 4.2.9. Let
(50 X 38)#507#28 S LooAlg

be the L.-algebra extension, according to def. 3.3.88, of the product Lie algebra so ® eg by the difference
of the canonical 3-cocycles on the two factors.

Proposition 4.2.10. The Lie integration, def. 3.3.45, of The Lie 2-algebra 50®88)#§a_#;8 s a presentation
of String®:
a8
String® ~ 75 exp (50 ® es)%a_#;zz)

Proof. This is directly analogous to prop. 4.1.17. ]

Remark 4.2.11. Therefore a 2-connection on a String®-principal 2-bundle is locally given by
e an so-valued 1-form w;
e an e¢g-valued 1-form A;
e a 2-form B
such that the 3-form curvature of B is, locally,
Hs = dB + cs(w) —cs(4) .

We discuss the role of such 2-connections in string theory below in 4.4.4.2.
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4.3 Classical supergravity

Action functionals of supergravity are extensions to super-geometry, 3.5, of the Einstein-Hilbert action func-
tional that models the physics of gravity. While these action functionals are not themselves, generally, of
higher Chern-Simons type, 2.3.17, or of higher Wess-Zumino-Witten type, 2.3.18, some of them are low-
energy effective actions of super string field theory action functionals, that are of this type, as we discuss
below in 4.6.5. Accordingly, supergravity action functionals typically exhibit rich Chern-Simons-like sub-
structures.

A traditional introduction to the general topic can be found in [DM99]. A textbook that aims for a more
systematic formalization is [CaDAFr91]. Below in 4.3.3 we observe that the discussion of supergravity there
is secretly in terms of co-connections, 1.3.5.6, with values in super L..,-algebras, 3.5.1.

e 4.3.1 — First-order/gauge theory formulation of gravity
e 4.3.2 — Higher extensions of the super Poincaré Lie algebra;

e 4.3.3 — Supergravity fields are super L,-connections

4.3.1 First-order/gauge theory formulation of gravity

The field theory of gravity (“general relativity”) has a natural first order formulation where a field config-
uration over a given (d + 1)-dimensional manifold X is given by a iso(d, 1)-valued Cartan connection, def.
3.4.35. The following statements briefly review this and related facts (see for instance also the review in the
introduction of [Zane05]).

Definition 4.3.1. For d € N, the Poincaré group ISO(d, 1) is the group of auto-isometries of the Minkowski
space R%! equipped with its canonical pseudo-Riemannian metric 7.
This is naturally a Lie group. Its Lie algebra is the Poincaré Lie algebra iso(d, 1).

We recall some standard facts about the Poincaré group.

Observation 4.3.2. The Poncaré group is the semidirect product
1SO(d,1) ~ O(d, 1) x RI*!

of the Lorentz group O(d,1) of linear auto-isometries of R%! and the abelian translation group in (d + 1)
dimensions, with respect to the defining action of O(d, 1) on R%!. Accordingly there is a canonical embedding
of Lie groups

0(d,1) — ISO(d, 1)

and the corresponding coset space is Minkowski space
1S0(d,1)/0(d, 1) ~ R®! |
Analogously the Poincaré Lie algebra is the semidirect product
iso(d, 1) ~ so(d,1) x R
Accordingly there is a canonical embedding of Lie algebras
s50(d,1) < iso(d, 1)
and the corresponding quotient of vector spaces is Minkowski space
iso(d,1)/so0(d, 1) ~ R®!,

Minkowski space R%! is the local model for Lorentzian manifolds.
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Definition 4.3.3. A Lorentzian manifold is a pseudo-Riemannian manifold (X, g) such that each tangent
space (T, X, g;) for any z € X is isometric to a Minkowski space (R%1, 7).

Proposition 4.3.4. FEquivalence classes of (O(d,1) < ISO(d, 1))-valued Cartan connections, def. 3.4.35,
on a smooth manifold X are in canonical bijection with Lorentzian manifold structures on X.

This follows from the following observations.

Observation 4.3.5. Locally over a patch U — X a iso(d, 1) connection is given by a 1-form
A= (E,Q) € Q" U,iso(d, 1))

with a component
E e QYU R4

and a component

Q€ QYU,s0(d,1)).

If this comes from a (O(d, 1) — ISO(d, 1))-Cartan connection then E is non-degenerate in that for all € X

the induced linear map
E:T,X — R

is a linear isomorphism. In this case X is equipped with the Lorentzian metric
g:=FE"

and €2 is naturally identified with a compatible metric connection on T'X. Then curvature 2-form of the
connection
Fy = (Fq,Fg) € Q*(U,is0(d, 1))

has as components the Riemann curvature

Fo=dQ+ ~[QAQ] € Q*(U,s0(d, 1))

1
2
of the metric connection, as well as the torsion

Fp=dE+[QAE] € Q*(U,R.

Therefore precisely if in addition the torsion vanishes is {2 uniquely fixed to be the Levi-Civita connection
on (X, g).

Therefore the configuration space of gravity on a smooth manifold X may be identified with the moduli
space of iso(d, 1)-valued Cartan connections on X. The field content of supergravity is obtained from this
by passing from the to Poincaré Lie algebra to one of its super Lie algeba extensions, a super Poincaré Lie
algebra.

There are different such extensions. All involve some spinor representation of the Lorentz Lie algebra
s50(d, 1) as odd-degree elements in the super Lie algebra The choice of number N of irreps in this represen-
tation. But there are in general more choices, given by certain exceptional polyvector extensions of such
super-Poincaré-Lie algebras which contain also new even-graded elements.

Below we show that these Lie superalgebra polyvector extensions , in turn, are induced from canonical
super Lo -algebra extensions given by exceptional super Lie algebra cocycles, and that the configuration
spaces of higher dimensional supergravity may be identified with moduli spaces of oco-connections, 1.3.5,
withvalues in a super L..-algebra, def. 3.5.13. that arise as higher central extensions, def. 3.3.88, of a super
Poincaré Lie algebra.
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4.3.2 L,-extensions of the super Poincaré Lie algebra

4.3.2.1 The super Poincaré Lie algebra

Definition 4.3.6. For n € N and S a spinor representation of so(n, 1), the corresponding super Poincar’e
Lie algebra sJso(n, 1) is the super Lie algebra whose Chevalley-Eilenberg algebra CE(sJs0(10, 1) is generated
from

1. generators {w} in degree (1,even) dual to the standard basis of so(n, 1),
2. generators {e®} in degree (1, even)
3. and generators {)*} in degree (1,0dd), dual to the spinor representation S

with differential defined by
dorw®y, = w® A wSy

dege® = w® A e + %@ A T%Y

1
dcgy = Zwabfabiﬁ )

where {I'*} is the corresponding representation of the Clifford algebra Cl,; on S, and here and in the
following I'***% is shorthand for the skew-symmetrization of the matrix product I'** - ....T'% in the k
indices.

4.3.2.2 11d SuGra Lie 3-algebra and the M-theory Lie algebra We discuss an exceptional ex-
tension of the super Poincaré Lie algebra in 11-dimensions by a super Lie 3-algebra and further by super
Lie 6-algebra. We show that the corresponding automorphism L..-algebra contains the polyvector extension
called the M-theory super Lie algebra.

Proposition 4.3.7. For (n,1) = (10,1) and S the canonical spinor representation, we have an exceptional
super Lie algebra cohomology class in degree 4

(4] € H*?(si50(10,1))
with a representative is given by
1
g = 51/)/\1“”’1/}/\%/\6;;.
This is due to [DAFr82].

Definition 4.3.8. The 11d-supergravity super Lie 3-algebra sugras(10,1) is the bR-extension of siso(10,1)
classified by p4, according to prop. 3.3.92

b*R — sugraz(10,1) — siso(10,1) .
In terms of its Chevalley-Eilenberg algebra this extension was first considered in [DAFr82].

Definition 4.3.9. The polyvector extension [ACDPO03] of siso(10,1) is the super Lie algebra obtained by
adjoing generators {Q,, Z%} with brackets

[Qav Qﬁ] = i(CF“)agPa + (Crab)Zab

[Qu, 2% = 2i(CT1) ,5QY7 .

Proposition 4.3.10. The automorphism super L..-algebra dev(sugras(10,1)), def. 1.3.78, contains the
polyvector extension of the 11d-super Poinceré algebra, def. 4.3.9 precisely as its graded Lie algebra of exact
elements.
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Proof. This is secretly what [Ca95] shows. O

Proposition 4.3.11. There is a nontrivial degree-7 class [u7] € H>?(sugras(10,1)) in the super-Loo-algebra
cohomology of the supergravity Lie 3-algebra, a cocycle representative of which is

1- 13 -
W7 = —51/)/\1““1"'“5¢ Neg, N+ Negy — 31/} A2 Neq, Nes, Acs,

where c3 1is the extra generator of degree 3 in CE(sugra,(10,1)).
This is due to [DAFr82].

Definition 4.3.12. The supergravity Lie 6-algebra sugrag(10,1) is the b>R-extension of sugras(10, 1) clas-
sified by p7, according to prop. 3.3.92

bR — sugrag(10,1) — sugraz(10,1).

4.3.3 Supergravity fields are super L,,-connections

Among the varied literature in theoretical physics on the topic of supergravity the book [CaDAFr91] and
the research program that it summarizes, starting with [DAFr82], stands out as an attempt to identify and
make use of a systematic mathematical structure controlling the general theory. By careful comparison one
can see that the notions considered in that book may be translated into notions considered here under the
following dictionary

e “FDA”: the Chevalley-Eilenberg algebra CE(g) of a super Lo.-algebra g (def. 3.5.13), def. 3.4.10;
e “soft group manifold”: the Weil algebra W(g) of g, def. 3.3.89

o “field configuration”: g-valued oco-connection, def. 1.3.5.6

o “field strength”: curvature of g-valued oo-connection, def. 1.3.98

e “horizontality condition”: second oo-Ehresmann condition, remark 1.3.107

e “cosmo-cocycle condition”: characterization of g-Chern-Simons elements, def. 3.3.101, to first order in
the curvatures;

All the super Ly-algebras g appearing in [CaDAFr91] are higher shifted central extensions, in the sense of
prop. 3.3.92, of the super-Poincaré Lie algebra.

4.3.3.1 The graviton and the gravitino

Example 4.3.13. For X a supermanifold and g = sJso(n, 1) the super Poincaré Lie algebra from def. 4.3.6,
g-valued differential form data
A:TX — siso(n,1)

consists of

1. an R"*"lvalued even 1-form E € Q' (X, R"™1) — the vielbein, identified as the propagating part of the
graviton field;

2. an so(n,1)-valued even 1-form Q € Q!(X,so(n,1)) — the spin connection, identified as the non-
propagating auxiliary part of the graviton field;

3. a spin-representaton -valued odd 1-form ¥ € Q'(X, S) — identified as the gravitino field.
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4.3.3.2 The 11d supergravity Cs-field

Example 4.3.14. For g = sugra;(10, 1) the 11d-supergravity super Lie 3-algebra from def. 4.3.8, a g-valued
form
A:TX — sugras(10,1)

consists in addition to the field content of a siso(10, 1)-connection from example 4.3.13 of
e a 3-form C; € Q3(X).

This 3-form field is the local incarnation of what is called the supergravity Cs-field. The global nature of
this field is discussed in 4.4.5.

4.3.3.3 The magnetic dual 11d supergravity Cs-field
Example 4.3.15. For g = sugrag(10, 1) the 11d-supergravity Lie 6-algebra, def. 4.3.12, a g-valued form
A:TX — sugrag(10,1)
consists in addition to the field content of a sugras(10, 1)-connection given in remark 4.3.14 of
e a 6-form Cg € Q3(X) — the dual supergravity C-field.

The identification of this field content is also due to the analysis of [DAFr82].
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4.4 Twisted differential c-structures

The definition of differential cohomology, 2.3.14, is a special case of the definition of twisted cohomology,
2.3.5. It is natural to iterate these constructions and consider twists by differential cohomology classes.
Following [SSS09c¢|, we shall speak of twisted differential c-structures.

These appear in various guises in string theory, which we discuss in

e 4.4.1 — Twisted topological c-structures in String theory.
Below we discuss the following differential refinements and applications.
o 4.4.2 — Twisted differential c;-structures

e 4.4.3 — Twisted differential spin®-structures

4.4.4 — Higher differential spin structures: string and fivebrane structures

4.4.4.1 — Loo-Cech cocycles for differential string structures

4.4.4.2 — The Green-Schwarz mechanism in heterotic supergravity
e 4.4.5 — The supergravity C-field
e 4.4.6 — Differential T-duality

The discussion in this section draws from [FiSaSclI].

Recall the general situation of twisted cohomology from 2.3.5. Here we shall use the following terminology,
to connect to usage in the literature for the classes of examples to follow.

Definition 4.4.1. For c : BG — B™A a characteristic map in a cohesive co-topos H, define for any X € H
the oo-groupoid cStructy (X) to be the oo-pullback

cStrucy, (X) —~— H"(X, A)

| l

H(X,BG) —%= H(X,B"A)

where the vertical morphism on the right is the essentially unique effective epimorphism that picks on point
in every connected component.

Let now H be a cohesive co-topos that canonically contains the circle group A = U(1), such as
SmoothooGrpd and its variants. Then by 3.3.11 the intrinsic differential cohomology with U(1)-coefficients
reproduces traditional ordinary differential cohomology and by 3.3.12 we have models for the co-connection
coefficients BGeonyn- Using this we consider the differential refinement of def. 4.4.1 as follows.

Definition 4.4.2. For ¢ : BG — B"U(1) a characteristic map as above, and for ¢ : BGeonn — B"U(1)conn
a differential refinement, we write €Struce, (X) for the corresponding twisted cohomology, def. 2.3.45,

¢Strucey (X) — Hig(X,U(1)

) i

H(Xv BGconn) Hé H(X; BnU(l)conn)

We say ¢Structy (X) is the co-groupoid of twisted differential c-structures on X.
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4.4.1 Twisted topological c-structures in String theory

We discuss here cohomological conditions arising from anomaly cancellation in String theory, for various
o-models. In each case we introduce a corresponding notion of topological twisted structures and interpret
the anomaly cancellation condition in terms of these. This prepares the ground for the material in the fol-
lowing sections, where the differential refinement of these twisted structures is considered and the differential
anomaly-free field configurations are derived from these.

4.4.1.1 — The type II superstring and twisted Spin®-structures;

4.4.1.2 — The heterotic/type I superstring and twisted String-structures;
e 4.4.1.3 — The M2-brane and twisted String®*-structures;

4.4.1.4 — The NS-5-brane and twisted Fivebrane-structures;

4.4.1.5 — The Mb-brane and twisted Fivebrane?*“??_structures

The content of this section is taken from [SSS09c].

The physics of all the cases we consider involves a manifold X — the target space — or a submanifold
Q@ — X thereof- a D-brane —, equipped with

e two principal bundles with their canonically associated vector bundles:

— a Spin-principal bundle underlying the tangent bundle T'X (and we will write TX also to denote
that Spin-principal bundle),

— and a complex vector bundle £ — X — the “gauge bundle” — associated to a SU(n)-principal
bundle or to an Eg-principal bundle with respect to a unitary representation of Ej;

e and an n-gerbe / circle (n + 1)-bundle with class H"*2(X,Z) — the higher background gauge field —
denoted [H3] or [G4] or similar in the following.

All these structures are equipped with a suitable notion of connetions, locally given by some differential-form
data. The connection on the Spin-bundle encodes the field of gravity, that on the gauge bundle a Yang-Mills
field and that on the n-gerbe a higher analog of the electromagnetic field.

The o-model quantum field theory of a super-brane propagating in such a background (for instance the
superstring, or the super 5-brane) has an effective action functional on its bosonic worldvolume fields that
takes values, in general, in the fibers of the Pfaffian line bundle of a worldvolume Dirac operator, tensored
with a line bundle that remembers the electric and magnetic charges of the higher gauge field. Only if this
tensor product anomaly line bundle is trivializable is the effective bosonic action a well-defined starting point
for quantization of the o-model. Therefore the Chern-class of this line bundle over the bosonic configuration
space is called the global anomaly of the system. Conditions on the background gauge fields that ensure
that this class vanishes are called global anomaly cancellation conditions. These turn out to be conditions
on cohomology classes that are characteristic of the above background fields. This is what we discuss now.

But moreover, the anomaly line bundle is canonicaly equipped with a connection, induced from the
connections of the background gauge fields, hence induced from their differential cohomology data. The
curvature 2-form of this connection over the bosonic configuration space is called the local anomaly of
the o-model. Conditions on the differential data of the background gauge field that canonically induce a
trivialization of this 2-fom are called local anomaly cancellation conditions. These we consider below in
section 4.4.4.

The phenomenon of anomaly line bundles of o-models induced from background field differential coho-
mology is classical in the physics literature, if only in broad terms. A clear exposition is in [Free00]. Only
recently the special case of the heterotic string o-model for trivial background gauge bundle has been made
fully precise in [Bunk09], using a certain model [Wald09] for the differential string structures that we discuss
in section 4.4.4.
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4.4.1.1 The type II superstring and twisted Spin°-structures The open type II string propagating
on a Spin-manifold X in the presence of a background B-field with class [H3] € H3(X,Z) and with endpoints
fixed on a D-brane given by an oriented submanifold ¢ <— X, has a global worldsheet anomaly that vanishes
if [FrWi] and only if [EvSa06] the condition

(Ws(Q)] + [Hsllo =0 € HQ:Z) (4.4)

holds. Here [W35(Q)] is the third integral Stiefel-Whitney class of the tangent bundle T'Q) of the brane and
[H3]q denotes the restriction of [H3] to Q.

Notice that [W3(Q)] is the obstruction to lifting the orientation structure on @) to a Spin®-structure. More
precisely, in terms of homotopy theory this is formulated as follows, 4.2.1. There is a homotopy pullback
diagram

BSpin® —— *

]

BSO — . B2y (1)

of topological spaces, where BSO is the classifying space of the special orthogonal group, where B2U (1) ~
K(Z,3) is homotopy equivalent to the Eilenberg-MacLane space that classifies degree-3 integral cohomology,
and where the continuous map denoted W3 is a representative of the universal class [W3] under this classifica-
tion. This homotopy pullback exhibits the classifying space of the group Spin© as the homotopy fiber of Ws.
The universal property of the homotopy pullback says that the space of continuous maps Q — BSpin® is the
same (is homotopy equivalent to) the space of maps og : Q@ — BSO that are equipped with a homotopy from

the composite @ — 2 BSOW; — B3U(1) to the trivial cocycle Q — x — B3U(1). In other words, for
every choice of homotopy filling the outer diagram of

N
BSpin® *
oQ \L \L
BSO — 2. B2y (1)

there is a contractible space of choices for the dashed arrow such that everything commutes up to homotopy.
Since a choice of map og : Q@ — BSO is an orienation structure on @, and a choice of map @ — BSpin®
is a Spin“-structure, this implies that [W5(og)] is the obstruction to the existence of a Spin“structure on @
(equipped with og.

Moreover, since @ is a manifold, the functor Maps(@, —) that forms mapping spaces out of () preserves
homotopy pullbacks. Since Maps(Q, BSO) is the space of orientation structures, we can refine the discussion
so far by noticing that the space of Spin®-structures on Q, Maps(Q, BSpin®), is itself the homotopy pullback
in the diagram

Maps(Q, BSpin©) *

| e

Maps(Q, BSO) — 2L \aps(Q, B2U(1))

A variant of this characterization will be crucial for the definition of (spaces of) twisted such structures
below.

These kinds of arguments, even though elementary in homotopy theory, are of importance for the inter-
pretation of anomaly cancellation conditions that we consider here. Variants of these arguments (first for
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other topological structures, then with twists, then refined to smooth and differential structures) will appear
over and over again in our discussion

So in the case that the class of the B-field vanishes on the D-brane, [H3]|g = 0, hence that its represen-
tative Hs : Q — K(Z,3) factors through the point, up to homotopy, condition (4.4) states that the oriented
D-brane @ must admit a Spin®-structure, namely a choice of null-homotopy 7 in

Q e BSO
" lwg, . (4.7)
Hg|g=~x*
K(Z,3)

(Beware that there are such homotopies filling all our diagrams, but only in some cases, such as here, do we
want to make them explicit and given them a name.) If, generally, [Hs]o does not necessarily vanish, then
condition (4.4) still is equivalent to the existence of a homotopy 7 in a diagram of the above form:

Q oe BSO
o~ Z lws . (48)
K(Z,3)

We may think of this as saying that 7 still “trivializes” W3(0g), but not with respect to the canonical
trivial cocycle, but with respect to the given reference background cocycle Hs|g of the B-field. Accordingly,
following [Wa08], we may say that such an n exhibits not a Spin“structure on @, but an [Hs)g-twisted
Spin®-structure.

For this notion to be useful, we need to say what what an equivalence or homotopy between two twisted
Spin“-structures is, what a homotopy between such homotopies is, etc., hence what the space of twisted
Spin‘-structures is. But by generalization of (4.6) we naturally have such a space.

Definition 4.4.3. For X a manifold and [c] € H3(X,Z) a degree-3 cohomology class, we say that the space
W3Struc(Q)q defined as the homotopy pullback

W3Struc(Q)[Hs]|Q |

i l , (4.9)

Maps(Q, BSO) Maps(Q, B*U(1))

Maps(Q,Ws)
—_—

is the space of [c]-twisted Spin°®-structures on X, where the right vertical morphism picks any representative
c: X = B2U(1) ~ K(Z,3) of [c].

In terms of this notion, the anomaly cancellation condition (4.4) is now read as being a requirement of
existence of structure:

Observation 4.4.4. On an oriented manifold @, condition (4.4) implies the existence of [Hs]|q-twisted
Wis-structure, provided by a lift of the orientation structure og on T'Q) through the left vertical morphism in
def. 4.9.

This makes good sense, because that extra structure is the extra structure of the background field of the
o-model background, subjected to the condition of anomaly freedom. This we will see in more detail in the
following examples, and then in section 4.4.4.
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4.4.1.2 The heterotic/type I superstring and twisted String-structures The heterotic/type I
string, propagating on a Spin-manifold X and coupled to a gauge field given by a Hermitean complex vector
bundle £ — X, has a global anomaly that vanishes if the Green-Schwarz anomaly cancellation condition

[GrSc]

%pl(TX) —cho(E) =0 € HY(X;Z). (4.10)

holds. Here %pl(TX) is the first fractional Pontryagin class of the Spin-bundle, and chy(E) is the second
Chern-class of E.

As before, this means that at the level of cocycles a certain homotopy exists. Here it is this homotopy
which is the representative of the B-field that the string couples to.

In detail, write %pl : BSpin — B3U(1) for a representative of the universal first fractional Pontryagin
class, prop. 4.1.5, and similarly chy : BSU — B3U(1) for a representative of the universal second Chern
class, where now B3U(1) ~ K(Z,4) is equivalent to the Eilenberg-MacLane space that classifies degree-4
integral cohomology. Then if TX : X — BSpin is a classifying map of the Spin-bundle and E : X — BSU
one of the gauge bundle, the anomaly cancellation condition above says that there is a homotopy, denoted
Hj, in the diagram

X —% -~ BsU
TX\L % lcm : (4.11)
BSpin — B3U(1)
3P1

Notice that if both %pl (T'X) as well as cho(E) happen to be trivial, such a homotopy is equivalently a map
Hsz: X — QB3U(1) ~ B2U(1). So in this special case the B-field in the background of the heterotic string
is a U(1)-gerbe, a circle 2-bundle, as in the previous case of the type II string in section 4.4.1.1. Generally,
the homotopy Hjs in the above diagram exhibits the B-field as a twisted gerbe, whose twist is the difference
class [1p1(TX)] — [cho(E)]. This is essentially the perspective adopted in [Free00].

For the general discussion of interest here it is useful to slightly shift the perspective on the twist. Recall
that a String structure, 4.1.3, on the Spin bundle TX : X — BSpin is a homotopy filling the outer square of

BString ——— x

|,

BSpin —— B3U(1)

or, which is equivalent by the universal property of homotopy pullbacks, a choice of dashed morphism filling
the interior of this square, as indicated.

Therefore, now by analogy with (4.8), we say that a [cho(E)|-twisted string structure is a choice of
homotopy Hs filling the diagram (4.11).

This notion of twisted string structures was originally suggested in [Wa08]. For it to be useful, we need
to say what homotopies of twisted String-structures are, homotopies between these, etc. Hence we need to
say what the space of twisted String-structures is. This is what the following definition provides, analogous
to 4.9.

Definition 4.4.5. For X a manifold, and for [¢] € H*(X,Z) a degree-4 cohomology class, we say that the
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space of c-twisted String-structures on X is the homotopy pullback %plstruc[c} (X) in

%pl Strucg (X) % ,

i lc
Maps(X,5p1)

Maps(X, BSpin) —————— Maps(X, B3U (1))

where the right vertical morphism picks a representative ¢ of [c].
In terms of this then, we find

Observation 4.4.6. The anomaly cancellation condition (4.10) is, for a fixed gauge bundle E, precisely the
condition that ensures a lift of the given Spin-structure to a [cha(E)]-twisted String-structure on X, through
the left vertical morphism of def. 4.4.5.

Of course the full background field content involves more than just this topological data, it also consists
of local differential form data, such as a 1-form connection on the bundles E and on T'X and a connection
2-form on the 2-bundle H3. Below in section 4.4.4 we identify this differential anomaly-free field content
with a differential twisted String-structure.

4.4.1.3 The M2-brane and twisted String?*-structures The string theory backgrounds discussed
above have lifts to 11-dimensional supergravity/M-theory, where the bosonic background field content con-
sists of just the Spin-bundle T'X as well as the C-field, which has underlying it a 2-gerbe — or circle 3-bundle
— with class [G4] € H*(X,Z). The M2-brane that couples to these background fields has an anomaly that
vanishes [Wi97a] if

2(G4] = [5m(TX)] ~20a(E)] € HY(X.Z), (4.12)

where £ — X is an auxiliary Fg-principal bundle, whose class is defined by this condition.

Since Ejg is 15-coskeletal, this condition is equivalent to demanding that [$p1(TX)] € H*(X,Z) is further
divisible by 2. In the absence of smooth or differential structure, one could therefore replace the Eg-bundle
here by a circle 2-gerbe, hence by a B2U(1)-principal bundle, and replace condition (4.12) by

2] = [y (TX)] — 2[DDy]

where [DDs] is the canonical 4-class of this 2-gerbe (the “second Dixmier-Douady class”). While topologically
this condition is equivalent, over an 11-dimensional X, to (4.12), the spaces of solutions of smooth refinements
of these two conditions will differ, because the space of smooth gauge transformations between Eg bundles
is quite different from that of smooth gauge transformations between circle 2-bundles. In the Hotava-
Witten reduction [HoWi96] of the 11-dimensional theory down to the heterotic string in 10 dimensions, this
difference is supposed to be relevant, since the heterotic string in 10 dimensions sees the smooth E3-bundle
with connection.

In either case, we can understand the situation as a refinement of that described by (twisted) String-
structures via a higher analogue of the passage from Spin-structures to Spin®-structures. To that end recall
prop. 4.2.3, which provides an alternative perspective on (4.5).

Due to the universal property of the homotopy pullback, this says, in particular, that a lift from an
orientation structure to a Spin®-structure is a cancelling by a Chern-class of the class obstructing a Spin-
structure. In this way lifts from orientation structures to Spin‘-structures are analogous to the divisibility
condition (4.12), since in both cases the obstruction to a further lift through the Whitehead tower of the
orthogonal group is absorbed by a universal “unitary” class.

In order to formalize this we make the following definition.
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Definition 4.4.7. For G some topological group, and ¢ : BG — K(Z,4) a universal 4-class, we say that
String® is the loop group of the homotopy pullback

BString® BG
l . 3p i
BSpin B3U(1)

of ¢ along the first fractional Pontryagin class.

For instance for ¢ = DD, we have that a Spin-structure lifts to a String?P2-structure precisely if %pl

is further divisible by 2. Similarly, with a : BEg — B3U(1) the canonical universal 4-class on Eg-bundles
and X a manifold of dimension dimX < 14 we have that a Spin-structure on X lifts to a String®*-structure
precisely if %pl is further divisible by 2.

BString*® —— BEg . (4.13)
Ve 7 \L %pl \L
s 2a
- g lPl
X BSpin —— B3U(1)

Using this we can now reformulate the anomaly cancellation condition (4.12) as follows.

Definition 4.4.8. For X amanifold and for ] € H*(X, Z) a cohomology class, the space (p1—2a)Struc (X)
of [c]-twisted String®*-structures on X is the homotopy pullback

(%pl — 2a)Strucy (X) *

| l

Maps(X, BSpin x Eg) Maps(X, B3U(1))

%Pl*Qa

where the right vertical map picks a cocycle ¢ representing the class [c].
In terms of this definition, we have

Observation 4.4.9. Condition (4.12) is precisely the conditon guaranteeing a lift of the given Spin- and
the given Eg-principal bundle to a [G4]-twisted String®®-structure along the left vertical map from def. 4.4.8.

There is a further variation of this situation, that is of interest. In the Hofava-Witten reduction of this
situation in 11 dimensions down to the sitation of the heterotic string in 10 dimensions, X has a boundary,
Q@ := 0X — X, and there is a boundary condition on the C-field, saying that the restriction of its 4-class to
the boundary has to vanish,

[Gallg = 0.

This implies that over @ the anomaly-cancellation conditon (4.12) becomes

1 4

571 (TX g = 2a(B)lle € HY(Q.7).

This means that over the boundary @ the structure of an anomaly-free field configuration of a background
for the M2-brane precisely guarantees a lift of the given Spin-structure not to a String-structure, but to a
String®*-structure. Equivalently, from the previous perspective, these are the [2a)-twisted String-structures
of the Green-Schwarz-anomaly cancellation of section 4.4.1.2. To make this relation precise, notice the
following.
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Proposition 4.4.10. For E — X a fixed Eg-bundle, we have an equivalence
. 9g 1
Maps(X, BString®®)|g ~ (ipl)StruC(X)[ga(E)]

between, on the right, the space of [2a(E)]-twisted String-structures from def. 4.4.5, and, on the left, the space
of String®* -structures with fized class 2a, hence the homotopy pullback Maps(X, BString®®) X Maps(X,BEs) 1}

Proof. Consider the diagram

Maps(X, String®®)| g *

| LE

Maps(X, String®®) Maps(X, BEjg)

|

Maps(X, BSpin)

\LMaps(X,Za)

Maps(X,2
PP Maps(X, B3U(1)

The top square is a homotopy pullback by definition. Since Maps(X, —) preserves homotopy pullbacks (for X
a manifold, hence a CW-complex), the bottom square is a homotopy pullback by definition 4.4.7. Therefore,

by the pasting law, also the total rectangle is a homotopy pullback. With def. 4.4.5 this implies the claim.
O

4.4.1.4 The NS-5-brane and twisted Fivebrane-structures The magnetic dual of the (heterotic)
string is the NS-5-brane. Where the string is electrically charged under the Bs-field with class [H3] €
H3(X,7Z), the NS-5-brane is electrically charged under the Bg-field with class [H7] € H(X,Z) [1]. In the
presence of a String-structure, hence when [%pl (T'X)] = 0, the anomaly of the 5-brane o-model vanishes
[SaSe85] [GaNig85] if the background fields satisfy

(52 (TX)) = 8lch(B)] € H¥(X,2), (4.14)

where %pg (T'X) is the second fractional Pontryagin class of the String-bundle TX.
It is clear now that a discussion entirely analogous to that of section 4.4.1.2 applies. For the untwisted
case the following terminology was introduced in [SSS09b].

Definition 4.4.11. Write Fivebrane for the loop group of the homotopy fiber BFivebrane of a representative
%pg of the universal second fractional Pontryagin class

BFivebrane ——— x
l %Pz l
BString ——— B"U(1)
In direct analogy with def. 4.4.5 we therefore have the following notion.

Definition 4.4.12. For X a manifold and [c] € H®(X,Z) a class, we say that the space of [c]-twisted
Fivebrane-structures on X, denoted (%pg)Struc[c] (X), is the homotopy pullback

(%pg)Struc[c] (X) *

J/ . Maps(X,%pg) -
Maps(X, BString) ——— > Maps(X, B'U(1))
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In terms of this we have

Observation 4.4.13. For X a manifold with String-structure and with a background gauge bundle £ — X
fixed, condition (4.14) is precisely the condition for the existence of [8 ch(F)]-twisted Fivebrane-structure on
X.

4.4.1.5 The M5-brane and twisted Fivebrane?*“?-structures The magnetic dual of the M2-brane
is the M5-brane. Where the M2-brane is electrically charged under the Cs-field with class [G4] € H*(X, Z),
the M5-brane is electrically charged under the dual Cg-field with class [Gs] € H¥(X, Z).

If X admits a String-structure, then one finds a relation for the background fields analogous to (4.12)

which reads 1
8[Gs] = 4[a(E)] U [a(E)] - [cp2(TX)].- (4.15)

The Fivebrane-analog of Spin® is then the following.

Definition 4.4.14. For G a topological group and [¢] € H8(X,Z) a universal 8-class, we say that Fivebrane®
is the loop group of the homotopy pullback

BFivebrane® BG
éPQ J/
BString ——— B3U(1)

In analogy with def. 4.4.8 we have a notion of twisted Fivebrane®-structures.

Definition 4.4.15. For X a manifold and for [¢] € H8(X,Z) a cohomology class, the space (%pg —2a U
2a)Strucyg (X) of [c]-twisted Fivebrane?*“?*_structures on X is the homotopy pullback

(&p2 — 2a U 2a)Strucy (X) *

l ‘ 7

. %p272au2a
Maps(X, BString x Eg) Maps(X, B'U(1))

where the right vertical map picks a cocycle ¢ representing the class [c].
In terms of these notions we thus see that

Observation 4.4.16. Over a manifold X with String-structure and with a fixed gauge bundle E, condition
(4.15) is precisely the condition that guarantees existence of a lift to [8Gg]-twisted Fivebrane®*”**-structure
through the left vertical morphism in def. 4.4.15.

4.4.2 Twisted differential c;-structures

We discuss the differential refinement ¢; of the universal first Chern class, indicated before in 1.3.6.1. The
corresponding ¢;-structures are simply SU(n)-principal connections, but the derivation of this fact may be
an instructive warmup for the examples to follow.

For any n € N, let ¢; : BU(n) — BU(1) in H = SmoothooGrpd be the canonical representative
of the universal smooth first Chern class, described in 1.3.64. In terms of the standard presentations
BU(n)w, BU(1)e, € [CartSp®P,sSet] of its domain and codomain from prop. 3.3.19 this is given by the
determinant function, which over any U € CartSp sends

det : C=(U,U(n)) — C=(U,U(1)).

281



Write BU (n)conn for the differential refinement from prop. 1.3.36. Over a test space U € CartSp the set of
objects is the set of u(n)-valued differential forms

BU (1) conn (U)o = Q' (U, u(n))

and the set of morphisms is that of smooth U(n)-valued differential forms, acting by gauge transformations
on the u(n)-valued 1-forms

BU (1) conn (U)1 = QY(U,u(n)) x C=(U,U(n)).
Proposition 4.4.17. The smooth universal first Chern class has a differential refinement
¢1: BU(n)conn — BU(1)conn
given on w(n)-valued 1-forms by taking the trace
tr:u(n) = u(l).
The existence of this refinement allows us to consider differential and twisted differential ¢;-structures.

Lemma 4.4.18. There is an oo-pullback diagram

BSU(n)conn — > %

| |

BU(n)conn - BU(l)conn

in SmoothooGrpd.

Proof. We use the factorization lemma, 1.3.31, to resolve the right vertical morphism by a fibration
EU(]-)conn — BU(]-)conn

in [CartSp°P, sSet]proj. This gives that an object in EU(1)conn Over some test space U is a morphism of the

form 0 —% g~ tdyg for g € C°(U,U(1)), and a morphism in EU(1)¢onn is given by a commuting diagram

0
EU(l)conn = % X 5
h

gfldUgl - grjldng

where on the right we have h € C*°(U,U(1)) such that hg; = g2. The morphism to BU(1)conn is given by
the evident projection onto the lower horizontal part of these triangles.

Then the ordinary 1-categorical pullback of EU(1)¢onn along €; yields the smooth groupoid ¢1*EU(1)conn
given over any test space U as follows.

e objects are pairs consisting of a u(n)-valued 1-form A € QY(U,u(n)) and a smooth function p €
C>(U,U(1)) such that
trdA = p~tdp;

e morphisms ¢ : (A1,p1) — (As,p2) are labeled by a smooth function g € C°°(U,U(n)) such that
Ay =g (A1 +du)g.
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Therefore there is a canonical functor
BSU(n)conn — €1 "EU (1) conn

induced from the defining inclusion SU(n) — U(n), which hits precisely the objects for which p is the con-
stant function on 1 € U(1) and which is a bijection to the morphisms between these objects, hence is full and
faithful. The functor is also essentially surjective, since every 1-form of the form h~'dh is gauge equivalent to
the identically vanishing 1-form. Therefore it is a weak equivalence in [CartSp°?, sSet],ro5. By prop. 2.1.52
this proves the claim. O

Proposition 4.4.19. For X a smooth manifold, we have an oco-pullback of smooth groupoids

SU(n)Bundg (X) ———— =«

L

C1

U(n)Bundy (X) —— U(1)Bundy (X)

Proof. This follows from lemma 4.4.18 and the facts that for a Lie group G we have H(X, BGconn) =~
GBundy (X) and that the hom-functor H(X, —) preserves co-pullbacks. O

4.4.3 Twisted differential spin®-structures

As opposed to the Spin-group, which is a Zs-extension of the special orthogonal group, the Spin®-group,
def. 4.2.2, is a U(1)-extension of SO. This means that twisted Spin°-structures have interesting smooth
refinements. These we discuss here.

Two standard properties of Spin® are the following (see [LaMi89)]).

Observation 4.4.20. There is a short exact sequence
U(1) — Spin® — SO
of Lie groups, where the first morphism is the canonical inclusion.
Proposition 4.4.21. There is a fiber sequence
BSpin‘(n) — BSO(n) 8 K(Z,3)
of classifying spaces in Top, where W3 is a representative of the universal third integral Stiefel-Whitney class.

Here Wj is a classical definition, but, as we will show below, the reader can think of it as being defined
as the geometric realization of the smooth characteristic class W3 from example 1.3.70. Before turning to
that, we record the notion of twisted structure induced by this fact:

Definition 4.4.22. For X an oriented manifold of dimension n, a Spin®-structure on X is a trivialization
n:x = Ws(ox),
where ox : X — BSO is the given orientation structure.

Observation 4.4.23. This is equivalently a lift 6x of ox:

BSpin© .

ox .7
7
7

X/T>BSO
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Proof. By prop. 4.4.21 and the univsersal property of the homotopy pullback:

O
From the general reasoning of twisted cohomology, def. 2.3.45, in the language of twisted c-structures, def.
4.4.1, we are therefore led to consider the following.

Definition 4.4.24. The oo-groupoid of twisted spin®-structures on X is WsStrucey (X).

Remark 4.4.25. It follows from the definition that twisted spin®-structures over an orientation structure
ox, def. 4.1.2; are naturally identified with equivalences (homotopies)

n:e= Wslox),
where ¢ € coGrpd(X, B2U(1)) is a given twisting cocycle.

In this form twisted spin®-structures have been considered in [Do06] and in [Wa08]. We now establish a
smooth refinement of this situation.

Observation 4.4.26. There is an essentially unique lift in SmoothooGrpd of W3 through the geometric
realization .
| — | : SmoothooGrpd — coGrpd = Top

(discussed in 3.3.3) of the form
W3 : BSO — B2U(1),

where BSO is the delooping of the Lie group SO in SmoothooGrpd and B2U(1) that of the smooth circle
2-group, as in 3.3.2.

Proof. This is a special case of theorem 3.3.28. ]

Theorem 4.4.27. In SmoothooGrpd we have a fiber sequence of the form
BSpin® — BSO % B2U/(1),
which refines the sequence of prop. 4.4.21.

We consider first a lemma.

Lemma 4.4.28. A presentation of the essentially unique smooth lift of W3 from observation 4.4.26, is given
by the morphism of simplicial presheaves

W, : BSOw ¥2 B2Z, 22 B2U(1)

where the first morphism is that of example 1.53.68 and where the second morphism is the one induced from
the canonical subgroup embedding.
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Proof. The bare Bockstein homomorphism is presented, by example 1.3.69, by the co-anafunctor

B%(Z 3 7) —>BX(Z - 1) ——=B3Z .
B2Z,
Accordingly we need to consider the lift of the the morphism
B, : B*Zy — B2U(1)

induced form subgroup inclusion to to a comparable oco-anafunctor. This is accomplished by

B2z 37) 2Bz 3 R) .
2J/ B2 2J(
B2Z, B2U/(1)

Since R is contractible, we have indeed under geometric realization, 3.2.2, an equivalence

B2z 3 7)| 2L B2z 3R,

IB2(Z 3 7)| — |B2(Z — 1)|
B2 — " B
where |33 is the geometric realization of 35, according to definition 3.2.17.

Proof of theorem 4.4.27. Consider the pasting diagram in SmoothocoGrpd

BSpin® —— BU(1) *

i cy rn‘od 2 l
v

BSpin 2 > B2Z, — %~ B2U(1)

The square on the right is an oo-pullback by prop. 3.3.33. The square on the left is an co-pullback by
proposition 4.2.3. Therefore by the pasting law 2.1.26 the total outer rectanle is an co-pullback. By lemma
4.4.28 the composite bottom morphism is indeed the smooth lift W3 from observation 4.4.26. ]
Therefore we are entitled to the following smooth refinement of def. 4.4.24.

Remark 4.4.29. BSpin® is the moduli stack of Spin® structures, or Spin® bundles.

Definition 4.4.30. For any X € SmoothooGrpd, the 1-groupoid of smooth twisted spin®-structures WStrucy (X)
is the homotopy pullback

WStrucey (X) H3(X,7Z)

| |

SmoothooGrpd (X, BSO) W SmoothooGrpd(X, B2U (1))
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We briefly discuss an application of smooth twisted spin®-structures in physics.

Remark 4.4.31. The action functional of the o-model of the open type II superstring on a 10-dimensional
target X has in general an anomaly, in that it is not a function, but just a section of a possibly non-trivial
line bundle over the bosonic configuration space. In [FrWi] it was shown that in the case that the D-branes
@ — X that the open string ends on carry a rank-1 Chan-Paton bundle, this anomaly vanishes precisely
if this Chan-Paton bundle is a twisted line bundle exhibiting an equivalence W3(og) ~ H|g between the
lifting gerbe of the spin®-structure and the restriction of the background Kalb-Ramond 2-bundle to Q. By the
above discussion we see that this is precisely the datum of a smooth twisted spin®-structure on @, where the
Kalb-Ramond field serves as the twist. Below in 4.4.4.2 we shall see that the quantum anomaly cancellation

for the closed heterotic superstring is analogously given by twisted string-structures, which follow the same
general pattern of twisted c-structures, but in one degree higher.

But in general this quantum anomaly cancellation involves twists mediated by a higher rank twisted
bundle. This situation we turn to now.

Definition 4.4.32. For X equipped with orientation structure ox, def. 4.1.2, and ¢ € H(X,B2U(1)) a
twisting circle 2-bundle, we say that the 2-groupoid of weakly c-twisted spin®-structures on X is (Ws(ox)—c)-
twisted cohomology with respect to the morphism ¢ : BPU — B2U(1) discussed in 3.3.6.

Remark 4.4.33. By the discussion in 3.3.6 in weakly twisted spin®-structure the two cocycles W3(ox) and
c are not equivalent, but their difference is an n-torsion class (for some n) in H3(X,Z) which twists a unitary
rank-n vector bundle on X

By a refinement of the discussion of [FrWi] in [Ka99] this structure is precisely what removes the quantum
anomaly from the action functional of the type II superstring on oriented D-branes that carry a rank n Chan-
Paton bundle. A review is in [La09].

4.4.4 Twisted differential string structures

We consider now the obstruction theory for lifts through the smooth and differential refinement, from 4.1,
of the Whitehead tower of O.

Definition 4.4.34. For X a Riemannian manifold, equipping it with
1. orientation
2. topological spin structure
3. topological string structure
4. topological fivebrane structure

means equipping it with choices of (homotopy classes of) lifts of the classifying map TX : X — BO of its
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tangent bundle through the respective steps of the Whitehead tower of BO

BFivebrane fivebrane structure
A
/
/
/BString string structure
g
/oy
/o
/ // BSpin spin structure
/ A
/ /
/ // /
r, // BSO orientation
1y p 7
lry .~
. -
TX . .
X BO Riemannian structure

More in detail:

1. The set (homotopy 0-type) of orientations of a Riemannian manifold is the homotopy fiber of the first
Stiefel-Whitney class
(w1)s : Top(X, BO) — Top(X, BZs) .

2. The groupoid (homotopy 1-type) of topological spin structures of an oriented manifold is the homotopy
fiber of the second Stiefel-Whitney class

(w2)« : Top(X, BSO) — Top(X, B*Z,).

3. The 3-groupoid (homotopy 3-type) of topological string structures of a spin manifold is the homotopy
fiber of the first fractional Pontryagin class

1
(ipl)* : Top(X, BSpin) — Top(X, B*Z),

4. The 7-groupoid (homotopy 7-type) of topological fivebrane structures of a string manifold is the ho-
motopy fiber of the second fractional Pontryagin class

1
—p2)s : Top(X, BString) — Top(X, B%Z) ,
6

See [SSS09b] for background and the notion of fivebrane structure. Using the results of 4.1 we may lift
this setup from discrete co-groupoids to smooth oo-groupoids and discuss the twisted cohomology, 2.3.5,
relative to the smooth fractional Pontryagin classes 1p; and $ps and their differential refinements 1p; and
b2
Definition 4.4.35. Let X € SmoothooGrpd be any object.

1. The 2-groupoid of smooth string structures on X is the homotopy fiber of the lift of the first fractional
Pontryagin class %pl to SmoothooGrpd, prop. 4.1.9:

(1

String(X) — SmoothooGrpd(X, BSpin) 2By SmoothooGrpd(X, B*U (1)) .

2. The 6-groupoid of smooth fivebrane stuctures on X is the homotopy fiber of the lift of the second
fractional Pontryagin class %pg to SmoothooGrpd, prop. 4.1.32:

ip,
Fivebrane(X) — SmoothocoGrpd (X, BString) (B2) SmoothooGrpd(X, B7U(1)) .
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More generally,

1. The 2-groupoid of smooth twisted string sructures on X is the oo-pullback

String,, (X) = H3, oo (X, U(1))

smooth
\L (%Pl) l

SmoothooGrpd(X, BSpin)[r] —— SmoothooGrpd (X, B2U (1))

in coGrpd.

2. The 6-groupoid of smooth twisted fivebrane stuctures on X is the co-pullback

Fivebrane, (X) al HT (X, U(1)
SmoothooGrpd (X, BString)[r] (ELQL SmoothooGrpd (X, B7U(1))

in coGrpd.
Finally, with p; and {p» the differential characteristic classes, 2.3.15, we set

1. The 2-groupoid of smooth twisted differential string sructures on X is the oo-pullback

String,, 4 (X) = Hii(X)

l (3P1) \L

SmoothooGrpd (X, BSpin r] —— SmoothooGrpd(X, B3U (1) conn)

conn)[
in coGrpd.

2. The 6-groupoid of smooth twisted differential fivebrane stuctures on X is the oo-pullback

Fivebraney qif (X) o Hgiff(X)

| |

6

SmoothooGrpd (X, BString,,,,,) (&P2) SmoothooGrpd (X, B7U(1)conn)

in coGrpd.

The image of a twisted (differential) String/Fivebrane structure under tw is its twist. The restriction to twists
whose underlying class vanishes we also call geometric string structures and geometric fivebrane structures.

Observation 4.4.36. 1. These oco-pullbacks are, up to equivalence, independent of the choise of the right
vertical morphism, as long as this hits precisely one cocycle in each cohomology class.

2. The restriction of the n-groupoids of twisted structures to vanishing twist reproduces the untwisted
structures.

The local L.-algebra valued form data of differential twisted string- and fivebrane structures has been
considered in [SSS09c|, as we explain in 4.4.4.1. Differential string structures for twists with underlying
trivial class (geometric string structures) have been considered in [Wald09] modeled on bundle 2-gerbes.

We have the following immediate consequences of the definition:
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Observation 4.4.37. The spaces of choices of string structures extending a given spin structure S are as
follows

e if [1p1(S)] # 0 it is empty: Stringg(X) ~ 0;
e if [1p1(S5)] = 0 it is Stringg(X) ~ H(X,B2U(1)).
In particular the set of equivalence classes of string structures lifting .S is the cohomology set
moStringg(X) = HEoom (X, B2U(1)).
If X is a smooth manifold, then this is ~ H3(X,Z).

Proof. Apply the pasting law for co-pullbacks, prop. 2.1.26 on the diagram

String¢(X) —— String(X) *

| | |

« —— % (X, BSpin(n)) ——= H(X, B3U(1))

The outer diagram defines the loop space object of H(X,B3U(1)). Since H(X, —) commutes with forming
loop space objects we have

Stringg(X) ~ QH(X,B*U(1)) ~ H(X,B?U(1)).

|
Sometimes it is useful to express string structures on X in terms of circle 2-bundles/bundle gerbes on the
total space of the given spin bundle P — X [Redd06]:

Proposition 4.4.38. A smooth string structure on X over a smooth Spin-principal bundle P — X induces
a circle 2-bundle P on P which restricted to any fiber P, ~ Spin is equivalent to the String 2-group extensin
String — Spin.

Proof. By prop. 2.3.44. O

4.4.4.1 L..-Cech cocycles for differential string structures We use the presentation of the co-topos
SmoothooGrpd by the local model structure on simplicial presheaves [CartSp2h .. sSet]projloc t0 give an
explicit construction of twisted differential string structures in terms of Cech-cocycles with coefficients in
L.-algebra valued differential forms. We will find a twisted version of the string-2-connections discussed
above in 1.3.5.7.2.

We need the following fact from [FSS10].

op
smooth?

Proposition 4.4.39. The differential fractional Pontryagin class %f)l is presented in [CartSp
by the top morphism of simplicial presheaves in

sSet]proj

exp(p,cs)
cosks exp(§0)chw smp —> B*R/Zcnw smp -

| |

cosks eXp(ﬁU)diff,smzxp(%CS) B°R/Zsmp

lN

BSpin,,
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Here the middle morphism is the direct Lie integration of the L..-algebra cocycle, 3.3.9, while the top
morphisms is its restriction to coefficients for co-connections, 3.3.12.

In order to compute the homotopy fibers of %f)l we now find a resolution of this morphism exp(u, cs) by
a fibration in [CartSpo? sSet]proj. By the fact that this is a simplicial model category then also the hom

smooth’
of any cofibrant object into this morphism, computing the cocycle co-groupoids, is a fibration, and therefore,

by the general natur of homotopy pullbacks, we obtain the homotopy fibers as the ordinary fibers of this
fibration.

We start by considering such a factorization before differential refinement, on the underlying characteristic
class exp(u). To that end, we replace the Lie algebra g = so by an equivalent but bigger Lie 3-algebra
(following [SSS09c]). We need the following notation:

e g = s0, the special orthogonal Lie algebra (the Lie algebra of the spin group);

e b’R, the line Lie 3-algebra, def. 3.3.50, the single generator in degee 3 of its Chevalley-Eilenberg algebra
we denote ¢ € CE(b’R), dc = 0.

o (—,—) € W(g) is the Killing form invariant polynomial, regarded as an element of the Weil algebra of

o 1 :=(—,[—,—]) € CE(g), the degree 3 Lie algebra cocycle, identified with a morphism
CE(g) + CE(0®R) : pu

of Chevalley-Eilenberg algebras; and normalized such that its continuation to a 3-form on Spin is the
image in de Rham cohomology of Spin of a generator of H?(Spin,Z) ~ 7Z;

e cs € W(g) is a Chern-Simons element, def. 3.3.101, interpolating between the two;
e g,, the string Lie 2-algebra, def. 4.1.15.
Definition 4.4.40. Let (bR — g,,) denote the L.-algebra whose Chevalley-Eilenberg algebra is
CE(bR — g,) = (A\*(g" & (b) @ (), d),

with b a generator in degree 2, and ¢ a generator in degree 3, and with differential defined on generators by

dg* :[_’_]*
db=—u+c.
dce=0

Observation 4.4.41. The 3-cocycle CE(g) £ CE(b?R) factors as

(e~ p,b—0)

CE(g) CE(R — g) < CE(CE(W®R) : 4,
where the morphism on the left (which is the identity when restricted to g* and acts on the new generators

as indicated) is a quasi-isomorphism.

Proof. To see that we have a quasi-isomorphism, notice that the dg-algebra is somorphic to the one with
generators {t% b, ¢’} and differentials

d g* = [_7_]*
db=¢ ,
dd =0

where the isomorphism is given by the identity on the ¢*s and on b and by

c—cd +u.
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The primed dg-algebra is the tensor product CE(g) ® CE(inn(bR)), where the second factor is manifestly
cohomologically trivial. O
The point of introducing the resolution (bR — g,) in the above way is that it naturally supports the
obstruction theory of lifts from g-connections to string Lie 2-algebra 2-connections

Observation 4.4.42. The defining projection g, — g factors through the above quasi-isomorphism (bR —
g,) — g by the canonical inclusion
g — (bR — gu),

which dually on CFE-algebras is given by
e — t®

b— —b
c— 0.

In total we are looking at a convenient presentation of the long fiber sequence of the string Lie 2-algebra
extension:
(bR — g,) — b’R .

S

bR 9 g

(The signs appearing here are just unimportant convention made in order for some of the formulas below to
come out nice.)

Proposition 4.4.43. The image under Lie integration of the above factorization is
exp(u) : cosksexp(g) — cosksexp(bR — g,,) — B°R/Z,

where the first morphism is a weak equivalence followed by a fibration in the model structure on simplicial

presheaves [CartSpe> . sSet]proj.-

Proof. To see that the left morphism is objectwise a weak homotopy equivalence, notice that a [k]-cell
of exp(bR — g,,) is identified with a pair consisting of a based smooth function f : A* — Spin and a vertical
2-form B € Q2 . (U x A¥), (both suitably with sitting instants perpendicular to the boundary of the
simplex). Since there is no further condition on the 2-form, it can always be extended from the boundary
of the k-simplex to the interior (for instance simply by radially rescaling it smoothly to 0). Accordingly the
simplicial homotopy groups of exp(bR — g,,)(U) are the same as those of exp(g)(U). The morphism between
them is the identity in f and picks B = 0 and is hence clearly an isomorphism on homotopy groups.

We turn now to discussing that the second morphism is a fibration. The nontrivial degrees of the lifting
problem

Alk]; —— exp(bR — g,)(U)

l

Alk] B3R/Z.(U)

are k =3 and k = 4.

Notice that a 3-cell of B3R/Z.(U) is a smooth function ¢ : U — R/Z and that the morphism exp(bR —
gu) = B3R/Z, sends the pair (f, B) to the fiber integration [,;(f*(6 A [0 A 0]) + dB).

Given our lifting problem in degree 3, we have given a function ¢ : U — R/Z and a smooth function
(with sitting instants at the subfaces) U x A3 — Spin together with a 2-form B on the horn U x A3.

By pullback along the standard continuous retract A® — A3 which is non-smooth only where f has
sitting instants, we can always extend f to a smooth function f’ : U x A® — Spin with the property that
Jas (f)*(@ N[0 A6]) = 0. (Following the general discussion at Lie integration.)
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In order to find a horn filler for the 2-form component, consider any smooth 2-form with sitting instants
and non-vanishing integeral on A2, regarded as the missing face of the horn. By multiplying it with a suitable
smooth function on U we can obtain an extension B € Q3 (U x OA3) of B to all of U x A3 with the

si,vert
property that its integral over A3 is the given ¢. By Stokes’ theorem it remains to extend B to the interior
of A3 in any way, as long as it is smooth and has sitting instants.

To that end, we can find in a similar fashion a smooth U-parameterized family of closed 3-forms C' with
sitting instants on A2, whose integral over A® equals c. Since by sitting instants this 3-form vanishes in
a neighbourhood of the boundary, the standard formula for the Poincare lemma applied to it produces a
2-form B’ € Qf,iyvert(U x A3) with dB’ = C that itself is radially constant at the boundary. By construction
the difference B — B’ |oas has vanishing surface integral. By the argument in the proof of prop. 3.3.53 it
follows that the difference extends smoothly and with sitting instants to a closed 2-form B € Q2 (U x A3).

si,vert

Therefore the sum B + B € Q2 (U x A®) equals B when restricted to A¥ and has the property that

si,vert
its integral over A3 equals c. Together with our extension f’, this constitutes a pair that solves the lifting

problem.

The extension problem in degree 4 amounts to a similar construction: by coskeletalness the condition is
that for a given ¢ : U — R/Z and a given vertical 2-form on U x JA? such that its integral equals c, as well
as a function f : U x 0A3 — Spin, we can extend the 2-form and the functionalong U x 9A% — U x A3.
The latter follows from the fact that moSpin = 0 which guarantees a continuous filler (with sitting instants),
and using the Steenrod-Wockel approximation theorem [Wock09] to make this smooth. We are left with the
problem of extending the 2-form, which is the same problem we discussed above after the choice of B. O
We now proceed to extend this factorization to the exponentiated differential coefficients, 3.3.12. The direct
idea would be to use the evident factorization of differential L.,-cocycles of the form

CE(s0) =<—— CE(bR — string) <—— CE(V°R) .

| |

W(s0) <—— W(bR — string) <—— W(b?R)

| | T

inv(so) <—— inv(bR — string) <—— inv(bR)
For computations we shall find it convenient to consider this after a change of basis.

Observation 4.4.44. The Weil algebra W(bR — g,,) of (bR — g) is given on the extra shifted generators
{r* = ot h = ob,g = oc} by
dt® = C%et® At° +1°
dr® = —C%.t° A 1®
db=—p+c+h
dh=0p—g
de=g
(where o is the shift operator extended as a graded derivation).
Definition 4.4.45. Define W(b]R — g,,) to be the dg-algebra with the same underlying graded algebra as
W(bR — g,,) but with the differential modified as follows
dt* = Cet® N t° +1°
dr® = —C%t" A r®
db=—cs+c+h
dh=(-,—)—g
dc=g
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Moreover, define inv(bR — string) to be the dg-algebra
inv(bR — string) := (inv(so) ® (g, h))/(dh = (—, —) — g).

Observation 4.4.46. We have a commutative diagram of dg-algebras

Q

E(s0) <—— CE(bR — string) <—— CE(b°R)

! |

W(s0) <—— W(bR — string) <—— W(b’R)

~

| | |

inv(s0) <—— inv(bR — string) < inv(b?R)

where W (bR — string) — W (s0) acts as

1% =t

r¢ = r?

b—0

¢ cs

h—0

g <_7 _>
and we identify W (b?R) = (A®*(c,g),dc = g). The left horizontal morphisms are quasi-isomorphisms, as
indicated.

Definition 4.4.47. We write exp(bR — string);y for the simplicial presheaf defined as exp(bR —

string)cnw, but using CE(DR — string) «+ W(BR — string) « inv(bR — string) instead of the untwid-
dled version of these algebras.

Proposition 4.4.48. Under differential Lie integration the above factorization, observation 4.4.46, maps to
a factorization

exp(p, cs) : cosks exp(g)chw 5 cosks exp((bR = g,)) crw — BSU(I)ChWVCh
of exp(p, cs) in [CartSp°P, sSet]proj, where the first morphism is a weak equivalence and the second a fibration.

Proof. We discuss that the first morphism is an equivalence. Clearly it is injective on homotopy groups:
if a sphere of A-data cannot be filled, then also adding the (B, C)-data does not yield a filler. So we need
to check that it is also surjective on homotopy groups: any two choices of (B,C)-data on a sphere are
homotopic: we may interpolate B in any smooth way and then solve the equation dB = —cs(A) + C + H
for the interpolation of C.

We now check that the second morphism is a fibration. It is itself the composite

f Ll
cosks exp(bR — g,.)cnw — exp(b’R)cnw/Z % B*R/Zonw e -

Here the second morphism is a degreewise surjection of simplicial abelian groups, hence a degreewise surjec-
tion under the normalized chain complex functor, hence is itself already a projective fibration. Therefore it
is sufficient to show that the first morphism here is a fibration.

In degree k = 0 to k = 3 the lifting problems

Alk]i ——exp(bR = 8,) ciw (U)

|

Alk] —— exp(b*R)cnw /Z(U)
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may all be equivalently reformulated as lifting against a cylinder D* < DF x [0,1] by using the sitting
instants of all forms.

We have then a 3-form H € Q% (U x D¥=! x [0,1]) and differential form data (A4, B,C) on U x Dk~!
given. We may always extend A along the cylinder direction [0,1] (its vertical part is equivalently a based
smooth function to Spin which we may extend constantly). H has to be horizontal so is already constantly
extended along the cylinder.

We can then use the kind of formula that proves the Poincaré lemma to extend B. Let W : (D* x [0,1]) x
[0,1] — (D* x [0,1]) be a smooth contraction. Then while d(H — CS(A) — C) may be non-vanishing, by
horizonatlity of their curvature characteristic forms we still have that ¢, ¥;d(H —CS(A) — C) vanishes (since
the contraction vanishes).

Therefore the 2-form

B:= 1o, Vi (H — CS(A) — C)
[0,1]
satisfies dB = (H — C'S(A) — C). Tt may however not coincide with our given B at t = 0. But the difference
B — By—g is a closed form on the left boundary of the cylinder. We may find some closed 2-form on the
other boundary such that the integral around the boundary vanishes. Then the argument from the proof
of the Lie integration of the line Lie n-algebra applies and we find an extension A to a closed 2-form on the
interior. The sum

B:=B+\

then still satisfies dB = H — CS(A) — C and it coincides with B on the left boundary.

Notice that here B indeed has sitting instants: since H, CS(A) and C have sitting instants they are
constant on their value at the boundary in a neighbourhood perpendicular to the boundary, which means
for these 3-forms in the degrees < 3 that they vanish in a neighbourhood of the boundary, hence that the
above integral is towards the boundary over a vanishing integrand.

In degree 4 the nature of the lifting problem

A[4]; —— cosks exp(bR — g,,)(U)

|

Al4] B3R/Zcuw ch

starts out differently, due to the presence of cosks, but it then ends up amounting to the same kind of
argument:

We have four functions U — R/Z which we may realize as the fiber integration of a 3-form H on

x (OA[4]\ 0;A[3]), and we have a lift to (A, B,C, H)-data on U x (0A[4] \ §;(A[3])) (the boundary of the
4-simplex minus one of its 3-simplex faces).

We observe that we can

e always extend C' smoothly to the remaining 3-face such that its fiber integration there reproduces
the signed difference of the four given functions corresponding to the other faces (choose any smooth
3-form with sitting instants and with non-vanishing integral and rescale smoothly);

e fill the A-data horizonatlly due to the fact that mo(Spin) = 0.
e the C-form is already horizontal, hence already filled.

Moreover, by the fact that the 2-form B already is defined on all of A[4] \ 6;(A[3]) its fiber integral over
the boundary OA[3] coincides with the fiber integral of H — cs(A) — C over 0A[4] \ §;(A[3])). But by the
fact that we have lifted C' and the fact that p(Ayert) = cs(A)|as is an integral cocycle, it follows that this
equals the fiber integral of C' — cs(A4) over the remaining face.
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Use then as above the vertical Poincaré lemma-formula to find B on U x A3 with sitting instants that
satisfies the equation dB = H — cs(A) — C there. Then extend the closed difference B — B|y to a closed
smooth 2-form on A3. As before, the difference

B:=B+ A\

is an extension of B that constitutes a lift. O

Corollary 4.4.49. For any X € SmoothMfd — SmoothooGrpd, for any choice of differentiaby good open
cover with corresponding cofibrant presentation X = C({C;}) € [CartSp®_ ..,5S¢t]proj we have that the
2-groupoids of twisted differential string structures are presented by the ordinary fibers of the morphism of
Kan complexes

[CartSp°P, sSet] (X, exp(u, cs))
[CartSp?, sSet] (X, cosks exp (bR — gy)cnw) — [CartSpeP, sSet](X,B3U(1)cuw) -

over any basepoints in the connected components of the Kan complex on the right, which correspond to the
elements [C3] € H,q(X) in the ordinary differential cohomology of X.

Proof. Since [CartSp2® . sSet]pro; is a simplicial model category the morphism [CartSp°P, sSet] (X, exp(u, cs))
is a fibration because exp(u,cs) is and X is cofibrant.

It follows from the general theory of homotopy pullbacks that the ordinary pullback of simplicial presheaves

String g g, (X) Hig(X)

| l

[CartSp°P, sSet] (X, cosks exp(bR — g,,)cnw) — [CartSp°P, sSet] (X, B3U (1) cnw)

is a presentation for the defining co-pullback for String;g 4, (X)- O
We unwind the explicit expression for a twisted differential string structure under this equivalence. Any
twisting cocycle is in the above presentation given by a Cech-Deligne-cocycle, as discussed at 3.3.11.

Hs = ((Hs)i, )
with local connection 3-form (Hg); € Q3(U;) and globally defined curvature 4-form G, € Q*(X).

Observation 4.4.50. A twisted differential string structure on X, twisted by this cocycle, is on patches U;
a morphism R
Q*(U;) + W(bR — g,,)

in dgAlg, subject to some horizontality constraints. The components of this are over each U; a collection of
differential forms of the following structure

t* = w®

r® = FS

b — B
Fy= dw+tiwAd] c =03 r¢ = dt® 4 0%t At
Hs = VB:=dB+ CS(w)— Cs h = Hj h= db+cs—c
Gi= dCs 9 —Gs . 9= de
dF, = —[wAF,] ' drt = —C%t" Ar?
dH3: Q4—<Fw/\Fw) dh: (—,—)—g
dg4 = O i dg = 0

295



Here we are indicating on the right the generators and their relation in W(bR — g,) and on the left their
images and the images of the relations in Q°(U;). This are first the definitions of the curvatures themselves
and then the Bianchi identities satisfied by these.

By prop. 3.3.109 we have that for g an L..-algebra and

BG := cosk,,+1 exp(g)

the delooping of the smooth Lie n-group obtained from it by Lie integration, def. 3.3.45 the coefficient for
oo-connections on G-principal co-bundles is

BGconn = COSknJrl eXp(g)conn .

Proposition 4.4.51. The 2-groupoid of entirely untwisted differential string structures, def. 4.4.35, on X
(the twist being 0 € Hix(X)) is equivalent to that of principal 2-bundles with 2-connection over the string
2-group, def. 4.1.10, as discussed in 1.3.5.7.2:

Stringgig w—o(X) = String2Bundy (X) .

Proof. By 4.4.4.1 we compute Stringgig yw—o(X) as the ordinary fiber of the morphism of simplicial
presheaves

[CartSp°P, sSet](C({U;}), cosks exp(bR — g,,)) — [CartSp°?, sSet](C({U;}), B*U (1) air)

over the identically vanishing cocycle.
In terms of the component formulas of observation 4.4.50, this amounts to restricting to those cocyles
for which over each U x A* the equations

C=0
G=0

hold. Comparing this to the explicit formulas for exp(bR — g,,) and exp(bR — g, )conn in 4.4.4.1 we see that
these cocycles are exactly those that factor through the canonical inclusion

gy — (bR — g,,)

from observation 4.4.42. O

4.4.4.2 The Green-Schwarz mechanism in heterotic supergravity Local differential form data as
in observation 4.4.50 is known in theoretical physics in the context of the Green-Schwarz mechanism for 10-
dimensional supergravity. We conclude with some comments on the meaning and application of this result
(for background and references on the physics story see for instance [SSS09b]).

The standard action functionals of higher dimensional supergravity theories are generically anomalous
in that instead of being functions on the space of field configurations, they are just sections of a line bundle
over these spaces. In order to get a well defined action principle as input for a path-integral quantization to
obtain the corresponding quantum field theories, one needs to prescribe in addition the data of a quantum
integrand. This is a choice of trivialization of these line bundles, together with a choice of flat connection.
For this to be possible the line bundle has to be trivializable and flat in the first place. Its failure to be
tivializable — its Chern class — is called the global anomaly, and its failure to be flat — its curvature 2-form —
is called its local anomaly.

But moreover, the line bundle in question is the tensor product of two different line bundles with con-
nection. One is a Pfaffian line bundle induced from the fermionic degrees of freedom of the theory, the
other is a line bundle induced from the higher form fields of the theory in the presence of higher electric
and magnetic charge. The Pfaffian line bundle is fixed by the requirement of supersymmetry, but there is
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freedom in choosing the background higher electric and magnetic charge. Choosing these appropriately such
as to ensure that the tensor product of the two anomaly line bundles produces a flat trivializable line bundle
is called an anomaly cancellation by a Green-Schwarz mechanism.

Concretely, the higher gauge background field of 10-dimensional heterotic supergravity is the Kalb-
Ramond field, which in the absence of fivebrane magnetic charge is modeled by a circle 2-bundle (bundle
gerbe) with connection and curvature 3-form Hs € Qi’l(X ), satisfying the higher Mazwell equation

dH; = 0.

Notice that we may think of a circle 2-bundle as a homotopy from the trivial circle 3-bundle to itself.

In order to cancel the relevant quantum anomaly it turns out that a magnetic background charge density
is to be added to the system whose differential form representative is the difference jmag := (Fygy A Fyvgy) —
(FYspim N Fyg,.,) between the Pontryagin forms of the Spin-tangent bundle and a given SU-gauge bundle.
This modifies the above Maxwell equation locally, on a patch U; C X to

dH; = (Fa, N Fa,) = (Fo, N Fo,) .

Comparing with prop. 4.4.50 and identifying the curvature of the twist with G4 = (Fa, A Fa,) we see
that, while such H; can no longer be the curvature 3-form of a circle 2-bundle, it can be the local 3-form
component of a twisted circle 3-bundle that is part of the data of a twisted differential string-structure. The
above differential form equation exhibits a de Rham homotopy between the two Pontryagin forms. This is
the local differential aspect of the very defnition of a twisted differential string-structure: a homotopy from
the Chern-Simons circle 3-bundle of the Spin-tangent bundle to a given twisting circle 3-bundle.

For many years the anomaly cancellation for the heterotic superstring was known at the level of precision
used in the physics community, based on a seminal article by Killingback. Recently [Bunk09] has given a
rigorous proof in the special case that underlying topological class of the twisting gauge bundle is trivial. This
proof used the model of twisted differential string structures with topologically tivial twist given in [Wald09].
This model is explicitly constructed in terms of bundle 2-gerbes and doees not exhibit the homotopy pullback
property of def. 4.4 explicitly. However, the author shows that his model satisfies the abstract properties
following from the universal property of the homotopy pullback.

When we take into account also gauge transformations of the gauge bundle, we should replace the
homotopy pullback defining twisted differential string structurs this by the full homotopy pullback

GSBackground(X) —— Heonn (X, BU)

i J/éz
3P1

Heonn (X) BSpin) - HdR(X7 BSU(I))

The look of this diagram makes manifest how in this situation we are looking at the structures that homo-
topically cancel the differential classes %f) and € against each other.

Since Hyr(X,B3U(1)) is abelian, we may also consider the corresponding Mayer-Vietoris sequence by
realizing GSBackground(X) equivalently as the homotopy fiber of the difference of differential cocycles
ip1 — ¢

GSBackground(X) *

i ip1—& l

Honn (X, BSpin x BU) ———— Hgr (X, B*U(1))
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4.4.5 The supergravity C-field

We consider a slight variant of twisted differential c-structures, where instead of having the twist directly
in differential cohomology, it is instead first considered just in de Rham cohomology but then supplemented
by a lift of the structure oco-group.

We observe that when such a twist is by the sum of the first fractional Pontryagin class with the second
Chern class, and when the second of these two steps is considered over the boundary of the base manifold,
then the differental structures obtained this way exhibit some properties that a differential cohomological
description of the Cs-field in 11-dimensional supergravity, 4.3.3.2, is expected to have.

This section is taken from [FiSaSclI].

4.4.5.1 Introduction. From general lore about string theory, it is clear that the construction of twisted
differential string structures, 4.4.4.2, in 10-dimensional heterotic supergravity should have a higher degree
analog in 11-dimensional supergravity. In particular, Horava- Witten theory [HoWi95], indicates that these
structures are boundary restrictions of a related structure involving the supergravity C-field whose gauge
transformations are tied to gauge transformations of an FEg-principal bundle on the 11-dimensional spacetime.
We should therefore expect a natural moduli 3-stack of supergravity C-field configurations that involves cer-
tain nonabelian Fg-gauge transformations. In the following we observe that within the theory of nonabelian
differential cohomology there is a canonical candidate for this 3-stack. We study its properties and find
that it satisfies the requirements of the physical situation to be described, to the extent that these are well
understood.

In particular, we show that the 1-truncation of this 3-stack to just a 1-stack, by qotienting out the higher
order gauge transformations, essentially reproduces a groupoid that was proposed in [FrMo06] to be the
groupoid of C-field configurations. Apart from the restriction to degre-1 in the latter model, there are, how-
ever, two further slight differences. First, the proposal in [FrMo06] does not take Fg-gauge transformations
into account. Instead, the FEjg-principal bundle there serves mainly as as a cohomological structure that
in 11-dimensions is equivalent to a circle 3-bundle or bundle 2-gerbe; the structure that twists the C-field.
But while the moduli stack of Eg-bundles in 11-dimensions has the same 7y as the moduli 3-stack of circle
3-bundles, the ms are very different. Accordingly, the m; of the 3-stack that we discuss is to some extent
much richer. But, second, we find that when restricted to trivial Eg-gauge transformations, the canonical
construction that we invoke produces slightly fewer gauge transformations than the proposal of [FrMo06];
the restricted m; group does not contain certain torsion elements (if these are present in the first place).

We will explain how this slight difference originates in the fact that the Eg-bundle in 11-dimensions is
not equipped with a connection — it admits a connection, but its gauge transformations are not required to
respect any fized connections. This implies that the Chern-Weil homomorphism which produces the twist
of the C-field, as in [FSS10], has to be the unrefined version with values in de Rham cohomology, instead of
the refined version, with values in full differential cohomology.

We then show that a variant of this phenomenon plays a key role in the restriction of the construction to
the 10-dimensional spacetime boundary. Thinking of this as a 9-brane to which a bulk field is restricted, we
consider, following a remark in [FrMo06], the condition that the C-field itself trivializes over the boundary.
We show that in our model this condition forces the gauge transformations to become connection-preserving,
thus making genuine Fg-connections appear in the 10-dimensional boundary theory. This is a crucial property
of the model to qualify as a formalization of the Horava-Witten mechanism.

Finally, using the general theory, it is clear how to pass the entire discussion of the moduli 3-stack of the
C-field to that of the moduli 6-stack of the magnetic dual Cg-field.

4.4.5.2 The moduli 3-stack of the C-field We invoke the homotopy-theoretic lift of classical Chern-
WEeil theory, discussed in 3.3.12, to exhibit a certain moduli 3-stack of 3-form fields.

Consider the smooth universal characteristic morphism

1
7]?)1 : BSpln — BBU(l)conn

2

conn

298



from theorem 4.1.9; and the smooth universal characteristic morphism
agr : BEs — I?dRB4U(1) .
from corollary 4.2.7.

Definition 4.4.52. For Y a smooth manifold, write CField(X) € ooGrpd for the 3-stack which is the
homotopy pullback in the diagram

CField(X) Q4 (X) ,
H(X, (BSpin,,..) x (BEy)) —2r 2 H(X, banB4U(1))

where the right vertical morphism is the canonical effective epimorphism as in 3.3.11.

Remark 4.4.53. By def. 2.3.116 a de Rham differential characteristic class such as aqgr is the composite
agr : BEs 5 B3U(1) & bgrBYU(1)

of the bare smooth class a with the universal curvature form, def. 2.3.13, on B3U(1). Similarly for (1ps)ar.
Therefore we may either compute the co-pullback in def. 4.4.52 directly, or, by the pasting law prop. 2.1.26,
in two consecutive steps. Both methods lead to insights.
In the first of these two computations connections on the Fg-principal bundles never appear explicitly.
In the second approach they appear as pseudo-connections, def. 1.3.52. This means that these connections
are purely auxiliary data that serve to present the required homotopies but do not survive in cohomology.
Writing out def. 4.4.52 as two consecutive homotopy pullbacks yields
CTield(X) G Haie (X, B3U(1)) —— Q4 (X) :

N a

H(X, (BSpin,,,,) x (BEjg)) H(X,B3U(1)) —— H(X,bqr B*U (1))

curv

ip2+2a

where for emphasis we indicate the 2-morphisms filling these squares. Here on the right we find the defining

homotopy pullback, def. 2.3.110, for (the cocycle 3-groupoid of) ordinary differential cohomology, exhibiting

in the middle Hg;g (X, B3U(1)) as the 3-groupoid of circle 3-bundles (2-gerbes) with connection on X.
From the homotopy pullback on the left we read off that a C-field configuration has

1. an underlying 3-connection, denoted G4, with 4-form curvature G4 € Q4 (X) and with underlying circle
3-bundle (2-gerbe) denoted Gy;

2. an underlying spin connection Vg, on an underlying Spin x FEg-principal bundle, which induces a
characteristic circle 3-bundle %pl + 2a;

3. equipped with a gauge transformation of circle 3-bundles

Hs 1A

G4?§p1+23 .

In cohomology the last condition reads
1
(Ga) = [5p] +[20] € HY(X,Z).
This is the flux quantization condition for (twice) the C-field discussed in [Wi97a].
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4.4.5.2.1 The homotopy type of the moduli stack We determine the homotopy type of the
moduli 3-stack CField(X) from def. 4.4.52 for a fixed Spin-connection Vg, on a Spin-bundle Pgp;, for which
+p1 vanishes. This is the special case that can be compared to [FrMo06].

Definition 4.4.54. Write CField(X)p,,, for the homotopy pullback

CField(X)ps,., CField(X)

L |

Vso,id .
« x H(X, BE) L H(X, BSpin,,, x BEs)

Theorem 4.4.55. 1. The connected components of CField(X)p,,,, (the gauge equivalence classes of the
C-field) fit into the short exact sequence (of pointed sets)

* = H*(X,U(1)) = moCFieldp,,,, (X) = Q4 z(X) — .

2. The first homotopy group of CField(X)ps,,. (the group of auto-gauge transformations of the trivial
configuration modulo gauge-of-gauge transformations) is

WlCField(X)PSpin = smooth(X Eg) X HdR(X)
hence the group of smooth Eg-valued functions on X, times the second de Rham cohomology of X .

Proof. Notice that we have the pasting diagram of homotopy pullbacks

CFieldp,,,, g,—0(X) —— H(X,hB*U(1)) ————

L, |

. 4 Ga
CField(X)py,,,, —— Hair (X, B*U (1)) ——— Q}(X)

| | |

H(X,BEs) 2 H(X,B3U(1)) —25% H(X, barB4U(1))

where the top right square is by prop. 2.3.112. By prop. 3.3.27 we have that
moH(X,bB3U (1)) ~ H3(X,U(1)),
where on the right we get ordinary cohomology (for instance realized as singular cohomology). Finally observe
that moH(Y, Eg) ~ moH(Y,B3U(1)), by prop. 4.2.6. Therefore after passing to connected components by
applying mo(—) we get on cohomology
H3(X,U(1)) —> H3(X,U(1)) ——
moCField(X) —S4 = H . (X) — = 04(X)

l |

H! (X, Eg) 2 . H4(X 7) LA HQLR
In parallel to the familiar short exact sequence for ordinary differential cohomology, prop. 2.3.114,

« = H*(X,U(1)) = Hyg(X) = Qg 2(X) = *.
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this implies the short exact sequence
* = H3(X,U(1)) = moCField — Q) 5(X) — .

Next we redo the entire discussion after applying the loop space object-construction to everything. Using
that
OH(X,BQ) ~H(X,0BQ) ~ H(X,Q)

on general grounds and that also
QOGB"U(1)) ~bB"U(1)
and
QbgrB"U (1)) ~ bgrB"1U(1)

(since b and bgr are right adjoint co-functors and hence commute with the oo-pullback that defines §2), we
have then the looped pasting diagram of oco-pullbacks

QCField(X) by, — s Hia (X, B2U (1)) —

| |

H(X, Es) 222 H(X,B2U(1))eurv — H(X,bag B3U (1))

*

Observe that Eg here is a smooth but 0-truncated object: so that
H(X, Eg) ~ H(X, Eg) = C*(X, Eg)

is the set of smooth functions X — FEg (to be thought of as the the set of gauge transformations from the
trivial Eg-principal bundle on Y to itself). This implies that the loop space object of CField(X) is over each
such function the homotopy fiber of * — H(X,bqrB3U (1)) over curv(2Qa). But each of these is equivalent
to the loop space object

QH(X,bgrB?U(1)) ~ H(X, bgrB2U(1)) .
Therefore

QCTField(X) ~ C*®(X, Eg) x H(X,bqrB?U(1)).

The connected components of this are

ToQCField(X) ~ 7, CField(X) ~ C*°(X, Eg) x Hig(X).

4.4.5.2.2 An explicit presentation We give an explicit desctiption of the moduli stack of the
C-field in terms of Lie integration of L..-algebraic form data [FSS10][SSS09a].

By theorem 4.1.9 and corollary 4.2.7 the morphism %pl + 2a is presented by the correspondence of
simplicial presheaves

EXP(HS o +2#c8 )
_—

cosks(exp(eg x 50)) B3U(1)en

BG

and its differential refinement by a truncation of

exp(fso+2hteg)
eXp(so)conn X eXp(QS)diH —8> bdRB4R
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By prop. 4.4.48 we have that this is a fibration in [CartSp°?, sSet]pro; (there it is shown that the analogous

morphism out of cosks exp(bR — eg)chw is a fibration, but then so is this one, because the components on

the left are the same but with fewer conditions on them, so that the lifts that existed before still exist here).
Over some U € CartSp and [k] € A we have that exp(b® — g, )ai is given by differential form data

¢ — A
r® = F§
b — B
Fa= dA+1[ANA] c =G re = dt® 4+ 10%tP Ao+
Hs= VB:=dB+CS(A) —Cs h = Hj h= db+ecs—c
Gi= dC4 g —G . g= de
dF 4 = —[A A FA] l dr® = —Cabctb AT
dH3 = <FA/\FA>—Q4 dh = <—7—>—g
dGi= 0 . dg= 0

on U x AF. Here, recall, A takes values in g = eg X eg x 50(10,1), so that for instance the G4-curvature is in
detail given by
Gy =dC5 = <FAth /\FAch> + <FA£28 /\FA§8> — <Fw /\Fw> —dH3,

where w denotes the spin connection.
Let {U; — X} be a differentiably good open cover, def. 3.3.2. We hit all connected components of
H(X,BG) by considering in
[CartSp°?, sSet](C(U;), exp(bR — g,.))aift

those cocycles that

e involve genuine G-connections (as opposed to the more general pseudo-connections that are also con-
tained);

e have a globally defined Cs-form.

Write therefore (P, V, C3) for such a cocycle.
For gauge transformations between two such pairs, parameterized by the above form data patchwise on
U x A, the fact that G4 vanishes on A! implies the infinitesmal gauge transformation law, 1.3.104

d
acszwt+Lt<FA/\FA>,

where A € QYU x A, eg) is the shift of the 1-forms. This integrates to
Co = Cy + dw + CS(V1, V),
where
o w:i= [ w

e CS(V1,Va) = fN(F@ A Fg) is the relative Chern-Simons form corresponding to the shift of G-
connection.

4.4.5.3 Restriction to the boundary Let now X be a neighbourhood of a boundary. The boundary
condition for the C-field is supposed to be that the class of the underlying circle 3-bundle vanishes

(G4 =0.
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Definition 4.4.56. Write CField"¥ (X) for the homotopy pullback

CField"¥(X) 23(X) ;
CField(X) — Haig(X, B3U(1))

where the right vertical morphism regards globally defined 3-forms as 3-connections on the trivial circle
3-bundle.

We describe this object in a little more detail.

Definition 4.4.57. Write BStringg(‘?nnSpin for the homotopy pullback

BString®? BString®?

CONNSpin

| |

x BEs — BSpin x BEg

BSpin

conn

We call this the moduli 2-stack of String®®-principal 2-bundles equipped with Spin-connection.

Observation 4.4.58. We have an equivalence

CField"™ (X) ~ H(X, BStringZ2,,. . ) x Q*(X).

Proof. Since we have a commuting square

03 (—) ——

]

B3U(1)conn — B3U(1)

the defininig homotopy pullback for the moduli stack of boundary C-fields is the total rectangle of

T

Haig (X, B3U(1))

H(X, BString? ) x Q3(X) — H(X, BString®) x Q3(X)

CONNSpin

| |

H(X,BString?? ) ————— H(X, BString®?)

CoNNgpin

i l ip1+2a

H(X, BSpin x BEg) ——  H(X,BSpin x BEg) — H(X

0(X)

|
;

conn I BU(

4.4.6 Differential T-duality

In [KaVal0] (see also the review in section 7.4 of [BuScl0]) a formalization of the differential refinement of
topological T-duality is given. We discuss here how this is naturally an example of the twisted differential
c-structures, 4.4.

()
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4.5 Symplectic higher geometry

The notion of symplectic manifold formalizes in physics the concept of a classical mechanical system. The
notion of geometric quantization of a symplectic manifold is one formalization of the general concept in
physics of quantization of such a system to a quantum mechanical system.

Or rather, the notion of symplectic manifold does not quite capture the most general systems of classical
mechanics. One generalization requires passage to Poisson manifolds. The original methods of geometric
quantization become meaningless on a Poisson manifold that is not symplectic. However, a Poisson structure
on a manifold X is equivalent to the structure of a Poisson Lie algebroid 8 over X. This is noteworthy,
because the latter is again symplectic, as a Lie algebroid, even if the underlying Poisson manifold is not
symplectic: it is a symplectic Lie 1-algebroid, prop. 4.5.16.

Based on related observations it was suggested, [Wei89] that a notion of symplectic groupoid should
naturally replace that of symplectic manifold for the purposes of geometric quantization to yield a notion of
geometric quantization of symplectic groupoids. Since a symplectic manifold can be regarded as a symplectic
Lie 0-algebroid, prop. 4.5.16, and also as a symplectic smooth O-groupoid this step amounts to a kind of
categorification of symplectic geometry.

More or less implicitly, there has been evidence that this shift in perspective is substantial: the deforma-
tion quantization of a Poisson manifold famously turns out [Kon03] to be constructible in terms of correlators
of the 2-dimensional TQFT called the Poisson o-model, 4.6.6.4, associated with the corresponding Poisson
Lie algebroid. The fact that this is 2-dimensional and not 1-dimensional, as the quantum mechanical system
that it thus encodes, is a direct reflection of this categorification shift of degree.

On general abstract grounds this already suggests that it makes sense to pass via higher categorification
further to symplectic Lie n-algebroids, def. 4.5.14, as well as to symplectic 2-groupoids, symplectic 3-
groupoids, etc. up to symplectic co-groupoids, def. 4.5.21.

Formal hints for such a generalization had been noted in [Sev01] (in particular in its concluding table).
More indirect — but all the more noteworthy — hints came from quantum field theory, where it was observed
that a generalization of symplectic geometry to multisymplectic geometry [Hél11] of degree n more naturally
captures the description of n-dimensional QFT (notice that quantum mechanics may be understood as
(0 + 1)-dimensional QFT). For, observe that the symplectic form on a symplectic Lie n-algebroid is, while
always “binary”, nevertheless a representative of de Rham cohomology in degree n + 2.

There is a natural formalization of these higher symplectic structures in the context of any cohesive oco-
topos. Moreover, by 4.5.2 symplectic forms on L.-algebroids have a natural interpretation in co-Lie theory:
they are Lo-invariant polynomials. This means that the co-Chern-Weil homomorphism applies to them.

Observation 4.5.1. From the perspective of co-Lie theory, a smooth manifold ¥ equipped with a sym-
plectic form w is equivalently a Lie 0-algebroid equipped with a quadratic and non-degenerate L, -invariant
polynomial (def. 3.3.97).

This observation implies

1. a direct co-Lie theoretic analog of symplectic manifolds: symplectic Lie n-algebroids and their Lie
integration to symplectic smooth oco-groupoids

2. the existence of a canonical co-Chern-Weil homomorphism for every symplectic Lie n-algebroid.

This is spelled out below in 4.5.1, 4.5.2, 4.5.3, which is taken from [FRS11a]. The co-group extensions, def.
2.3.43, that are induced by the unrefined co-Chern-Weil homomorphism, 2.3.15, on a symplectic co-groupoid
are their prequantum circle (n + 1)-bundles, the higher analogs of prequantum line bundles in the geometric
quantization of symplectic manifolds. This we discuss in 4.8.1.1. Further below in 4.6.6 we show that the
refined oo-Chern-Weil homomorphism, 2.3.17, on a symplectic co-groupoid constitutes the action functional
of the corresponding AKSZ o-model (discussed below in 4.6.6).

e 4.5.1 — Symplectic dg-geometry;
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e 4.5.2— Symplectic Ly.-algebroids;
e 4.5.3 — Symplectic smooth oco-groupoids;

The parts 4.5.1 and 4.5.2 are taken from [FRS11a].

4.5.1 Symplectic dg-geometry

In 3.4 we considered a general abstract notion of infinitesimal thickenings in higher differential geometry and
showed how from the point of view of oco-Lie theory this leads to the notion of L,-algebroids, def. 3.4.10.
As is evident from that definition, these can also be regarded as objects in dg-geometry [ToVe05]. We make
explicit now some basic aspects of this identification.

The following definitions formulate a simple notion of affine smooth graded manifolds and affine smooth
dg-manifolds. Despite their simplicity these definitions capture in a precise sense all the relevant structure:
namely the local smooth structure. Globalizations of these definitions can be obtained, if desired, by general
abstract constructions.

Definition 4.5.2. The category of affine smooth N-graded manifolds — here called smooth graded manifolds
for short — is the full subcategory
SmoothGrMfd C GrAlgy”

of the opposite category of N-graded-commutative R-algebras on those isomorphic to Grassmann algebras
of the form

/\zjoo (XO)F(V*) 3
where X is an ordinary smooth manifold, V' — Xj is an N-graded smooth vector bundle over X, degreewise
of finite rank, and I'(V*) is the graded C'°°(X)-module of smooth sections of the dual bundle.

For a smooth graded manifold X € SmoothGrMfd, we write C*°(X) € cdgAlgy for its corresponding
dg-algebra of functions.

Remarks.

e The full subcategory of these objects is equivalent to that of all objects isomorphic to one of this form.
We may therefore use both points of view interchangeably.

e Much of the theory works just as well when V is allowed to be Z-graded. This is the case that genuinely
corresponds to derived (instead of just higher) differential geometry. An important class of examples
for this case are BV-BRST complexes which motivate much of the literature. For the purpose of this
short note, we shall be content with the N-graded case.

e For an N-graded C*°(Xp)-module I'(V*) we have
No=T (V") = C=(Xo) @ T(V5) @ (T(V) A (x0) T(V5) @ T(VY)) @ -,
with the leftmost summand in degree 0, the next one in degree 1, and so on.

e There is a canonical functor
SmoothMfd — SmthGrMfd

which identifies an ordinary smooth manifold X with the smooth graded manifold whose function
algebra is the ordinary algebra of smooth functions C*°(Xy) := C*°(X) regarded as a graded algebra
concentrated in degree 0. This functor is full and faithful and hence exhibits a full subcategory.

All the standard notions of differental geometry apply to differential graded geometry. For instance for
X € SmoothGrMfd, there is the graded vector space I'(T'X) of vector fields on X, where a vector field is
identified with a graded derivation v : C*°(X) — C*°(X). This is naturally a graded (super) Lie algebra
with super Lie bracket the graded commutator of derivations. Notice that for v € T'(T'X) of odd degree we
have [v,v] =vov+vov=20v?:C®(X) — C®(X).
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Definition 4.5.3. The category of (affine, N-graded) smooth differential-graded manifolds is the full sub-
category
SmoothDgMfd C cdgAlgy”

of the opposite of differential graded-commutative R-algebras on those objects whose underlying graded
algebra comes from SmoothGrMfd.

This is equivalently the category whose objects are pairs (X, v) consisting of a smooth graded manifold
X € SmoothGrMfd and a grade 1 vector field v € I'(T'X), such that [v,v] = 0, and whose morphisms
(X1,v1) = (X2,v2) are morphisms f : X7 — Xo such that vy o f* = f* o vs.

Remark 4.5.4. The dg-algebras appearing here are special in that their degree-0 algebra is naturally not
just an R-algebra, but a smooth algebra (a “C*°-ring”, see [Stell0] for review and discussion).

Definition 4.5.5. The de Rham complex functor
Q°(—) : SmoothGrMfd — cdgAlgp”

sends a dg-manifold X with C*(X) ~ Ak, I'(V*) to the Grassmann algebra over C*°(X) on the graded
C*(Xp)-module
rNrx)yen(v)er(vi-1)),

where T'(T*X) denotes the ordinary smooth 1-form fields on Xy and where V*[—1] is V* with the grades
increased by one. This is equipped with the differential d defined on generators as follows:

e d|c~(x,) = ddr is the ordinary de Rham differential with values in I'(7T™ X);
e d|rv-) — ['(V*[~1]) is the degree-shift isomorphism
e and d vanishes on all remaining generators.

Definition 4.5.6. Observe that Q°(—) evidently factors through the defining inclusion SmoothDgMfd —
cdgAlgy. Write
T(—) : SmoothGrMfd — SmoothDgMfd

for this factorization.
The dg-space TX is often called the shifted tangent bundle of X and denoted T'[1]X.

Observation 4.5.7. For ¥ an ordinary smooth manifold and for X a graded manifold corresponding to a
vector bundle V' — Xy, there is a natural bijection

SmoothGrM{d(%TX, X) ~ Q*(X,V)

where on the right we have the set of V-valued smooth differential forms on X: tuples consisting of a smooth
function ¢g : ¥ — Xp, and for each n > 1 an ordinary differential n-form ¢, € Q"(Z, ¢p§V,—1) with values
in the pullback bundle of V,,_; along ¢q.

The standard Cartan calculus of differential geometry generalizes directly to graded smooth manifolds.
For instance, given a vector field v € I'(T'X) on X € SmoothGrMfd, there is the contraction derivation

Ly (X)) = Q*(X)
on the de Rham complex of X, and hence the Lie derivative

Ly = [ty,d] : Q°(X) = Q°(X).
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Definition 4.5.8. For X € SmoothGrMfd the Euler vector field € € T'(TX) is defined over any coordinate
patch U — X to be given by the formula

0
el = 3 deg(e®)o"

where {z%} is a basis of generators and deg(xz®) the degree of a generator. The grade of a homogeneous
element a in Q°(X) is the unique natural number n € N with

L.a=na.
Remarks.

e This implies that for z° an element of grade n on U, the 1-form dz’ is also of grade n. This is why we
speak of grade (as in “graded manifold”) instead of degree here.

e Since coordinate transformations on a graded manifold are grading-preserving, the Euler vector field
is indeed well-defined. Note that the degree-0 coordinates do not appear in the Euler vector field.

The existence of € implies the following useful statement (amplified in [Royt02]), which is a trivial variant
of what in grade 0 would be the standard Poincaré lemma.

Observation 4.5.9. On a graded manifold, every closed differential form w of positive grade n is exact: the

form
1
A= —Lw
n

satisfies
d\=w.

Definition 4.5.10. A symplectic dg-manifold of grade n € N is a dg-manifold (X,v) equipped with 2-form
w € Q2(X) which is

e non-degenerate;

e closed;
as usual for symplectic forms, and in addition

e of grade n;

e v-invariant: L,w = 0.

In a local chart U with coordinates {#®} we may find functions {we., € C°°(U)} such that

1
wly = idx“ wWap A da?,

where summation of repeated indices is implied. We say that U is a Darbouz chart for (X,w) if the wq are

constant.

Observation 4.5.11. The function algebra of a symplectic dg-manifold (X,w) of grade n is naturally
equipped with a Poisson bracket

{——}: C*(X) @ C™(X) = C(X)
which decreases grade by n. On a local coordinate patch {x®} this is given by

SO v 99
296 Oxb’

{f9} =

where {w®} is the inverse matrix to {wa}, and where the graded differentiation in the left factor is to be
taken from the right, as indicated.
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Definition 4.5.12. For 7 € C°(X) and v € I'(T'X), we say that = is a Hamiltonian for v, or equivalently,
that v is the Hamiltonian vector field of w if

dr = ,w.

Note that the convention (—1)"T'dm = i,w is also frequently used for defining Hamiltonians in the
context of graded geometry.

Remark 4.5.13. In a local coordinate chart {#*} the defining equation dm = ¢,w becomes

on
dz® =—— = wepv® Adz® = wepdz® A0,

oxe
implying that

4.5.2 Symplectic L,-algebroids

Here we discuss L.-algebroids, def. 3.4.10, equipped with symplectic structure, which we conceive of as:
equipped with de Rham cocycles that are invariant polynomials, def. 3.3.97.

Definition 4.5.14. A symplectic Lie n-algebroid (B, w) is a Lie n-algebroid P equipped with a quadratic
non-degenerate invariant polynomial w € W(B) of degree n + 2.

This means that

e on each chart U — X of the base manifold X of 93, there is a basis {2°} for CE(a|y) such that
1 a b
w = idx wWap N dx

with {wap € R — C®(X)} and deg(z%) + deg(z®) = n;
e the coefficient matrix {wqs} has an inverse;

e we have
dw(m)w = dCE(m)w + dw=0.

The following observation essentially goes back to [Sev01] and [Royt02].

Proposition 4.5.15. There is a full and faithful embedding of symplectic dg-manifolds of grade n into
symplectic Lie n-algebroids.

Proof. The dg-manifold itself is identified with an L.-algebroid by def. 3.4.10. For w € Q%(X) a
symplectic form, the conditions dw = 0 and L,w = 0 imply (d + Lv)w = 0 and hence that under the
identification Q°*(X) ~ W(a) this is an invariant polynomial on a.

It remains to observe that the L.,-algebroid a is in fact a Lie n-algebroid. This is implied by the fact
that w is of grade n and non-degenerate: the former condition implies that it has no components in elements
of grade > n and the latter then implies that all such elements vanish. |
The following characterization may be taken as a definition of Poisson Lie algebroids and Courant Lie
2-algebroids.

Proposition 4.5.16. Symplectic Lie n-algebroids are equivalently:
e form = 0: ordinary symplectic manifolds;

e forn = 1: Poisson Lie algebroids;
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e forn = 2: Courant Lie 2-algebroids.
See [Royt02, Sev01] for more discussion.
Proposition 4.5.17. Let (B, w) be a symplectic Lie n-algebroid for positive n in the image of the embedding

of proposition 4.5.15. Then it carries the canonical Ly -algebroid cocycle

1
L € CE('B)

which moreover is the Hamiltonian, according to definition 4.5.12, of dcgp)-
Proof. Since dw = L,w = 0, we have
dictyw = diytew
= (tpd — Ly)tew

=1, Lew — [Ly, Le]w

= NlyW — L[M]w

= (n+ 1),w,
where Cartan’s formula [£,,t] = i}, and the identity [v,e] = —[¢,v] = —v have been used. Therefore
= %H%va satisfies the defining equation d7 = t,w from definition 4.5.12. O

Remark 4.5.18. On a local chart with coordinates {z®} we have

1
7T|U = L Wab deg(z®)z® AP,

Our central observation now is the following.

Proposition 4.5.19. The cocycle 7%71’ from prop. 4.5.17 is in transgression with the invariant polynomial
w. A Chern-Simons element witnessing the transgression according to def. 3.3.101 is

1
CS—E(LEUJ—I—?T).

Proof. It is clear that i*cs = %TF. So it remains to check that dyp)cs = w. As in the proof of proposition
4.5.17, we use dw = L,w = 0 and Cartan’s identity [L,,tc] = ¢y, = —tv. By these, the first summand in
dwy () (tew + ) is

dypytew = (d 4 Ly)Lew

=[d+ Ly, tw
=nw —lyw
=nw—dm
The second summand is simply
dw(m)ﬂ' =dm
since 7 is a cocycle. O

Remark 4.5.20. In a coordinate patch {z®} the Chern-Simons element is

cs|U = % (wap deg(z®)z® A dzb + ) .
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In this formula one can substitute d = dw — dcg, and this kind of substitution will be crucial for the proof
our main statement in proposition 4.6.27 below. Since dcgx’ = v* and using remark 4.5.18 we find

Zwabdeg(xa)ac“ Adepz’ = (n+ 1),
a

and hence

cs|U = — (deg(z") wapz® A dwy(p)z’ — nr) .

1
n
In the section 4.6.6 we show that this transgression element cs is the AKSZ-Lagrangian.

4.5.3 Symplectic smooth co-groupoids

We define symplectic smooth co-groupoids in terms of their underlying symplectic L.,-algebroids.

Recall that for any n € N, a symplectic Lie n-algebroid (B, w) is (def. 4.5.14) an L..-algebroid B that is
equipped with a quadratic and non-degenerate L.-invariant polynomial. Under Lie integration, def. 3.3.45,
P integrates to a smooth n-groupoid 7,, exp(*B) € SmoothooGrpd. Under the co-Chern-Weil homomorphism,
3.3.12, the invariant polynomial induces a differential form on the smooth oco-groupoid, 2.3.11:

W : T exp(P) — barB" TR
representing a class [w] € HJjp 2 (7, exp(R)).
Definition 4.5.21. Write
SymplSmoothooGrpd < SmoothooGrpd/(H barB"T2R)

for the full sub-oo-category of the over-oco-topos of SmoothocoGrpd over the de Rham coefficient objects on
those objects in the image of this construction.
We say an object on SymplSmoothooGrpd is a symplectic smooth co-groupoid.

Remark 4.5.22. There are evident variations of this for the ambient SmoothooGrpd replaced by some
variant, such as SynthDiffInfGrpdooGrpd, or SmoothSuperooGrpd, 3.5).

We now spell this out for n = 1. The following notion was introduced in [Wei89] in the study of geometric
quantization.

Definition 4.5.23. A symplectic groupoid is a Lie groupoid G equipped with a differential 2-form w; €
0%(G,) which is

1. a symplectic 2-form on Gy;

2. closed as a simplicial form:
6w1 = 83(.4)1 — 8;&11 + 3;&11 = 0,

where 0; : Go — Gy are the face maps in the nerve of G.

Example 4.5.24. Let (X,w) be an ordinary symplectic manifold. Then its fundamental groupoid IT; (X)
canonically is a symplectic groupoid with wy := 0fw — Jjw.

Proposition 4.5.25. Let B be the symplectic Lie 1-algebroid (Poisson Lie algebroid), def. 4.5.14, induced
by the Poisson manifold structure corresponding to (X,w). Write

w: TP — TH3R

for the canonical invariant polynomial.
Then the corresponding co-Chern- Weil homomorphism according to 3.3.12

exp(w) : exp(P)aig — BIgR

exhibits the symplectic groupoid from example 4.5.24.
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Proof. We start with the simple situation where (X,w) has a global Darboux coordinate chart {z‘}.
Write {w;;} for the components of the symplectic form in these coordinates, and {wi7} for the components
of the inverse.

Then the Chevalley-Eilenberg algebra CE(B) is generated from {z'} in degree 0 and {9;} in degree 1,
with differential given by

dCE.%'i = —wiij
oIk
deg0; = Waj ANO,=0.

The differential in the corresponding Weil algebra is hence
dwa' = —wijaj + da?

dw0; = do; .

By prop. 4.5.16, the symplectic invariant polynomial is
w=dz" Add; € W(R).

Clearly it is useful to introduce a new basis of generators with

= —wh 0; .
In this new basis we have a manifest isomorphism

CE(B) = CE(%X)

with the Chevalley-Eilenberg algebra of the tangent Lie algebroid of X.
Therefore the Lie integration of 3 is the fundamental groupoid of X, which, since we have assumed
global Darboux oordinates and hence contractible X, is just the pair groupoid:

mexp(P) =T (X) = (X x X —= X ).

It remains to show that the symplectic form on 8 makes this a symplectic groupoid.
Notice that in the new basis the invariant polynomial reads

w = —w;jdx’ Add
= d(wwaz A dI]) .

The corresponding oo-Chern-Weil homomorphism, 3.3.12, that we need to compute is given by the oo-
anafunctor

exp(w)

exp(P)air — exp(b*R)ar LA barB*R .

lN
exp(P)

Over a test space U € CartSp and in degree 1 an element in exp(B)aig is a pair (X%, 7°)
XteC™(U x AY)
'€ Qe (U x A1)

subject to the constraint that along A we have

dar X' +ni\i =0,
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The vertical morphism exp(P)aix — exp(P) has in fact a section whose image is given by those pairs for
which 7 has no leg along U. We therefore find the desired form on exp(3) by evaluating the top morphism
on pairs of this form.

Such a pair is taken by the top morphism to

(Xi,nj)l—>/ LUijFXz' A Fy;
Al
N / wij(darX* + 1) N darry’ € Q°(U)
Al
Using the above constraint and the condition that 7° has no leg along U, this becomes
. :/ wideXi /\dUdAlXj.
Al

By the Stokes theorem the integration over A! yields

e = wijddRXi A\ ddRXj|0 — wijddRXi A\ ddRXj|1

= 0jw — Jpw
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4.6 o00-Chern-Simons functionals

We consider the realization of the general abstract co-Chern-Simons functionals from 2.3.17 in the context
of smooth, synthetic-differential and super-cohesion. We discuss general aspects of the class of quantum field
theories defined this way and then identify a list of special cases of interest. This section builds on [FRS11a]
and [FRS11b].

e 4.6.1 — co-Chern-Simons field theory

e Examples

— 4.6.2.1 — Ordinary Chern-Simons theory

— 4.6.4.2 — Nonabelian 7-dimenional Chern-Simons theory
— 4.6.2.2 — Dijkgraaf-Witten theory

4.6.3.1 — BF theory and topological Yang-Mills theory

4.6.5 — Action of closed string field theory type

— 4.6.6 — AKSZ o-models

4.6.6.3 — Ordinary Chern-Simons as AKSZ theory

4.6.6.4 — Poisson o-model

4.6.6.5 — Courant o-model

4.6.6.6 — Higher abelian Chern-Simons theory in dimension 4k + 3

EE
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4.6.1 oo-Chern-Simons field theory

By prop. 4.1.9 the action functional of ordinary Chern-Simons theory [Fre] for a simple Lie group G may
be understood as being the volume holonomy, 3.3.13, of the Chern-Simons circle 3-bundle with connection
that the refined Chern-Weil homomorphism assigns to any connection on a G-principal bundle.

We may observe that all the ingredients of this statement have their general abstract analogs in any
cohesive co-topos H: for any cohesive co-group G and any representatative ¢ : BG — B™ A of a characteristic
class for G there is canonically the induced co-Chern-Weil homomorphism, 2.3.15

Le : Heonn(—, BG) — Hjig(—)

that sends intrinsic G-connections to cocycles in intrinsic differential cohomology with coefficients in A. This
may be thought of as the Lagrangian of the co-Chern-Simons theory induced by c.

In the cohesive co-topos SmoothooGrpd of smooth oco-groupoids, 3.3, we deduced in 3.3.13 a natural
general abstract procedure for integration of L. over an n-dimensional parameter space 3 € H by a realization
of the general abstract construction described in 2.3.17. The resulting smooth function

exp(Se) : [X, BGeonn] — U(1)

is the exponentiated action functional of co-Chern-Simons theory on the smooth co-groupoid of field config-
urations. It may be regarded itself as a degree-0 characteristic class on the space of field configurations. As
such, its differential refinement dexp(Sc) : [, BGconn] — barBU(1) is the Euler-Lagrange equation of the
theory.

We show that this construction subsumes the action functional of ordinary Chern-Simons theory, of
Dijkgraaf-Witten theory, of BF-theory coupled to topological Yang-Mills theory, of all versions of AKSZ
theory including the Poisson sigma-model and the Courant sigma model in lowest degree, as well as Chern-
Simons supergravity.

This section draws from [FRS11a].

Recall for the following the construction of the co-Chern-Weil homomorphism by Lie integration of
Chern-Simons elements, 3.3.12, for L..-algebroids, 3.4.1.

A Chern-Simons element cs witnessing the transgression from an invariant polynomial (—) to a cocycle
1 is equivalently a commuting diagram of the form

CE(a) < CE()"R) cocycle
W(a) <—2— W(b"R) Chern-Simons element
inv(a) 2 inv(b"R) invariant polynomial

in dgAlgg. On the other hand, an n-connection with values in a Lie n-algebroid a is a span of simplicial
presheaves

¥ Y o cosk exp(a)conn

-

by
with coefficients in the simplicial presheaf cosk; 11 exp(a)conn, def. 3.3.108, that sends U € CartSp to the
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(n + 1)-coskeleton of the simplicial set, which in degree k is the set of commuting diagrams

Q2. (U x AF quL CE(a) transition function ,
Q*(U x AF) A Wi(a) connection forms
Q*(U) LY inv(a) curvature characteristic forms

such that the curvature forms F4 of the co-Lie algebroid valued differential forms A on U x AF with values
in a in the middle are horizontal.

If p is an oco-Lie algebroid cocycle of degree n, then the co-Chern-Weil homomorphism operates by sending
an oo-connection given by a Cech cocycle with values in simplicial sets of such commuting diagrams to the
obvious pasting composite

02, (U x AP CE(a) <~ CE(b"R) : 1(Avert)
Q*(U x AF) A W(a) <=~ W(b"R) :cs(A) Chern-Simons form
Q*(U) {a) inv(a) - inv(b"R) 2 (Fa) curvature

Under the map to the coskeleton the group of such cocycles for line n-bundle with connection is quotiented
by the discrete group I' of periods of u, such that the co-Chern-Weil homomorphism is given by sending the
oo-connection V to

ZA] L> cosk, eXp(a)ConnE)ﬂ Bn(R/F)COHH .

iw

This presents a circle n-bundle with connection, 3.3.11, whose connection n-form is locally given by the
Chern-Simons form cs(A). This is the Lagrangian of the co-Chern-Simons theory defined by (a, (=)) and
evaluated on the given co-connection. If 3 is a smooth manifold of dimension n, then the higher holonomy,
3.3.13, of this circle n-bundle over ¥ is the value of the Chern-Simons action. After a suitable gauge
transformation this is given by the integral

exp(iS(A)) = exp(i /2 cs(A)),

the value of the co-Chern-Simons action functional on the co-connection A.

Proposition 4.6.1. Let g be an Loo-algebra and (—,--- ;=) an invariant polynomial on g. Then the oo-
connections A with values in g that satisfy the equations of motion of the corresponding co-Chern-Simons
theory are precisely those for which

(= FANFAN---Fa)=0,

as a morphism g — Q°*(X), where Fs denotes the (in general inhomogeneous) curvature form of A.
In particular for binary and non-degenerate invariant polynomials the equations of motion are

Fu=0.



Proof. Let A € Q(X x I,g) be a 1-parameter variation of A(t = 0), that vanishes on the boundary 9.
Here we write ¢ : [0,1] — R for the canonical coordinate on the interval.

A(0) is critical if
<d/ CS(A)> =0
dt Js, =0

for all extensions A of A(0). Using Cartan’s magic formula and the Stokes theorem the left hand expression

(7 fow) = ([g=@)
— </z dipies(A) Jr/ZLa*dCS(A))t—O
= (/2 ds:(tarcs(A)) +/E‘3t<FA /\'”FA>>t—0.
_ (/82 res(d) 4 [ ((54) A"'FA>>t_o
_ <n/z<<th> A~~FA>>t:0

Here we used that 15, Fl4 = %A and that by assumption this vanishes on 0%. Since %A can have arbitrary
values, the claim follows. O

4.6.2 3d Chern-Simons functionals

We discuss examples of the intrinsic notion of co-Chern-Simons action functionals, 3.3.13, over 3-dimensional
base spaces. This includes the archetypical example of ordinary 3-dimensional Chern-Simons theory, but
also its discrete analog, Dijkgraaf-Witten theory.

e 4.6.2.1 — Ordinary Chern-Simons theory;
e 4.6.2.2 — Ordinary Dijkgraaf-Witten theory.
4.6.2.1 Ordinary Chern-Simons theory We discuss the action functional of ordinary 3-dimensional

Chern-Simons theory (see [Fre] for a survey) from the point of view of intrinsic Chern-Simons action func-
tionals in SmoothooGrpd.

Theorem 4.6.2. Let G be a simply connected compact simple Lie group. For
[c] € HY(BG,Z) ~Z

a universal characteristic class that generates the degree-4 integral cohomology of the classifying space BG,
there is an essentially unique smooth lift ¢ of the characteristic map ¢ of the form

c:BG — BU(1) € SmoothooGrpd

on the smooth moduli stack BG of smooth G-principal bundles with values in the smooth moduli 3-stack of
smooth circle 3-bundles. The differential refinement

¢ :BGeonn — B3U(1)Conn € SmoothooGrpd

to the moduli stacks of the corresponding n-bundles with n-connections induces over any any compact 3-
dimensional smooth manifold 3 a smooth functional

exp(iScs(—)) t [2, BGeonn] —= [%, B3U(1)COHD]IL> U(1)
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on the moduli stack of G-principal connections on %, which on objects A € QY (X, g) is the exponentiated
Chern-Simons action functional

exp(iSos(A)) :exp(i/E<A/\ddRA> +é<A/\ [AAA]) .

Proof. This is theorem 4.1.9 combined with 3.3.110. (]
For more computational details that go into this see also 4.6.6.3 below

4.6.2.2 Ordinary Dijkgraaf-Witten theory Dijkgraaf-Witten theory (see [FrQu93] for a survey) is
commonly understood as the analog of Chern-Simons theory for discrete structure groups. We show that
this becomes a precise and systematic statement in SmoothooGrpd: the Dijkgraaf-Witten action functional
is that induced from applying the oo-Chern-Simons homomorphism to a characteristic class of the form
DiscBG — B3U(1), for Disc : coGrpd — SmoothooGrpd the canonical embeedding of discrete oco-groupoids,
3.1, into all smooth co-groupoids.

Let G € Grp — 0oGrpd Dige SmoothooGrpd be a discrete group regarded as an co-group object in discrete
oo-groupoids and hence as a smooth oo-groupoid with discrete smooth cohesion. Write BG = K(G,1) €
0oGrpd for its delooping in coGrpd and BG = DiscBG for its delooping in SmoothooGrpd.

We also write I'B"U(1) ~ K(U(1),n). Notice that this is different from B"U(1) ~ IIBU(1), reflecting
the fact that U(1) has non-discrete smooth structure.

Proposition 4.6.3. For G a discrete group, morphisms BG — B"U(1) correspond precisely to cocycles in
the ordinary group cohomology of G with coefficients in the discrete group underlying the circle group

mpSmoothooGrpd(BG,B"U (1)) ~ H¢,,(G,U(1)).
Proof. By the (Disc 4 T')-adjunction we have
SmoothooGrpd(BG,B"U(1)) ~ coGrpd(BG, K(U(1),n)) .

(Il
Proposition 4.6.4. For G discrete
e the intrinsic de Rham cohomology of BG is trivial
SmoothooGrpd(BG, bgqr B"U ((1)) =~ *;
e all G-principal bundles have a unique flat connection
SmoothooGrpd (X, BG) ~ SmoothooGrpd(TI(X), BG) .
Proof. By the (Disc 4 T')-adjunction and using that T' o byr K ~ « for all K. O

It follows that for G discrete
e any characteristic class ¢ : BG — B™U(1) is a group cocycle;
e the co-Chern-Weil homomorphism coincides with postcomposition with this class

H(Z,BG) — H(Z,B"U(1)).

Proposition 4.6.5. For G discrete and ¢ : BG — B3U(1) any group 3-cocycle, the oo-Chern-Simons theory
action functional on a 3-dimensional manifold ¥

SmoothooGrpd (3, BG) — U(1)

is the action functional of Dijkgraaf- Witten theory.
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Proof. By proposition 3.3.110 the morphism is given by evaluation of the pullback of the cocycle a : BG —
B3U(1) along a given V : II(¥) — BG, on the fundamental homology class of . This is the definition of
the Dijkgraaf-Witten action (for instance equation (1.2) in [FrQu93]).

O

4.6.3 4d Chern-Simons functionals

4.6.3.1 BF theory and topological Yang-Mills theory We discuss how the action functional of
(nonabelian) BF-theory [Hor89] in 4-dimensions is a special case of higher Chern-Simons theory if the co-
efficient of the “cosmological constant” term has a special value and if the action functional of topological
Yang-Mills theory is added with a certain coefficient.

Let g = (g2 4 g)1 be a strict Lie 2-algebra, coming from a differential crossed module, def. 1.3.6, as
indicated.
The following observation is due to [SSS09a].

Proposition 4.6.6. We have

1. every invariant polynomial (—)g4, € inv(gi) on g1 is a Chern-Simons element on g, exhibiting a trans-
gression to a trivial Leo-algebra cocycle;

2. for g1 a semisimple Lie algebra and (—)g, the Killing form, the corresponding Chern-Simons action
functional on co-Lie algebra valued forms

A, - 1*d /91
0 (x) <" B)W(gg—>gl)(< Yor-dw (~)a;)

W(b"1R)

is the sum of the action functionals of topological Yang-Mills theory with BF-theory with cosmological
constant:
CS(—)g, (A, B) = <FA N FA>91 — 2<FA A 6B>g1 + 2<8B N 8B>gl R

where Fy is the ordinary curvature 2-form of A.
Proof. For {t,} a basis of g; and {b;} a basis of go we have
dy(g) : At — dy(g,) + 0% :db" .
Therefore with (—=)g, = Py,...q, dr® A ---dt®" we have
dw(g)(—)g. = NPay.a, 0™ idb" A - dt™™ .

The right hand is a polynomial in the shifted generators of W(g), and hence an invariant polynomial on g.
Therefore (—)g, is a Chern-Simons element for it.
Now for (A, B) € QY(U x A¥, g) an L..-algebra-valued form, we have that the 2-form curvature is

Flypy=Fa—0B.

Therefore )
CS(—)q, (4, B) = (Fla,p))a
= <FA A FA>91 — 2<FA A 8B>91 + 2(83 AN 8B>gl
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4.6.4 7d Chern-Simons functionals

We discuss some higher Chern-Simons functionals over 7-dimensional parameter spaces.
e 4.6.4.1 — The cup product of a 3d CS theory with itself;
e 4.6.4.2 — 7d CS theory on string 2-connection fields;
e 4.6.4.3 — 7d CS theory in 11d supergravity on AdS7.

This section draws from [FiSaScIII].

4.6.4.1 The cup product of a 3d CS theory with itself Let G be a compact and simply connected
simple Lie group and consider from 4.6.2.1 the canonical differential characteristic map for the induced 3d
Chern-Simons theory

¢ :BGeonn — B*U(1)conn -

We consider the cup product of this differential characteristic map with itself.
Proposition 4.6.7. The cup product in integral cohomology
(m)U (=) : H"Y(=,Z) x H' (=, 2) — HF2 (-, 7)
has a smooth and differential refinement to the moduli co-stacks of differential cocycles
(=)U(=) : BFU(1) conn x B'U(1)conn — B* 10U (1) conn
in SmoothooGrpd.

Proof. By the discussion in 3.3.11 we have that BFU (1)conn is presented by the simplicial presheaf
EZF [k + 1] € [CartSp°P, sSet].,

which is the image of the Deligne-Beilinson complex, def. 1.3.60, under the Dold-Kan correspondence,
prop. 2.1.6. A lift of the cup product to the Deligne complex is given by the Deligne-Beilinson cup product
[Del71][Bel85]. Since the Dold-Kan functor = : [CartSp°?, Ch,] — [CartSp°P, sSet] is right adjoint, it pre-
serves products and hence this cup product. O

Corollary 4.6.8. The topological degree-8 class

(c;e)

cUc: BG "> K(Z,4) x K(Z,4) —— K(Z,8)

has a smooth and differential refinement of the form

U

e0e : BGeomn — B3U (1) eonn % B*U (1) conn ——>= B7U(1)comn -
Definition 4.6.9. Let X be a compact smooth manifold of dimension 7. The higher Chern-Simons functional

exp(iScs(—)) : [2, BGeonn] 222> [, B'U(1)conn] N U(1)

defines the cup product Chern-Simons theory induced by c.

Remark 4.6.10. For ordinary Chern-Simons theory, 4.6.2.1, the assumption that G is simply connected
implies that BG is 3-connected, hence that every G-principal bundle on a 3-dimensional ¥ is trivializable, so
that G-principal connections on 3 can be identified with g-valued differential forms on . This is no longer
in general the case over a 7-dimensional X..
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Proposition 4.6.11. If a field configuration A € [Z, BGeonn| happens to have trivial underlying bundle,
then the value of the cup product CS theory action function is given by

exp(iScs(A)) = / CS(A) AN <FA AN FA> ,
b
where CS(—) is the Lagrangian of ordinary Chern-Simons theory, 4.6.2.1.

4.6.4.2 7d CS theory on string 2-connection fields By theorem 4.1.32 we have a canonical differ-
ential characteristic map

1
gpQ : BStI‘ingconn — B7U(1)conn

from the smooth moduli 2-stack of String-2-connections, 1.3.5.7.2, with values in the smooth moduli 7-stack
of circle 7-bundles (bundle 6-gerbes) with connection. This induces a 7-dimensional Chern-Simons theory.

Definition 4.6.12. For ¥ a compact 7-dimensional smooth manifold, define exp(iS1,,,(—)) to be the Chern-
Simons action functional induced by the universal differential second fractional Pontryagin class, theorem
4.1.32,

1
eXP(iSépz(*)) : [EvBStringconn] Lm> [Za B7U(1)conn}fL> U(l) .
Recall from 1.3.5.7.2 the different incarnations of the local differential form data for string 2-connections.

Proposition 4.6.13. Over a 7-dimensional ¥ every field configuration (A, B) € [£, BString,,.,| is a string
2-connection whose underlying String-principal 2-bundle is trivial.

e In terms of the strict string Lie 2-algebra from def. 1.3.111 this is presented by a pair of nonabelian
differential forms A € QY(X, Puso), B € Q*(%,Q.50). The above action functional takes this to

eXp(iS%pQ (A,B)) = / CS7(A(1))
b
= /((Ae NdAe NdAe NdA) + ki1 {Ae AN[Ae N A ANdA AdAL)
b
+ koA AN[Ac N A AN [Ae N A ANdAL) + k3(Ae AN [Ac AN A A [Ae N A AN [Ae A AL)))

where A, € QY(X,50) is the 1-form of endpoint values of A in the path Lie algebra, and where the
integrand is the degree-7 Chern-Simons element of the quaternary invariant polynomial on so.

e In terms of the skeletal stving Lie 2-algebra from def. 1.8.110 this is presented by a pair of differential
forms A € QL(3,s0), B € Q*(3,R). The above action functional takes this to

exp(iSi,, (A, B)) = /E CS+(A).

4.6.4.3 7d CS theory in 11d supergravity on AdS; The two 7-dimensional Chern-Simons theories
from 4.6.4.1 and 4.6.4.2 can be merged to a 7d theory defined on field configurations that are 2-connections
with values in the String-2-group from def. 4.2.8. We define and dicuss this higher Chern-Simons theory
below in 4.6.4.3.2. In 4.6.4.3.1 we argue that this 7d Chern-Simons theory plays a role in AdS7/CFTg-duality
[AGMOQ].
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4.6.4.3.1 Motivation from AdS;/CFTg-holography We give here an argument that the 7-dimensional

nonabelian gauge theory discussed in section 4.6.4.3.2 is the Chern-Simons part of 11-dimensional supergrav-
ity on AdS7 x S* with 4-form flux on the S*-factor and with quantum anomaly cancellation conditions taken
into account. We moreover argue that this implies that the states of this 7-dimensional CS theory over a
7-dimensional manifold encode the conformal blocks of the 6-dimensional worldvolume theory of coincident
Mb5-branes. The argument is based on the available but incomplete knowledge about AdS/CFT-duality, such
as reviewed in [AGMOO], and cohomological effects in M-theory as reviewed and discussed in [Sal0a].

There are two, seemingly different, realizations of the holographic principle in quantum field theory. On
the one hand, Chern-Simons theories in dimension 4k + 3 have spaces of states that can be identified with
spaces of correlators of (4k + 2)-dimensional conformal field theories (spaces of “conformal blocks”) on their
boundary. For the case k = 0 this was discussed in [Wi89], for the case k = 1 in [Wi96]. On the other hand,
AdS/CFT duality (see [AGMOO] for a review) identifies correlators of d-dimensional CFTs with states of
compatifications of string theory, or M-theory, on asymptotically anti-de Sitter spacetimes of dimension d+1
(see [Wi98a]).

In [Wi98b] it was pointed out that these two mechanisms are in fact closely related. A detailed analysis
of the AdS5/SYMy-duality shows that the spaces of correlators of the 4-dimensional theory can be identified
with the spaces of states obtained by geometric quantization just of the Chern-Simons term in the effective
action of type II string theory on AdSs, which locally reads

(Bns, Brr) — N Bns A dBRrr ,
AdSs

where Byg is the local Neveu-Schwarz 2-form field, Brg is the local RR 2-form field, and where N is the
RR 5-form flux picked up from integration over the S° factor.

As briefly indicated there, the similar form of the Chern-Simons term of 11-dimensional supergravity (M-
theory) on AdS; suggests that an analogous argument shows that under AdS;/CFTg-duality the conformal
blocks of the (2,0)-superconformal theory are identified with the geometric quantization of a 7-dimensional
Chern-Simons theory. In [Wi98b] that Chern-Simons action is taken, locally on AdS7, to be

Cs C3sNG4NGy =N C3/\dC3,
AdS7xS% AdS,

where now Cj is the local incarnation of the supergravity C-field, 4.3.3.2, where G4 is its curvature 4-form
locally equal to dCs, and where
N := Gy
S4

is the C-field flux on the 4-spehere factor.

This is the (4 -1+ 3 = 7)-dimensional abelian Chern-Simons theory, 4.6.6.6, shown in [Wi96] to induce
on its 6-dimensional boundary the self-dual 2-form — in the abelian case.

We may notice, however, that there is a term missing in the above Lagrangian. The quantum anomaly
cancellation in 11-dimensional supergravity is known [DLM95](3.14) to require instead a Lagrangian whose
Chern-Simons term locally reads

1
(OJ, 03) — C3 A <G4 NGy — ISR(LU)> s
AdS;x S* 6

where w is the spin connection form, locally, and where 481$%(w) is a de Rham representative of the integral

cohomology class
1

1
4813 = pa — (§p1) U (5171) ) (4.16)

with p; and po the first and second (fractional) Pontrjagin classes, prop. 4.1.5, prop. 4.1.30 respectively, of
the given Spin bundle over 11-dimensional spacetime X.
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This means that after passing to the effective theory on AdS~, this corrected Lagrangian picks up another
7-dimensional Chern-Simons term, now one depending on nonablian fields. Locally this reads

N
S7acs : (w, Cg) = — C3NdC3 — N CSy, (OJ) . (417)
6 Jads, Adsr

where CSy, (w) is some Chern-Simons form for I¢%(w), defined locally by
dCSr, (w) = I§™ ().

But this action functional, which is locally a functional of a 3-form and a Spin-connection, cannot globally
be of this form, already because the field that looks locally like a Spin connection cannot globally be a Spin
connection. To see this, notice from the discussion of the C-field in 4.4.5, that there is a quantization
condition on the supergravity fields on the 11-dimensional X [Wi97a], which in cohomology requires the
identity

1
2[G4) = P20 € HY(X,Z),

where on the right we have the canonical characteristic 4-class a, prop. 4.2.6, of an ‘auxiliary’ Eg bundle
on 11-dimensional spacetime. Moreover, we expect that when restricted to the vicinity of the asymptotic
boundary of AdS;, the class of G, should have to vanish in analogy to what happens at the boundary
for the Hofava-Witten compactification of the 11-dimensional theory [HoWi95], as discussed in 4.4.5.3.
Since, moreover, the states of the topological TFT that we are after are obtained already from geometric
quantization, 4.8, of the theory in the vicinity ¥ x I of a boundary ¥, we find the field configurations of the
7-dimensional theory are to satisfy the constraint in cohomology

1
b1 +20=0. (4.18)

Imposing the condition (4.18) has two effects.

1. The first is that, according to 4.4, what locally looks like a spin-connection is globally instead a twisted
differential String structure, 4.4.4, or equivalently a 2-connection on a twisted String-principal 2-bundle,
where the twist is given by the class 2a. By 1.3.1.3 the total space of such a principal 2-bundle may be
identified with a (twisted) nonabelian bundle gerbe. Therefore the configuration space of fields of the
effective 7-dimensional nonabelian Chern-Simons action above should not involve just Spin connection
forms, but String-2-connection form data. By 1.3.5.7.2 there is a gauge in which this is locally given
by nonabelian 2-form field data with values in the loop group of Spin.

2. The second effect is that on the space of twisted String-2-connections, the differential 4-form tr(F,, A
F,,), that under the Chern-Weil homomorphism represents the image of %pl in de Rha, cohomology,
according to 4.4.4.1, locally satisfies

dHjy = tr(F, A F,,) — 2tr(Fa A Fa),

where Hj is the 3-form curvature component of the String-2-connection, and where F4 is the curvature
of any connection on the Fg bundle, locally given by an eg-valued 1-form A. Therefore with the
quantization condition of the C field taken into account, the 7-dimensional Chern-Simons action from
above becomes

Sracs = N (103 AdCs — ng ANdHs — é(Hs + CSa(A)Atr(FaAFa)+ CS%%f,2 (w)) .
AdS7

6 48
(4.19)
Here the first two terms are 7-dimensional abelian Chern-Simons actions as before, for fields that
are both locally abelian three forms (but have very different global nature). The second two terms,
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however, are action functionals for nonabelian Chern-Simons theories. The third term involves the
familiar Chern-Simons 3-form of the Eg-connection familiar from 3-dimensional Chern-Simons theory

CS.(A) =tr(ANdA) + %tr(A NANA).

Finally the Lagrangian in the fourth term is the Chern-Simons 7-form that is locally induced, under
the Chern-Weil homomorphism, from the quartic invariant polynomial (—, —, —, —) : 50®* — R on
the special orthogonal Lie algebra so, in direct analogy to how standard 3-dimensional Chern-Simons
theory is induced under Chern-Weil theory from the quadratic invariant polynomial (the Killing form)
(=, =) :s0®s0 — R:

CS7(w) =(w A dw A dw A dw) + k1 {w A [wAw] Adw A dw)
Fh(wA[WwAWAwAW Adw) +k3{wA[wAw AfwAw] A JwAw])
This line of arguments suggests that the Chern-Simons term that governs 11-dimensional supergravity
on AdS; x S* is an action functional on fields that are twisted String-2-connections such that the action

functional is locally given by (4.19). In 4.6.4.3.2 we show that a Chern-Simons theory satisfying these
properties naturally arises from the differential characteristic maps discussed above in 4.6.4.1 and 4.6.4.2.

4.6.4.3.2 Definition and properties We discuss now a twisted combination of the two 7-dimensional
Chern-Simons action functionals from 4.6.4.1 and 4.6.4.2 which naturally lives on the moduli 2-stack CField(—)P%
of boundary C-field configurations from 4.4.56. We show that on oco-connection field configurations whose
underlying oo-bundles are trivial this functional reduces to that given in equation (4.19).

It is instructive to first consider a slightly simplified special case.

Definition 4.6.14. Write 48Ig for the smooth universal differential characteristic cocycle

(§p1)—(5P103P1)

ool

48i8: BStringconn B7U(1)conn y

where %f)G is the differential second fractional Pontryagin class from theorem 4.1.32 and where %p}@%ﬁl is
the differential cup product class from corollary 4.6.8.

Definition 4.6.15. For ¥ a compact smooth manifold of dimension 7, define the action functional exp(iSas, (—))
on the moduli 2-stack of String-2-connections as the composite

exp(iSisty (=) ¢ [, BString,on] 2% (2, BT (1)eonn] 2 U(1) .

We give now an explicit description of the field configurations in [, BString,,,,] and of the value of
exp(iSsr, (—)) on these in terms of differential form data.

Proposition 4.6.16. A field configuration in [¥, BString, ] € SmoothooGrpd is presented in the model
category [CartSp°?, sSet]proj ioc, 3.3, by a correspondence

C({Us}) —2— cosks exp(bR — 50, )ecim »

lz

D)

where 50, is the skeletal String Lie 2-algebra, def. 1.3.110, where on the right we have the adapted differential
coefficient object from prop. 4.4.48; such that the projection

C{U:}) —2—= cosks exp(bR50,,)ecnn ——= B3U (1) conn
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has a trivial underlying class in H*(2,7Z).
The underlying nonabelian cohomology class of such a cocycle is that of a String-principal 2-bundle.
The local connection and curvature differential form data over a patch U; is

F,= dw+iwnuw]
Hy= VB:=dB+CS(w)
dF, = —[wAF)]

dH; = (F, AF,)

Proof. Without the constraint on the C-field this is the description of twisted String-2-connections of
observation 4.4.50 where the twist is the C-field. The condition above picks out the untwisted case, where
the C-field is trivialized. What remains is an untwisted String-principal 2-bundle.

The local differential form data is found from the modified Weil algebra of (bR — (s0),,,) indicated on
the right of the following diagram

te, —w?
re, — I,
b — B
F,= dw+ %[w A w] ¢ = Cs oo = dlg, + % gobctls)o Ntg,
H3;= VB:=dB+CS(w)—Cs h ~ — Hs h= db + cSg0 — €
L= dCs g =6 g=  dc
dF, = —[wAF,) ' dri, = —C%th A1,
dHs = (F, AF,) — G4 dh= (-, —)—g
dQ4 = 0 . dg = O

7

Remark 4.6.17. While the 2-form B in the presentation used in the above proof is abelian, the total
collection of forms is still connection data with coefficients in the nonabelian Lie 2-algebra string. We
explained in remark 1.3.114, that there is a choice of local gauge in which the nonabelianness of the 2-
form becomes manifest. For the discussion of the above proposition, however, this gauge is not the most
convenient one, and it is more direct to exhibit the local cocycle data in the above form, which corresponds
to the second gauge of remark 1.3.114.

This is an example of a general principle in higher gerbe theory. Due to the higher gauge invariances, the
local component presentation of a given structure does not usually manifestly exhibit the gauge-invariant
information in an obvious way.

Proposition 4.6.18. Let ¢ € [X,BString,.,,] be a field configuration which, in the presentation of prop.
4.6.16, is defined over a single patch U = X.
Then the action functional of def. 4.6.15 sends this to

exp(iSasrs (w, Hz)) = exp (z/ (Hg/\ng‘FGCSéf)Q(W))) .
b

Proof. The first term is that of the cup product theory, 4.6.4.1, after using the identity tr(F,AF,,) = dH3
which holds on the configuration space of String-2-connections by prop. 4.6.16. The second term is that of
the %pg—Chern—Simons theory from 4.6.4.2. O

Remark 4.6.19. Therefore comparison with equation (4.19) shows that the action functional Sysz, has
all the properties that in 4.6.4.3.1 we argued that the effective 7-dimensional Chern-Simons theory inside
11-dimensional supergravity compactified on S* should have, in the following special case:

e the C-field flux on $* is N = 48;

and
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e the Fg-field is trivial;
e the C-field on X is trivial.

We discuss now natural refinements of Sysr, that generalize away from the last two of these special
conditions to obtain the full form of (4.19).

Recall from def. 4.4.56 the moduli stack CField"¥(X) of supergravity C-field configurations over a
Hotava-Witten-like boundary.

Definition 4.6.20. Write IAS for the smooth universal characteristic map given by the composite

cxp(cslp =1, 1, )
CFieldbdr(Z) Hexp(bR - (50 4 eg))tw 6Pl 2P1Y35P1

conn

[Zv B7(R/K)conn] )

where the first morphism is the one induced by def. 4.4.56 into all twisted differential String(Spin x Eg)-
structures as given in the presentation of 4.4.4.1, and where the second morphism is the co-Chern-Weil
homomorphism of Ig, according to 3.3.12, with K C R the given sublattice of periods.
Write
exp(iSi, () ¢ CField" o [5, B (R/K)con] 2> R/K
for the corresponding action functional.

Proposition 4.6.21. Let ¢ € C’Fieldbdr(E) be a field configuration which, in the presentation of prop.
4.6.16, is defined over a single patch U = X.
Then the action functional of def. 4.6.20 sends this to

1

B (H3 + CSG(A) /\tr(FA A FA) + CS

exp(iSr, (w, A, H3)) = /

1
(Cg ANdC3 — —Hs ANdHs —
g 13

s 0 modic

11
86

4.6.5 Action of closed string field theory type

We discuss the form of co-Chern-Simons Lagrangians, 4.6.1, on general L..-algebras equipped with a
quadratic invariant polynomial. The resulting action functionals have the form of that of closed string
field theory.

Proposition 4.6.22. Let g be any Loo-algebra equipped with a quadratic invariant polynomial (—, —).
The co-Chern-Simons functional associated with this data is

S:A»—)/E <<AAddRA>+i(kil)!mA[AA...A]k)) :

k=1

where
[_7”' 7_] :g®k_>g

is the k-ary bracket of g (prop. 1.3.74).

Proof. There is a canonical contracting homotopy operator
7: W(g) = W(g)
such that [dw, 7] = Idw(g). Accordingly a Chern-Simons element, def. 3.3.101, for (—, —) is given by
cs:=7(—,—).

We claim that this is indeed the Lagrangian for the above action functional.
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To see this, first choose a basis {t,} and write
Py = (ta,ty)
for the components of the invariant polynomial in that basis and
Cgl,u- ag T (tars s tarlk

as well as

— a
Cao,al,--- Ak T PaOaCal,--- ,ak

for the structure constant of the k-ary brackets.
In terms of this we need to show that

oo
2
Cs = Pabta A thb + E mcao,... ’aktllo A A
k=1 ’

The computation is best understood via the free dg-algebra F(g) on the graded vector space g*, which
in the above basis we may take to be generated by elements {¢*,dt*}. There is a dg-algebra isomorphism

F(g) = W(g)

given by sending t* — ¢ and dt® — dcg(q) + 7
On F'(g) the contracting homotopy is evidently given by the map %h, where L is the word length operator
in the above basis and h the graded derivation which sends t* — 0 and dt* — t*. Therefore 7 is given by

W(g) —— W(g) .

With this we obtain

cs:=71(—,—)

oo (oo}
= 1Py (dwt“ + Y CE A A t“k) A <dwtb FY Pt A A tbk>

k=1 k=1

oo
2
= P,t* A dwtb + Z mpﬂbcbbh'“ 7bkta AOTA A DR
k=1

]

Remark 4.6.23. If here ¥ is a completely odd-graded dg-manifold, such as ¥ = R%/®, then this is the kind
of action functional that appears in closed string field theory [Zw93][KaSt08]. In this case the underlying
space of the (super-)Lo-algebra g is the BRST complex of the closed (super-)string and [—, -+, —]j is the
string’s tree-level (k 4+ 1)-point function.

4.6.6 AKSZ theory

We now consider symplectic Lie n-algebroids 3. These carry canonical invariant polynomials w. We show
that the co-Chern-Simons action functional associated to such w is the action functional of the AKSZ o-model
quantum field theory with target space B (due to [AKSZ], usefully reviewed in [Royt06]).

This section is based on [FRS11a].
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e AKSZ o-models — 4.6.6.1;

4.6.6.2 — The AKSZ action as a Chern-Simons functional ;

4.6.6.3 — Ordinary Chern-Simons theory;
e 4.6.6.4 — Poisson o-model;
e 4.6.6.5 — Courant o-model;

e 4.6.6.6 — Higher abelian Chern-Simons theory.

4.6.6.1 AKSZ o-Models The class of topological field theories known as AKSZ o-models|AKSZ] con-
tains in dimension 3 ordinary Chern-Simons theory (see [Fre] for a comprehensive review) as well as its Lie
algebroid generalization (the Courant o-model [Tke03]), and in dimension 2 the Poisson o-model (see [CaFe00]
for a review). It is therefore clear that the AKSZ construction is some sort of generalized Chern-Simons
theory. Here we demonstrate that this statement is true also in a useful precise sense.

Our discussion proceeds from the observation that the standard Chern-Simons action functional has
a systematic origin in Chern-Weil theory (see for instance [GHV] for a classical textbook treatment and
[HoSi05] for the refinement to differential cohomology that we need here):

The refined Chern-Weil homomorphism assigns to any invariant polynomial (=) : g®» — R on a Lie
algebra g of compact type a map that sends g-connections V on a smooth manifold X to cocycles [p(_y(V)] €
Hgigl (X) in ordinary differential cohomology. These differential cocycles refine the curvature characteristic
class [(Fy)] € H}#'(X) in de Rham cohomology to a fully fledged line n-bundle with connection, also
known as a bundle (n — 1)-gerbe with connection. And just as an ordinary line bundle (a “line 1-bundle”)
with connection assigns holonomy to curves, so a line n-bundle with connection assigns holonomy holg(X)
to n-dimensional trajectories ¥ — X. For the special case where (—) is the Killing form polynomial and
X = ¥ with dim¥ = 3 one finds that this volume holonomy map V +— holf,<7>(v)(2) is precisely the
standard Chern-Simons action functional. Similarly, for (—) any higher invariant polynomial this holonomy
action functional has as Lagrangian the corresponding higher Chern-Simons form. In summary, this means
that Chern-Simons-type action functionals on Lie algebra-valued connections are the images of the refined
Chern-Weil homomorphism.

In 2.3.15 a generalization of the Chern-Weil homomorphism to higher (“derived”) differential geometry
has been established. In this context smooth manifolds are generalized first to orbifolds, then to general Lie
groupoids, to Lie 2-groupoids and finally to smooth oo-groupoids (smooth co-stacks), while Lie algebras are
generalized to Lie 2-algebras etc., up to L,-algebras and more generally to Lie n-algebroids and finally to
L-algebroids.

In this context one has for a any L..-algebroid a natural notion of a-valued co-connections on exp(a)-
principal smooth co-bundles (where exp(a) is a smooth co-groupoid obtained by Lie integration from a). By
analyzing the abstractly defined higher Chern-Weil homomorphism in this context one finds a direct higher
analog of the above situation: there is a notion of invariant polynomials (=) on an L..-algebroid a and these
induce maps from a-valued co-connections to line n-bundles with connections as before .

This construction drastically simplifies when one restricts attention to trivial co-bundles with (nontrivial)
a-connections. Over a smooth manifold 3 these are simply given by dg-algebra homomorphisms

A W(a) = Q(D),

where W(a) is the Weil algebra of the Lo.-algebroid a [SSS09a], and Q°(X) is the de Rham algebra of ¥
(which is indeed the Weil algebra of ¥ thought of as an L..-algebroid concentrated in degree 0). Then for
(—) € W(a) an invariant polynomial, the corresponding co-Chern-Weil homomorphism is presented by a
choice of “Chern-Simons element” cs € W(a), which exhibits the transgression of (—) to an Ls-cocycle (the
higher analog of a cocycle in Lie algebra cohomology): the dg-morphism A naturally maps the Chern-Simons
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element cs of A to a differential form cs(A4) € Q°*(X) and its integral is the corresponding co-Chern-Simons
action functional S._,
S(_) A h01p<:> (E) = /ZCS(_> (A) .

Even though trivial co-bundles with a-connections are a very particular subcase of the general co-Chern-
WEeil theory, they are rich enough to contain AKSZ theory. Namely, here we show that a symplectic dg-
manifold of grade n — which is the geometrical datum of the target space defining an AKSZ o-model — is
naturally equivalently an L.-algebroid 8 endowed with a quadratic and non-degenerate invariant polynomial
w of grade n. Moreover, under this identification the canonical Hamiltonian 7 on the symplectic target dg-
manifold is identified as an L..-cocycle on . Finally, the invariant polynomial w is naturally in transgression
with the cocycle 7 via a Chern-Simons element cs,, that turns out to be the Lagrangian of the AKSZ o-model:

[ aszl) = [ ).

(An explicit description of Laksyz is given below in def. 4.6.25)
In summary this means that we find the following dictionary of concepts:

Chern-Weil theory AKSZ theory
cocycle s Hamiltonian
transgression element | cs Lagrangian

invariant polynomial | w | symplectic structure

More precisely, we (explain and then) prove here the following theorem:

Theorem 4.6.24. For (P,w) an Lyo-algebroid with a quadratic non-degenerate invariant polynomial, the
corresponding co-Chern- Weil homomorphism

V — holy;_ (%)

sends P-valued co-connections V to their corresponding exponentiated AKSZ action

< =exp(i /E Laxsz(V)).

The local differential form data involved in this statement is at the focus of attention in this section here
and contained in prop. 4.6.27 below.

We consider, in definition 4.6.25 below, for any symplectic dg-manifold (X,w) a functional Saksz on
spaces of maps T3 — X of smooth graded manifolds. While only this precise definition is referred to in the
remainder of the section, we begin by indicating informally the original motivation of Saksz. The reader
uncomfortable with these somewhat vague considerations can take note of def. 4.6.25 and then skip to the
next section.

Generally, a o-model field theory is, roughly, one

1. whose fields over a space ¥ are maps ¢ : ¥ — X to some space X;

2. whose action functional is, apart from a kinetic term, the transgression of some kind of cocycle on X
to the mapping space Map(3, X).
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Here the terms “space”, “maps” and “cocycles” are to be made precise in a suitable context. One says that
Y is the worldvolume, X is the target space and the cocycle is the background gauge field.

For instance, an ordinary charged particle (such as an electron) is described by a o-model where 3 =
(0,t) C R is the abstract worldline, where X is a (pseudo-)Riemannian smooth manifold (for instance our
spacetime), and where the background cocycle is a line bundle with connection on X (a degree-2 cocycle
in ordinary differential cohomology of X, representing a background electromagnetic field). Up to a kinetic
term, the action functional is the holonomy of the connection over a given curve ¢ : ¥ — X. A textbook
discussion of these standard kinds of o-models is, for instance, in [DM99].

The o-models which we consider here are higher generalizations of this example, where the background
gauge field is a cocycle of higher degree (a higher bundle with connection) and where the worldvolume is
accordingly higher dimensional. In addition, X is allowed to be not just a manifold, but an approximation
to a higher orbifold (a smooth co-groupoid).

More precisely, here we take the category of spaces to be SmoothDgMfd from def. 4.5.3. We take target
space to be a symplectic dg-manifold (X,w) and the worldvolume to be the shifted tangent bundle TX of
a compact smooth manifold ¥. Following [AKSZ], one may imagine that we can form a smooth Z-graded
mapping space Maps(T3, X) of smooth graded manifolds. On this space the canonical vector fields vy, and
vx naturally have commuting actions from the left and from the right, respectively, so that their sum vy +vx
equips Maps(TX, X) itself with the structure of a differential graded smooth manifold.

Next we take the “cocycle” on X (to be made precise in the next section) to be the Hamiltonian 7 (def.
4.5.12) of vx with respect to the symplectic structure w, according to def. 4.5.10. One wants to assume that
there is a kind of Riemannian structure on T3 that allows to form the transgression

/ eviw = peviw
¥

by pull-push through the canonical correspondence
Maps(TE, X) <—— Maps(T, X) x TL L > X

When one succeeds in making this precise, one expects to find that ffzz ev*w is in turn a symplectic structure
on the mapping space.
This implies that the vector field vy + vx on mapping space has a Hamiltonian

S € C*°(Maps(TX, X)), s.t. dS = tygi, / eviw.
Iz

The grade-0 component

SAKSZ = S|Maps(T2,X)0
constitutes a functional on the space of morphisms of graded manifolds ¢ : T — X. This is the AKSZ
action functional defining the AKSZ o-model with target space X and background field/cocycle w.

In [AKSZ], this procedure is indicated only somewhat vaguely. The focus of attention there is on a
discussion, from this perspective, of the action functionals of the 2-dimensional o-models called the A-model
and the B-model. In [Royt06] a more detailed discussion of the general construction is given, including an
explicit formula for S, and hence for Saksz. That formula is the following:

Definition 4.6.25. For (X,w) a symplectic dg-manifold of grade n with global Darboux coordinates {z*},
¥ a smooth compact manifold of dimension (n + 1) and k € R, the AKSZ action functional

Saksz : SmoothGrMfd(TX, X) — R
is .
Saksz : ¢ / <wab¢a Adaro® — <I5*7T> ;
5 \2

where 7 is the Hamiltonian for vx with respect to w and where on the right we are interpreting fields as
forms on ¥ according to prop. 4.5.7.
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This formula hence defines an infinite class of o-models depending on the target space structure (X,w).
(One can also consider arbitrary relative factors between the first and the second term, but below we shall
find that the above choice is singled out). In [AKSZ], it was already noticed that ordinary Chern-Simons
theory is a special case of this for w of grade 2, as is the Poisson o-model for w of grade 1 (and hence, as
shown there, also the A-model and the B-model). The main example in [Royt06] spells out the general case
for w of grade 2, which is called the Courant o-model there. (We review and re-derive all these examples in
detail below.)

One nice aspect of this construction is that it follows immediately that the full Hamiltonian S on the
mapping space satisfies {S,S} = 0. Moreover, using the standard formula for the internal hom of chain
complexes, one finds that the cohomology of (Maps(¥%, X), vs +vx) in degree 0 is the space of functions on
those fields that satisfy the Euler-Lagrange equations of Saksz. Taken together, these facts imply that S is
a solution of the “master equation” of a BV-BRST complex for the quantum field theory defined by Saksz.
This is a crucial ingredient for the quantization of the model, and this is what the AKSZ construction is
mostly used for in the literature (for instance [CaFe00]).

Here we want to focus on another nice aspect of the AKSZ-construction: it hints at a deeper reason for
why the o-models of this type are special. It is indeed one of the very few proposals for what a general
abstract mechanism might be that picks out among the vast space of all possible local action functionals
those that seem to be of relevance “in nature”.

We now proceed to show that the class of action functionals Saksz are precisely those that higher
Chern-Weil theory canonically associates to target data (X,w). Since higher Chern-Weil theory in turn is
canonically given on very general abstract grounds, this in a sense amounts to a derivation of Sxkgz from
“first principles”, and it shows that a wealth of very general theory applies to these systems.

4.6.6.2 The AKSZ action as an co-Chern-Simons functional We now show how an L,-algebroid
a endowed with a triple (m, cs, w) consisting of a Chern-Simons element transgressing an invariant polynomial
w to a cocycle 7 defines an AKSZ-type o-model action. The starting point is to take as target space the
tangent Lie co-algebroid Ta, i.e., to consider as space of fields of the theory the space of maps Maps(T3, Ta)
from the worldsheet ¥ to Ta. Dually, this is the space of morphisms of dgcas from W(a) to 2°(%), i.e., the
space of degree 1 a-valued differential forms on ¥ from definition 1.3.98.

Remark 4.6.26. As we noticed in the introduction, in the context of the AKSZ o-model a degree 1 a-valued
differential form on ¥ should be thought of as the datum of a (notrivial) a-valued connection on a trivial
principal co-bundle on .

Now that we have defined the space of fields, we have to define the action. We have seen in definition
1.3.100 that a degree 1 a-valued differential form A on 3 maps the Chern-Simons element cs € W(a) to a
differential form cs(A) on . Integrating this differential form on ¥ will therefore give an AKSZ-type action
which is naturally interpreted as an higher Chern-Simons action functional:

Maps(%X,%a) — R
A / cs(A).
b

Theorem 4.6.24 then reduces to showing that, when {a, (7, cs,w)} is the set of Lo.-algebroid data arising
from a symplectic Lie n-algebroid (3, w), the AKSZ-type action dscribed above is precisely the AKSZ action
for (P, w). More precisely, this is stated as follows.

Proposition 4.6.27. For (B,w) a symplectic Lie n-algebroid coming by proposition 4.5.15 from a symplectic
dg-manifold of positive grade n with global Darboux chart, the action functional induced by the canonical
Chern-Simons element

cs € W(B)
from proposition 4.5.19 is the AKSZ action from definition 4.6.25:

/CSZ/LAKSZ~
s )

330



In fact the two Lagrangians differ at most by an exact term
cs ~ Laksz -

Proof. We have seen in remark 4.5.20 that in Darboux coordinates {z®} where
w = %wabdx“ A da?
the Chern-Simons element from proposition 4.5.19 is given by
cs = % (deg(z") wapz® A dyy(spyz” — nmr) .
This means that for ¥ an (n + 1)-dimensional manifold and
Q*(2) W) : ¢

a (degree 1) PB-valued differential form on ¥ we have

/E os(6) = /E %deg(:ﬂmbwAdmb—mw) ,

where we used zj)(dw(m):rb) = d4r¢®, as in remark 1.3.99. Here the asymmetry in the coefficients of the first
term is only apparent. Using integration by parts on a closed ¥ we have

/ > deg(a®) wapd® A dar¢” = / D (=) ) deg(2) wp (dard®) A ¢
> a,b X a,b
_ / Z(_1)(1+deg($a))(1+deg(;@b))deg(xa)wab¢b A (dng‘ba),
X a,b

_ /E S deg(@") wapd® A (dard”)
a,b

where in the last step we switched the indices on w and used that wg, = (—1)(Hdeg(“’a))(Hdeg(mb))wba.
Therefore

1 1
/ D deg(x") wapg® A dare” = 5 / > deg(a*) wapg® A dard’ + 3 / > deg(a”) wap™ A dar e’
X a,b z a,b x a,b

n
= 5/ Wapd® A dar @’ .
5

Using this in the above expression for the action yields

/ECS(¢) = /z (;Wab¢a A daro” — 7T(¢)> ;

which is the formula for the action functional from definition 4.6.25. O

We now unwind the general statement of proposition 4.6.27 and its ingredients in the central examples
of interest, from proposition 4.5.16: the ordinary Chern-Simons action functional, the Poisson o-model
Lagrangian, and the Courant o-model Lagrangian. (The ordinary Chern-Simons model is the special case
of the Courant o-model for 3 having as base manifold the point. But since it is the archetype of all models
considered here, it deserves its own discussion.)

By the very content of proposition 4.6.27 there are no surprises here and the following essentially amounts
to a review of the standard formulas for these examples. But it may be helpful to see our general co-Lie
theoretic derivation of these formulas spelled out in concrete cases, if only to carefully track the various signs
and prefactors.
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4.6.6.3 Ordinary Chern-Simons theory Let 3 = bg be a semisimple Lie algebra regarded as an Lq-
algebroid with base space the point and let w := (—, —) € W(bg) be its Killing form invariant polynomial.
Then (bg, (—, —)) is a symplectic Lie 2-algebroid.

For {t*} a dual basis for g, being generators of grade 1 in W(g) we have

1
dwt® = =5 Cet™ A t 4 dt®

where C% := t*([ty, t.]) and
1
w = §Pabdta Adt’,

where P, := (t4,tp). The Hamiltonian cocycle 7 from prop. 4.5.17 is
™= mLULew
1
= 3toPart” A de®
1
= _épabcgdta Ate At

1
= _Bc‘mta AP ALE.

Therefore the Chern-Simons element from prop. 4.5.19 is found to be
1 a b 1 a b c
CS:§ Pabt A dt —6 abct AR AAN 4

1 1
=3 (Pabt“ A dwt® + gC’abct“ AA tc) .

This is indeed, up to an overall factor 1/2, the familiar standard choice of Chern-Simons element on a Lie
algebra. To see this more explicitly, notice that evaluated on a g-valued connection form

() « W(bg) : A

this is

92¢s(A) = (AN Fa) — =(AA[A,A]) = (AAdgrA) + =(AN[A, A]) .

1 1
6 3
If g is a matrix Lie algebra then the Killing form is proportional to the trace of the matrix product: (t,,t,) =
tr(tqtp). In this case we have

(AN[A,A]) = A% A AP A AC tr(ta (tyte — tety))
=2A% A AP A ACtr(totyte)
=2tr(AANANA)

and hence ) 5
QCS(A):tr(A/\FA—SA/\A/\A> :tr<A/\ddRA+3A/\A/\A> .

4.6.6.4 Poisson c-model Let (M, {—, —}) be a Poisson manifold and let B be the corresponding Poisson
Lie algebroid. This is a symplectic Lie 1-algebroid. Over a chart for the shifted cotangent bundle T*[—1]X
with coordinates {x'} of degree 0 and {9;} of degree 1, respectively, we have

deL'i = —Wijaj + dxi;
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where 7% := {2, 27} and ,
w=dz"'Ado;.

The Hamiltonian cocycle from prop. 4.5.17 is

1 1 ..
T = §vaew = —§7r”8i N 0j

and the Chern-Simons element from prop. 4.5.19 is
CS = LW+
. 1 .. .
= 81 Adxt — §7szai AN (%

In terms of dw instead of d this is '
cs=0; Ndwz' — 7

= 82 AN dWZL'l + 5’/T”aiaj .

So for ¥ a 2-manifold and
Q%) < W(PB) : (X,n)

a Poisson-Lie algebroid valued differential form on ¥ — which in components is a function X : ¥ — M and
a 1-form n € QY (%, X*T*M) — the corresponding AKSZ action is

1 ..
/ cs(X,n) = / NAdarX + -7 (X)n; Anj.
) ) 2
This is the Lagrangian of the Poisson o-model [CaFe00].

4.6.6.5 Courant c-model A Courant algebroid is a symplectic Lie 2-algebroid. By the previous example
this is a higher analog of a Poisson manifold. Expressed in components in the language of ordinary differential
geometry, a Courant algebroid is a vector bundle E over a manifold M, equipped with: a non-degenerate
bilinear form (-,-) on the fibers, a bilinear bracket [-,-] on sections I'(E), and a bundle map (called the
anchor) p: E — TM, satisfying several compatibility conditions. The bracket [-,:] may be required to
be skew-symmetric (Def. 2.3.2 in [Royt02]), in which case it gives rise to a Lie 2-algebra structure, or,
alternatively, it may be required to satisfy a Jacobi-like identity (Def. 2.6.1 in [Royt02]), in which case it
gives a Leibniz algebra structure.

It was shown in [Royt02] that Courant algebroids E — My in this component form are in 1-1 corre-
spondance with (non-negatively graded) grade 2 symplectic dg-manifolds (M, v). Via this correspondance,
M is obtained as a particular symplectic submanifold of T*[2]E[1] equipped with its canonical symplectic
structure.

Let (M,v) be a Courant algebroid as above. In Darboux coordinates, the symplectic structure is

o
w=dp; Adg’ + 5 gapd€” A deb,

with A
deng = 07 degga = ]-a degpl = 27

and g,p are constants. The Chevalley-Eilenberg differential corresponds to the vector field:

]- aCrabc
6 Oq

aga aq1

i ra O ; 1 o) OPJ
v= P&&“a—qi + 9" (Pipi — incdﬁcﬁd) + (—,g o

€€ £C>
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Here P! = Pi(q) and Type = Tape(q) are particular degree zero functions encoding the Courant algebroid

structure. Hence, the differential on the Weil algebra is:
dwq' = P,¢" +dg'
, 1
dw&®* = g (Pip; — §Tbcd§C§d) +dg*

or’ . 10T ,pe
¢’ &P+ 6 Oq

dwp; = £2€%¢¢ + dp;.

Following remark. 4.5.18, we construct the corresponding Hamiltonian cocycle from prop. 4.5.17:

1
= T Wab deg(z®)z® A v°

= %(2])1 A v(qi) + gabfa A ’U(gb»

1 ) . 1

= — (2pi P + €OPip; — ~Topet0€b¢°

3(p WS HEPp 5 beEEPEC)
. 1

= P¢"pi — gTabc§a§b§C~

The Chern-Simons element from prop. 4.5.19 is:

1 a a b
cs = 3 (Z}: deg(z®) wapz® Adwa’ — 27r>

) 1
=pidwq' + = gap€ dw&’ — 7

2
i 1 a b i¢ca 1 a¢bec
=pidwq" + §gab§ dw&” — Po&pi + éTabcﬁ £¢°.

So for a map
Q%(3) « W(B) : (X, A F)

where Y is a closed 3-manifold, we have
1 . 1
/ es(X, A F) = / Fi Ndar X" + 59ap A" N dqrA® — PLA® N F; + g Labe A" A Ab A AC.
b b
This is the AKSZ action for the Courant algebroid o-model from [Tke03] [Royt02][Royt06].

4.6.6.6 Higher abelian Chern-Simons theory in d = 4k +3 For k € N, let a be the delooping of
the line Lie 2k-algebra, def. 3.3.50: a = b**T1R. By observation 3.3.99 there is, up to scale, a unique binary
invariant polynomial on b***'R, and this is the wedge product of the unique generating unary invariant
polynomial 7 in degree 2k + 2 with itself:

wi=vyAy € WOH*HR).
This invariant polynomial is clearly non-degenerate: for ¢ the canonical generator of CE(b?**!1R) we have
w=dcAdc.

Therefore (b>**1R, w) induces an co-Chern-Simons theory of AKSZ o-model type in dimension n+1 = 4k+-3.
(On the other hand, on b?*R there is only the 0 binary invariant polynomial, so that no AKSZ-o-models are
induced from b**R.)
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The Hamiltonian cocycle from prop. 4.5.17 vanishes
m=0
because the differential dogp2r+1g) is trivial. The Chern-Simons element from prop. 4.5.19 is
cs=cAdc.
A field configuration, def. 1.3.98, of this o-model over a (2k + 3)-dimensional manifold
Q°(%) « W) . ¢

is simply a (2k + 1)-form. The AKSZ action functional in this case is

SAKszic'—)/OAddRC.
b

The simplicity of this discussion is deceptive. It results from the fact that here we are looking at oo-
Chern-Simons theory for universal Lie integrations and for topologically trivial co-bundles. More generally
the oo-Chern-Simons theory for a = b?**!R is nontrivial and rich. Its configuration space is that of circle
(2k+1)-bundles with connection (3.3.11) on X, classified by ordinary differential cohomology in degree 2k+2,
and the action functional is given by the fiber integration in differential cohomology to the point over the
Beilinson-Deligne cup product, which is locally given by the above formula, but contains global twists. This
is discussed in depth in [HoSi05].

Once globalized this way, the above action functional is the action functional of higher U(1)-Chern-Simons
theory in dimention 4k + 3. In dimension 3 (k = 0) this is discussed for instance in [GuThO08] (notice that
U(1) is not simply connected). In dimension 7 (k = 1) this higher Chern-Simons theory is the system whose
holographic boundary theory encodes the self-dual 2-form gauge theory on the fivebrane [Wi97b]. Generally,
for every k the (4k + 3)-dimensional abelian Chern-Simons theory induces a self-dual higher gauge theory
holographically on its boundary, see [BeMo06].

335



4.7 o00-WZW functionals
We discuss examples of higher WZW functionals, def. 2.3.18.

4.7.1 Ordinary WZW functional — 2d os-model on a Lie group
Proposition 4.7.1. Let G be a simple compact Lie group and let
c: BGconn — BSU(l)conn

be the Chern-Simons functional, from 4.6.2.1. Then the induced WZW-2-bundle if a circle 2-bundle with
curvature 3-form given by
(9:33 > G) = (g"0N[g"0 AN g™0]),

where 0 is the Maurer-Cartan form on G, prop 3.3.61.

Proof. First we notice that we have indeed an oco-pullback

G —bHBG

|

* BGCOHH

To see this we use the standard presentation of BGcon, from observation 1.3.40, and the standard resolution
of the bottom horizontal point inclusion, by prop. 1.3.31, which is the groupoid depicted by

0

EG conn : U — / X
-1

_ 929 _
g7 tdgy ———— g5 'dgs

that over U € CartSp has as objects the flat g-valued forms A equipped with an identification A = ¢g*6 for g €

C>(U,G), and whose morphisms are gauge transformations that are compatible with these identifications.
Then the ordinary pullback

EGconn BGconn

where in the bottom right we have the groupoid of g-valued forms, exhibits G as the claimed homotopy
pullback.

Moreover, we claim that that the codomain of the WZW morphism is the full sub-2-groupoid of circle
2-bundles on those whose curvature 3-form is of the form (g*6 A g*0 A g*0) for some G-valued function g.
This follows from observing that bar BG is, by prop. 3.3.61, the O-groupoid Q. (—, g) and then using the
discussion in 3.3.11.

Finally, by the discussion in 4.1.3 we have that the homotopy fiber of c is presented by cosksexp(g,.).
Accordingly, the WZW functional is given by a diagram of ordinary pullbacks of simplicial presheaves of the

form
WZW (&)
—— cosksz exp(gu)conn XBGeconn Q%iat(_’ 9) - Q%iat(_v Q) ,

| l |

EGconn - COSk3 exp(gu)conn BGconn
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where the top morphism sends over any U € CartSp a function g € C*°(U, G) to the pair (4 = g*0, B = 0).
By the Weil algebra of g,, its curvature 3-form is

H3; =dB+ (AN[ANA]).

So here we have
o= {(g"ON[g"O N gTO]) .
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4.8 Higher geometric prequantization

e General theory

— 4.8.1.1 — Prequantum circle n-bundles
— 4.8.1.2 — Hamiltonian vector field;

— 4.8.1.3 — Geometric prequantization of observables.
e Examples

— n =1 — Prequantum mechanics
— n = 2 — Prequantuam 2d field theory

— n = 3 — Prequantum Chern-Simons theory

This material is taken from [RoSc11].

4.8.1 General theory
4.8.1.1 Prequantum circle n-bundles What is called (geometric) prequantization is the refinement of
symplectic 2-forms to curvature 2-forms on line bundles with connection. Formally, for

Hig (X) ==

int (X)C—> le (X)

the morphism that sends a class in degree-2 differential cohomology over a smooth manifold X to its curvature
2-form, geometric prequantization of some w € Q2 (X) is a choice of lift & € H34(X) through this morphism.
One says that @ is (the class of) a prequantum line bundle or quantization line bundle with connection for
w. See for instance [WeXu91].

By the curvature exact sequence for differential cohomology, prop. 3.3.75, a lift @ exists precisely if w
is an integral differential 2-form. This is called the quantization condition on w. If it is fulfilled, the group
of possible choices of lifts is the topological (for instance singular) cohomology group H'(X,U(1)). Notice
that the extra non-degeneracy condition that makes a closed 2-form a symplectic form does not appear in
this setup yet. It plays a role for the dicussion of Hamiltonian vector fields below in 4.8.1.2.

The concept of geometric prequantization has an evident generalization to closed forms of degree n+1 for
any n € N. For w € QZIH(X ) a closed differential (n+ 1)-form on a manifold X, a geometric prequantization
is a lift of w through the canonical morphism

! (X) 2% 0 () QP (X)
Since the elements of the higher differential cohomology group H, gg_}l (X) are classes of circle n-bundles with
connection (equivalently circle bundle (n — 1)-gerbes with connection) on X, we may speak of such a lift
as a prequantum circle n-bundle. Again, the lift exists precisely if w is integral and the group of possible
choices is H™(X,U(1)). Higher geometric prequantization for n = 2 has been considered in [Rogl1]. By the
discussion in 3.3.11 we may consider circle n-bundles with connection not just over smooth manifolds, but
over any smooth co-groupoid (smooth co-stack).

Notice, by the discussion in 4.5, that the symplectic form on a symplectic n-groupoid may be regarded
as the image of an invariant polynomial under the unrefined co-Chern-Weil homomorphism, 3.3.12,

w:X = bgrB"TR.

Therefore the passage to the prequantum n-bundle with connection on X corresponds to passing to the
refined oo-Chern-Weil homomorphism
w:X = B"U(1)conn -
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Definition 4.8.1. Let (X,w) be a symplectic co-groupoid, def. 4.5.3. Then w represents a class
W] € Hi?(X).
We say this form is integral if it is in the image of the curvature-projection,
curv : Haig(X,B"U(1)) — HF(X)

from the ordinary differential cohomology, 3.3.11, of X
In this case we say a prequantum circle n-bundle with connection for (X,w) is a lift of w to Haiz (X, B"T1U(1)).

Write X — X for the underlying circle (n + 1)-group-principal co-bundle.

Proposition 4.8.2. If (X,w) indeed comes from the Lie integration of a symplectic Lie n-algebroid (B, w)
such that the periods of the Lo.-cocycle w that w transgresses to are integral, then X is the Lie integration
of the Lyo-extension, def. 3.3.88, R

"R — P — P
classified by m:

X ~ 71 exp(P).
Example 4.8.3. For n = 1 this reduces to the discussion in [WeXu91].

Example 4.8.4. For g a semisimple Lie algebra with quadratic invariant polynomial w, the pair (bg,w) is
a symplectic Lie 2-algebroid (Courant Lie 2-algebroid) over the point.
In this case the infinitesimal prequantum line 2-bundle is the delooping of the string Lie 2-algebra, def.
4.1.15 R
bg ~ bstring

and the prequantum circle 2-group-principal 2-bundle is the delooping of the smooth string 2-group, def.
4.1.10
(X — X) = (BString — BG) .

4.8.1.2 Hamiltonian vector fields A Hamiltonian vector field on an ordinary symplectic manifold is
a vector field v whose contraction with the symplectic form yields an exact form

Low = dox.

We observe below that this condition is equivalent to the fact that the flow exp(v) : X — X of v preserves
the connection on any prequantum line bundle, up to homotopy (up to gauge transformation). In this form
the definition has an immediate generalization to symplectic n-groupoids.

Definition 4.8.5. Let w : X — byrB"T2U(1) be a symplectic (n — 1)-groupoid and let
©: X = B"2U(1)conn

be a prequantization circle n-bundle with connection, according to 4.8.1.1.
Regard it as an object in the over-oo-topos H/B"T2U(1)¢onn. Then the internal automorphism co-group

Autg/gniipq,,,, (X) € H

of auto-equivalences that respect the oo-connection that refines w we call the oo-group of Hamiltonian
diffeomorphisms of X. Its co-Lie algebra we call that of Hamiltonian vector fields on X.

Proposition 4.8.6. For w : X — bgrB2?U(1) an ordinary symplectic manifold, regarded as a symplectic
0-groupoid, the general definition 4.8.5 reproduces the standard notion of Hamiltonian vector fields.
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Proof. A Hamiltonian diffeomorphism is given by a diagram

BU(1)conn

in SmoothooGrpd, where ¢ is an ordinary diffeomorphism. To compute the Lie algebra of this, we need to
consider smooth 1-parameter families of such and differentiate them.

Assume first that the connection 1-form in @ is globally defined A € Q*(X) with dA = w. Then the
existence of the above diagram is equivalent to the condition

(¢(t)" A = A) = da(t),
where a(t) € C*°(X). Differentiating this at 0 yields the Lie derivative
L,A=dd,
where v is the vector field of which ¢ — ¢(t) is the flow. By Cartan calculus this is
diyA + tydgpA = da/

hence
tow = d(a’ — 1,A) .

This says that for v to be Hamiltonian, its contraction with w must be exact. This is precisely the definition
of Hamiltonian vector fields. The corresponding Hamiltonian here is o/ — ¢, A.

In the general case that the prequantum bundle is not trivial, we can present it by a Cech cocycle on the
Cech nerve C (P.X — X) of the based path space surjective submersion (regarding P.X as a diffeological
space and choosing one base point per connected component, or else assuming without restriction that X is
connected).

Any diffeomorphism ¢ = exp(v) : X — X lifts to a diffeomorphism P,¢ : P,.X — P,X by setting
Ped(7) : (¢ € [0,1]) = exp(tv)(7(1)).

So we get a diagram

BU(1)conn

of simplicial presheaves. Now the same argument as above applies for P, X. O

4.8.1.3 Geometric prequantization of observables We discuss the higher generalization of the ge-
ometric quantization of Hamiltonian vector fields or equivalently of their Hamiltonian observables.

Choose a fiber sequence
V —>V//Bn—-1U(1) - B"U(1)

in H. We say that V//Bn — 1U(1) is the action co-groupoid of a representation of the circle n-group.

Definition 4.8.7. For a given prequantum circle n-bundle P — classified by ¢ : X — B"U(1) write
L(X, P xgn-1p) V) = H/gnp) (X, V//B"'U(1)).

We call this the co-groupoid of sections of the associated oo-bundle P xgn-177(1) V.
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Remark 4.8.8. A section o € I'(X, P XBr-17(1) V) is a diagram
V//B"U(1)
7

o -
-
-
-

X —°>B"U(1)

in H.

Observation 4.8.9. There is a canonical action of the co-group of Hamiltonian diffeomorphisms, def. 4.8.5,
on the space of sections from, the left

MH/B”‘*lU(l)mnn (X) X F(X, P XBn—lU(l) V) — F(X, P XBn—lU(l) V) .
Definition 4.8.10. The image of a Hamiltonian diffeomorphism (¢, @) under
Auty grtiua),,,, (X) = End(I'(X, P xga-1p) V)
we call the prequantum operator of (¢, ).

In the following we discuss examples.

4.8.2 Examples

4.8.2.1 n = 1 — prequantum mechanics Let V = C be the 0-groupoid of complex numbers and
V//U(1) the action groupoid with respect to the standard action.

Proposition 4.8.11. For P — X a principal U(1)-bundle, we have that I'(X, P xy1) C) is the ordinary
space of smooth sections of the associated line bundle.

Corollary 4.8.12. For n =1 the definition of prequantum operators in def. 4.8.10 is the traditional one.

4.8.2.2 n = 2 — prequantum 2d field theory Let V' = Core(Vect(—)) € SmoothocoGrpd be the
maximal groupoid-valued stack inside the stack of smooth vector bundles of finite rank. Let V//BU(1) —
B2U(1) be the canonical action.

Proposition 4.8.13. For given circle 2-bundle P — X, the groupoid I'(X, P Xy1) V') is the groupoid of
P-twisted vector bundles on X, discussed in 3.5.6.

4.8.2.3 n = 3 — prequantum Chern-Simons theory Let G be a simply connected semisimple Lie
group. The Lagrangian for G-Chern-Simons theory is refined to the moduli stack of G-connections

¢ : BGeonn — B*U(1)conn -
Proposition 4.8.14. Let X3 be a compact smooth manifold of dimension 3. Then the composite

exp(iS(—)) 1 [23, BGeonn] —= [Z3, B3U (1) conn] EEN U(1)

is the action functional of Chern-Simons theory.
Proof. By theorem 4.1.9. ]

Proposition 4.8.15. Let X5 be a smooth manifold of dimension 2. Then the curvature 4-form of the circle
3-bundle with connection given by the the composite

Z2 X [227BGconn] — BGconn £> B3U(1)conn
is the canonical symplectic current plus terms whose fiber integral over Yo vanishes.

It follows that the transgression of the Chern-Simons circle 3-bundle & to the phase space [X2, BGeonn]
is the prequantum circle bundle with connection for ordinary Chern-Simons theory.
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