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ABSTRACT. We study the Batalin-Vilkovisky (BV) formalism for quantization of field theories in sev-
eral contexts. First, we extract the essential homological procedure and study it from the perspective
of derived algebraic geometry. Our main result here is that the BV formalism provides a natural
determinant functor we call “cotangent quantization,” sending a perfect R-module to an invertible
R-module and quasi-isomorphisms to quasi-isomorphisms, where R is an artinian commutative dif-
ferential graded algebra over a field of characteristic zero. Second, we introduce the formalism of
factorization algebras, a local-to-global object much like a sheaf, and describe several perspectives
on how the BV formalism makes the observables of a free quantum field theory into a factorization
algebra. We study in detail the free By system, a holomorphic field theory living on any Riemann sur-
face, and we recover the By vertex algebra from the factorization algebra of quantum observables. We
also construct the factorization algebras on a Riemann surface that recover the vertex algebras arising
from affine Kac-Moody Lie algebras. Finally, we study quantization of families of elliptic complexes.
Our main result here is an index theorem relating the associated family of factorization algebras to
the determinant line of the family of elliptic complexes. At the heart of our work is the formalism for
perturbative quantum field theory developed by Costello [Cos11] and for the associated observables
by Costello-Gwilliam [CG], and this thesis provides an exposition of the ideas and techniques in an
accessible context.
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CHAPTER 1

Introduction

An ongoing endeavor of mathematics is to provide a language adequate for expressing rig-
orously the ideas of physics, and this thesis is a product of that endeavor. Before discussing the
contents of this thesis, we explain the general context and some mathematical questions it raises.

Our starting point is the path integral approach to quantum field theory. In this formalism
a physical system consists of a bundle P — M over a smooth manifold, whose space of smooth
sections M := T'(M, P) we call the fields, equipped with a local' functional S : M — R called the
action. An observable of the system is a function O : M — R, and its expected value is computed

as 1
— L[ 0@)e @Dy,
7 /4) _, 0@ ¢

where e3¢/ D¢ is a putative measure on M and the partition function

ZS = / e_s((l))/h D(P
PpeM

(0)

makes this measure into a probability measure.> This perspective on field theory, as a kind of
probabilistic system, leads to beautiful insights into many areas of mathematics and physics, but
it is often merely a heuristic because measure theory on infinite-dimensional spaces rarely has the
properties we desire.

Nonetheless, physicists have provided algorithms for computing expectation values of observ-
ables, rooted in this perspective, that are wildly successful. It is a challenge for mathematicians
to find explanations and formalisms that justify mathematically these algorithms. In [Cos11],
Costello has developed a theory that provides a rigorous approach to the algorithms that consti-
tute perturbative quantum field theory (i.e., viewing 7 as a formal parameter). In [CG], we have
studied the mathematical structure of the observables of such a perturbative quantum field theory,
organized around the idea of a factorization algebra. The basic concept is simple. In a classical
tield theory, we study the solutions to the Euler-Lagrange equations of S, which pick out the criti-
cal points of S. As the Euler-Lagrange equations are partial differential equations, there is a sheaf
EL of solutions on the manifold M, so the functions ¢(€L) on these solutions form a cosheaf of
commutative algebras on M. For each open set U C M, the algebra ¢(EL(U)) consists of the

1“Local” means that S is given by integrating a pointwise function of the jets of a section against a measure on the
manifold M.
2We are discussing here Euclidean field theories, since we weight S by —1 rather than i.
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observables for the classical theory with support in U. In a quantum field theory, one can still talk
about the support of observables, but the expected value of a product of observables (with disjoint
support) includes quantum corrections, depending on 7, to the classical expected value. Indeed,
these quantum corrections satisfy algebraic relations arising from the Feynman diagram expan-
sion used to compute them. For the precosheaf Obs? of quantum observables, these algebraic
relations modify the structure maps

Obs?(U) ® Obs1(V) — Obs?(W),

where U and V are disjoint opens contained in the open W, by adding -dependent terms to the
structure maps of the cosheaf of classical observables Obs® = ¢(£L£). In particular, the precosheaf
Obs? is no longer a cosheaf of commutative algebras. Instead, it is a factorization algebra, a notion
introduced by Beilinson and Drinfeld [BD04] in their work on conformal field theory.

Perturbative quantum field theories are rich and subtle objects, and the constructions in [CG],
while explicit, can be very involved because they mix analysis, homological algebra, and category
theory in complicated ways. The central aim of this thesis is to study a special class of theories
where the constructions are much simpler. We focus on free field theories, in which the action
functional S is a quadratic function of the fields. This restriction might seem to limit the possibil-
ity of interesting results, but the framework of [Cos11] allows any elliptic complex on a manifold
to provide a free theory. Thus, there is a plethora of examples and the possibility that one might
obtain new insights into geometry, where elliptic complexes are ubiquitous. Moreover, the factor-
ization algebras arising from free field theories are a small step away from familiar constructions
with elliptic complexes, and thus they are more amenable to human understanding.

At the heart of Costello’s approach to quantum field theory is the Batalin-Vilkovisky (BV) for-
malism, which is a homological approach to defining the path integral. It forms the basic mech-
anism by which we obtain the quantum observables Obs? from the classical observables Obs*.,
Unfortunately, it is notoriously difficult to learn and hard to motivate. Thus a secondary aim of
this thesis is to provide an introduction to the BV formalism where its virtues are apparent. Again,
free theories provide such a context. In fact, we show how the homological algebra of the BV for-
malism can be deployed outside field theory and apply it to (well-behaved, i.e., perfect) modules
over any commutative dg algebra.

Our main results in this thesis are the following.

(1) BV quantization defines a determinant functor from perfect R-modules to invertible R-
modules, for R an artinian commutative dg algebra.

(2) One can recover rigorously a vertex algebra from an action functional. In particular, we
start with the free B system on C and show that its factorization algebra of quantum
observables recovers the By vertex algebra.

(3) We prove an index theorem arising from the study of quantization of free field theories
in families (i.e., families of elliptic complexes). In particular, the global observables on a
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closed manifold are given by the determinant of the underlying elliptic complex, so that
the factorization algebra provides a local avatar of this determinant. The index theorem
describes how this “local determinant” varies in families.

The first result provides mathematical insight into the somewhat-mysterious power of the BV for-
malism: it is a homological approach to defining volume forms (recall that the volume forms on a
vector space live in the determinant of the dual vector space). The second result verifies that our
formalism gives the “right answer” when we apply it to a well-known example. Physicists view
vertex algebras as capturing the relations between the observables in the chiral sector of a con-
formal field theory, so it is gratifying that our procedure recovers the vertex algebra — moreover,
the computations are easy and explicit and arise directly from the action functional. The third
result is much deeper and relies on the full power of Costello’s formalism (in fact, it uses nearly
every structural theorem in [Cos11]). Even to state the theorem precisely requires the language of
factorization algebras and field theory we develop in this thesis.

1.1. An overview of the chapters

Chapter 2 is an introduction to the BV formalism for “0-dimensional field theories,” namely
when the space of fields M is in fact a finite-dimensional manifold. We begin by extracting the
axiomatics from familiar constructions in geometry. We then explain how to recover Wick’s lemma
and Feynman diagrams directly from the homological algebra of the BV formalism. In the final
section, we move beyond 0-dimensional field theories, define “free BV theories,” and explain how
the Hodge theorem allows one to use exactly these same techniques to compute expectation values
of global observables for such theories.

The next chapter extends the BV formalism into a general setting: we define the BV quantiza-
tion of a perfect R-module for R a commutative dg algebra. We then show that for R an artinian
k-algebra, where k is a characteristic zero field, the BV quantization of every perfect module is an
invertible module. For instance, for R = k and V an ordinary finite-dimensional vector space, the
BV quantization is (a cohomological shift) of det V = A4m VY,

The next two chapters introduce the central objects of the thesis: factorization algebras and
the observables of free BV theories. In chapter 4, we define factorization algebras, provide gen-
eral methods for constructing them, and show that factorization algebras on the real line have an
intimate relationship to associative algebras and their modules. For instance, we use a BV quanti-
zation process to recover the universal enveloping algebra Ug of a Lie algebra g as a factorization
algebra living on R. In chapter 5, we explain what the quantum observables of a free BV theory
are and describe several approaches to their construction.

Chapter 6 applies this formalism in the context of Riemann surfaces. We examine the free By
system in detail and show how to recover the vertex operation of the By vertex algebra from the
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structure maps of the factorization algebra. These arguments apply almost verbatim to a large
class of BV theories on Riemann surfaces and so we obtain a method for constructing vertex alge-
bras from action functionals. We also write down explicitly the factorization algebras that recover
the vertex algebras associated to affine Kac-Moody Lie algebras, although in this case we do not
derive the factorization algebra from an action functional. Instead, we construct the factorization
algebra directly, using ideas from the deformation theory of holomorphic G-bundles, for G an
algebraic group.

The final chapter, chapter 7, studies deformations of free BV theories. Given a sheaf g of dg Lie
algebras that acts locally on our fields (for instance, the sheaf of holomorphic vector fields acting
on a holomorphic field theory on a Riemann surface), we ask whether we can g-equivariantly
BV quantize. The obstruction to this quantization is a section of the sheaf C*g, but to describe it
requires the full machinery of [Cos11].

1.2. Notations

Our base field is C, although most arguments work fine with R as well.

We use dg vector space to mean a Z-graded vector space V = @®,V" with a degree 1 differ-
ential d; equivalently, we will speak of cochain complexes in vector spaces. There is a category
dgVect whose objects are dg vector spaces and whose morphisms are cochain maps (so they are
cohomological degree 0 and commute with the differentials).

When we refer to elements of a dg vector space V = @,z V", we always mean homogeneous
elements (i.e., they have pure cohomological degree). We denote the cohomological degree of x
by |x|, so |x| = n for x € V".

Shifts of complexes are denoted as follows: V[k] is the complex with V[k]" := VK+m.

We denote the dual of a vector space V by VV. For a dg vector space (V,d), the dual is the dg
vector space (VV,d) where (VV)" = Hom¢(V ", C), the C-linear maps as ungraded vector spaces
and d on V" abusively denotes the obvious induced differential.

Because we always use cohomological conventions (i.e., the differential has degree 1), we re-
grade chain complexes by swapping the signs: V; — V. For example, given a Lie algebra g, we
define the Chevalley-Eilenberg chain complex for Lie algebra homology as

C.g = (@ A"g[ﬂ],dc5> = (Sym(g[1]),dcE),

nelN

where dcp(XAY) = [X, Y] for X,Y € g.

For 7t : E — M a smooth vector bundle, we use the following notations:
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e & := C%®(M,E) is the smooth sections;

o & := CP(M,E) is the compactly supported smooth sections;

e & := C~°(M,E) is the distributional sections;

e &.:= C-®(M,E) is the compactly supported distributional sections.

We will abusively denote the sheaf of smooth (respectively, distributional) sections by & (&) and
the cosheaf of compactly supported sections by &:.

Let E' = EY ® Densy denote the vector bundle on M whose fiber is the linear dual of the fiber
of E tensored with the density line. Then & is the continuous linear dual of &..






CHAPTER 2

Motivation and algebraic techniques

The Batalin-Vilkovisky (BV) formalism is a body of ideas and techniques for constructing and
studying gauge theories using homological algebra. The essential ideas, however, can be demon-
strated in a geometric context where other issues from field theory, like renormalization, do not
appear. In the first part of this chapter, sections 2.1 to 2.3, we distinguish the two stages of the BV

formalism,’

(1) the classical BV formalism, which applies derived geometry to describe the critical locus
of a function, and

(2) the quantum BV formalism, which provides a homological version of integration theory
amenable to generalization to infinite-dimensional manifolds.

Finally, we show how Feynman diagrams appear naturally when you apply the quantum BV
formalism to compute Gaussian integrals. These sections are purely expository in character and
aim to provide simple models for the homological techniques we use throughout the text. In
other words, we try to explain “where the BV formalism comes from” by providing a story for its
introduction that guides the audience along current research trajectories.

Sections 2.4 and 2.5 provide definitions and techniques that systematize the viewpoint intro-
duced earlier. We introduce the notion of —1-symplectic vector spaces and construct a canonical
BV quantization functor on these spaces.’ (In chapter 3, we provide an interpretation of this quan-
tization as a determinant functor.) We then introduce homological perturbation theory, a tool
that clarifies the origins of Feynman diagrams (at least in the BV formalism) and renormalization
group flow. We apply it to reprove the results of section 2.3.

In the final section, section 2.6, we introduce the notion of a free field theory on a closed man-
ifold in the sense of [Cos11] and explain how the techniques developed in this chapter allow a
purely homological approach to computing the expectation value of global observables. More-
over, it illuminates how, in the BV formalism, the Feynman diagrams really used to compute

Iwe always mean the Lagrangian BV formalism, not the Hamiltonian version sometimes known as the BFV
formalism.

2Ignoring the actual origin story and instead offering an alternative history that motivates one’s own approach is
a narrative device beloved by mathematicians.

3These are analogs of systems with quadratic Lagrangians and hence have canonical quantizations. BV quantizing

a nonlinear space is far more subtle.



correlation functions are simply a convenient graphical description of the homological perturba-
tion lemma. With enough control on the underlying elliptic complex (e.g., on tori, where Fourier
analysis makes the spectral theory of the Laplacian explicit), this method is effective in computa-
tions.

NOTE 2.0.1. The material in sections 2.3 and 2.5 was developed in collaboration with Theo Johnson-
Freyd, although it was undoubtedly well-known to experts in the BV formalism. The viewpoint on the BV
formalism articulated here is due in large part to Kevin Costello, who introduced me to it.

2.1. Classical BV formalism: the derived critical locus

In the Lagrangian approach to physics, a physical system is a space of fields M (often an
infinite-dimensional manifold) with an action functional S : M — IR. The classical physics is
described by the critical locus of S, namely

Crit(S) = {¢ € M : dS(¢) =0},

which, by the calculus of variations, is the space of solutions to the Euler-Lagrange equations for S.
We introduce the classical BV formalism — the BV formalism as its applies to classical field theory
— in a simplified, finite-dimensional context. A more extensive development of this viewpoint
can be found in [Cos11], [CG], and [Vez].

Let M be a finite-dimensional smooth manifold or affine variety (our substitute for the fields
M) and let S : M — C be a smooth function.We want to study a better-behaved, derived version
of Crit(S). First, observe that

Crit(S) = graph(dS) Ry M,

the intersection of the graph of dS and the zero section inside the cotangent bundle T*M. For
generic S, this intersection is well-behaved, but we want a construction that behaves well even
when graph(dS) and the zero section M are not transverse. In particular, we want a construction
that captures how the intersection fails to be transverse.

The perspective of derived geometry suggests that we take the derived intersection dCrit(S),
which is the dg manifold* whose sheaf of functions is the commutative dg algebra

O0(dCrit(S)) := O(graph(dS)) ®H5)(T*M) o(M).

This construction simply enacts the idea that functions on a fiber product are the relative tensor
product, but it takes the “homologically correct” tensor product. Not only does it detect the naive

4A dg manifold is a ringed space (X, €) such that X is a smooth manifold and & is a sheaf of commutative dg
algebras whose underlying graded algebra is locally of the form Symc§ &, where & is the sheaf of smooth sections of a

Z-graded vector bundle.



intersection — notice that this sheaf on T*M has support precisely on the topological subspace

Crit(S) — but the rest of the complex detects refined, syzygial information.’

It is helpful to give an explicit presentation of &'(dCrit(S)) by picking an explicit resolution for
0(graph(dS)) over O(T*M) = Sym ;\p) (Twm). Let n = dim M. There is a natural Koszul complex
K* providing such a resolution:

0 — O(T*M) @y A" T — O(T*M) @ gy A" 1Ty — -+

— O0(T*M) Qe (m) ATy —— O(T*M) Do(M) Ty —— O0(T*M)

where the differential is
O(T*M) @omy T —  O(T*M)
1®X — X —dS(X)
on vector fields and we extend to the left as a Koszul complex. Thus, we obtain an explicit com-
mutative dg algebra describing functions on dCrit(S):

K* @g(remy (M) = AdmMT,, ATy Tt O(M)

with differential —1;5, which sends X to —dS(X) = —X(S). This complex (Symﬁ(M) (Tm[1]), —tas)
can be viewed as functions on the shifted cotangent bundle T*[—1] M with a nontrivial differential.

We call the underlying graded space the polyvector fields.

This explicit description of the derived critical locus also showcases another property. Namely,
polyvector fields come equipped with a natural bracket: extend the Lie bracket on vector fields
(which has degree 1 here) and the Lie derivative on functions (also degree 1) in the natural, graded-
symmetric way to all polyvector fields. Thus, for instance, given X, Y, Z vector fields,

(X, YAZ]:=[X,Y]ANZ+YAI[X, Z],

where A is to indicate the product of vector fields. This bracket is known as the Schouten bracket.
It is, in fact, a Poisson bracket of cohomological degree 1 and so we denote it by {—, —}.

REMARK 2.1.1. For this choice of resolution, the Poisson structure is strict. If we use a different
resolution, we still have a homotopy Poisson bracket, although it need not be strict. In other words,
it only makes sense to talk about such a Poisson structure in the homotopical sense when working
in derived geometry. Throughout this thesis, however, we will restrict our attention to examples
where it suffices to use the strict versions of these notions.

The Schouten bracket yields another description of the differential.

LEMMA 2.1.2. The operator —1,5 on polyvector fields is equal to the operator {S, —}, the derivation
given by bracketing with S.

51t is beyond my scope here to explain why this derived intersection is better than the usual intersection. The
standard story in algebraic geometry grows out of Serre’s Tor formula for intersection multiplicities [Ser00]. For a
beautiful motivation of the derived perspective on intersections, see the introduction to Lurie’s thesis [Lura]. Spivak
has developed a version appropriate for manifolds in [Spi10].

9



PROOF. Let X be a vector field and hence have cohomological degree —1 in the polyvector
fields. Then, by definition,

{5, X} = —{X,S} = —LxS = —X(S) = —145X.

We extend the bracket as a derivation, just as we do the contraction. O

2.1.1. Axiomatizing this structure. We now axiomatize the structure we’ve uncovered on the de-
rived critical locus.

DEFINITION 2.1.3. A Poisg algebra (A,d, {—, —}) is a commutative dg algebra (A, d) equipped
with a Poisson bracket { —, —} of cohomological degree 1. Explicitly, the bracket is a degree 1 map
{—,—}: A® A — Asuch that

e (skew-symmetry) {x,y} = —(—1)(FHFDWHDLy 5 forall x,y € A;
e (compatibility with d) d{x,y} = {dx,y} + (—=1)*{x,y} forall x,y € A;
e (biderivation) {x,yz} = {x,y}z + (—1)F+VWy{x, 2} forall x,y,z € A.

Our prime example of a Poisy algebra is (Sym,, (Tm[1]), —t4s)

REMARK 2.1.4. Just to clarify, we emphasize here that the classical BV formalism (the introduc-
tion of antifields) is a distinct procedure from BRST (the introduction of ghosts). The BV process
allows us to construct the derived critical locus of a function, whereas the BRST process allows us
to construct the derived quotient of a space by a Lie algebra. In gauge theory, one must do both,
and so these constructions are typically learned almost simultaneously. Since we make no claims
about knowing the real history of the subject, we simply state that in this text, BV will mean the
use of antifields aka taking the “shifted cotangent bundle” of the fields.

2.2. Quantum BV formalism: the twisted de Rham complex

Just as the classical BV formalism put a homological twist on the usual heuristic picture of
classical field theory (take the derived critical locus rather than just the critical locus), the quan-
tum BV formalism takes a homological approach to the heuristic picture of quantum field theory.
Again, let M denote the space of fields and S : M — R denote the action functional. In the path
integral approach to QFT (the quantum version of the Lagrangian approach), we use M and S to
define a kind of probabilistic system. An observable is a measurement we could take of the system,
and hence defines a function O : M — IR. In classical physics, our system would correspond to
some point ¢ € Crit(S) C M and the measurement takes the value O(¢). In the quantum setting,
we use S to define a probability measure on M where the expectation value of an observable O is

1
Zs Jpem
10

(0) : O(p)e S/ "Dy,



where the quantity e~5(9)/"D¢ is supposed to be some kind of measure on M and we’ve normal-
ized by a constant

ZS::L/ e~ S@)/hpg
peM

known as the partition function of the theory. There are some obvious challenges, not yet sur-
mounted in many cases, to making this picture mathematically rigorous.

For our purposes, however, it suffices to note that the BV approach to quantum systems needs
to do two things:

(1) provide a homological approach to integration or, more accurately, to defining such ex-
pectation values;

(2) provide a procedure for relating this homological integration to the classical BV formal-
ism already introduced.

These two steps have different flavors, so we undertake them in order.

2.2.1. The de Rham complex as a homological approach to integration. Although this point of
view is well-known, we briefly review the set-up to emphasize the aspects relevant to the BV
formalism. For simplicity, let M be a closed, oriented, smooth, finite-dimensional n-manifold (i.e.,
compact and without boundary). Then the top forms (3"(M) are smooth measures, and there is
the linear map known as integration [, : 0"(M) — R. By Stokes’ theorem, we know

/yzO@yEﬂquﬁ
M
so that the integration map descends to a map [, : O"(M)/dQ"~}(M) = Hjx (M) — R.

In the homological spirit, we might view H/}, (M) as the space of “integrals” and ask for a
resolution. Place H)fz (M) in degree zero. Then we have a resolution by Q)*(M)[n] by shifting the
de Rham complex down by n. The cosheaf Q}[n] given by the compactly supported de Rham
complex, also shifted, naturally provides a local-to-global object that locally resolves the integrals
(thanks to the Poincaré lemma) and globally recovers the correct notion in H? (thanks to our shift).

REMARK 2.2.1. There is another way to write the de Rham complex that emphasizes the central
role of the top forms (or the densities more generally). The exterior derivative

it Ly,
can be rewritten as
T @0, Oy 5 Q1
where Ty denotes vector fields, contraction provides the isomorphism Ty ®g¢,, O} = QnM’l, and

E(X &® ]/l) = ﬁx‘u = dlx‘l/l
11



We can extend the identification A¥Ty; ® QF, = Q’;A’k all the way to the left and re-express the de
Rham complex as

ATy @ QY — - — ATy o QL 5 Tyl 5 Q.

In other words, the de Rham complex corresponds to describing a natural action of polyvector
fields Sym, Twm[1] on top forms.

2.2.2. BV quantization and the twisted de Rham complex. This rephrasing of integration theory
suggests the following maneuver, which lies at the heart of the quantum BV formalism. Again,
for simplicity, we work with a closed, oriented manifold M. Suppose we fix a top form u, which
we view as defining a kind of probability density on M (it’s the analog of e~5/"D¢ from above).
We thus obtain a map C§; — O}, by f — fu. Observe a simple but compelling consequence of
this choice. Let [u] denote the image of y in H}, (M), and let (f), denote the expectation value of
f relative to the probability measure induced by .. By construction, we see

<f>l:: foV :M
S VT 1
Thus we have a purely cohomological way to compute the expectation value of any function f

with respect to the probability measure defined by a volume form y. The basic goal of the quantum
BV formalism is to find an abstract, axiomatic version of this process. (To our knowledge, the first
reference that emphasizes this point of view is [Wit90].)

Note that a choice of y gives us a map

AFTy 55 Qurk

X = xu
and so we might hope to transfer the exterior derivative d from the de Rham complex to the
polyvector fields. We now assume that y is nowhere vanishing. This assumption allows us to invert
i1 odomy on polyvector
fields. We call A, a BV Laplacian and we call (Sym,, Twm[1], Ay) the quantum BV complex for p. It
is isomorphic to the de Rham complex. In other words, the quantum BV complex is simply an

the “contract with ” map m; and hence to define an operator A, = m

obfuscated version of the de Rham complex. Thus we obtain the following.
LEMMA 2.2.2. Given f a function on M, the cohomology class [f]py in H°(Sym Tp[1], A, ) satisfies
[flsv = (f)u[l]Bv.

Other descriptions may provide some intuition for what A, means. For instance, on Ty it is
just divergence with respect to y,
Ay X = div, X where (div, X)u = Lxp,
and we then extend it to polyvector fields in the natural way. (This interpretation is helpful in
reading the standard literature on BV formalism.) A description in local coordinates provides

12



further insight. In particular, we will see that A, is a second-order differential operator and that
the quantum BV complex can be viewed as a twisted de Rham complex.

CONSTRUCTION 2.2.3 (BV complex in local coordinates). Let M = IR".® We study the problem
in two stages. Denote the basic vector fields by 0; = 9/9dx;.

First, suppose i is the Lebesgue measure dx; A - - - A dx,, and let Ap,, denote its BV Lapla-
cian. Then m,,, , is the following correspondence:

ail/\-"/\aik — :del/\"-a-;(il --'EJ\Cik-"/\dxn,
where 1 <i; < ... <i <nand the sign is given by the usual sign for the Hodge star. Hence
Apep(fOL A Ad) = Y (1) @if)dr A0+ Ay

i
In fact, a concise form of Ay, is
0
Ay =) — =,
Leb Z 9x; 9(9;)

where as usual we use the Koszul rule of signs.

Second, write an arbitrary density y in the form e 3™ dxy A -+ Adx,, as we can express any
positive function in the form e~5() for some function S. An explicit computation shows that

aS a
Z
= Apeh — Lds
= ALeh + {SI _}

In other words, the quantum BV complex for u = e~ yr,, is given by modifying the differential of
the quantum BV complex for the Lebesgue measure. Using the correspondence between de Rham
forms and polyvector fields given by the Lebesgue measure, this BV complex for S corresponds to
the twisted de Rham complex (03, d + dSN).

With this construction in hand, we now show that the construction of the quantum BV complex
for u = e=5/Mdx; A - - Adx, is very close to the complex of functions on the derived critical locus
of S. (Notice that we included 7 into y to adhere to the path integral story at the beginning of the

section.) Then

1
Ay = Apep — %ld&

We suppose here that 7 is some nonzero value so we can multiply by 7. We now have two com-

plexes:
(Sym Tml[1], —tgs) vs. (Sym Taml[l], —i45 + hA).

the classical BV complex the quantum BV complex

*We only need M to be compact to get cohomology in the correct degrees. The map between polyvector fields and
forms is local in nature, so much of the rest of construction works in general. We are free to use compactly-supported
differential forms or polyvector fields to obtain the integration interpretation from above.

13



By changing 7, we move from describing functions on the derived critical locus (7 = 0 is the
classical problem) to describing integration of functions against the correct probability measure
(i # 0 is the quantum problem). This example is the model of BV quantization that we wish to
codify.

REMARK 2.2.4. Note that 145 is a first-order differential operator on polyvector fields, as the
first line of A, (in the construction) makes apparent.

2.2.3. Axiomatizing this structure. We now look for structural properties of A, that we can use
to make a definition. Notice (in local coordinates is easiest) that

(1) Ay, is a second-order differential operator on Sym Tj[1];

(2) A% =0;

(3) we have the following relationship between A, and the Poisson bracket:
A(XY) = (8, X)Y + (=DM x (8, 0) + {x, Y}
for any polyvector fields X, ).

DEFINITION 2.2.5. A Beilinson-Drinfeld (BD) algebra’ (A,d,{—,—}) is a graded commutative
algebra A, flat as a module over R[[71]], equipped with a degree 1 Poisson bracket such that

(1) d(ab) = (da)b+ (—=1)1"a(db) + h{a,b}.

Observe that given a BD algebra A7, we can restrict to “7z = 0” by setting
Ap=o := AT @y R[A]]/ (7).

Note that the induced differential on Aj_g is a derivation, so that A;_g is a Poisg algebra! Likewise,
when we restrict to “fi # 0” by setting

Anzo = AT gy R((7)),

we obtain just a cochain complex. In particular, the cohomology does not inherit an algebra struc-
ture, unlike H* A —g.

DEFINITION 2.2.6. A BV quantization of a Poisg algebra A is a BD algebra A7 such that Ay_g =
A.

Our typical approach to constructing a BV quantization of a Poisy algebra (A, d) is to search
for BV Laplacians A such that d + A makes A[[f1]] a BD algebra. Sometimes one needs to add
hi-dependent terms to d.

"We would prefer to call these BV algebras, but that name has come to refer to a different but very similar class of
objects.
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2.2.4. Projective volume forms. The construction above of a BV Laplacian on polyvector fields of
a smooth manifold has two important features:

(1) The construction is local and hence does not depend on global properties of the volume
form y (e.g., integrability), and

(2) The construction only depends on u up to a scalar. If we multiply # by a nonzero constant
C, then AC‘u = AH'

Hl od omy, so the constant C cancels itself.

The second feature is clear because Ay=m

One corollary of these features is that we do not need y to be globally well-defined to do the
construction! For instance, if we have a covering {U,} of M and a nowhere-vanishing top form y;
for each open U; such that y; and y; differ by a constant on U; N U; for every i and j, then we still
get a well-defined BV Laplacian Ay, y on the polyvector fields. Such a collection {y;} is called a
projective volume form in [Cosb] and [Cosa]. It is clearly equivalent to putting a flat connection on
top forms. Thus every projective volume form yields a BV quantization of polyvector fields.

For M a general dg manifold, not every BV quantization of polyvector fields & (T*[—1]M)
comes from a projective volume form on M. But the property that characterizes such quantiza-
tions is very simple: these BV Laplacians are equivariant under scaling of the cotangent fiber, in
particular they must have weight one under this G,, action. In [Cosb], Costello proves there is
equivalence between the simplicial set of projective volume forms and the simplicial set of G-
equivariant quantizations.

REMARK 2.2.7. This story about the quantum BV formalism suggests that BV quantization can
often be interpreted as choosing a projective volume form. This perspective can be quite useful,
especially in searching for quantum field theories of mathematical interest. A good discussion can
be found in [Cosa].

2.2.5. Berezin integration. The usual motivation for Berezin integration falls naturally out of the
BV approach to constructing “homological integration.” We quickly overview it as a pleasant di-
gression.

Let V be a purely odd vector space of dimension 0|n. We want a BV Laplacian A on polyvector
fields Sym(V"Y @ V([1]) that is the analogue of the “Lebesgue” BV Laplacian. We will see that it
recovers the Berezin integral.

LEMMA 2.2.8. There is a unique, translation-invariant BV quantization of T*[—1]V.

PROOF. Pick a basis {x1,...,x,} for V and let C[{y,...,{,]| denote &(V) with respect to the
corresponding linear coordinate functions. The polyvector fields are then the graded commutative
algebra C[¢1,...,Cn, X1, ..., Xn|, where we view the ¢j as cohomological degree 0 and the x; as
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cohomological degree —1. Our Poisson bracket — here, the Schouten bracket — is
{€i.¢i} =0={x;,x;} and {g; xj} =

with respect to this basis.

Observe that any second-order differential operator P of cohomological degree 1 on polyvector

fields is of the form

8 d d J 9
Zﬂz] aCl +Z k(‘f)a*‘lz Clmn(é)xlﬁa-
Jm,n

Translation-invariance forces the coefficients aij, by, and ¢y, to be constants.

Now we show P is unique by using equation (1). We must have the equality
P(gixj) = P(&i)xj £ GiP(xj) + {&i, x;}
j:al-]- =0+ Cib]' + 51‘]'.
Thus b; = 0 for all j and 4;; = +6;;. We also require the equality
P(xixj) = P(xi)x; + x;iP(x;) + {xi, xj}
:f:Cki]'xk = bl-x]- + xib]- +0
:f:Cki]'xk =0.

Hence the BV Laplacian P is completely determined.

Although we used a choice of basis, it does not affect P. A change of basis {x} — {x'} leads
to a compensating change of linear coordinates {{} — {¢’}, and the Poisson bracket is defined
through the evaluation pairing, so it looks exactly the same. Thus, the BV Laplacian “looks the
same” for any basis, much like an identity matrix. O

LEMMA 2.2.9. For the unique, translation-invariant BV Laplacian
0 d
A=
Z 0x; aéz
using the basis as in the proof, the cohomology of the BV complex

(C[(?l,. ..,Cn,xl,. . .,xn],A)

is one-dimensional and concentrated in degree 0. In particular, H® is generated by the monomial &1& - - - &,.

PROOF. We verify the claim for n = 1. The case for 7 is a corollary by taking the n-fold tensor
product of the BV complex for the one-dimensional case.

Observe that A(x™) = 0 and A(Zx™) = mx™~1. In cohomological degree —m < 0, the BV
complex is spanned by these two elements. For —m < 0, this shows that the cohomology is zero,
0

as x™ is a boundary and {x™ is not a cycle. For m = 0, both elements are cycles but only 1 = x" is

a boundary. O
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COROLLARY 2.2.10. A linear map

/ﬁ(V) :C[érl/---/gn] —C

that vanishes on divergences of vector fields factors through the zeroth cohomology of the BV complex and
hence is determined by assigning a number to the monomial §1C2 - - - Cn.

Such a linear map is an integration map and corresponds to the usual Berezin integral. Al-
though this example is somewhat silly — after all, the BV formalism arose in part by applying
systematically a viewpoint originating in the theory of supermanifolds — it gives a feel for how
to use the quantum BV formalism.

REMARK 2.2.11. This argument essentially rests on finding a translation-invariant projective
volume form for V. As a projective volume form is equivalent to putting a right D-module struc-
ture on 0'(V), we are rediscovering an appealing approach to super-integration due to Rothstein
[Rot87], who showed how to properly extend super-integration to non-compact super-manifolds.

2.3. Wick’s lemma and Feynman diagrams, homologically

In the previous section, we introduced the quantum BV formalism as a version of integration.
Our goal in this section is to extend this relationship by directly recovering, with the BV formalism,
the Feynman diagrams that appear in computing asymptotic integrals over finite-dimensional
spaces. The “usual story” behind Feynman diagrams (see [Man99],[Pol05], or [Cos11]) has two
parts:

(1) one proves Wick’s lemma (Lemma 2.3.2 below), which gives a formula for the moments
of a Gaussian integral

(x™) = / XYMy
R
(2) for an “interaction term” I a polynomial with only cubic and higher terms, one gives an
expression (often formal) for Gaussian integrals like

JE————
R

by using Feynman diagrams to encode the combinatorics that express this integral in
terms of Wick’s lemma.

Our approach proceeds in parallel to the “usual story” but proves the main results purely homo-
logically. Although these results are quite simple, we show in section 2.6 that these techniques
do apply essentially verbatim to computing expectation values in free quantum field theories on
closed manifolds.

REMARK 2.3.1. This section is a minor rewriting of [GJF], a joint paper with Theo Johnson-
Freyd, that expounds these ideas in more detail.
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2.3.1. Translating the problem into homological algebra. The basic problem is as follows. Let
V = RN denote Euclidean space and equip it with the Gaussian probability measure

N/2
HGouss = (271) 77" xax)2n g, “dxN
vdet A
with A = (a;;) a positive-definite, symmetric, real, N x N matrix and 7 > 0. We want to compute
expectation values

(f)Gauss := /Vf,uGausS/

or, more accurately, have explicit descriptions at least for polynomials. With these formulas in
hand, we can treat /1 as a formal parameter and give a nice expression for the expectation value
(f) Gauss Of any formal power series f in #™/2C|[[1]]. This expression provides the simplest appear-
ance of Feynman diagrams.

Following the discussion in section 2.2, we rephrase this problem homologically. Naively,
we want to work with the de Rham complex of V and identify the cohomology class [f#Gauss)
in H)% (V). Of course, we know this naive idea fails because HY, (V) = 0 and so the cohomology
class is always zero. This failure is related to the fact that most smooth top forms are not integrable
on a vector space.® One might attempt to fix this problem by working with compactly-supported de
Rham cohomology, since compactly-supported top forms are honestly integrable, but our main
example pgayss 1S not compactly-supported. As a first step, let S = S(V) denote the Schwartz
functions on V and consider the Schwartz-de Rham complex

N
05(V) =8 L PSdx; & L Sdxy A+ Aduy,
i=1

where we work with de Rham forms whose coefficients live in S. Like the compactly-supported
de Rham complex, this complex has cohomology concentrated in degree N. For f € S, we define
(f)Gauss as the number such that

[f,”Gauss] = <f>Gauss [,uGauss] € Hg(V),

where H3(V) denotes the cohomology of the Schwartz-de Rham complex. The translation be-
tween differential forms and polyvector fields described in section 2.2 (see Construction 2.2.3)
applies in this context, so that we can work with the Schwartz polyvector fields and BV Laplacian

1 0
AGauss = Drep — 7 Zaijxi .
n &t

Thus we can use the BV formalism to study the expectation values. In particular, once we work
with the BV complex, we know that (f)gauss is given by the cohomology class [f]py in the zeroth
cohomology of this BV complex (recall lemma 2.2.2).

8Dealing with this sort of disconnect between “homological integration” and usual integration is one of the minor
challenges in this formalism.
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A further algebraic idealization is possible and it makes the comparison to the usual story
clearer. We shift 7 onto the Lebesgue BV Laplacian, view 7 as a formal parameter, and replace &
by formal power series on V. The problem is then as follows.

Consider the algebra of formal power series

o (V) :=Syme (VY @ V(1)) = Cl[h,x1,..., x5, 61, O]

where the x; have cohomological degree 0 (these are the coordinate functions on V) and the ¢;
have cohomological degree —1 (these correspond to the vector fields d/dx;). We equip it with the
BV Laplacian

A= — i cz'x'i—i—hglii
ij=1 v lagi i—1 axi aCz
= — i a‘oc‘i + hA
= i lagi Lebs

where A = (a;;) is our original matrix. There is the associated degree 1 Poisson bracket {—, —}
satisfying
{xi,xj} =0={&;, ¢} and {x;,{;} = ¢j;.

Then, to mimic the usual story (2.3) about Feynman diagrams and integration, we need

(1) to compute the cohomology of (27 (V),A), and

(2) to compute the cohomology of (<7 (V)), A+ {I, —}) for an “interaction” I € C[[x, ..., xn]]
having only cubic and higher terms in the x’s.’

For us, “computing the cohomology” of (<7 (V)), A+ {I, —}) means that we have an explicit ex-

pression for the cohomology class [f]; of any f in C|[[, X1, ..., xn]]. We define the expectation value

(f)1 to be the element of C[[71]] such that

[flr = (F)ill]r € HY (& (V),A+{1,-}).
Clearly, this number depends on I. For step one, we use I = 0. We now attack these problems in
order.

2.3.2. Step one: Wick’s lemma. We want to compute the cohomology without an interaction. We
begin by considering the simplest case V = R. Our complex is then

C[[x, 1]} & ~* Cl[x, h]]

where 5 22
A= —axa—g +h8x8§'

9The term {I,—} is exactly the contraction —i;; from section 2.2. We are viewing the function S as the sum
1(x, Ax) + I(x). The first term is quadratic and embodies the “free theory” while I is the “interaction” term for the

theory.
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Given an element in degree —1, namely f(x)¢, we see A(f{) = —axf(x) + hf'(x). A little formal
calculus tells us that A(f&) = 0 only when f(x) = exp(ax?/2h), but as this f is not in C[[x, %]], the
cohomology in degree —1 vanishes.

We now want to know [x"] for all n. Observe that since
A" 1) = —ax" + h(n —1)x" 2,

we know

Applying this relation recursively, we see

) 0, if n odd
[x"] = (ﬁ)k(zk_l)]![l] if n =2k

a

where (2k — 1)!! denotes the “double factorial” (2k — 1)(2k — 3) - - - 5 - 3. We now have an explicit
combinatorial formula for the expectation values (x"). Those familiar with the usual story will
recognize this result.

LEMMA 2.3.2 (Wick’s lemma). The cohomology of (<7 (V'),A) is C|[h]] concentrated in degree 0.
Moreover, for any monomial

Vo 4N
x' = x] X\,

the expectation value is

(o =072 Y TT 47,

pairings P of (i,j)€P
the multiset v

where the multiset v is
{1,...,1,2,...,2,...,N,...,N},
—— N — —_——
ny times  np times ny times
lv| = Yn;, A~! = (a¥), and a pairing P is a partition of a multiset into a union of two-element multisets.
If |v| is odd, this expectation value is zero.

PROOF. The assertion about cohomology follows from a spectral sequence argument. Con-
sider the filtration by powers of the ideal (7). The first page of the spectral sequence is the coho-
mology of the complex

N 93
(C[[xl,. . .,XN,gl,. . .,CNH, Z a”xia—{:
ij=1 t

which is just the Koszul complex for the regular sequence given by the hyperplanes
Zaojxj,Zalij, e
j j

The intersection of these hyperplanes is just the origin of V. Thus the spectral sequence collapses

),

here.
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The assertion about the expectation value follows directly along the lines of the one-dimensional
case discussed before the lemma. For instance, one can diagonalize the matrix A by the spectral
theorem. This reduces the problem to an N-fold tensor product of the one-dimensional case. [

2.3.3. Step two: Feynman diagrams. When we have a nontrivial interaction I, the computation
of H*(«/(V),A — {I,—}) is more complicated. The language of Feynman diagrams provides a
succinct, combinatorial description of the expectation values, which we introduce below. (A more
thorough, chatty discussion of these constructions can be found in [GJF].)

Before delving into diagrams, we fix some notation. In this section, we fix V = RYN. The
interaction term I is an element of &(V) = C[[xy,...,xy]] that has only cubic and higher order
terms. To describe elements of C|[x;, ..., xn]], we use the following notation. View (V) as the
subspace of symmetric tensors inside the tensor algebra T(V"Y). For7 € {1,..., N}", we write x;
for the symmetric m-tensor x;, - - - x; . For example,

(x1)m = X1,..,1-
We define the Taylor coefficients of our interaction term I via
I(m) "I

—

1 - axll e axlm (x):().
In particular, each 1™ is a symmetric m-tensor, and
d(x) _ ¢ 1 (m+1)
ox: Z m! Z Ii,f X7
! m=2 """ 7e{1,...,N}m
This term describes the coefficient of d/dx; in 147, which appears in the differential of the BV

complex.

Our goal can be stated as follows: compute

{(fir= <Z f?x?>
7 I
for I our interaction term and f = ) ; f;xy an arbitrary power series.

We now introduce the version of Feynman diagram appropriate for our purposes.

DEFINITION 2.3.3. A Feynman diagram is a finite connected graph (self-loops and parallel edges
are allowed) built from the following pieces:

e Precisely one marked vertex, with valence n, which is labeled by an n-tensor f € (CN yen,
and whose incident half-edges are totally ordered; we will draw the marked vertex with
a star *, and leave the tensor and the total ordering implicit.

e Some number of internal vertices, which are required to have valence 3 or more; we will
draw internal vertices as solid bullets e.
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e Some number of univalent external vertices; we will draw external vertices as open cir-
cles o.

REMARK 2.3.4. The marked vertex will be labelled by f, the function whose expectation value
we wish to compute.

An automorphism of a Feynman diagram is a permutation of its half-edges that does not change
the combinatorial type of the diagram — it may separately permute both the internal and external
vertices, but it should not permute the half-edges incident to the marked vertex. Given a Feynman
diagram T, its first Betti number b (T') is its total number of edges minus its number of un-marked
vertices. We say that an edge is internal if it connects internal and marked vertices and external if
one of its ends is an external vertex.

Below are Feynman diagrams whose marked vertex has valence 2, whose internal vertices
have valence 3, whose Betti number are 1 or 2, and which possess no external vertices. We indicate
the numbers of automorphisms beneath each diagram.

o L9y

|Aut] =1 |Aut| =2 |Aut| =2 |Aut| =4

Finally, we introduce the basic operation on Feynman diagrams, which we use to compute
expectation values. We fix an element f € C[[xy,...,xxN]] whose expectation value we wish to
compute.

DEFINITION 2.3.5. The evaluation ev((T, f) of a Feynman diagram I on f is as follows. First,
suppose we are given a labeling of the half-edges by numbers {1, ..., N}. To such a labeled Feyn-
man diagram we associate a product of matrix coefficients:

e The marked vertex contributes f;, where 7' is the vector of labels formed by reading the
labels on the incident half-edges in the prescribed order (recall that part of the data of T
was a total ordering of these vertices).

e Each internal vertex with valence m contributes —IT(m), where 7 is the vector of labels
formed by reading the incident half-edges in any order (recall that the tensors (") are
symmetric).

e Each external vertex with incident half-edge labeled by i € {1,...,N} contributes the
variable x; € C[[x1,...,xN, ]

e Each internal edge with half-edges labeled i, j contributes a’/ = a/i, where A~! = (a¥}).
1, i=j

e Each external edge with half-edges labeled i, j contributes J; ; = 2 / .
0, i#]
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Thus a labeled Feynman diagram evaluates to some monomial in C[[x1, . .., xx, f1]]. The evaluation
evi(T, f) of an unlabeled Feynman diagram I’ is defined to be the sum over all possible labelings
of its evaluation as a labeled Feynman diagram.

Thus, we have a map

{Feynman diagrams} — C][[xq,...,xn,H]]

evy (F,f)hbl Q)

T = TAGHD)

that relates Feynman diagrams to the power series we care about.

The utility of diagrammatic notation is showcased by the question of “recognizing a bound-
ary” Ag+{I,g} in C[[xy,...,xN, h]]. We first examine the problem using the algebraic notation
from above. Just as in the proof of Wick’s lemma, we start with simple monomials and see that

(A=A{L—-}) (x8j) = —ajjxixy— ZZ—I"IH xﬂ—hZ 1 X

m! 1

/1’\ 4

By “i}” we mean “remove this term from the list.” Thus we can write the class [x;x;] as a sum of

various other terms, each of which has either more xs or more #s.
In the diagrammatic notation, we have a “picture” of a boundary:

n—+1

—_——

WANARA

In the final diagram, the self-loop connects the kth and (7 + 1)th half-edges on the marked vertex.

This picture suggests how to evaluate any (Y frx;). In Johnson-Freyd’s words, we play “Her-
cules” game of the many-headed Hydra.” Pick some external vertex of the graph (a “head of the
Hydra”) corresponding to f;x;. Up to boundaries in .2/, we can

e either attach this vertex to some other external vertex, thus making a loop and increasing
the Betti number of the graph (this is the A term),

e or try to “chop this head off,” at which point our Hydra grows at least two new external
vertices (this is the {I, —} term).

In the profinite topology on <7, any sequence of Hydra with strictly-increasing head number con-
verges to 0, and for any given nonnegative integer 8 the game only produces finitely many graphs
with Betti number b; < . Thus the whole game converges in the profinite topology.

What does our sequence of Hydra converge to? The only Feynman diagrams left at the end
of the game are those with no external vertices at all: these are the only Hydra that do not have a
head that Hercules can chop off. All together, we have proved the following.
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PROPOSITION 2.3.6.

<Z fr x?> = )y
7 I Feynman diagrams T

with no external vertices
and marked vertex labeled by f

ev(T, f) it

A € Il

2.4. A compendium of essential definitions and constructions

We begin to extend these ideas to a more general setting.

DEFINITION 2.4.1. A —1-symplectic vector space is a dg vector space (V,d) with a degree —1
bilinear pairing (—, —) such that

o (skew-symmetry) (x,y) = —(—1)(FFDWHD (y x) forall x,y € V;

e (nondegeneracy) for any nonzero x € V¥, the linear functional (x,—) : V1% — C is
nonzero;

e (compatibility with d) for all x,y € V, (dx,y) = —(—1)*(x,dy).

REMARK 2.4.2. Because we want to work with infinite-dimensional vector spaces, we do not
require that the symplectic pairing induces an isomorphism V — VV.

The compatibility with d has a crucial consequence.

LEMMA 2.4.3. For (V,d, (—,—)) a —1-symplectic vector space, the cohomology (H*(V'),0) is canon-
ically a —1-symplectic vector space with pairing (—, —) g~y defined by
(], WD av = {0 y)

for any closed elements x,y € V. In particular, the subspace of boundaries B C V is isotropic in V.

Just as with ordinary symplectic vector spaces, maps are tricky. We will only need (for now)
the analog of isomorphism.

DEFINITION 2.4.4. A symplectomorphism ¢ : V. — W of —1-symplectic vector spaces is a quasi-
isomorphism such that
(@), o(W)w = (x y)v
forallx,y € V.

REMARK 2.4.5. As we are working with vector spaces, a symplectomorphism always has an
inverse symplectomorphism (just by picking intelligent splittings). This aspect does not extend
well to arbitrary dg commutative algebras.

Note that this implies H*¢ is an isomorphism of graded vector spaces preserving the induced
symplectic pairing. We denote by —1-SympVect the category whose objects are —1-symplectic
vector spaces and whose morphisms are the symplectomorphisms.
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REMARK 2.4.6. It would be interesting to develop a Weinsteinian category of —1-symplectic
vector spaces with Lagrangian correspondences for morphisms. In general, a further exploration
of derived symplectic geometry beckons (current work can be seen in [PTVV] and [CS]).

We want to view a —1-symplectic vector space V as a derived space, so we define its ring of
functions as the commutative dg algebra

(V) := (Sym(V"),d),

where d is the differential on the dual V" extended as a derivation. By analogy with ordinary
symplectic geometry, we might expect that &' (V) has some kind of Poisson structure, as we now
see.

We say a graded vector space V is locally finite if each graded component V* is finite-dimensional.
For a locally finite V, the symplectic pairing yields an isomorphism V = V" and so we obtain a
degree 1 pairing {—, —} on V¥ dual to (—, —).

LEMMA 2.4.7. For V a locally finite —1-symplectic vector space, €'(V') has a natural Poisy structure,
which arises by extending the pairing {—, —} on V" to a Poisson bracket.

REMARK 2.4.8. In the infinite-dimensional setting, it becomes more challenging to equip &' (V)
with a natural Poisg structure. We do this in section 2.6 for V an elliptic complex on a closed
manifold.

CONSTRUCTION 2.4.9. There is a natural BV Laplacian A induced on (V) = Sym(V") when
the Poisson pairing { —, —} sends V ® V to C (as is the case for functions on a —1-symplectic vector

space). We set A = 0 on Sym=!(V") and
Alxy) = {x,y}

for x,y € VV. Knowing A on Sym=?(V"), we can extend to all of &(V) by recursively applying
the equation

A(xy) = (Ax)y + (=1)Fx(Ay) + {x,y}.
Equivalently, the pairing on V" has a kernel P € V ® V and we use the second-order differential
operator dp = (p on Sym VV. This construction implies the following proposition/definition.

PROPOSITION 2.4.10. There is a functor

BVQ: —1-SympVect'! — dgVect
(V.d, (=) — (Sym(V"),d+4)

where the —1-SympVect'S denotes the subcategory of locally finite spaces.

This functor has two appealing properties:

e BVQ(0) =C, and
o BVQ(V @ W) 2 BVQ(V) ® BVQ(W).
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This functor also possesses a remarkable property on a natural subcategory with even stronger
finiteness condition.

PROPOSITION 2.4.11. Let (V,d) be a locally finite —1-symplectic vector space with finite-dimensional
cohomology (i.e., ¥ dim H*V < o). Then

HBVQ(V) ~ Cld(V)]
where d(V) = — Y (2k + 1) dim H*+1(V).

This proposition says that BVQ is a kind of Pfaffian functor on the cohomologically finite-
dimensional —1-symplectic vector spaces. Just as the Pfaffian eats a skew-symmetric form on a
vector space (finite-dimensional with orientation) and returns a number, BV Q eats a —1-symplectic
space (cohomologically finite-dimensional) and returns a graded line. Just as the Pfaffian sends
direct sum of matrices to products, BVQ sends direct sums of —1-symplectic spaces to tensor
products. In chapter 3, we develop this point of view to obtain a a very precise interpretation of
BV quantization for shifted cotangent bundles as providing a determinant functor (again building
on the analogy that the Pfaffian is a square-root of the determinant).””

PROOF. Consider the filtration F*BVQ(V) = Sym=¥(V"). In the induced spectral sequence,
the first page is given by Sym(H* (V")) and the differential is the BV Laplacian coming from the
—1-symplectic structure on H*(V). The following lemma shows the cohomology of this first page
is one-dimensional, so that the spectral sequence collapses. O

LEMMA 2.4.12. Consider the complex

(C[xll ..., XN, é’l/ ... /éer]/ A)/
where — without loss of generality — all the x; are even, |§;| = 1 — |x;|, and

N9 o

A=Yy 22
]Z{ 9x; 9G;

Its cohomology is one-dimensional and generated by the pure odd element {182 - - - CN.

PROOF. We've picked abasis for VV (or H*V", in the case of the preceding proposition) simply
to make the proof as explicit as possible,., We use induction on N. For N = 1, it is clear that
A(x™) = 0and A(Z) = 0 but A(x™&) = mx"~!. Hence ¢ generates the cohomology.

For the induction step, suppose the lemma holds for N = k. Given an element f, we decom-
pose it as a finite sum

f= Z Xy 1fmo + Z Xpy1Ck+1fut

meN nelN

0pp 4 sense, none of these assertions should be surprising. As we’ve seen, the BV formalism in finite dimensions
provides a homological encoding of Wick’s lemma and Berezinian integration. As such, we’ve obtained a way to
discuss these structures at the level of vector spaces rather than sets.
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where the terms f;; depend only on the first k variables of x and ¢, i.e.,

fij S C[xll---/xkrgll---/ék] C C[xll-'-/karl/Cl/--'/€k+1]'

We write
d J

OXpy1 0Cks1”
where Ay is the BV Laplacian for the first k variables. Observe that

Af = ) xlhy (Defmo) — Y xp it (Drfur) + ) ”xl?;llfnl'

melN nelN nelN

A:Ak—l—

If Af =0, we find

e only the second term depends on Gy, s0 Aif,1 = 0 for all n;
e consequently, the first and third terms cancel, so nf;1 = —Axf(,—1)0-

Thus, for n > 1, the f,; terms are determined by the f,,0 terms. Conversely, if Af = 0 and fy; =0,
then f is a boundary:
7 1 1 1 1
A:f= ; meL Ckt1fuo — ;xZ+1fn0 - ;mxﬁl Cit10xfuo = f.
When fy # 0, however, f is not a boundary. Since we have Ay fy; = 0, the induction hypothesis
tells us that, up to boundaries, there is only a one-dimensional space of choices and that &y - - - §x

is a generator for cohomology in the N = k case. Hence §; - - - §xGx+1 generates cohomology for
N=k+1 O

2.5. The homological perturbation lemma in the BV formalism

There is a natural toolkit from homological algebra that makes the manipulations in section
2.3 appear more systematic and less ad hoc. In particular, we want a technique to solve the basic
problem:

If we know the cohomology H*(V,d) of some complex (V,d), is there a method
for computing the cohomology H*(V,d + 6) where ¢ is some “small” perturba-
tion of the original differential?

This problem appears frequently in mathematics; the spectral sequence of a double complex can
be viewed as a tool for relating the horizontal cohomology to its “perturbation,” the full double
complex. For us, we have the classical BV complex and its deformation, the quantum BV complex.

2.5.1. Reminder on homological perturbation theory. The homological perturbation lemma pro-
vides an answer to the problem but requires some extra control over the original complex.

DEFINITION 2.5.1. A contraction (or strong deformation retract) consists of the following data:
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(i) a pair of complexes (V,dy) and (W, dw);
(ii) a pair of cochainmaps:V — Wand:: W — V;
(iif) a degree —1 map of graded vector spaces7 : V — V.

This data must satisfy:

(a) Wisaretractof V,so mo: = ly;
(b) 7 is a chain homotopy between 1y and ¢ o 77, so

tomr — 1y =dyy +ndy = [dv,1);
(c) the side conditions

7> =0,701=0,and rony =0.

We draw this data as

(%) (W, dw)

- (Vﬁﬂii)n

and use it as a visual shorthand throughout the text.

DEFINITION 2.5.2. A perturbation of a complex (V,dy) is a degree 1 map ¢ : V — V such that
(dv + 8)% = 0. A small perturbation of a contraction (using the notation in (%)) is a perturbation of V
such that 1y — 67 is invertible or, equivalently, if 1y — #J is invertible.

With these definitions in hand, we now introduce the useful trick.

THEOREM 2.5.3 (Homotopy Perturbation Lemma). Given a small perturbation & of a contraction,
there is a new contraction

(w,dwww)é,(v,de)jﬁ

2

where

Sw = mo(ly—dn)todoy
I = 1+no(ly—éy)todoy
T = m+mo(ly—on)todon,
= n+yo(ly—on)~todoy.

In short, there is a perturbed contraction.

We recommend [Cra] as a succinct reference for this lemma and some generalizations. In
particular, one can work with general homotopy equivalences rather than contractions, but we do
not need that level of generality.
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2.5.2. Applying perturbation theory in the BV formalism. In the general situation of the BV
formalism, we have two complexes, the classical observables

Obs® = (V,d)
and the quantum observables
Obsl = (V[[]],dy :=d + hdy + WPda+ -+ ).

If we have a contraction of the classical observables, e.g.,

(H*V,0) T (V,d) D 7,

we might hope to obtain a contraction of the quantum observables

(HV([1])}, D) == (V{[1]), dy) D P,

with D something relatively simple. In particular, the projection operator 77 provides a method for
computing the expectation value of an element f € V[[f1]]. Namely, 77(f) lives in a much smaller
complex than f, so that its cohomology class is easy to compute explicitly.

Indeed, the main results of section 2.3 can be phrased as “Feynman diagrams are an imple-
mentation of the homological perturbation lemma.” We now indicate how to justify that assertion.
First, we will outline the proof without writing a formal proof, as it involves combinatorics and
algebra that is straightforward but involved. Second, we do an explicit example that demonstrates
the requisite computations.

Asin section2.3,let V = RN and A = (aij) a positive-definite, symmetric, real N x N matrix.
We define

ObSdI = (C[[xl,. . .,XN,§1,. . .,(:N]],dj)

where
i d
di=— ) aijixi— +{I,—}.

ij=1 77rog

We wish to apply the homological perturbation lemma by adding
N9 9
WAy =hY ——
Le g axi a{jl

to d].

As shown in the proof of Wick’s lemma (lemma 2.3.2), the complex for I = 0 is precisely a
Koszul complex describing the origin inside V' (i.e., arising from the regular sequence given by
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the rows of A). Hence, there is a simple contraction

To 1
(Czo) T (ObSC 0/ do) Mo,

Here 1 is the inclusion of C 2 Sym” into Obs® and 71y is projection onto Sym® 22 C. Note that 71y is

given by “evaluation at 0,” where 0 is the critical point of the quadratic function (x, Ax). The homotopy
1o can be constructed quite explicitly (see proposition 2.5.5 below).

Wick’s lemma is now a direct consequence of the homological perturbation lemma. If we
deform the differential on Obs® [[1z]] by adding 1A}, we get a new projection map

TTo = 7T + 7Tp © (]]. — hALebi’]o)_l o hALeb ° 1o
=) 1" mo(ALeto)"

n>0

Direct calculation verifies that 77(xV) recovers precisely the formula given in lemma 2.3.2.'" That
is, 7o computes the expectation value. In this homological setting, the fact that Aj,, is a constant-
coefficient second-order differential operator makes the origins of Wick’s lemma a bit clearer: in
the perturbation, we lower the polynomial degree by two for every power of /1. In terms of Feyn-
man diagrams, we are iteratively attaching both ends of a loop.

The differential {I, —} is also a small perturbation of Obsy, so we can construct a homotopy
equivalence

(ObSCIQ,dO) % (ObSd], d[) D n,

L

which composes with the earlier homotopy equivalence (71, 1o, 7o) to yield

(C,0) =———— (Obs;, dy) D m.
I

The projection 77 is given by iteratively applying an operation that depends on I. In terms of

Feynman diagrams, this is the tree-level expansion. Again, 71; amounts to “evaluation at the
origin, the critical point.”

We now perturb by 1A ;. Diagrammatically, the new projection is given by iteratively attach-
ing a loop, just as in the case of Wick’s lemma. If one draws the diagrams, one sees the Herculean
game of Hydra reappear. The projection operator 7ty computes the expectation value of any f € Obs;.
In other words, the Feynman diagram expansion is just a combinatorial description of this projec-
tion operator.

Hag earlier, calculation is quite direct in the case of V = RL. For the higher dimensional case, it’s easiest to
diagonalize A and then take tensor products of the one-dimensional case.
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These techniques apply mutatis mutandis to more general BD algebras, and thus we will obtain
a point of view on how Feynman diagrams enter into the study of general QFT. In the next sub-
section, we discuss the essential algebra before introducing the analytic issues that appear in QFT

proper.

EXAMPLE 2.5.4. Let N = 1. We start with the contraction of classical observables

(C,0) —— (C[[x, &]], do) D "

o

Here ¢ has degree —1 and dy = —axdz. The homotopy is

0 n=2~0
x") = ’
o(x") { 1yn=1, n>0

as one can quickly check.

Consider the perturbation by 1A} ,,. We compute that

RALepto(x") = { By _01,)xn_2, nn=>0,11
and hence
0, n<2m
(MALepto)™ (x") = { (g)m mn—1)(n—-3)---(n—(2m—1))x""2", n>2m
We see that

m>0

0, n =2k
o(x") = ) HW'mo(Dreptpo)” (x") = { (ﬁ :

This is precisely Wick’s lemma.

2.5.3. The “free field” case. Much of the rest of this thesis will focus on a situation roughly of
the following form, which is a caricature of the “free field theories” we will study. Let (V,d) be a
bounded cochain complex of vector spaces (the “fields”) and set

o(T'[-1]V) = (Sym(V" & V[1]),dy),

the commutative dg algebra where d denotes the obvious differentials on VV and V[1] extended
to a derivation. This algebra is “functions on the shifted cotangent bundle of V.” The evaluation
pairing between VY and V induces a canonical 1-symplectic pairing that we then extend to a
Poisson bracket { —, —} by the Leibniz rule. This bracket makes ¢(T*[—1]V) into a Pois algebra.
There is then a canonical BV Laplacian we use to quantize. (We are using the construction from
section 2.4.)
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Now suppose we had a contraction of the linear observables VV @ V[1] onto their cohomology
H. We want to obtain a contraction of (T*[—1]V) onto ¢('H) and then use the homotopy per-
turbation lemma to contract Obs? onto &'(H)|[[h]]. Thus, our first order of business is to construct
a contraction on the symmetric algebras coming from a contraction.

PROPOSITION 2.5.5. Given a contraction

W,dw) == (V.dv) )1,

there is a natural contraction on the associated symmetric algebras

Sym
(Sym W, dy) ;: (SymV,dy) D Symy
ym [

where Sym 17 is constructed explicitly in the proof below.

PROOF. We elaborate on some simple properties of a contraction that clarify the idea of the
proof. First, observe that ¢ o 77 is a projection operator on the graded module V, so we will view
W as a submodule of V and denote the projection P : V. — W C V. The operator P* = 1y — P
is thus also a projection operator, and we denote its image by W+ C V. By construction, W and
W+ are subcomplexes, i.e., dy respects the decomposition V =W @& W-+L. Second, observe that the
side conditions on 7 imply that 7 also respects the decomposition:

PopoPt=0=PtoyoP.

Finally, note that this decomposition implies that Sym V = Sym W ® Sym W+. Moreover, P+,
extended to a derivation on Sym V, decomposes it into a direct sum of eigen-complexes
SymV = P M, where M, = (Sym W) ® Sym" W+
n>0
and P+ has eigenvalue 1 on M,,. The map lgyy v — Sym: o Sym 77 is then simply the projection of
Sym V onto @©;>1 M.

Let 17 denote the operator on Sym V obtained by extending # on V as a derivation. The side
conditions imply that 7 respects the eigendecomposition. We now define a map Sym #:

1
o =1, forn >0
Symiy‘Mn .—{ 8 00 .

It remains to verify Sym 7 is the desired homotopy.

Observe that the maps d, 7, P+ all preserve the subcomplexes Sym™ W ® Sym" W+. Tt is
straightforward to verify that, for n > 0,

d = PJ_ = 1’l]]_ m AT L
7] Sym™ WeSym” W Sym™ WeSym” W Sym™ WgSym” W
y y y y
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and hence that

d Sym ‘ =1 m nArL .
[ =4 77] Sym™ WeSym” W Sym”™ W®Sym" W

Thus we see Sym 7 is the required homotopy. O

Using the same notation as above, suppose we have a complex (V,d) and a contraction for the
linear elements of &(T*[—1]V) onto their cohomology H:

(H,0) —= (V¥ & V[1],d) D .

L

Let A denote the BV Laplacian on Sym(V" @ V[1]). There are two, closely-related perturbations
of the classical observables that interest us:

(a) the parameter 71 is not formal (i.e., can take nonzero values)
Obs? := (Sym(V" @ V[1])[h],d + hA),
(b) the parameter 7 is formal (i.e., can take “infinitesimal” nonzero values)

Obs? := (Sym(V"¥ & V[1])[[1]],d + A).

In either case, iA is a small perturbation. For /i formal, it is clear that the geometric series
(1—hASymy)~' =1+ hASymy +H*(ASymy)? +--- = Y W' (ASymn)"
n>0

is well-defined. When 7 is not formal (case (a) above), the same geometric series is well-defined
because A is locally nilpotent: if f € Sym=F(VY @ V[1]), then A" f = 0 for 2m > k.

By the perturbation lemma, we then obtain a perturbation of Sym H|[[1]] whose differential is
now

D = Symmo (1—hASymy)~to (hA)oSym:
= n) n"SymmoASymyo---ASymiyoAoSymu.

n>0

with n ASymy’s

The projection map is
S;r\n/rt = Symm+Symmo (1 —hASymy) ' oAoSymy
= ) n"SymmoASymno---ASymy

n>0

with n ASymy’s
= Sym7o (1—hASymy) L.

~——

As in the previous section, this projection map Sym 7t is useful because it gives an explicit procedure
for computing the expectation value of any f in Obsi. More precisely, it characterizes how to find an
element in a smaller complex that is hopefully more manageable.
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2.6. Global observables and formal Hodge theory

The algebra of the BV formalism can be applied directly to the global observables of free
quantum field theories on closed manifolds. (Interactions introduce serious challenges that are
overcome with the machinery of renormalization. See [CG] for a discussion of these issues.) In
essence, because we work with elliptic complexes (more accurately, the classical theories are given
by elliptic complexes), the global solutions — given by the cohomology of the elliptic complex —
are finite-dimensional. Formal Hodge theory in this context, plus the homological perturbation
lemma, then allow us to translate the problem of computing expectation values of global observ-
ables into the corresponding problem on a finite-dimensional problem. As we’ve seen, we can
visualize the transfer maps using Feynman diagrams, and in this context, the computations of a
physicist exactly match up with those of the homological algebraist.

2.6.1. Reminder on formal Hodge theory. In this section, we will work in a context well-known
in differential geometry. We will work with a smooth, closed manifold M equipped with a strictly
positive smooth measure p. This measure is rarely part of the data of the theory but is necessary
for many of the analytic results we use. The dependence on choice of measure is easy to deal with:
the space of strictly positive smooth measures is convex, so the space of choices is contractible.
Our standard reference here is [Wel08], particularly chapter 4.

DEFINITION 2.6.1. An elliptic complex with inner product is an elliptic complex (&, Q) where
each vector bundle E has a hermitian inner product (—, — )i, inducing a pre-Hilbert structure on
&

(F.9)0e = [ (Fx),8()e 1

xeM

The inner product allows us to introduce adjoint operators Q* on & of degree —1 and thus to
obtain the “Laplacian” D = [Q, Q*]. '* Let H = ker D denote the harmonic sections. There is an
orthogonal projection map

m:6& —H
onto this closed subspace. There is a parametrix for D, which we will denote by G (for Green’s
function), and satisfying
1s =+ GD =+ DG.

(This result is Theorem 4.12 in [Wel08].) The following is Theorem 5.2 in [Wel08].

THEOREM 2.6.2 (Formal Hodge theorem). For (&, Q) an elliptic complex with inner products,

(a) there is an orthogonal decomposition
&=HaoQQ(¢)®Q Q&)
(b) the following commutation relations hold:

12We use D rather than A because want to reserve A for the BV Laplacian.
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(a) 1o = 1+ DG = 1+ GD,
(b) tiG=Gn=nD=Dnr=0,
(c) QD = DQand Q*D = DQ¥,
(d) QG = GQand Q*G = GQ*;
(c) dim 'H is finite and there is a canonical isomorphism

H (&) =HNE

In short, we obtain a homotopy retraction

(H,0) = (5,Q)DQ*G.

L

using formal Hodge theory. (Note [Q, Q*G] = DG = 1 — 7.) Our goal is to use this result in field
theory.

2.6.2. Field theories and their global observables. Our notion of field theory is borrowed from
[Cos11] and our definition of observables is borrowed from [CG].

2.6.2.1. Free theories.

DEFINITION 2.6.3. A free BV theory on a manifold M consists of the following data:

e a finite rank, Z-graded vector bundle (or super vector bundle) E on M;

e a vector bundle map (—, —);,c : E® E — Densy that is fiberwise nondegenerate, an-
tisymmetric, and of cohomological degree —1; this local pairing induces a pairing on
compactly-supported sections

<_/_> :gc®£)c_)cr

(so,s1) = [ (s0(x),51(6) )

e a differential operator Q : & — & of cohomological degree 1 such that
(1) (&, Q) is an elliptic complex;
(2) Q is skew-self-adjoint with respect to the pairing, i.e., (so, Qs;) = —(—1)!%/(Qsp, s1).

In practice we want access to theorem 2.6.2, so we are forced to introduce an auxiliary object.
Pick a hermitian metric # = (—, —) on the vector bundles E; so that we obtain an h-adjoint Q*
and h-Laplacian D = [Q, Q*]. Whenever we speak of the free theory (&, Q, (—, —)), it should be
understood that we have made a choice of hermitian metric once and for all. Thankfully, the space
of metrics is convex and hence contractible, and it is straightforward to relate different choices.
(For a sophisticated treatment of these issues, see section 10, chapter 5 of [Cos11]. We also give a
precise definition that picks out theories well-suited to Hodge theory in section 7.6 in chapter 7.)
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REMARK 2.6.4. This definition is a slight modification of the definition from [Cos11]. We al-
low theories for which D need not be a generalized Laplacian (in contrast to [Cos11], where D
needs to be a second-order differential operator and so on) because our constructions apply to this
more general situation. The generalized Laplacian condition is necessary for the renormalization
techniques in [Cos11], in particular the construction of the counterterms that obtain effective field
theories from local Lagrangians.

The action functional associated to this theory is

5()= | (#,Q¢)

where ¢ is a compactly-supported section of E. To be more accurate, we should say that the
classical field theory given by S looks for fields ¢ (not necessarily compactly supported) that are
critical points of S with respect to perturbations by compactly supported sections. In other words,
there is a 1-form dS with respect to the foliation of & by &, and we are looking for ¢ such that
dSy = 0. Note that S is quadratic so that dS is linear. This relationship is why quadratic actions
correspond to free field theories.

Notice that (the global sections of) a free field theory provides a —1-symplectic vector space,
and hence we can try to apply the framework we’ve developed to it. Our first step is to obtain
a well-behaved Poisy algebra of functions on the fields, which is somewhat subtle for analytic
reasons.

Recall that E' denotes the vector bundle EY ® Densy; on M. Then global distributional sections
&' of this bundle are precisely the distributions dual to global smooth sections of E. The differential
Q on & naturally induces a differential Q on &' and makes it into an elliptic complex.

DEFINITION 2.6.5. The global classical observables of the free theory (M, &,Q, (—, —)) are the
commutative dg algebra Obs® := (Sym &', Q).

There is a natural degree 1 Poisson bracket defined as follows. Recall that our free theory has
a pairing (—, —)joc : E ® E — Dens) on vector bundles. As it is fiberwise nondegenerate, we use
it to define a pairing
(=, <)oo : E'® E' — Densy
that is also fiberwise nondegenerate and skew-symmetric. It has cohomological degree —1. We
thus obtain a skew-symmetric pairing

{(~ -} &6 —C where 2@ [ (), (X))
xeM
Extend this pairing as a biderivation to Obs? by using the Leibniz rule. Thus, Obs is a a Poisy

algebra.

REMARK 2.6.6. It probably seems more natural to use Sym & as observables, since & is not
the continuous dual of &. Unfortunately, this choice does not have a Poisy algebra because one

36



cannot pair distributions (the usual analytic problem arising in QFT). A lemma of Atiyah and Bott
[AB67] (see 5.2.13 for further discussion) implies that there is nonetheless a homotopy equiva-
lence between Sym &* and Sym &V. We discuss these issues in more depth when we construct the
factorization algebra of observables.

Theorem 2.6.2 applies to &" so, letting H denote the cohomology of the linear observables

(10 == (#,Q) 1.

By proposition 2.5.5, we then obtain a very small replacement of the classical observables:

(6',Q), we have a contraction

Symr
(SymH,0) —= (Sym &*,Q) D Symy

ymz

The right-hand side has a natural interpretation as “functions on the derived space of solutions for
the complex (&, Q),” and the contraction allows us to describe those functions in a more tractable
form. We have contracted information about this PDE problem onto a discussion just of its finite-
dimensional space of solutions.

REMARK 2.6.7. To justify the use of proposition 2.5.5, we note that the space &“" is precisely
sections of E¥" on M". We can then apply the Hodge theorem to &®" on M" because Q naturally
induces an elliptic complex on this product space.

We now construct the BV quantization. With the Poisson bracket in hand, we obtain a canoni-
cal BV Laplacian A, defined via Construction 2.4.9. We use A to perturb Obs®.

DEFINITION 2.6.8. The global quantum observables of the free theory (M, &,Q, (—, —)) are the
dg vector space Obs? := (Sym(&")[h], Q + hA).

The homological perturbation lemma now allows us to obtain a very small replacement of the
quantum observables:

(Sym(H)[1], D) === Obs? ) symy

L

Again, we have contracted the essential data onto the finite-dimensional space of solutions. We
say that for an observable O in Obs', its expectation value (O) is its image in H* Obs1.

With our contraction in hand, we have an algorithm to compute (O) order by order in 7. This
algorithm amounts to a Feynman diagram expansion, as we saw in section 2.5.
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2.6.2.2. Digression on the relationship with renormalization group flow a la Costello. In [Cos11],
there is an operator W(P(¢,L), —), called renormalization group (RG) flow, that relates “a field
theory at length scale ¢” to “a field theory at length scale L.” It has an explicit description in terms
of Feynman diagrams where the edges are labelled by the kernel P(¢, L) of the heat flow operator

L=0OP_ Given an observable O, its expectation value is given by its image W(P(0, o0),eO), with

—(
e

€ a square-zero element with cohomological degree —|O|. The interpretation given in [CG] is that
we have integrated out all the nonzero modes of the field theory so that we get a function just on

the zero modes.

We have described a different approach to computing the same expectation value, based on
the homological perturbation lemma. A direct, albeit involved, combinatorial argument leads to
the following.

LEMMA 2.6.9. The perturbed projection operator S;r\nj't is the RG flow operator exp(dp), where P is
the kernel of the operator 1.

REMARK 2.6.10. This lemma provides one perspective on the choices made in [Cos11]. No-
tice, for instance, that Costello requires his free field theories to possess a “gauge-fix” operator
Q* which allows the construction of a contracting homotopy satisfying the side conditions of the
homological perturbation lemma. In consequence, the RG flow in Costello’s formalism, even be-
tween finite length scales, provides a means of transferring the BD algebra structure.

2.6.2.3. The question of locality. We’ve now explained what observables are and how Feynman
diagrams show up in their computation. But there’s a further aspect to explore: a measurement
measures something about a field in some region of the manifold M, and it’s natural to organize
the observables by their support. In other words, we could ask about Obs?(U) for each open
U C M — the observables with support in U — and this local structure of observables leads
naturally to the notion of factorization algebra, which is the main concern of chapter 4.
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CHAPTER 3

BV formalism as a determinant functor

Our main result in this chapter can be glossed as “BV quantization provides a kind of deter-
minant functor.” The relationship with quantization is likely not transparent, so we sketch it now
(for more discussion, see chapter 2 or [CG]). Recall that the path integral is supposed to be an
oscillatory integral over a (typically infinite dimensional) manifold, and that the BV formalism is
a homological approach to defining such an integration theory. More precisely, the BV formalism
is a procedure for defining an “integration” map [ : ¢(X) — C((I)), where X is a derived space.'
In this chapter, we restrict our attention to the BV formalism on linear spaces: for example, the
“space” given by a perfect complex X € Perf(R) over a commutative dg algebra R. It should be
no surprise that

(1) for such linear spaces, the BV formalism is much simpler, and
(2) the BV formalism, being homological in nature, constructs a “determinant” for each linear
space, since the determinant is the natural home of “volume forms” on a linear space.

We find it compelling that the heuristic picture motivating the BV formalism — integration and
volume forms — can be made mathematically precise in this context of linear spaces. In his work
on the Witten genus [Cosa], Costello explains how this viewpoint extends to “nonlinear” spaces
(e.g., quasi-smooth derived schemes) and how it provides an integration map in the context of
quantum field theory.

REMARK 3.0.11. Although the results in this chapter are not needed for any constructions in
this thesis, they provide a natural context for the index theorem discussed in chapter 7.

Recall that Knudsen and Mumford [KM?76] introduced, for X a scheme, a functor
det : Perf(X) — Z x Pic(X)

that sends a cochain complex of locally free &'x-modules to a Z-graded invertible &'x-module. This
determinant functor is an enhancement of the Euler characteristic, with Z x Pic(X) a categorical
refinement of the integers. More recently, Schiirg, Toén, and Vezzosi [STV] have developed a
generalization of this construction to derived algebraic geometry, namely a map of derived stacks

det : R Perf — R Pic,

IIn perturbative QFT, the integrals take values in C((%)) because we need 7 to be infinitesimal (i.e., perturbative)

and invertible (i.e., 71 is nonzero and hence we’re in the quantum regime).
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where R Perf denotes the derived stack of perfect complexes and R Pic denotes the derived stack
of graded line bundles. This map has the property that on a quasiprojective scheme X, the deriv-
ative of det at a perfect complex E is precisely the trace map trg of Illusie.

We will show that the Batalin-Vilkovisky formalism leads to a natural construction in the set-
ting of formal derived geometry that is similar to the work of Schiirg, Toén, and Vezzosi. In the
“functor of points” approach to geometry, one views a space as a well-behaved functor on the
category of commutative rings (equivalently, affine schemes). Formal geometry then means the
study of well-behaved functors on artinian rings (equivalently, fattened points). In the derived
setting, we enhance both the source and target categories as follows. Fix a field k of characteristic
zero. There is a natural simplicially-enriched category of artinian local commutative dg algebras
dgArt i (defined below in section 3.4), which is the source category. Our main objects of interest
are two functors

Perf", Pic : dgArt s — Catgsess
that assign to each artinian dg algebra R the simplicially-enriched category Perf(R)° of perfect
R-modules and quasi-isomorphisms or, respectively, the simplicially-enriched category Pic(R) of
invertible R-modules (we define both these categories carefully in section 3.2). These functors are
simply restrictions of derived stacks to artinian k-algebras. Our main theorem uses the simplest
version of BV quantization, which we call cotangent quantization, to provide a relationship between

these spaces.

THEOREM 3.0.12. There is a natural transformation CQ : Perf™ — Pic given by the cotangent
quantization of each perfect R-module. Over k, CQ(k) : Perf° (k) — Pic(k) is a determinant functor.

By a determinant functor F : Perf**(R) — Pic(R) on the commutative dg algebra R, we mean
that F satisfies the following two properties:

(1) F(0) = R, the free dg R-module of rank 1 (and the unit for ®z), and
(2) we have an isomorphism between F(M @& N) and F(M) ® F(N).

These properties are categorical analogues of properties of the matrix determinant: it is 1 on an
identity matrix and the determinant sends a direct sum of matrices to the product of their deter-
minants.

Although our result is more limited than that of Schiirg, Toén, and Vezzosi, it has several
appealing features:

(1) Our morphism is given by an explicit construction.

(2) This construction applies to more general R-modules, although it ceases to satisfy deter-
minantal properties (we use this feature in the context of factorization algebras).

(3) It unveils a new aspect of the BV formalism that provides greater conceptual justification
for its use (and hints at possible further elaborations).
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In future work, we hope to deepen our understanding of this construction.

3.0.3. Overview of the chapter. In the first section, we construct the cotangent quantization func-
tor CQ(k) : Perf*’(k) — Pic(k) and demonstrate that it is determinantal. In the next section, we
introduce the necessary language for extending this construction over other commutative dg al-
gebras: what it means for a module to be perfect, dualizable, or invertible. With that language
available, we then extend our construction of cotangent quantization to arbitrary commutative dg
algebras. In the final section, we demonstrate that CQ(R) returns invertible modules when R is
artinian and discuss some issues surrounding the notion of “artinian” in the derived setting.

3.1. Cotangent quantization of k-vector spaces

In this section, we introduce cotangent quantization of k-vector spaces and show that it pro-
vides a determinant functor. The homological and categorical issues here are minimal and hence
we can focus on the main idea.

3.1.1. The arena. Let Ch(k),;, denote the category (not simplicial) whose objects are cochain com-
plexes of k-vector spaces and whose morphisms Homy (M, N) are cochain maps (i.e., degree 0
maps commuting with the differentials). There is a simplicial enhancement Ch(k) where the mor-
phism space Ch(k)(M, N) has n-simplices given by Homy(M, N ® Q*(A")) (using, say, polyno-
mial de Rham forms over k) and the obvious face and degeneracy maps.

A strictly perfect k-module is simply a bounded complex of finite-dimensional k-vector spaces.
A perfect k-module is a complex quasi-isomorphic to a strictly perfect k-module. For concreteness,
we will always work directly with strictly perfect complexes. Given a perfect k-module M, let MY
denote a dual module, for which a good choice is Homy (M, k) (this is precisely the complex whose
degree n component is the k-linear dual of the degree —n component of M and whose differential
is the dual to dp). We now define the simplicial categories Perf(k) and Pic(k).

DEFINITION 3.1.1. Let Perf(k) denote the simplicially-enriched category in which an object is a
bounded complex of finite-dimensional k-vector spaces and the space of morphisms Perf(k) (M, N)
has n-simplices given by Homy (M, N ® (0*(A")) and the obvious face and degeneracy maps.

DEFINITION 3.1.2. Let Pic(k) denote the full simplicial subcategory of Ch(k) in which an object
is a cochain complex L € Ch(k) with cohomology given by a one-dimensional k-vector space.

3.1.2. The construction. In a nutshell, BV quantization is a procedure for deforming a commuta-
tive dg algebra to a plain cochain complex. There is no algorithm that does this for all commutative
algebras. Here our focus is on a class of algebras where such a process does exist. For compar-
ison, recall that the theory of deformation quantization provides a standard way to quantize a
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cotangent bundle, although quantizing arbitrary symplectic and Poisson manifolds is substan-
tially more subtle. (A more accurate comparison for our case would be cotangent bundles of
vector spaces.)

DEFINITION 3.1.3. A Pois algebra (A,d, {—, —}) is a commutative dg algebra (A, d) equipped
with a closed, degree 1 map {—, —} : A® A — A such that

e the pairing is skew-symmetric;
e the pairing is a biderivation, so that {a,bc} = {a,b}c+ (—1)a+DHDpLa ¢} for all
a,b,c € A.

At the heart of our work is the following construction.

CONSTRUCTION 3.1.4. Forany (M, d) € Perf(k), consider the commutative dg algebra (Sym(M" &
M]1]),d) where d is the extension as a derivation of the differential d on M" & M|[1]. This algebra
has a natural Poisson bracket arising from the evaluation pairing. We define the bracket explicitly
on Sym! and extend to the whole algebra as a biderivation (i.e., use the Leibniz rule repeatedly till
one obtains linear elements). We set

{a+a,p+b} = a(b) — (~1) DI (a)

where o, € MY and a,b € MJ1]. This algebra can be interpreted as &(T*[—1]M), namely
“functions on the shifted cotangent bundle of the derived space M,” T*[—1]M, which is naturally
equipped with a shifted symplectic structure.

This Poisg structure indicates how the algebra “wants to deform,” just as an ordinary Poisson
algebra “wants to deform” to an associative algebra. In general, it is a subtle problem to construct
the deformation, but for this example, there is a straightforward, general process. The basic idea
is to find a way to deform the derivation on the algebra to a mere differential, and the BV for-
malism offers a controlled way to do this, by adding to the derivation an operator known as a BV
Laplacian.

DEFINITION 3.1.5. A BV Laplacian on a Poisy algebra (A,d, {—, —}) is a closed, degree 1 map
A:A® A — Asuch that

o A2=0;
e Ais a second-order differential operator;
e it has the following compatibility with the Poisson bracket:

) A(ab) = (Aa)b+ (—=1)"la(Ab) + {a,b}
foralla,b € A.

CONSTRUCTION 3.1.6 (construction 3.1.4 continued). We equip Sym(M" & M[1]) with a canon-
ical BV Laplacian A by setting A = 0 on Sym® and Sym1 and by defining
A(ab) = {a, b}
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for ab € Sym? a pure tensor. We compute A on the higher Sym" by applying equation (2) recur-
sively.

DEFINITION 3.1.7. The cotangent quantization of (M, d) € Perf(k) is the cochain complex CQ(M) :

(Sym(MY @ M[1]),d + A).

PROPOSITION 3.1.8. This construction has the following properties.

(1) For perfect modules M, N, we have a natural isomorphism CQ(M & N) = CQ(M) ® CQ(N).
(2) For a perfect module M, the cohomology H*CQ(M) is isomorphic to the one-dimensional graded
vector space k|[d(M)], where
d(M) = —Y_(2n 4+ 1)(dimy H*(M) + dim; H*"*!(M)).

n

(3) For an acyclic perfect module M, there is a natural quasi-isomorphism i : k = CQ(M) sending k
to Sym® (MY @ M([1]).

Since we work with vector spaces, we can always obtain a decomposition of a complex M into a direct sum
H® A, with A an acyclic complex and H a complex with zero differential and isomorphic to H* M. Thus,
by combining (1) and (3), we obtain

(4) For each choice of such decomposition M = H & A, we obtain a natural quasi-isomorphism

i:CQ(H) = CQ(M).

PROOF. Property (1) is manifest from our construction.

Property (2) follows in two steps. We begin by restricting to modules M with zero differential
so that
CQM) = (Sym(M” & M[1]),A).
By picking abasis {x1,...,xn,{1,...,¢n} for MY @ M[1], with the x; even, the §; odd, and (x;, §;) =
dij, we have

N 82
CQ(M) = (k[xlfmr@N]r;m) .

When N =1 (i.e., dimy M = 1), one sees directly that ¢; generates the cohomology of CQ(M). If
M is concentrated in degree 21, then ¢; € M[1] and has degree —2n — 1. If M is concentrated in
degree 2n + 1, then &; € M" and has degree —2n — 1. By induction or invoking property (1), we
obtain property (2) for arbitrary modules with zero differential.

Now consider M with nontrivial differential. Consider the filtration on CQ(M) given by FF :=
Sym=F(M" @ M[1]). Note that the first page of the associated spectral sequence is Sym(H*(M") @
H*(M)[1]) with differential Ay arising from the evaluation pairing on cohomology. We then apply
our observations from the previous paragraph.

This operator is the unique “translation-invariant” BV Laplacian on the dg vector space T*[—1] M.
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Property (3) follows from the fact that i : k — Sym® < CQ(M) is clearly a cochain map and
thus induces a map of spectral sequences (using the filtration from above) which is an isomor-
phism on the first page. 0

Cotangent quantization is not a functor on Perf(k) because a morphism of complexes does
not induce a morphism of “shifted cotangent bundles.” If we are given amap f : M — N, we
automatically get a map f¥ : NY — MY, inducing a map on functions from ¢(N) to ¢(M). But
we also need amap g : N — M to construct a map on the functions of the cotangent bundles. We
could restrict to strict isomorphisms in Perf(R), so that ¢ = f~!, but this requirement is unnatural
from the derived viewpoint. Instead, we work with the weaker, homotopical notion of quasi-
isomorphism. For M, N perfect complexes, let ; : Qis(M, N) C Homy(M, N) denote the subset of
quasi-isomorphisms.

DEFINITION 3.1.9. Let Perf(k)™° denote the simplicial subcategory of Perf(k) with the same
objects but the morphisms given by the pullback along ::

Perf(k)’*°(M, N) 1~ Y (Perf(k)(M, N)) — Perf(k)(M, N) .

| |

Qis(M, N)———— Homy(M, N)

We will prove the following proposition in a more general setting in section 3.3.

PROPOSITION 3.1.10. Cotangent quantization is a functor CQ : Perf(k)™® — Pic(k) such that

(1) CQ(0) = k and
(2) CQ(M® N) 22 CQ(M) ® CQ(N).

Thus, CQ is a symmetric monoidal functor.

This result in combination with proposition 3.1.8 says that CQ is a determinant functor.

3.2. Recollections

Before embarking on the study of CQ over more interesting rings, we introduce and recall
various definitions. We discuss what it means for a dg R-module to be perfect, dualizable, or
invertible.

3.2.1. Notation and context. For R a commutative dg algebra over k, let Ch(R),; denote the cate-
gory whose objects are cochain complexes of R-modules and whose morphisms Homg (M, N) are
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R-linear cochain maps.3 In this section, we will work with a fixed but arbitrary dg algebra R, and
so ® will denote ®g.

There is an enhancement of Ch(R),;, to a simplicially-enriched category Ch(R) as follows.
For M, N dg R-modules, the simplicial set of morphisms Ch(R)(M, N) has n-simplices given by
Hompg (M, N ®; 0*(A")), where QO (A") denotes the k-linear de Rham forms on A”,* and the ob-
vious face and degeneracy maps. All of our other simplicial categories, like Perf(R) and Pic(R),
will be simplicial subcategories of this category Ch(R).

For M, N in Ch(R), let Qis(M, N) denote the set of quasi-isomorphisms from M to N. As there
is an inclusion

1 : Qis(M, N) — Homg (M, N) = Ch(R)(M, N)g

into the zero-simplices, we can ask for the pullback

Ch(R)®(M, N) = ~}(Ch(R)(M, N)) — Ch(R)(M, N)

| |

Qis(M, N)——— Homg(M, N).

We then define Ch(R)™° as the simplicial subcategory of Ch(R) with the same objects but taking
Ch"®*°(M, N) as the morphism space between complexes M and N.

3.2.2. Perfect modules. For ordinary commutative algebras (i.e., not dg), there are several equiv-
alent definitions of perfect R-modules of which the most explicit is “quasi-isomorphic to a bounded
complex of finitely-generated projective R-modules.” We define this condition of perfection on
modules by concrete properties rather than functorial properties because of our focus on an ex-
plicit construction. There is a substantial literature about perfect modules, with alternate charac-
terizations. A succinct reference for our version is part III of [KM95].

DEFINITION 3.2.1. A module M € Ch(R) is a finite cell module if there exists a finite sequence
of R-modules
0=My5>M > -5 M, =M
such that for any 1 < k < n, the cone of iy : My_; — M is quasi-isomorphic to a shift of the free
R-module R.

DEFINITION 3.2.2. A retract of a module M is a module N with cochain mapsi: N — M and
g : M — N such that g o i is chain-homotopic to 1y.

We now define the desired object.

3A cochain map has degree zero and commutes with the differentials.
4There’s a bit of freedom to choose a model here. In general, polynomial de Rham forms work well. Over R or C,

one can use the more familiar smooth de Rham forms.
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DEFINITION 3.2.3. A strictly perfect complex over R (equivalently, strictly perfect R-module) is
a module M € Ch(R) that is a retract of a finite cell module. A perfect complex is a module
quasi-isomorphic to a strictly perfect complex.

For simplicity, we will always work directly with strictly perfect R-modules. From hereon,
when we write perfect, we mean strictly perfect.

DEFINITION 3.2.4. Let Perf(R) denote the full simplicially-enriched subcategory of Ch(R)
whose objects are strictly perfect complexes. Let Perf(R)*° denote the full simplicially-enriched
subcategory of Ch(R)™° whose objects are strictly perfect complexes.

LEMMA 3.2.5. Given a morphism of commutative dg algebras f : R — S, base-change preserves
perfection, so the functor S @g — sends Perf(R) to Perf(S).

3.2.3. Dualizability. We recall the following definitions of the dual of a module over any commu-
tative dg algebra R.

DEFINITION 3.2.6. A module M € Ch(R) is dualizable if there exists a module N € Ch(R)
equipped with a coevaluation morphism

c:R—- M®N

and an evaluation morphism
e:N®M — R

and chain homotopies /iy : M — M and hy : N — N such that
Iy — My ®e)o(c@ly) = [dm, hm]
and
Iy — (6 & ]1]\]) o (ﬂN X C) = [dN, ]’lN]
We call N a dual to M.

This notion is well-behaved thanks to the following.

LEMMA 3.2.7. There is a canonical homotopy equivalence between any two duals to M.

PROOF. Let N and N’ be duals to M, with (c, e, hp, hy) and (¢, €/, iy, ) the respective du-

ality data. Then we get morphisms

$:=(e@Ny)o(Iy®c):N— N
and

4)/ = (e,®]1N) (¢] (IIN/ ®C) . N, — N.
We wish to show that

prop=(d®ln)o(ly®c)o(e@ly)o(ly®C)
46



is chain homotopic to 1y.

Observe that ¢’ o ¢ can also be expressed as
(e@ly)o(Iy®e)o (@) o (Iy ®c).

(This assertion is easiest to see when one draws the pictures a la topological field theory.) Thus,
we know that

[dN,(€®]1N) Ohgwo (]1N®C)] = (6@]11\[) ollpo (1N®C) —(P,O(P.
As (e®1y) o (Iy ® ¢) is chain homotopic to 1y, we see that ¢’ o ¢ is chain homotopic to 1y, since

homotopy equivalence is an equivalence relation.

An identical argument shows that ¢ o ¢’ is homotopic to . O

Perfection meshes nicely with duality. For M, N in Ch(R), let Homy (M, N) denote the cochain
complex of graded morphisms from M to N equipped with the usual differential (so d(¢) =
dno¢ £ ¢pody).

LEMMA 3.2.8. For M a strictly perfect R-module, the R-module M" := Hompy (M, R) is a dual with
the canonical evaluation map
e: MYo@M — R
A®x = Ax)

Thus perfect modules are dualizable.
PROOF. This is a standard fact. For a proof, see e.g. lemma 5.7 of part III of [KM95]. ]

We now prove a property crucial to making CQ into a functor.

LEMMA 3.2.9. Let M and N be strictly perfect R-modules. If f : M — N is a quasi-isomorphism and
N’ a dual to N with data c and e, then N' is a dual to M with evaluation map & = e o (1yy ® f).

PROOF. As Iy ® f : NN®@ M — N’ ® N is a quasi-isomorphism, there exists ¢ in N’ @ M
such that 1y ® f(¢) is cohomologous to ¢. Pick such an element and denote by da the degree 0
boundary in N’ ® N such that 1y ® f(¢) = ¢ + da.

We need to show that ¢ and & provide duality data. Consider the composition

fo(ly®eé)o(¢®1y): M — N.
Then
Follu®e)o(E@ly) = (Iy©2)o ((c+da) @ 1y)
= (Iy @ (eoly @ f)) o (¢ + da) @ 1)
= (Iy®e)o (c®1y) o f +boundary term
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so that the composition equals f up to a chain homotopy. As f is a quasi-isomorphism, we know
that

f o—:Hompg(M, M) — Homy (M, N)
is also a quasi-isomorphism. Thus the element (1 ® €) o (¢ ® 151) must be chain homotopic to
the identity 1, as its composition with f is chain homotopic to f. O

3.2.4. Invertible modules.

DEFINITION 3.2.10. A complex M € Ch(R) is invertible if there exists a complex N € Ch(R)
and a quasi-isomorphism M ® N = R. A strictly invertible module is an R-module N such that the
underlying graded module N* of the underlying graded algebra R is projective and rank one.

One way to construct a strictly invertible R-module is to pick n € Z and an element A € R!
(i.e., an element of cohomological degree 1) such that dg(A) + A2 = 0. Then (R[n],dgr + A) is
invertible with inverse (R[—n],dgr — A).

DEFINITION 3.2.11. For any commutative dg k-algebra R, let Pic(R) denote the full simplicially-
enriched subcategory of Ch(R) whose objects are complexes quasi-isomorphic to invertible R-
modules.

3.3. Properties of cotangent quantization over any commutative dg algebra

Let R denote a commutative dg algebra. From section 3.2.2, we know what both Perf(R) and
Perf(R)™° are. We now observe that the description of cotangent quantization in construction 3.1.4
and 3.1.6 works for perfect R-modules once we choose a dual M’ for each M € Perf(R).

DEFINITION 3.3.1. Given a strictly perfect module M and a dual M’ with evaluation morphism
e, we define the cotangent quantization CQ(M, M, e) to be the cochain complex

(Sym(M' & M[1]),d’ +d[1] + A,)

where d’ + d[1] denotes the extension of the differential d’ + d[1] on M’ & M]1] as a derivation
and A, denotes the BV Laplacian that extends the degree 1 Poisson bracket {—, —}, on M’ & M[1]
arising from the pairing e (see construction 3.1.6).

We wish to show that CQ is a functor on Perf(R)™. There are two tricky issues to grapple
with. First, we must verify that we get the same answer (up to homotopy equivalence) for any
choice of dual. Second, we need to show that quasi-isomorphisms between perfect complexes are
sent to quasi-isomorphisms between their quantizations.

By lemma 3.2.9, we know that if we have a quasi-isomorphism f : M = N and N’ a dual to N
with evaluation e, then we can make N’ a dual to M with evaluation & := e oy ® f. It is easy to
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see that extending F := 1y & f[1] as a map of graded commutative algebras
F:Sym(N' & M[1]) — Sym(N' & N[1]),

we obtain amap F : CQ(M, N’,&) — CQ(N, N’,e) because F preserves the Poisson brackets (and
hence BV Laplacians) by construction. This map F is manifestly a quasi-isomorphism.

It remains to show the following.

LEMMA 3.3.2. Let (M, M}, e1,¢1) and (M, M}, e, c2) be two duals to a perfect module M. There is a
canonical quasi-isomorphism ® : CQ(M, M}, e1) 5 CQ(M, M), er).

PROOF. We proceed in two steps. Let ¢ : M] — M), denote the canonical quasi-isomorphism
between the duals. Observe that we can equip M/ with a different evaluation pairing as follows.
Setér :=ep0¢p @Ay : M| @M — R.

First, observe that CQ(M, M}, &) is quasi-isomorphic to CQ(M, M), e;) via the map ¢ &1 M[1]
because the Poisson brackets agree on the nose by construction.

Second, we construct a homotopy equivalence between CQ(M, M, e1) and CQ(M, M}, &).

There is a natural degree 0 map
p:(Mi®M[1))™* — R
yielding a chain homotopy equivalence between the degree 1 Poisson brackets (restricted to Sym?)
{~ —}eand {—, —}& : (M ® M[1])** — R,
We can extend p to a degree 0 Poisson bracket { —, —}, on the commutative dg algebra Sym(Mj @

M][1]) with differential 0 = d’ + d[1].

Define an endomorphism A, of Sym(M; & M[1]) as follows. On Sym’ and Sym', we have
A, vanish. On Sym?, we set A,(ab) = p(a ® b). Then we recursively define A, by imposing the
relation
Ap(a-b) = Ap(a) -b+a-Ay(b)+{a,b},,
in analogy with the BV Laplacian (cf. equation (2)). By construction,
[0,A,] = A, — Ag,.
Note as well that
[Aey, Ap] =0 = [Ag,, Ap].

We use this endomorphism to obtain the desired map.

Consider the endomorphism

exp(Ap) ta— et Enl
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Although this definition seems to involve an infinite sum, any element 4 is annihilated by some
finite power of A, so we only ever take a finite sum. A straightforward computation then verifies
that

[0,exp(A,)] = exp(Ap) 0 Ae, — A, 0 exp(Ay),
and hence that exp(A,) is a cochain map from CQ(M, M}, e1) to CQ(M, M, &).

To see that this map is part of a homotopy equivalence, observe that exp(—A,) provides an
inverse. O]

From hereon we fix a dual M’ := MY = Homjy (M, R), evaluation ey, etc, for every perfect
module M. Set CQ(M) := CQ(M, M", eyr). Let 7ty Perf(R)™*° and 710 Ch(R)™° denote the categories
(not simplicially-enriched) with the same objects but the morphism sets given by the connected
components of the morphism spaces in the simplicially-enriched category. We have shown the
following proposition.

PROPOSITION 3.3.3. Cotangent quantization CQ is a functor from 1o Perf(R)™ to 719 Ch(R)™°,
sending M to CQ(M) and a quasi-isomorphism f : M — N to the composition

CQ(M,MV,€M> — CQ(M,NV,EN o ny ®f) — CQ(N, NV,BN).

Moreover, it is symmetric monoidal, sending ® to ®.

We would like to lift this functor to a functor between the simplicially-enriched categories.

THEOREM 3.3.4. Cotangent quantization CQ is a functor from Perf(R)™° to Ch(R)™°, lifting the
functor from the previous proposition.

PROOF. We need to show that given a morphism f : M — N ®; (0*(A") whose restriction to
each 0-simplex of A" is a quasi-isomorphism, there is a morphism CQ(f) : CQ(M) — CQ(N) ®y
O*(A™) whose restriction to each 0-simplex of A" is a quasi-isomorphism.

Recall that when n = 0, the essence of the argument was that NV pulls back to a dual of M
along f and that any two duals are quasi-isomorphic. We model our approach to the n > 0 case
on this argument.

Note that
(3) Homg (M, N @, Q*(A")) = Hompgg, o+ (an) (M @ Q*(A"), N @, Q" (A")).
To compress the notation, we denote R, := R ®; Q*(A") and X,, := X ®r R ® Q*(A") for any
R-module X. We thus view f as a map of R,-modules:
f M, — Ny.
By hypothesis, f is a quasi-isomorphism when restricted to the vertices of A", and hence f is a
quasi-isomorphism itself.

50



We now invoke the argument from the n = 0 case. We know N,/ is a dual to M,, over R, and
so we get a map

using cotangent quantization over R,. Because CQ(X,) = CQ(X) ®; Q*(A) for any perfect R-
module X, we can use the isomorphism (3) to make CQ(f) an n-simplex in Ch(R)*°(M,N). O

3.4. Invertibility survives over artinian dg algebras

Cotangent quantization over k had the appealing property that CQ(M) was always invertible.
Thus cotangent quantization over k provided a determinant functor. We now extend this property
to a larger class of categories close to Perf(k). The idea is simple: we work with the category of
perfect modules for algebras that are “close to k,” namely artinian k-algebras.

Before delving into the derived world, we review the underived version. Recall that a local
artinian algebra A is a k-algebra possessing a unique maximal ideal m such that

(1) the residue field A/mis k and
(2) mis nilpotent, so that there is some nonnegative integer N such that m" = 0.

In other words, A = k & m where m is a nilpotent “thickening” of k.

There are several ways to generalize the notion of “artinian” to the derived setting. We give
proofs using two of the notions and discuss the relation with a more general notion in the final
subsection. For whatever notion we use, we use the same notation for the associated category of
artinian algebras.

DEFINITION 3.4.1. Let dgArt ;. denote the simplicially-enriched category in which an object
is an artinian commutative dg algebra over k and in which a morphism space dgArt (R, S) has
n-simplices given by augmentation-preserving morphisms of commutative dg algebras from R to
S @ QF(A").

3.4.1. The strictest notion of artinian dg algebra.

DEFINITION 3.4.2. A strictly artinian commutative dg algebra A is a commutative dg algebra
such that the underlying graded algebra is artinian.

Let M be a perfect module over a strictly artinian commutative algebra R. We now prove that
CQ(M) is invertible (i.e., CQ is a functor to Pic(R)) by using the homological perturbation lemma.

LEMMA 3.4.3. For a perfect module M, CQ(M) is quasi-isomorphic to an invertible R-module.
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PROOF. Pick a set of generators for M so that we have an explicit description
N
M# = @ R# [Tl,‘]
i=1

for some list of integers n; and the differential has the form

dv =) dr[n] + Ac+ A,
i
where A; is a matrix whose entries live in k and A, is a matrix whose entries live in m.

Consider the perfect module M which has the same graded components but the differential is
just Y dgr[n;] + Ay. Clearly
N
M = R @ D k[ni] = R @y My,
i=1
where M; is a finite-dimensional graded k-vector space. Let M" denote the dual

N
R ®y @k[—ni] = R ®y Ml\c/
i=1

with the obvious pairing. As My is a perfect k-module, we can construct a homotopy equivalence
over k:

H*CQ(My) —— CQ(My) D i

Let H*CQ(M;) be isomorphic to k[m] where m is some integer. Tensoring with R, we obtain a
homotopy equivalence

We will now try to perturb this homotopy equivalence to a homotopy equivalence for M. We
obtain M by adding A, to the differential of M.

We need 1 — An7f to have an inverse. Recall that Ay, is a matrix whose elements live in m.
Hence A1 is an element of mRIRHomR(M, M ). There exists N such that mY = 0, and so we know
that (An7)N = 0. Thus

1+ Al + -+ (An)N !
is the desired inverse. We now apply the homological perturbation lemma to obtain a homotopy
equivalence

(R[m], dg + a) % CQ(M) D 0

with & some degree 1 element of R such that dga = 0. Thus CQ(M) is homotopy equivalent to
some invertible R-module. O
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3.4.2. A looser definition via square-zero extensions. There is another perspective on (under-
ived) artinian algebras thanks to the fact that we can construct its “nilpotent thickening” in a very
controlled way.

DEFINITION 3.4.4. A square-zero extension is a surjective map of algebras f : B — A such that
the ideal I = ker f satisfies I> = 0.

LEMMA 3.4.5. An algebra A is artinian if and only if it is given by a finite sequence of square-zero
extensions
A= A/ID S A/1Q 000 A/ —k

where each square-zero ideal 1™ /T0"=1) of A /10"=1) is finite-dimensional over k.

PROOF. An algebra arising from such an extension is clearly artinian because the kernel of the
map to k is maximal and nilpotent (since it’s finite dimensional).

Let A be an artinian algebra with m™ = 0. We construct the sequence of ideals I as follows.
Let SZ(R) denote the largest square-zero ideal in an algebra R. Set () = SZ(A). This is nonempty

N—-1:

since mN 1 is square-zero. We obtain I(?) by taking the preimage of SZ(A/I()) under the quotient

map A — A/IW. Tterate this process. It terminates in finitely many steps because A is finite-
dimensional over k. O

Our second notion of a dg artinian algebra is modeled on this definition. We impose some
restrictions that make it easy to induct on square-zero extensions even in the derived setting.

DEFINITION 3.4.6. A cdga is a commutative dg algebra (A, d) such that A’ = 0 for i > 0.

There is natural model category structure on cdgas where the fibrations are level-wise surjec-
tions.

DEFINITION 3.4.7. A dg square-zero extension is a fibration of cdgas f : B — A such that the
kernel ker f is square-zero (on the nose).

DEFINITION 3.4.8. An artinian cdga A is given by a finite sequence of dg square-zero exten-
sions
AT A A~k

where the cohomology of each ideal H" ker g, is finite-dimensional and vanishes for n << 0.

Our goal is to prove the following. Note that a strictly invertible module over an artinian cdga
A is simply a shift A[n] as Al = 0.

THEOREM 3.4.9. Let f : B — A be a dg square-zero extension of artinian cdgas. Let M be a B-module
such that M ®g A is invertible over A. Then M is invertible over B.

COROLLARY 3.4.10. For A an artinian cdga and M a perfect A-module, CQ(M) is invertible over A.
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PROOF OF COROLLARY. We use “artinian induction.” Pick a description of A as a sequence of
dg square-zero extensions

AL Ay B BA, =k

We know CQ(M) is invertible if CQ(M) ® A y) is invertible, and so on until we have the condition
CQ(M) is invertible if CQ(M) ® k is invertible. But we have already proved this base case. O

Because we will tensor over cdgas several times, we recall the definition.

DEFINITION 3.4.11. Let M and N be B-modules. The tensor product M ®gp N is any B-module
quasi-isomorphic to the bar complex Bar(M, B, N). Recall that this is given by the total complex
of the double complex
@M®k8®k---®kB®kN[n]

n>0 .
n times

where the “new” differential (i.e., not the internal differential of the complex for each n) is given
by taking the alternating sum of the obvious multiplications of pairs of adjacent elements.

The proof of the theorem breaks down into a few lemmas. Let I = ker(f : B — A). Let M/I
denote M ®p A and let I - M denote M ®gp 1.

Suppose that we have a quasi-isomorphism ¢ : A — M/I. (By applying a shift, we can put
the strictly invertible module in degree 0.)

LEMMA 3.4.12. The obstruction to lifting ¢ to a map ¢ : B — M lives in H' (I - M).

PROOF. We want to find ¢ : B — M a quasi-isomorphism such that

B—L A
d
M- My

commutes.

Pick m € M such that fp(m) = ¢(14) € M/I. We would like to set ¢(15) = m and thus
obtain the desired ¢. We need to show that dy;m = 0 because we require dy$(1) = ¢(dpl) = 0.
Observe that we know

faa(dym) = dyyifm(m) = dpy1¢(1a) =0
sodym € I - M. Clearly, [dym] = 0 in H' (M) but it might be nonzero in H!(I - M).

If [dyym] = 0in H'(I - M), there exists n € I - M such that dyn = djm. Then we obtain the
desired ¢ by setting ¢(15) = m — n. Otherwise, ¢ does not exist. O

LEMMA 3.4.13. The obstruction vanishes as H' (I - M) = 0.
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PROOF. The ideal I has a canonical A-module structure. Pick a k-linear splitting

B——A
f

and definea ei = s(a)i fora € A and i € I. For any other splitting s’, we see that s(a) —s'(a) € I
so that s(a)i — s'(a)i = 0 since I> = 0.
Asl-M:=1R®p M, we see
I M~ (I®paA)@pM~1R4 (ARpM) =1®4 M/I.

Using the bar complex, we obtain a spectral sequence

H Ik , H* (M/I) = H(I- M)
via the filtration FN = @,y [ @k A®" @) (M/I). Observe that

H™(I) = 0= H"(A) = H"(M/I)
for all m > 0. Hence H'(I- M) = 0. O

Thus we have a commuting diagram

B A
e
M2 My

where ¢ is a quasi-isomorphism. The theorem then follows once we prove that ¢ is a quasi-
isomorphism.

PROPOSITION 3.4.14. Let ¢ : M — N be a map of B-modules such that the reduction
¢AZM®BA—>N®BA

is a quasi-isomorphism. Then ¢ is a quasi-isomorphism.

PROOF. Consider the I-adic filtration of M and N. This induces a map of spectral sequences.
On the first page, we have
H*(M/I) — H*(N/I)
® ®
H*(I-M) — H*(I-N)
where M /I denotes M ®p A and so on. We know that the top layer is an isomorphism by hypoth-
esis. Thus, once we show that bottom layer is an isomorphism, we know that ¢ is an isomorphism.

Because I - M ~ I ®4 M/ I, we get another map of spectral sequences using the natural filtra-
tion on the bar complex (see the proceeding proof). On the first page, we get
H @Y, , H*(M/I) — H'I®%. , H(N/I)
55



which is an isomorphism. 0

3.4.3. Comparing our notion of artinian dg algebra to others. There are several other definitions
one might suggest for the dg generalization of artinian. Being cohomologically artinian is probably
the most obvious from a derived perspective. Explicitly, it means the following.

DEFINITION 3.4.15. A c-artinian algebra is a cdga A such that

(1) HY(A) is artinian as a k-algebra,

(2) H'(A) =0fori << 0,

(3) dimy H(A) < oo for all i, and

(4) the composition k — A — HY(A) — k is the identity on k.

We would like every c-artinian algebra to be quasi-isomorphic to an artinian cdga, the notion

we used in subsection 3.4.2. This is true for a large class of c-artinian algebras.

The following proposition indicates that our definition of an artinian cdga is (hopefully) ade-
quate. In particular, we can recover anything about maps of cdgas into this large class of c-artinian
algebras using our notion. As nice moduli functors are studied locally via maps of cdgas into
“artinian-type algebras,” our notion works well for formal moduli problems.

PROPOSITION 3.4.16. Every c-artinian algebra such that A is finite-dimensional possesses a quasi-
isomorphism to an artinian cdga.

Let A be a c-artinian algebra. Observe that there is a canonical map A — H°A of cdgas, as A
is concentrated in non-positive degrees. We would like to extend this map to a sequence

7

Al e Al ALq) — Ay

HYA

where each Ay is an artinian cdga and is a dg square-zero extension from A ).

Building this sequence depends on some simple observations. The unpalatable hypothesis
that A? is finite-dimensional only appears at the very end (all the intermediate results hold for all
c-artinian algebras), and we flag its appearance.

First, there is a natural filtration on A.
LEMMA 3.4.17. The subcomplex
A =d(A Yo @A,

- j<i
It probably holds in general, modulo some homotopical algebra that I do not yet know.
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is a differential ideal of A.

PROOEF. The subspace @;.; Al is clearly an ideal and its image under d lives in A<;. Now
consider an element b = dc € d(A'~1). For any a € A°, we see that
d(ac) = (da)c+a(dc) =0+ ab,
soab € A<;. O

Let A(;) denote the cdga A/A<;. Note that there exists some N such that A ~ Ay as there
exists N such that H"A = 0 for all n < N. These A;) are almost, but not quite, the A; we desire;
we will need a few more square-zero extensions as we get close to H'A.

The following observation nearly proves the proposition.

LEMMA 3.4.18. Fori < —1, the quotient map g, : A1) — Ay is a dg square-zero extension and
the kernel has finite-dimensional cohomology concentrated in degree i — 1.

PROOF. The kernel I := ker q;_1 is the two step complex
Ai—l/d(Ai—Z) N d(Ai—l)

concentrated in degrees i — 1 and i. The cohomology is H'"}(A) in degree i — 1, and it is finite-
dimensional as A is c-artinian. Moreover, when i < —2, it is clearly square-zero since the product
of two elements of | has degree between 2i — 2 and 2i, which are both less than i — 1 by hypothesis.

The i = —1 case is different. The trouble is that two elements of cohomological degree —1
multiply to an element of degree —2, so that the kernel of the map q_» : A(_) — A(_;) might not
be square-zero. Observe, however, that given da, db elements of degree —1 in A, we have

da-db=d(a-db) =da-db=0¢€ Ay
because this product is in d(A~3). O

We are now very close to having the desired sequence of square-zero extensions. We need to
find a sequence of square-zero extensions between A(_;) and HYA = A(p)- Observe that the map
Ay — A=Ay /H~1A is a square-zero extension. It remains to show that A’ — A = H°A
is a square-zero extension. Here the unpalatable hypothesis appears.

LEMMA 3.4.19. As A° is finite-dimensional, the map A’ — HCA is given by a finite sequence of dg
square-zero extensions.

PROOF. Let | denote the differential ideal in A’ generated by boundaries. There is some N
such that [N = 0 because ] is finite-dimensional. We thus have a sequence of dg square-zero
extensions

A/—>A'/]N_1—>A'/]N_2—>---—>A//]:H0A

57



just as in the ordinary artinian case.
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CHAPTER 4

Factorization algebras

Just as a space is mirrored by its algebra of functions, the fields in a field theory are reflected
by the observables of the theory. By an observation, we mean a measurement of a field, and an
observable is a possible measurement. Naively, if & denotes the fields, then the observables of the
classical field theory are €(&), the ring of functions on the fields. (We momentarily defer fixing
a notion of “function.”) Even better, if & denotes the sheaf of fields on the manifold M, then the
classical field theory has a cosheaf of commutative algebras

Obs? : U — 0(&£(U)),

assigning to each open U the ring of functions on the fields & (U) on this open. We get a commuta-
tive algebra on each open due to the fact that, for a classical system, we can take two measurements
with overlapping support.’

We also want to describe the observables of the quantum field theory. A characteristic feature
of quantum systems is that it is incoherent to take two measurements with overlapping support.
Hence we might expect that the quantum observables assign just a vector space Obs?(U) to each
open set U but that we still have a way to combine measurements with disjoint support. In other
words, we expect there is a “multiplication map”

myv.w - Obsq(U) ® Obsq(V) — Obsq(W)

ifUNV =0and U,V C W. (As an example of such a map from an actual theory, consider scalar
field theory and the two-point function (¢(x)¢$(y)), which multiplies the measurements “value at
x” and “value at y” to give a measurement on the whole manifold.)

Our aim in this section is pin down a precise definition for the structure possessed by quantum
observables. We will define a local-to-global object called a factorization algebra that lives on a
manifold, assigns a vector space to each open, possesses “multiplication maps” for the inclusion
of disjoint opens into bigger opens, and has a gluing axiom. To justify this definition, we show in
the next chapter how the BV formalism — applied to free fields — generates interesting examples
of factorization algebras.

Factorization algebras are useful beyond the setting of QFT, however, and have a strong re-
lationship with the topology of manifolds. We won’t pursue that relationship here, although it
is an active area of research (see [Lurb], [Lur09], [Fra]). Instead, we will exhibit the relationship

1Colloquially, we might say “we can make simultaneous measurements.”
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between factorization algebras on 1-manifolds and familiar homological constructions with asso-
ciative and Lie algebras. (These results have natural extensions to n-manifolds and E,-algebras.)
With this language in hand, we will be able to make precise how holomorphic field theories re-
cover vertex algebras in chapter 6.

4.1. Definitions

Like a sheaf, a factorization algebra lives on a space and takes values in a category, although a
factorization algebra will require the target category to be symmetric monoidal. For this section M
will denote a Hausdorff space, although our examples are always smooth manifolds, as these are
the spaces we most care about here. The category C® will denote a symmetric monoidal category,
closed under small colimits. Our two favorite examples are dgVect, the dg category of cochain
complexes of vector spaces over C with the usual tensor product, and dgNuc, the dg category of
cochain complexes of nuclear vector spaces with the completed projective tensor product.

DEFINITION 4.1.1. A prefactorization algebra F on M with values in C® consists of the following
data:

e for each open U C M, an object F(U) € C;
e for each inclusion U C V, a morphism F (1) : F(U) — F(V);
e for any finite collection Uy, ..., Uy of pairwise disjoint opens inside an open V, a mor-
phism
}"(Ul,...,uk;V) :]:(U1) X - --®}"(Uk) — f(V)/

that is equivariant under reordering of the opens;
e the natural coherences or associativities among these structure maps, e.g., if Uy, Uy C
V C W with the U;’s disjoint, then we have a commuting diagram

F(y) @ F(Up) — F(V)

F(W)

encoding the transitivity of inclusion of opens;
o F (@) = ﬂc.

REMARK 4.1.2. There are other ways to phrase this concept — e.g., as an algebra over a cer-
tain colored operad of open sets in M, as a symmetric monoidal functor out of some symmetric
monoidal category constructed out of open sets — depending on the reader’s taste. See [CG] for
a few options.

2We could weaken this requirement to being homotopy coherent — and this can be quite useful! — but our

examples satisfy coherence on the nose and we want to minimize the machinery we use.
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EXAMPLE 4.1.3. Every associative algebra A defines a prefactorization algebra 74 on IR, as
follows. To each open interval (a,b), we set Fa((a,b)) := A. To any open set U = []; I;, where
each ; is an open interval, we set 7 ((a,b)) := ®; A.2 The structure maps simply arise from the
multiplication map for A. Figure (1) displays the structure of 7. Notice the resemblance to the
notion of an E; algebra.

a . ® b A=A
A
—
1 ab A
value on an interval structure map for two intervals in

a larger interval

FIGURE 1. Structure of F4

REMARK 4.1.4. For any prefactorization algebra F, the object F(U) is pointed. The empty set
@ has empty intersection with itself, so F (@) is 1¢ as a commutative algebra in C®. The map
F(@) — F(V) equips F(V) with a distinguished element 1y. This pointedness allows us to
define infinite tensor products, extending the trick from the example above. For U = Ujc;U; a
disjoint union of infinitely many components, we define

F(U) := colimgnite o1 F (Uy), where F(Uj) := ®jeF (Uj)

where the inclusion of finite sets ] C ]’ sends x in F(Uj) to x ® 1y,

A factorization algebra satisfies a gluing axiom, just like a sheaf, but it has a slightly different
flavor due to the different nature of the structure maps. For a sheaf F, we can recover its value on
an open by knowing its behavior on a cover. The crucial property of a cover is that the primordial
restriction maps F(U) — F, (i.e., those mapping down to a stalk) factor through the cover since
every point x lives in some element of the cover. For a factorization algebra, we need a refined
notion of cover which likewise captures the most basic structure maps: the inclusion maps from a
finite set of points Fy, ® - - - ® Fy, — F(U).

DEFINITION 4.1.5. An open cover 4 = {U;};c; of U is factorizing if for any finite set of points
{x1,...,x,} in U, there exists a collection of pairwise disjoint opens {Uj,, ..., U; } from 4 such that
{X],...,Xn} C Uil U--- Uuik.

30ne can take infinite tensor products of unital algebras (see, for instance, exercise 23, chapter 2 [AM69]). The idea
is simple. Given an infinite set I, consider the poset of finite subsets of I, ordered by inclusion. For each finite subset
J C I, we can take the tensor product Al = Qjes A. For | — ], we define a map Al — A by tensoring with the
identity 1 € A for every j € J'\J. Then Al is the colimit over this poset.
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To phrase our gluing axiom concisely, we introduce some notation. If {U; } <] is a cover, let PI
denote the collection of all finite subsets « C I such that U; N U; = @ for any distinct i,j € a. We
define

F(a) := Q) F(Ui)
icu
and
./T(Déo,...,oém) = ® f(ui ﬁ-”ﬂuim).
10EN] ee)im EXy
Note that there is a natural map F(a, f) — F(«) (and likewise for B). More generally, there is a
natural map
di: Fao, ... 0m) — F(ao,..., &, ... &m),
where the hat indicates removal, just as in the usual Cech complex. Repeated indices lead to maps
such as

fo: Flao,a1,. .., 0m) — F(xo, &0, 21, .., &p).

This simplicial structure makes the following construction is natural.

DEFINITION 4.1.6. The Cech complex C(4l, F) is the simplicial object in C with n-simplices

]_[ Fag, ..., 0an)
QQ,ee ity ) EPINHL

(

and the natural face maps f; and degeneracy maps d;. If C is, for instance, dg vector spaces, we
obtain a double complex

= P Flao,m) 2 P F(w)

x0,X1

just as with the usual Cech complex for (co)sheaves. We abusively call the total complex the Cech
complex, as well.

DEFINITION 4.1.7. A factorization algebra is a prefactorization algebra F satisfying the locality
axiom: for every open set U and any factorizing cover 4, the natural map

colim C(y, F) — F(U)
is a weak homotopy equivalence. As we are working in a homotopical context, colim denotes the

homotopy colimit.

REMARK 4.1.8. We have given the homotopical version of factorization algebra. Of course, if
C is more strict in nature (e.g., usual vector spaces, not dg vector spaces), then the natural version
of the locality axiom is that

coeq (H Fag,01) = HF((X)) — F(U)
01 o
is an isomorphism. We always work in this thesis in the homotopical context.
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4.2. Associative algebras as factorization algebras on R

As we saw in example 4.1.3, every associative algebra A defines a prefactorization algebra F4
on the real line R. On each open interval I, F4(I) := A, and the structure maps are given by
multiplication in A. For instance, given two subintervals Iy = (a1,b1) and I, = (az,by) inside
J = (a,b), with by < ay, the structure map is

Fa(h)®@ Fa(l) — Fal])

ARA A
W w
a®b — a-b

Our goal is to show that F4 is, in fact, a factorization algebra and, moreover, that it is easy to
characterize the class of factorization algebras on R that correspond to associative algebras.

NOTE 4.2.1. This section invokes definitions only defined later in this chapter. Hopefully the meaning
is clear from context. We are violating logical but not pedagogical order in arranging the material in this
order.

DEFINITION 4.2.2. A factorization algebra F on a manifold M is locally constant if the structure
map
is a weak equivalence (e.g., quasi-isomorphism for dgVect) for every inclusion of contractible
opens D — ID’. We say F is a strict locally constant factorization algebra if every such struc-
ture map is an isomorphism (e.g., for dgVect a cochain map that is an isomorphism of graded
vector spaces).

REMARK 4.2.3. A more general version of locally constant factorization algebra exists (not just
on manifolds) but we state the condition in terms of disks because it is simple. A factorization
algebra is determined by its behavior on a factorizing basis (see section 4.7) and the collection of
all contractible opens in M forms such a factorizing basis.

THEOREM 4.2.4. The functor F_ : A — F 4 gives an equivalence of categories between strict asso-
ciative algebras and strict locally constant factorization algebras on R.

REMARK 4.2.5. Much stronger versions of this theorem hold — on IR" too — if one uses ideas
from homotopical algebra (see, for instance, Lurie’s work on E,, algebras [Lurb]). But I want to
show what one can do bare-handed.

The proof is a sequence of (mostly) simple reductions. The first result is by far the hardest, so
we defer its proof to the next section, namely corollary 4.3.6.

LEMMA 4.2.6. For A an associative algebra, the prefactorization algebra F 4 on R is in fact a factor-
ization algebra.
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We now need to show that the image of F_ is essentially surjective on strict locally constant
factorization algebras.

Let V be a strict locally constant factorization algebra on IR. Observe that for any two intervals
I and ] in R, we obtain a canonical isomorphism 1;_.; : V(I) — V(]) as follows. Let ¢x : V(K) —
V(R) denote the structure map for the inclusion of an interval K C R. Then 7;_,; = (p]_l o ¢;. (This
is a “translation” map arising from the picture displayed in figure (2).) Thus we can “rigidify” V
as follows.

/ N

I J
FIGURE 2. Inclusion of two intervals into whole line

LEMMA 4.2.7. Any strict locally constant factorization algebra V on R is isomorphic to a factorization
algebra V' on R that

(1) assigns the same vector space V to every open interval, and
(2) assigns the identity V'(I) = V By = V'(]) for the inclusion of any interval I — | into
another interval.

In this section, we call factorization algebras rigid if it satisfies (1) and (2), like V'. Thanks to
this lemma, we can always view any strict locally constant factorization algebra as rigid, so we
will be loose with our terminology elsewhere.

PROOF. We construct )’ as follows. Set V := V(R). Given an interval I C R, let¢; ' : V —
V(I) denote the inverse to the structure map ¢; : V(I) — V = V(R). We will use these inverses to
construct the structure maps for V. For any finite tuple of disjoint intervals I, ..., I, C ], consider
the structure map

m: V() ®--- @ V(L) — V(]).
We define the corresponding structure map for V' to be
m=¢; omo (gt @ @)
We define a map of prefactorization algebras ® : V' — V as follows. For any interval I, we define
(1) =¢; V(1) =V — V().

For unions of disjoint intervals, we simply take the appropriate tensor product of these maps. The
associativity of the structure maps of V then implies the associativity of those for V'. O
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We thus restrict our attention to rigid factorization algebras. For such V, the translation maps
T are simply the identity. We now show that “all the multiplication maps V" — V are the same.”

LEMMA 4.2.8. Let V be a rigid factorization algebra V. Fix a coordinate on R. Given any tuple of
n disjoint intervals 1, . . ., I, contained in a larger interval | and ordered so that I; is always to the left of
Ij+1, the structure map

m: V()@@ V(L) — V()

is equal to the structure map
my :V((0,1/2)) @ V((1,3/2))®@---@V((n—1,n—1/2)) — V(0,n)

under the given identification of V(I) with V for each interval I.

We want to identify any tuple of intervals with our “preferred intervals,” as in figure (3).

mn
W
m
W

-2 -1 0 1 2 3

FIGURE 3. Identifying three intervals with the “preferred intervals”

This identification can be constructed by a sequence of “translations.” For the example in figure
(4), we show such a sequence.

PROOF. By a sequence of “translations,” we intertwine m with m,. As the translations are
simply identity maps, however, we see the mapsm : V¥ — Vand m, : V¥" — V areidentical. O

COROLLARY 4.2.9. For V a rigid factorization algebra, the vector space V with the map my : V% —
V is an associative algebra.

PROOF. The associativity of the structure maps of V imply that m; is a strict associative prod-
uct. O

We thus see that the rigid factorization algebras are the image of 7_ and form a skeletal sub-
category of the strict locally constant factorization algebras on IR.
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— — —
-2 -1 0 1 2 3/
— —

FIGURE 4. A sequence of translations constructing the identification

4.3. Associative algebras and the bar complex

We have two goals here:

(1) to prove that the prefactorization algebra F4 on R arising from an associative algebra A
satisfies the locality axiom;

(2) to relate the locality axiom for the factorization algebras on R to familiar constructions
from homological algebra, like derived tensor product and Hochschild homology.

The most useful result we'll prove is the following.

PROPOSITION 4.3.1. For A a dg algebra, M a right A-module, and N a left A-module, let F (4 n)
the constructible prefactorization algebra on [0, 1] assigning M to every interval [0, x), N to every interval
(x,1], and A to every interval (x,y). It is a factorization algebra and its global sections are

Fuoaan([0,1]) = M) N.

Thus we can compute global sections using the bar complex.

M ¢ A ¢ N

0 1
FIGURE 5. The structure of Fp 4 N

REMARK 4.3.2. For us, a constructible factorization algebra F on a space X means there is a
decomposition X = | |; X; into finitely many disjoint, locally closed subsets X;, each of which is
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a manifold, such that F| «. is locally constant. Again, this is not the most general definition but
suffices for our purposes.

We build up to this result somewhat indirectly, by proving a result about tensor algebras (i.e.,
free algebras) and then using resolutions.

PROPOSITION 4.3.3. For I an interval (with or without endpoints) and F be a cosheaf on I with values
in dgVect, there is a factorization algebra Ty on I such that for each open interval U,

To(U) = T(F(U)) = €D F(U)*™".
n=0

In short, for an interval U, Tr(U) is the tensor algebra of F(U).

As the proof of the proposition is unpleasantly long, we defer it to the end of the section and
immediately describe its consequences.

COROLLARY 4.3.4. Let Vy Lyl V1 be a diagram in dgVect. There is an associated constructible

cosheaf V on I = [0,1] assigning Vy to every interval [0,x), V; to every interval (x,1], and V to every
interval (x,y). The associated factorization algebra T = T(V) has global sections
7([0,1]) = T(Vo) @1(vy T(V1).

In particular, given a vector space V, the locally constant prefactorization algebra Fryy is, in fact, a factor-
ization algebra.

We now use homological algebra to piggyback on proposition 4.3.3 to get a useful, general
result. Recall that a semi-free algebra (R, d) is a dg algebra such that the underlying graded algebra
R* is a tensor algebra.

LEMMA 4.3.5. For (R,d) a semi-free algebra, the locally constant prefactorization algebra Fpr is a
factorization algebra.

PROOF. For any open U and any factorizing cover il, we need to show that the map
12 C(YU, Fr) — Fr(U)
is a quasi-isomorphism. The Cech complex is naturally viewed as a double complex with hori-
zontal differential given by the structure maps — for example, we have
do—d
Flag,a1) =" F(ag) ® F(ar)

and so on — and the vertical differential given by the internal differential for each @. We can
likewise view the cone of ¢ as a double complex where we adjoin F(U) as the rightmost column.

Consider now the spectral sequence on this double complex Cone(t) whose first page is given
by using the horizontal (i.e., Cech ) differential. We know the horizontal complex is acyclic by
proposition 4.3.3, so the sequence vanishes on the first page. O
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COROLLARY 4.3.6. For (A,d) a dg algebra, the locally constant prefactorization algebra F4 is a
factorization algebra.

PROOF. Pick a semi-free resolution (R, dgr) of A. This means that (R, dr) is semi-free and there
is a surjective quasi-isomorphism g : R — A.

We already know that Fp is a factorization algebra. We also know that g induces a map of
prefactorization algebras g : Fr — F4 that is a quasi-isomorphism on every open. For any open
U and any factorizing cover i, we thus have a commuting diagram

C(ﬂ,]:R) I .FR(U)

| |

é(ﬂ,}_A) I ]:A(U)

where the top row and right column are quasi-isomorphisms. We now show that the left column
is a quasi-isomorphism via a spectral sequence.

Observe that there is a natural filtration of the Cech complex by “index.” Namely, let
FFCW,F) =P P F@).

n<kagep[+l

The associated graded components are then
FF/F1 = P F@).

#epIkt
Using this filtration, we see that the left column map induces a quasi-isomorphism on the first
page of the spectral sequence because g : Fr(&) — F4(&) is a resolution for every &. Hence the
left column map is a quasi-isomorphism. U

A parallel argument implies the following.

COROLLARY 4.3.7. For A a dg algebra, M a right A-module, and N a left A-module, let Fp a n)
the constructible prefactorization algebra on [0, 1] assigning M to every interval [0, x), N to every interval
(x,1], and A to every interval (x,vy). It is a factorization algebra and its global sections are

Foman (10,1]) ~ M@} N.

Thus we can compute global sections using the bar complex.

Pushforward then implies a simple relationship with Hochschild homology.

COROLLARY 4.3.8. Parametrizing S by 6 € [0,27), we have a natural map p : St — [—1,1]
sending 6 to cos 6. Then
Fa(SY) = pFa([-1,1]) ~ A@ g 400 A
as P.F 4 is isomorphic to the factorization algebra F( 4 g aor,ay 01 [—1,1].
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orientation

p

A A®A”

orientation

FIGURE 6. The projection p onto the x-axis and the pushforward p.F4

PROOF OF PROPOSITION 4.3.3. We describe the prefactorization algebra structure before ver-
ifying the locality axiom.

Note that we still need to define 7r on opens other than an interval. We use heavily the fact the
R is orderable. Fix an orientation on I (e.g., by picking a coordinate). This orientation induces a
partial ordering on opens:

U<V VxeclyecV, x<y.

Given any finite tuple {Ujy, ..., U, } of disjoint open intervals, there is a unique permutation ¢ of
indices that puts them in order,

We define

Tr(Uh U---UUy) = T(F(Uyny)) @ @ T(F(Uy(ny))-
Given an infinite collection of disjoint open intervals, we take the colimit over all finite subsets, as
discussed in remark 4.1.4.

We now describe the structure maps of the prefactorization algebra. Let V be an open contain-
ing a finite tuple {Uy, ..., U, } of disjoint open intervals. Let o denote the permutation that “puts
the opens in order.” The structure map is given by the composition

T(F(th) @ @ T(F(Un)) = T(F(Upn))) @+ @ T(F(Upyn)))

!
T(F(UyU---UUy)) — T(F(V))
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where the first map uses the Koszul rule of signs to permute vectors and the third map is simply
the functor T (the free algebra functor) applied to the cosheaf structure map F(U; U---UU,) —
EF(V).

We now verify locality. Let U C I be an open and {4 = {V;} ¢ be a factorizing cover of U. We
need to prove that we have a quasi-isomorphism

C(Y, Tr) =~ Tr(U),

where C denotes the Cech complex from definition 4.1.6. (Our strategy mimics the proof of theo-
rem 4.5.1 that Sym F is a factorization algebra.)

We introduce some notation to organize the combinatorics. Let U LU V indicate that the union is
of disjoint opens U and V. Givena € PI := PI(]), set Uy := UjeaVj. Fora = (ag, ..., an) € PINTL,
set

U(EZ> = ﬂf\ioual

Observe that we can swap intersections past unions to obtain
U(@) = u; ‘ (NN,
Jo€ag,...,INEAN\' 'i=0"Y]i /s

because the opens MYV} are pairwise disjoint. Thus, by the definition of 7r, we have a natural
isomorphism

Tr(@) =  Q  Tr(NE,V,) = Tr(U(R)),

jo€&g,...,INCAN

where the isomorphism “puts the components in order.”

Under this isomorphism, the structure maps preserve tensor power and hence so does the
differential in the Cech complex, as we now explain. By “tensor power,” we mean that an element
w € V" C T(V) is of tensor power n. Observe that for a disjoint union U U U’ with U < U’, we
canview Tp(U U U") = T(F(U)) ® T(F(U')) as a vector subspace of T(F(U U U’)). Forw @ w' €
Tr(U U U'), with w of tensor power 1 and w’ of tensor power #’, the image in T(F(U U U")) has
tensor power n + n’. On every open U, we equip 7r(U) with this natural “total grading” by tensor
power and write 7¢(U) = @,¢ 7e(U) "™, where the superscript (1) indicates the subspace with

grading (n).

Decompose the Cech complex into a sum of complexes over tensor power. It now remains to
show that

() mM<w~@%wmwﬁ@%MwﬁemmW
rePI? [

is a quasi-isomorphism for every n.
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Our method is to relate 'TF<n> to F¥", the cosheaf on the product space I" = [ x - - - x I given by
———

n times
the n-fold external tensor product of F. In particular, we define a subset U™ C I” for each open

U C I such that FR(U™) = T, (U).

DEFINITION 4.3.9. For U C I, there is a unique decomposition U = Uj¢;l;, where the I; are
disjoint open intervals. The index set ] is totally ordered by the relation that j < j" if I; < I;r. Let
[n] :={0 <1< --- <n—1} denote the model totally ordered set with n elements. We define

JU={f:[n] =] : f0)<fA) < < f(n—1)}.

In other words, ] consists of the monotonically increasing functions from [n] into J. For f € | (),
we define

n—1
uf = ]1 I C I

Finally, we define

ut .= L] u’.
fejtm

Note that this is a disjoint union of connected opens.

This definition is the bridge between ’Z}<"> and F¥".

LEMMA 4.3.10. For every open U C I, we have Tp(U)"™ = F¥r(LM),

PROOF OF LEMMA. We compute

F&n(u(w) :F®n( I_l uf)
feytm
— @ F&n(uf)
feg
n—1
= D FUp)
fejm i=0
= Tp(U)™,

For the last step, recall that 7r(U) = Q;c; T(F(I})). O

We claim that the cosheaf gluing axiom for F¥" implies the desired quasi-isomorphism (1).
Suppose the following facts, which we will prove below:

(1) the opens {l,l,,i"> taepr form a cover for utm, and
@ U nug” = (U, N Up)™ forall a, B.
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By assertion (2), we see that for any & € PIN*!, we have U (&)™ = NX . In the diagram (1),
we replace every TF<”>( U(a)) with F¥(NY, u” >) We then obtain the dlagram

colim ( = P an(u,io N uoq @an ) — F¥n ()
(

D{o,Dél)EPIZ
This is precisely the cosheaf Cech diagram for ™ on Ut using the cover {U },xe pr- As this
diagram holds, we obtain the locality axiom.
It remains to verify assertions (1) and (2).

We know (1) by the factorizing property of the basis {l. Given any point x = (x1,...,X,) €
U™ there exists a € PI such that {x1,...,x,} € Uy,and so x € U,SC").

We obtain (2) as a consequence of a more general fact.

LEMMA 4.3.11. Let U and V be open subsets of I. Then U™ NV = (U N V)™ for any n.

PROOF OF LEMMA. Let U = Ujc;U; and V' = Lixek Vi be the unique decompositions into open
intervals. Both | and K are totally ordered by the orientation of I. Then

unv= || uny,
(jk)eL

where
L:= {(],k) €] xK: U]-ﬂVk #@}
Note that L also obtains a total ordering from the orientation of the interval I.
Note that L") < J x K{") because h(i) € | x K for every i € [n].
Given (f,g) € ] x K", we compute

n
u nve =TT(Upe N V),
i=0

because the cartesian product commutes with intersections. Hence U/ N V8 # @ if and only if

(f.g) € L.
72



Thus we see

um v = |_| u'ln |_| V8
fejm gEK<”>
(f.g)e]im xKm
= || wWnve
(f.geLm
= (Uunv),
which is what needed to be proved. 0
Thus (2) follows directly from the lemma. 0

4.4. The category of factorization algebras

In this section, we explain how prefactorization algebras and factorization algebras form cat-
egories. In fact, they naturally form multicategories (or colored operads). We also explain how
these multicategories are enriched in simplicial sets when the (pre)factorization algebras take val-
ues in cochain complexes.

4.4.1. Morphisms and the category structure.

DEFINITION 4.4.1. A morphism of prefactorization algebras ¢ : F — G consists of a map
¢u = F(U) — G(U) for each open U C M, compatible with the structure maps. That is, for any
open V and any finite collection Uy, .. ., Uy of pairwise disjoint open sets, each contained in V, the
following diagram commutes:

F) e oFUy) IS G e o 6(Uy)
l !
F(V) v, G(V)

Likewise, all the obvious associativity relations are respected.

REMARK 4.4.2. When our prefactorization algebras take values in cochain complexes, we re-
quire the ¢y to be cochain maps, i.e., they each have degree 0 and commute with the differentials.

DEFINITION 4.4.3. On a space X, we denote the category of prefactorization algebras on X
taking values in the symmetric monoidal category C by PreFA(X,C). The category of factorization
algebras, FA(X, C), is the full subcategory whose objects are the factorization algebras.

Throughout the thesis, we will want to say when two (pre)factorization algebras are equiva-
lent. Here are two notions we use repeatedly.
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DEFINITION 4.4.4. A morphism ¢ : F — G of prefactorization algebras (with values in dgVect)
is a quasi-isomorphism if it is a quasi-isomorphism on every open. It is an opens-wise homotopy
equivalence if on each open U, the morphism ¢(U) : F(U) — G(U) extends to a chain homo-
topy equivalence, though we do not require compatibility between the structure maps and the
equivalences.

REMARK 4.4.5. A full theory of factorization algebras would encompass good notions of equiv-
alence, a characterization of FA as a localization of PreFA (hopefully), and much more. We make
no pretensions to providing such a theory in this text. The notion of opens-wise homotopy equiv-
alence, for instance, is not even an equivalence relation. It just happens to be a stronger property
than quasi-isomorphism that we can verify explicitly in several cases.

N.B. 4.4.6. Even if these notions were well-behaved, we are often working with cochain com-
plexes of topological vector spaces, a notoriously awkward setting. Homological algebra and topo-
logical vector space mix uneasily, and in [CG] we are pursuing an alternative with diffeological
spaces. In this thesis, we will usually either explicitly construct continuous homotopy equivalences
(e.g., with the Atiyah-Bott lemma, see lemma 5.2.13) or work with complexes whose cohomology
is well-behaved topologically.

4.4.2. The multicategory structure. There is a natural tensor product on PreFA(X,C), as follows.
Let F, G be prefactorization algebras. We define F ® G by

FoG(U) = F(U) @ G(U),

and we simply define the structure maps as the tensor product of the structure maps. For instance,
if U C V, then the structure map is

FUCV)®GUCV):FeGU)=FU)®GU)— F(V)®G(V)=F®G(V).

DEFINITION 4.4.7. Let PreFA;,.(X,C) denote the multicategory arising from the symmetric
monoidal product on PreFA(X,C). That s,

PreFAuc(Fy,- -+ ,Fy;G) :== PreFA(FL® - - - ® Fy, G).

Factorization algebras inherit this multicategory structure.

4.4.3. Enrichment over simplicial sets. Recall that cochain complexes are enriched over simpli-
cial sets as follows. For K a simplicial set,

sSets(K,Maps(A, B)) = dgVect(A, 0" (K) ® B),

where dgVect(A, B) denotes the cochain maps, i.e., degree zero maps that commute with the dif-
ferentials, and O)*(K) denotes the de Rham complex on the geometric realization of K. In partic-
ular, the n-simplices of Maps(A, B) are precisely dgVect(A, Q*(A") ® B). Let dgVect denote the
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category whose objects are cochain complexes and whose morphisms from A to B is the mapping
space Maps(A, B). This category is enriched over simplicial sets.

We use this same method to enrich prefactorization algebras over simplicial sets. Given pref-
actorization algebras F, G taking values in cochain complexes, define Maps(F, G) as follows. An
n-simplex ¢ in Maps(F, G) consists of a map ¢y € dgVect(F(U), Q*(A") ® G(U)) for each open
U C X, compatible with the structure maps.

4.4.4. Factorization algebras with structures.

DEFINITION 4.4.8. A commutative factorization algebra F with values in C® is

(1) a prefactorization algebra taking values in CAIg(C), the category of commutative alge-
bras in C with the usual tensor product ® as the symmetric monoidal structure;
(2) afactorization algebra in C after applying the forgetful functor to C on every open.

By theorem 4.5.1 below, the factorization algebra Sym F of a cosheaf F is a commutative fac-
torization algebra.

4.5. General construction methods for factorization algebras

Generating prefactorization algebras is fairly easy but verifying the locality axiom is nontrivial,
so it is convenient to have procedures that provide examples. Sometimes these examples are
boring in themselves, but we obtain nontrivial factorization algebras by deforming them. BV
quantization, for instance, is a systematic procedure for finding meaningful deformations. In this
section, we introduce two sources of factorization algebras, one using commutative algebras and
the other Lie algebras.

THEOREM 4.5.1. For every cosheaf of dg vector spaces F, the precosheaf Sym F is a factorization
algebra. Moreover, Sym defines a functor from cosheaves to factorization algebras.

PROOF. Itis straightforward to show that Sym F is a prefactorization algebra. We simply need
to obtain the structure maps. Note that for a finite collection of disjoint opens Uy, . .., Uy, there is
a canonical isomorphism

FUU---Uly) = F(Uy) @--- & F(Uy)
and hence a canonical isomorphism
SymF(U; U---UUy) = SymF(U;) ® - - - ® Sym F (Uy).
Thus, if the opens are all contained in the open V, we get the structure map

SymF(U;) ® - - - @ Sym F (Uy) = Sym F(Uy U - - - UUy) — Sym F(V).
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The coherences of the cosheaf induce those for the prefactorization algebra.
We now verify the locality axiom.
Our first reduction is to observe that all the structure maps preserve the “algebraic degree”:
that is, the structure map above is simply the direct sum over m of the maps
Sym™ F(U; U---UUy) — Sym™ F(V).

Thus, it suffices to verify the locality axiom independently for each m.

Explicitly, that means the following. For each « € PI, let U, = ] [;c, U;. Note that
Sym F(a, ) = K SymF(U;NU;) = Sym F (U, NUp),

icn,jep
and likewise for the case with ay, ..., a,. The Sym™ level of the locality axiom becomes the re-
quirement that
colim (- -+ — @ gepr Sym™ F (U, N Ug) — @®yepr Sym™ F (U,)) — Sym™ F(U)

is a quasi-isomorphism.

Second, observe that

Fu)® = FEmur)
where F¥" is the cosheaf on U™ = U x --- x U obtained as the external product of F with itself
m times

m times.

Thus it is enough to show that
FHMU™) = colim ( c = B pept P (U NUR)™) — Syept F (Ul’f)) :

Our cover U is a factorizing cover. This means that, for every finite set of points x1,...,xx € M
we can find disjoint open subsets U, ..., U; in the cover 4 with x; € U;,. This implies that the
subsets of U™ of the form (U,)™, where « € PI, cover U™. Further,

(U)™ N (Up)™ = (U, N Ug)™.
The desired isomorphism now follows from the fact that F¥" is a cosheaf on M™.
Every morphism of cosheaves clearly induces a morphism of prefactorization algebras, and
hence factorization algebras. O
Now we consider the Lie-theoretic method.
DEFINITION 4.5.2. A Lie-structured cosheaf of vector spaces g is a precosheaf of dg Lie algebras

that is a cosheaf of dg vector spaces (after applying the forgetful functor Forget : dgLie — dgVect).

We have two favorite examples of Lie-structured cosheaves: let g be a dg Lie algebra, then
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(1) define gM := O} ® g to be the cosheaf of compactly-supported, g-valued de Rham forms
on a smooth manifold M;

(2) define gMo := Q?\/I* . ® g be the cosheaf of compactly-supported, g-valued Dolbeault forms
on a complex manifold M.

Both these examples will reappear throughout the text.

THEOREM 4.5.3. For every Lie-structured cosheaf g, applying the functor of Chevalley-Eilenberg
chains C,.g to each open
U — (Sym(g(U)[1]), dck)
is a factorization algebra in dg vector spaces. We denote this factorization algebra by C.g. Moreover C,
defines a functor from Lie-structured cosheaves to factorization algebras.

We call C..g the enveloping factorization algebra of g.

REMARK 4.5.4. Every cosheaf of dg vector spaces is a Lie-structured cosheaf where we assign
an abelian dg Lie algebra to each open. Hence this theorem is a very direct generalization of
theorem 4.5.1.

PROOF. Consider the filtration on the prefactorization algebra
FiC.g := Sym=(g[1).

We will use the spectral sequence induced by this filtration to show C.(g) is a factorization algebra.
For any factorizing cover il of an open U, the structure maps induce a map

C(4,C.g) — Cip(U)

and hence a map of spectral sequences. The first page of these spectral sequences is given by for-
getting the Lie algebra structure on g and simply viewing g[1] as a cosheaf in dg vector spaces and
then applying the functor Sym. Hence by theorem 4.5.1 the map on the first page is an isomor-
phism. The original map is thus a quasi-isomorphism. O

REMARK 4.5.5. For the manifold IR", the factorization algebra C,gR" provides the E, enveloping
algebra of g. In the next section, we prove a shadow of this assertion by showing that for g a graded
Lie algebra, C.gR recovers the universal enveloping algebra (i.e., the E; enveloping algebra) Ug
of g. To prove the full assertion, one needs to use the full power of co-categories and homotopical
algebra, which is far beyond our scope. A proof should follow quite directly from results in [Lurb]
and [Fra]. We now sketch the idea with no pretense of rigor.

Recall that the formality of the E, operad in characteristic zero states that the E, operad is
equivalent to the P, operad (i.e., the operad describing commutative dg algebras with a Poisson
bracket of degree 1 — n). There is a forgetful functor from P, algebras to dg Lie algebras by forget-
ting the commutative product and shifting the complex down by n — 1. There is an adjoint to this
forgetful functor, giving the “enveloping” P, algebra of a dg Lie algebra. Explicitly, the enveloping
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P, algebra of (g,d) is (Sym(g[l — n]),d) where we extend d as a derivation and extend the shifted
bracket of g to obtain the Poisson bracket. Formality then tells us that we can lift the enveloping
P, algebra to an E,, algebra.

A simple computation shows that C, gR", when viewed as an E,, algebra, has the correct com-
mutative product and shifted Lie bracket. In particular, consider the structure map given by the
inclusion of a small n-disk nested inside a thickened n — 1-sphere into a large n-disk. This struc-
ture map encodes the shifted Lie bracket.

4.6. A novel construction of the universal enveloping algebra

Let g be a graded Lie algebra (i.e., a dg Lie algebra with zero differential). Recall that gR
denotes the Lie-structured cosheaf on R that assigns (O} (U) ® g,d) to each open U, with d the
exterior derivative. Our main result shows how to construct the universal enveloping algebra Ug
using theorem 4.5.3.

PROPOSITION 4.6.1. Let H denote the cohomology prefactorization algebra of C,.gR, the enveloping
factorization algebra of gR. That is, we take the cohomology of every open and every structure map, so
H(U) = H*(C.g™(U))

for any open U. Then 'H is isomorphic to Fuq, the factorization algebra for the universal enveloping algebra

of g.

We break the proof into a sequence of lemmas. First, we obtain a kind of PBW result (showing
the proposition is plausible).

LEMMA 4.6.2. On an open interval U, the vector space H(U) has a natural filtration F such that
Grr H(U) = Sym g.

PROOF. Let F denote the filtration on C,g®R(U) where F¥ = Sym=*(gR(U)[1]). Then F is the
induced filtration on its cohomology H (U ). Now consider the spectral sequence induced by F. Its
first page is the cohomology of the complex (Sym(g® (U)[1]), d4r ), with d g the exterior derivative.
This cohomology is precisely Sym g, by the compactly-supported Poincaré lemma.

For g an ordinary Lie algebra (i.e., concentrated in degree 0), we see the spectral sequence
collapses because the first page is concentrated in degree 0.

For g a graded Lie algebra, we see that the differential vanishes on every higher page as fol-
lows. For any nontrivial element on the first page, a lift to C.g®(U) lives in Sym(Q!(U) ® g).
The full differential vanishes on any such element because the wedge of two 1-forms is always
Zero. U

Now we show H is locally constant and hence corresponds to some associative algebra A.
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LEMMA 4.6.3. For any inclusion i : U C V of an interval into an interval, the associated structure
map H (i) of H is an isomorphism. Hence H is a locally constant factorization algebra.

PROOF. Apply the filtration from the previous lemma to obtain a morphism of spectral se-
quences. We know that i; (extension by zero) induces a quasi-isomorphism from Q} (U) to Q}(V),
so this morphism of spectral sequences is an isomorphism on the first page. Thus the structure
map

C.gR(i) : Cug®(U) — Cig®(V)

is a quasi-isomorphism, implying the lemma. O

Together, these lemmas imply that A is isomorphic to Sym g as a vector space. We wish to
show that g generates A as an algebra. To make this precise, we introduce some notation that
allows us to define an inclusion map ¢y : g — H(U) for each interval U.

Pick a bump function ¢ on R such that

o p>0;
e supp(¢) C (0,1);
o [Rp(t)dt=1.

To each interval U = (a,b), we then associate the 1-form

u t—a
D(u.—b_a(l)(b_a) dt,

which has support in U and integrates to 1, by construction. Observe that for any X € g, the

element a; ® X is a cocycle in C.g® (U) whose cohomology class [x; ® X] goes to X in Grp H(U).
Define 1y by X — [ay ® X]. Note that for an inclusion i : U C V of intervals, we have 1y =
H (i) o 1y by construction. Thus there is a well-defined map ¢ : g — A.

LEMMA 4.6.4. Viewing g as the image of 1, it generates the algebra A.

PROOF. Let X" := X;X; - - - X, be an arbitrary element of Sym” g. We will use ¢ to obtain an
element = in A whose image in Grr A is precisely this element X".

Pick an interval U and a collection of subintervals
Uy < <---<U,.

(Recall from section 4.3 that I < | if every element of I is less than every element of J.) Consider
the element

iy (Xl) X & lU,,(Xn) S H(U1) Q- & H(Un)
and apply the structure map
m:H(Up) ®- - @H(U,) — H(U)
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to obtain a representative for E (under the identification between H(U) and A). At the cochain
level, we have

(au, ®X1) ® -+ @ (ay, ® Xn) € Cog (Un) @ - @ Cog (Un).

Under the analogous structure map for C,gR, we view (ay, ® X1) ® - -+ ® (ay, ® X,) as an ele-
ment of Sym” (Q!(U) @ g) by extending the forms ay; by zero. This element is closed and hence
descends to some cohomology class. Using the filtration/spectral sequence from earlier, we see
that it corresponds precisely to X". l

We now show that these generators satisfy the same relations as Ug. Let ® denote multiplica-
tion in A.

LEMMA 4.6.5. Forall X,Y € g, we have the following relation in A:
(X)eu(Y)—1(Y)eu(X) =1([X,Y]).
Thus A is isomorphic to Ug.

PROOF. We will obtain this relation by showing that the elements on either side of the equality

represent the same cohomology classes. Thus, we work at the cochain level (i.e., in C,.g®).

Pick intervals U; < U, < Us inside a bigger interval V. Let m denote the structure map
Cog™(Ur) ® Cog™ (L) © Cug® (Us) — Cug™ (V).
We want to compute
m((ay;, @ X) @ (ay, @Y)®@1) =m(1© (ay, ®Y) @ (ay, © X))

and see that it is cohomologous to ay;, @ [X,Y]. This implies the relation for H, at the level of
cohomology.

Let

t t
d(t) :[ a, —[ ay,

denote a compactly supported function on V. Consider the element ® ® X - a7, ® Y in Sym?(Q} (V) ®
g[1]). We compute

de, (PR X -ay, ®Y) = (drP) @ X -y, ®Y — Payyy, @ [X, Y]
=ay QX -, @Y —ay, X -ay, Y —ay, ® [X, Y]
=ay X - a, @Y —ay, @Y oy, ® X —ay, ® [X, Y]
since | u, =1 and all the elements are cohomologically degree 0. Hence, in H(V'), we see that
XeY—YeX—[X,Y]=0,
as it is a boundary. O

80



REMARK 4.6.6. In chapter 6 on vertex algebras, we will use a variant of this construction for %
a Riemann surface to construct the Kac-Moody vertex algebras.

4.7. Extension from a factorizing basis

4.7.1. Factorization algebras defined on a factorizing basis. Let X be a topological space, and let
i be a basis for X, which is closed under taking finite intersections. It is well-known that there is
an equivalence of categories between sheaves on X and sheaves which are only defined for open
sets in the basis .. In this section we will prove a similar statement for factorization algebras. This
will allow us to perform several useful formal constructions with factorization algebras, such as
gluing.

DEFINITION 4.7.1. A factorizing basis for X is a basis { of open sets of X which is closed under
finite intersections and is also a factorizing cover for X.

Let U be a factorizing basis.

DEFINITION 4.7.2. A {-prefactorization algebra F is like a factorization algebra, except that
F(U) is only defined for U € 4. A $I-factorization algebra is a {I-prefactorization algebra with the
property that, for all U € 4l and all factorizing covers U of U consisting of open sets in 4,

C(3, F) ~ F(U),

where C(%0, F) denotes the Cech complex described earlier in section 4.1.

In this section we will show that any -factorization algebra on X extends to a factorization
algebra on X. This extension is unique up to quasi-isomorphism.

Let F be a $I-factorization algebra. Let us define a prefactorization algebra i*F on X by
B (F)V) = C(ty, F),

for each V' C X open. Here iy is the cover of V consisting of those open subsets in the cover U
which are contained in V.

LEMMA 4.7.3. With this definition, i(F) is a factorization algebra whose restriction to open sets in
the cover U is quasi-isomorphic to F.
PROOF. We need to check that if 20 is a factorizing cover of V C X, then
B(F)V) = C(W,E(F)).

Before we prove this, we need a lemma. Let Ly be the cover of V consisting of open sets in U
which are subordinate to 20.
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LEMMA 4.7.4. For any U-prefactorization algebra F, the natural map
C(W,1(F)) — Clthaw, F)

is a quasi-isomorphism.

PROOF. Before we check this, let us recall the notation we used when discussing Cech com-
plexes. Let PU denote the set of subsets « C 4, where for each distinct i,j € &, U; and U; are
disjoint. If « € P4 we will let

Uy = LU
Ifaq,..., 0 € P, we will let

F(“ll e ,le) = @i1€a1,...,ik€ﬂék7(ui1 m e m ulk)

With this notation, if W C M, then
lg(f)(W) — @a] ,,,,, p(reﬂwf((xl,...,lxr)[r— 1]

where Uy refers to the cover of W consisting of open sets in 4l which lie in W.
Let us define a filtration on i%*(F) by saying that

-----

Fiiil(]:) = Dr<i Day,..;petty F (@1, ) [r = 1].

This filters i'(F) as a prefactorization algebra.

There is a natural map
C(2,1(F)) = Ctan, F).
Let us filter C(20, % (F)) by the filtration coming from i%(F). Let us filter C(lyy, F) in the same
way that we filtered i*/(F). The map preserves the filtration.

Thus, to prove that this map is a quasi-isomorphism, it suffices to show that it is on the associ-
ated graded.

The complex Gr" C(28,i%(F)) breaks up as a direct sum of pieces corresponding to tuples
a1, ...,0, € Pilgy, as follows. If B € P and a € Pilyy, say a C Bif U, C u/ﬁ. Then,

Gr" C(2,i(F))

= @ f(a1,...,an)[n—1]® @ C-(ﬁh...,ﬁk)
LAY a, €PU 51,...,5m€PQB
aiCﬁj all i,j
Here (B4, ..., Bx) denotes a vector in degree —k. This is a direct sum decomposition of cochain
complexes.

On the other hand,
Grn Cv(u(lﬂ/ f) = 690(1 anGPﬂmF(all crcy (Xn)

.....
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Thus, to prove the lemma, we need to verify that the complex

Sy, pnePmC - (B1,-- -, Br)

tXl‘Cﬁj all i,j
has homology C if all a; € Pilyy, and zero otherwise.

It is clear that the complex is zero if all ; are not in Pilyy. So let us assume that all «; are
in Pilgy. Then, the complex is simply the simplicial chain complex on the infinite simplex with
vertices p € PU such that UU,, C Ug. This is of course contractible. O

It remains to shows that the natural map
C(Ugp, F) — C(8y, F)

is a quasi-isomorphism. (Here, as before, {ly refers to the cover of V consisting of sets in { which
lie in V).

To see that this map is a quasi-isomorphism, observe that by another application of the sub-
lemma there is a quasi-isomorphism

C(u, % (F)) ~ C(tyy, F).

Here i;™ refers to the prefactorization algebra on V obtained by extending F, as before, but now
considered as a lyy-factorization algebra.

Now the fact that F is a {-factorization algebra implies that, for all U € 4, the natural map
C(thw N LUy, F) — F(U)
is a quasi-isomorphism.
It follows that the natural map
Cu, & (F)) — C(W, F)

is a quasi-isomorphism, as desired. O

4.8. Pushforward and Pullback

So far, we have only discussed factorization algebras on a fixed manifold M. It is useful to
understand how factorization algebras can be moved between spaces along a smooth map f :
M — N. Just as with sheaves, pushforwards are straightforward. Pullbacks, however, are more
subtle and are only easily constructed when f is an embedding.
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4.8.1. Pushing forward factorization algebras. A crucial feature of factorization algebras is that
they push forward nicely. Let M and N be topological spaces admitting factorizing covers and
let f : M — N be a continuous map. Given a factorizing cover 4 = {U,} of an open U C N,
let 144 = {f~'U,} denote the preimage cover of f1U C M. Observe that f~'4l is factorizing:
given a finite collection of points {x1,...,x,} in f~!U, the image points {f(x1),..., f(x,)} can
be covered by a disjoint collection of opens Uy, ..., U, in i and hence f _1sz1, o f _lll“k is a
disjoint collection of opens in f~ !4l covering the x;.

DEFINITION 4.8.1. Given a factorization algebra F on a space M and a continuous map f :
M — N, the pushforward factorization algebra f.JF on N is defined by

foF(U) = F(f7HU)).

Note that for the map to a point f : M — pt, the pushforward factorization algebra f.F
is simply the global sections of F. We also call this the factorization homology of 7 on M. We
sometimes denote this FH(M, F).

REMARK 4.8.2. It can be convenient to compute sheaf cohomology by iterating pushforwards.
For instance, the Serre spectral sequence computes the sheaf cohomology on the total space of a
fiber bundle by first pushing forward the sheaf to the base space and then pushing forward to a
point. Likewise, it can be helpful to compute factorization homology by iterating pushforwards
and thus obtaining spectral sequences.

4.8.2. A case where pushforwards commute. The notion of pushforward intertwines nicely with
our general construction methods.

PROPOSITION 4.8.3. Let g be a Lie-structured cosheaf on a topological space M. Let f : M — N be a
continuous map. Then the factorization algebra C.(f.g) is naturally isomorphic to f,(Cyg).

PROOF. Onanopen U C N,

C.(fe0)(U) = Cu(g(f 1 (U))) = fo(Cug)(U).

Likewise, the structure maps are identical. OJ

4.8.3. Pulling back factorization algebras. Let F be a factorization algebra on M. Let U C M be
an open subset. Then we can restrict F to a factorization algebra F ‘u on U, whose value on an
open subset V' C U is simply F (V).

In this section we will discuss a generalization of this construction. We will not try to define
pull-backs for arbitrary maps, but only for open immersions.
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Let f : N — M be an open immersion. Let i; be the cover of N consisting of those open
subsets U C N with the property that

flu:U— f(U)

is a homeomorphism. (To say that f is an open immersion means that sets of this form cover N).

Now, i is a factorizing basis for N. Let us define a il¢-prefactorization algebra f*F by
fEU) = F(F(U))
ifU e ilf.

LEMMA 4.84. f*F is a Us-factorization algebra.

PROOF. We need to verify that if U € i, and U is a factorizing cover of U by elements of il;,
that
C(, fF) = fFFU) = F(f(U)).
Now, f(%0) is a factorizing cover of f(U), and
C(w, f*F) = C(f(1, F).

The result follows from the fact that F is a factorization algebra on M. ]

So far we have defined f*F as a U-factorization algebra. We can extend (see section 4.7) f*F
to an actual factorization algebra, which we will continue to call f*F.
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CHAPTER 5

Free fields and their observables

5.1. Introduction

In this chapter we will show how the viewpoint of BV quantization articulated in chapter 2
carries over precisely to one class of field theories. These are the simplest kind of field theories —
what we’ll call the free theories — and most interesting field theories (such as Chern-Simons, Yang-
Mills, or even ¢*) do not fall into this class. Nonetheless, they play a special role in perturbative
QFT because every interacting theory is studied as a deformation of a free theory. It thus behooves
us to obtain an understanding of free theories that is as clear and thorough as possible. Moreover,
many mathematical structures that appear complicated or obscure in the interacting cases have
clean, elegant interpretations in the free setting. For instance, we'll see familiar constructions like
determinants of complexes and Heisenberg Lie algebras appear quite naturally in this context.
One reason behind this relative simplicity is that we use only basic homological algebra and anal-
ysis for free fields; Feynman diagrams and other constructions from physics do not appear, which
makes free fields particularly accessible to a mathematician. Indeed, one goal of this thesis is to
see exactly how much one can accomplish without requiring the full machinery of perturbative
field theory developed in, for instance, [Cos11].

Before embarking on the myriad definitions and constructions that constitute this chapter, we
quickly discuss what field theory is and then overview what’s accomplished in this chapter.

5.1.1. Classical field theory and deformations. Field theory has two aspects — the classical and
the quantum — and classical field theory is essentially (a subset of) the study of partial differential
equations. In practice, the equations studied in field theory usually arise from variational prob-
lems and hence are the Euler-Lagrange equations of some action functional. Understanding the
spaces of solutions of a PDE is often quite difficult. Perturbative classical field theory, from our
viewpoint (see [CG]), consists of studying the formal neighborhood of a fixed solution to a PDE
in the moduli space of all solutions, and hence we describe the formal moduli space by a dg Lie
algebra (or L« algebra), following the correspondence

{formal moduli problems} < {dg Lie algebras}

that is well-established in deformation theory. (We elaborate on this assertion in the next para-
graph below.) We thus obtain the following dictionary between terminology in field theory (physics),
PDE, and deformation theory (using the correspondence above):
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physics PDE Lie theory

free theory linear system abelian dg Lie algebra
interacting theory | nonlinear system | nonabelian dg Lie algebra

It should be clear that free theories ought to be substantially simpler to understand.

5.1.2. An example. An example is in order, and we use the original motivating example: moduli
of flat connections. Let M be a smooth manifold with a vector bundle E — M and a flat connec-
tion V. We want to study infinitesimal deformations of the connection V, where we only want
deformations that are also flat. The space of all connections on E is simply Q! (End E), where we
identify the origin of this vector space with V. The space of flat connections is the subspace

{A € QMEndE) : (V+A)? = o},

although we should take into account the gauge-equivalence of different connections (i.e., how
automorphisms of the bundle relate the connections). In summary, we want to describe the formal
neighborhood of the origin up to gauge equivalence.

The flat connection V on E induces a flat connection on End E, which we abusively denote V
as well. Consider the de Rham complex of End E

g:= (Q"(EndE), V).

This sheaf naturally takes values in dg Lie algebras via the usual bracket on endomorphisms. The
Maurer-Cartan equation in this situation is simply
1
VA+ E[A'A] =0,
with A € Q'(End E), which is precisely the zero-curvature equation given earlier. Because we
are interested in the formal moduli problem, however, we will focus on A that are “infinitesimal.”
Thus, we consider the functor
Defy : dgArt — sSets

sending a local dg Artinian ring (R, m) to the simplicial set Defy (R)e whose n-simplices are
MC(g @ m@ Q7 (A")),

which denotes families over the n-simplex A" of solutions to the Maurer-Cartan equation in g @ m.
Explicitly, if A is a degree 1 element of Q*(End E) ® m ® (3*(A"), then the Maurer-Cartan equation
is

VAt dgA+digA -+ %[A, Al=0,

where dp is the derivation on R and d;z denotes the exterior derivative on the de Rham forms on
the n-simplex. Although it looks complicated at first, this functor Defy is a natural construction.
It encodes, for instance, all the infinitesimal deformations of V (these are the 0-simplices) and
how these deformations are related by gauge transformations (or, more accurately, homotopies
— these are the 1-simplices). As an example, consider R = C[e]/(€?), the usual dual numbers
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(i.e., |e| = 0), and the 1-simplex Al. A solution to the Maurer-Cartan equation is a 1-dimensional
family

€A(t) +€B(t)dt, with t € [0,1],
where A(t) € Q'(End E) and B(t) € Q°(End E), satisfying the pair of differential equations

;tA—i-VB:OandVA:O.

Hence, the path of 1-forms A(f) stays in the space of first-order deformations of V, and this path
is simply the flow determined by the vector field B(t) with values in the Lie algebra Q°(End E).

5.1.3. Free fields in this perspective. Any sheaf of cochain complexes is a sheaf of abelian dg Lie
algebras, so the formal moduli problem for a free theory is particularly simple to understand.
The bracket is always zero, so the Maurer-Cartan equation asks for families of closed elements of
degree 1. Notice that by evaluating our functor Def; on the different versions of dual numbers

D, := C[e]/(€?) where |e| = n € Z,

we recover basic cohomological information about the cochain complex g:

e the O-simplices of Defy(D,) are the closed elements of cohomological degree 1 — 1 (e.g.,
when n = 0, we get the 1-cocycles of g; when n = 1, we get the 0-cocycles);

e the 1-simplices encode the coboundaries, so that 77y of the simplicial set Defy(D,,) is the
cohomology group H!~"(g).

In general, this functorial interpretation of a cochain complex — inside the broader context of dg
Lie algebras as formal moduli problems — provides a geometric way of understanding much of
homological algebra. Our aim in this paper is to apply this point of view to field theory when g is
abelian. Much of the effort in [CG] is aimed at extending this perspective to the nonabelian case
— and hence to interacting field theories.

5.1.4. Quantization using the Batalin-Vilkovisky formalism. In section 2.4 of chapter 2 and in
chapter 3, we studied the Batalin-Vilkovisky (BV) approach to quantization in the case of so-to-
speak zero-dimensional free field theories: we defined BV quantization for any cochain complex,
and a cochain complex can be viewed as a free theory over a point. Recall that so long as the
complex (E, d) is dualizable (i.e., bounded and finite-dimensional in every degree) the cotangent
quantization functor CQ(E) provides a determinant of E. As the determinant of a vector space
is the natural home of its volume forms, we see that BV quantization realizes — in a precise,
categorical form — the intuition of the path integral.

Here we want to apply this viewpoint to free theories over manifolds of higher dimensions.
We raise the question: what happens if you apply the functor CQ to a sheaf of complexes, open
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set by open set? Another version of this question is: what is the local-to-global nature of the
observables of a quantized free field theory?

5.2. Elliptic complexes and free BV theories

We take for granted the standard notion of an elliptic complex and the basic machinery used
in working with elliptic complexes (such as parametrices). With that language in hand, we can
provide the definition of a Batalin-Vilkovisky theory a la Costello, which is simply a special kind
of elliptic complex.

DEFINITION 5.2.1. A free BV theory on a manifold M consists of the following data:

e a finite rank, Z-graded vector bundle (or super vector bundle) E on M;

e a vector bundle map (—, —);,c : E® E — Densy that is fiberwise nondegenerate, an-
tisymmetric, and of cohomological degree —1; this local pairing induces a pairing on
compactly-supported sections

<_1_> :éac®@@c_>cr

(so,s) = [ (50(x),51(x)

e a differential operator Q : & — & of cohomological degree 1 such that
(1) (&, Q) is an elliptic complex;
(2) Qs skew self adjoint with respect to the pairing, i.e., (so, Qs1) = —(—1)!%/(Qsy, 51).

The action functional associated to this theory is

5() = | (#,Q¢)

where ¢ is a compactly-supported section of E. To be more accurate, we should say that the
classical field theory given by S looks for fields ¢ (not necessarily compactly supported) that are
critical points of S with respect to perturbations by compactly supported sections. In other words,
there is a 1-form dS with respect to the foliation of & by &. and we are looking for ¢ such that
dSy = 0. Note that S is quadratic so that dS is linear. This relationship is why quadratic actions
correspond to free field theories.

REMARK 5.2.2. In [Cos11], another condition is included: there exists a “gauge-fixing opera-
tor” Q* : & — & of cohomological degree —1 such that

(1) (Q)2 =0;

(2) Q is self adjoint for the pairing;

(3) D = [Q, Q*] is a generalized Laplacian on M for the vector bundle E.
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This third condition allows one to use heat kernel asymptotics, and these are crucial for Costello’s
approach to renormalization. The constructions in this chapter (and much of the thesis), however,
do not rely on a gauge-fixing operator, so we drop this condition until chapter 7, where it becomes
relevant.

5.2.1. Examples of free theories. Elliptic complexes are ubiquitous in geometry, and so we have a
wealth of examples to consider. Typically the complexes themselves do not have an obvious mean-
ing but their cohomology groups (or at least H°) often do. For instance, the de Rham complex can
be viewed as a resolution of the constant functions, and the Dolbeault complex can be viewed as
a resolution of holomorphic functions. When these complexes arise from an action functional (as
with most field theories), these cohomology groups encode the solutions to the Euler-Lagrange
equations. We might say that these equations tells us what the theory means. Often these com-
plexes live in families — e.g., by varying through spaces of connections or complex structures —
and it is an interesting question to ask how the theories vary in these families.

EXAMPLE 5.2.3 (The scalar field). Let M be a smooth, compact manifold with Riemannian
metric g. Denote by Dens the density line bundle over M, by dvol the canonical Riemannian
volume form on M, and by A, the Laplace-Beltrami operator. The complex

oo dvol-Ag
Cy; — Densy
¢ — D¢ := (Ag¢) dvol

concentrated in degrees 0 and 1 is (&, D). The action functional is

5(9) = [ #Dg.

The classical solutions are harmonic functions on M in degree 0 and densities modulo Laplacians
of densities in degree 1.

EXAMPLE 5.2.4 (The B system). Let M be a Riemann surface. Let & = Q% & QV* with the
total complex concentrated in degrees 0 and 1. Denote an element of Q%* by -y and an element of
QY* by B. The pairing is just “wedge and integrate”:

(70 +Bo, 11+ B1) = /M“Yo/\ﬁ1+ﬁo/\’h,

where the integral denotes integration of the dz dz term. The integral simply vanishes, by defini-
tion, on a differential form that is not in Q'!. The action is then

S(1,8) = [ BAST = 5(1+ B30+ )

The classical solutions are the holomorphic functions and holomorphic 1-forms on M in degree 0.
If M is closed, we obtain the higher cohomology of ¢ and Q)] , in degree 1. We obviously obtain a
moduli of theories by running over variations of complex structure.
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EXAMPLE 5.2.5 (The bc system). Let M be a Riemann surface. Let & = I1TQ%* @ I1QY*, the
pure odd complex, and denote an element of Q%* by ¢ and an element of Q' by b. The pairing is
just “wedge and integrate”:

<C0—|—b0,01—|—b1> = /MCO/\b1+boAC1.

Note that we use the Koszul rule of signs here in conjunction with the usual sign conventions for
differential forms. Thus, following the convention in [DEF*99], if ¢ € I10% and b € TIOMWY,

cAb= (-1 (~1)"bAc=-bAg,

where the first sign is the differential form sign and the second sign is the super-sign. The action
is then

S(c,b):/MbAE_)c:<b+c,3(b+c)).

The classical solutions are again the holomorphic functions and holomorphic 1-forms on M. We
obviously obtain a moduli of theories by running over variations of complex structure.

EXAMPLE 5.2.6 (The chiral free fermion aka an instance of abelian holomorphic Chern-Simons).
Let M be a Riemann surface for which there exists a nowhere-vanishing holomorphic volume
form dvol, which we fix. For example, consider M an elliptic curve C/A and let dvol = dz. Then
& = I10%*, the pure odd complex, is a free BV theory where the symplectic pairing is given by

(=) : 00 00k ¢

(9, 9) = /Mgb/\1,t7dvol.
The action is
S(p) = (Y, 0¢) = /M¢ Adydvol.

We obviously obtain a moduli of theories by running over variations of complex structure and
holomorphic volume form.

REMARK 5.2.7. One way to spice up these examples is to tensor with a vector space with a
pairing or, even better, twist with a vector bundle. For instance, if V denotes a holomorphic vector
bundle and V" its dual holomorphic bundle on M, then we can twist the By system by letting
& = Q% (V) ® QY*(VY) and we include the evaluation pairing between V and V'V as part of the

pairing (—, —).

EXAMPLE 5.2.8 (Abelian Chern-Simons). Let M be an oriented smooth 3-manifold. Let & =
()*[1] be a shifted copy of the usual de Rham complex, with the pairing “wedge and integrate.”
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5.2.2. A useful lemma. In working with elliptic complexes, one often switches between smooth
and distributional sections. We will prove here a useful lemma — a variant of a result of Atiyah
and Bott [AB67] — that pins down the relationship between the smooth and distributional com-
plexes. It will play a crucial role in our construction of the observables of a free field theory. To
prove this lemma, we will need to introduce some basic machinery from the theory of elliptic
complexes for which [AB67] is a good reference.

In [AB67], Atiyah and Bott show that for an elliptic complex (&, Q) on a compact, closed
manifold M, with & the smooth sections of a Z-graded vector bundle, the inclusion

(£,Q) = (£,Q)

into the elliptic complex of distributional sections is a homotopy equivalence. The argument fol-
lows from the existence of parametrices for elliptic operators. We need a simple variant of this result
on open sets of a manifold.

5.2.2.1. Parametrices. As we are working with smooth or distributional sections, we have the
Schwartz kernel theorem, which allows us to pass freely between continuous linear operators
F € Hom(&, %) and their (integral) kernels Kr € &' ® .#. Among all continuous linear operators,
elliptic operators have a special property: they admit “inverses up to smoothing operators,” and
we call such an “inverse” a parametrix for the elliptic operator. We now make these statements
precise.

DEFINITION 5.2.9. An operator S : & — % is smoothing if its kernel Kg is a smooth, i.e., a
smooth section of the vector bundle E' X F on M x M, where E' = EV ® Dens is the fiberwise-dual
vector bundle to E twisted with the density (or orientation) line bundle.

We want to focus on kernels whose support is controlled and small in the appropriate sense,
so we introduce the following technical definition.

DEFINITION 5.2.10. A subset X C M" is proper if the projection maps 7; : X C M" — M are
proper for all j = 1,...,n. A function (or section, etc) over M" has proper support if its support is

proper.

DEFINITION 5.2.11. A parametrix for the elliptic complex (&, Q) on M is a continuous linear
operator P : & — & of cohomological degree —1 such that [Q, P] = 15 + S, where S is a smoothing
operator whose kernel has proper support.

PROPOSITION 5.2.12. For M compact, every elliptic complex (&, Q) has a parametrix P. Moreover,
there exists a pseudodifferential parametrix.

This is proposition (6.1) in [AB67]. The adjective “pseudodifferential” implies that the kernel
of P is smooth away from the diagonal in M x M.
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5.2.2.2. The Atiyah-Bott result generalized.

LEMMA 5.2.13. Let E — M be a Z-graded vector bundle on a closed smooth manifold M. Let & denote
the sheaf of smooth sections and let & denote the sheaf of noncompactly supported distributional sections.
Let Q be a differential operator on & of cohomological degree 1 such that (&, Q) is an elliptic complex on
M. Then on any open set U C M, there is a homotopy equivalence

(€] Q) = (&), Q)-

PROOF. Pick a parametrix P for (6 (M), Q) and let S denote the associated smoothing operator.
Let ¢ be a cut-off function on M x M such that ¢ is 1 in a small neighborhood of the diagonal and
has proper support. In particular, we require ¢ to have proper support on U x U. Consider the
kernel K¢ = ¢Kp and let ® denote the associated operator.

Then ® defines a parametrix for Q by the following computation:
Q@] = Qod+®P0Q
= R+¢[Q,P]

where the term R arises because Q is a differential operator and, by the Leibniz rule, there will be
a contribution involving its (possibly subtle) action on ¢. The support of the kernel K is away
from the diagonal but proper in U x U since ¢ = 1 in some neighborhood of the diagonal. Hence
any derivative of ¢ will vanish in a neighborhood of the diagonal. We see that R is smoothing
because P is a parametrix, and so Kp and its derivative will be smooth away from the diagonal.
Continuing, we compute

[Q,®] =R+ ¢Kq, + ¢S
=1e+T

where T = R + ¢S is a smoothing operator with proper support away from the diagonal.

Note that ¢K;, = Kj,, since it is the delta function along the diagonal and ¢ is 1 in a neigh-
borhood of the diagonal. Moreover, we have shown that the commutator has proper support in
U x U since all the terms do.

The existence of this parametrix with proper support in U x U gives us a chain homotopy
equivalence on the distributional complex (& (U), Q) between the identity and T. As T is smooth-
ing, however, the image of T is contained in the image of the inclusion i : &(U) — &(U) . Hence

T defines an inverse to i, up to homotopy. H

5.3. Observables as a factorization algebra

The language of factorization algebras clarifies the meaning of BV quantization: it is a version
of deformation quantization for field theories. Our goal in this section is to formulate and prove
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a precise and simple incarnation of this idea in the context of free fields. To state this theorem,
Theorem 5.3.5, we need to introduce some terminology.

5.3.1. The algebra of BV quantization. As discussed at the beginning of chapter 4, the observ-
ables of a quantum field theory should form a factorization algebra that assigns merely a vector
space to each open set. We expect the quantum observables to be a deformation of the classical
observables as a factorization algebra. Thus, on each open set, we are deforming the commutative
dg algebra Obs®(UI) to a dg vector space Obsd(Ul). The BV formalism provides a very controlled
way to construct such a deformation, and we now introduce the relevant mathematical structures.
All the relevant structures are described in greater detail in [CG].

The basic picture is as follows. Recall from the setting of ordinary deformation quantization
that if a family of associative algebras A7 over the formal disk Spec R[[1]] is commutative at the
origin, then this commutative algebra actually has a Poisson bracket arising from the commutator
of the associative algebra. This Poisson bracket “remembers” the direction of deformation from its
commutative structure toward the associative structure. We might expect that a similar situation
holds for a family of cochain complexes over R[[f1]] that restricts to a commutative dg algebra at
the origin. Indeed, that commutative dg algebra will have a homotopy Poisson bracket of degree
1 that remembers how to deform. In the BV formalism, one typically works with a strict version
of this Poisson structure.

DEFINITION 5.3.1. A Poisg algebra (A,d,{—, —}) is a commutative dg algebra (A,d) over R
equipped with a Poisson bracket {—, —} of cohomological degree 1. Explicitly, the bracket is a
skew symmetric map {—, —} : A® A — A of degree 1, closed with respect to the differential, and
a biderivation.

We now want to characterize what it means to be in a one-dimensional family of cochain com-
plexes that restricts to a commutative algebra. In the BV formalism, we work with the following
strict structure.

DEFINITION 5.3.2. A Beilinson-Drinfeld (BD) algebra (A,d,{—,—}) is a commutative graded
algebra A, flat as a module over R[[71]], equipped with a degree 1 Poisson bracket such that

(4) d(ab) = (da)b+ (—=1)1"a(db) + h{a,b}.

Observe that given a BD algebra A7, we can restrict to “/i = 0” by setting
Ap=g := AT @y R[A]]/ (7).

Note that the induced differential on Ay is a derivation, so that A is a Poisy algebra! Likewise,
when we restrict to “71 # 0” by setting

Anzo = AT Qg R((7)),
we obtain just a cochain complex.
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DEFINITION 5.3.3. A BV quantization of a Poisg algebra A is a BD algebra A7 such that Ay_g =
A.

Our goal is to realize this idea in the setting of factorization algebras, so we need to say what
it means to be a Poisy or BD factorization algebra. We take the following simple approach. Note
that Poisg algebras (respectively, BD algebras) form a symmetric monoidal category in a straight-
forward way.

DEFINITION 5.3.4. A Poisg factorization algebra (respectively, BD factorization algebra) F is
a prefactorization algebra taking values in the symmetric monoidal category of Poisy algebras
(respectively, BD algebras) such that F is a factorization algebra when we forget down to the
category of cochain complexes.

We can now state our main theorem.

THEOREM 5.3.5 (Central theorem of free field quantization). A free BV theory (M, &,Q, (—, —))
has a canonical Pois factorization algebra of classical observables Obs®! and a canonical BD factorization
algebra of quantum observables Obs‘.

We prove this theorem by constructing these factorization algebras in the subsections below.

5.3.2. The classical observables. The classical observables ought to assign ¢(&'(U)) to each open
set U. As & is a sheaf of dg nuclear spaces, it is natural to take an algebraist’s approach and set

o(&(U)) == Sym(&(U)"),

where £(U)" denotes the compactly supported distributions dual to the smooth sections & (U)
and Sym means the symmetric algebra constructed in dgNuc. The differential Q naturally induces
a differential on &(U)", which we abusively denote Q as well. Continuing the abuse, we extend
this differential to a derivation on ¢(&(U)) that we denote Q. Hence €(&), as given, defines a
cosheaf of dg commutative algebras.

We would like the classical observables to have a Poisg structure, though, and here we run
into a problem. Because & is infinite-dimensional, the pairing (—, —) on & does not induce the
desired Poisson bracket on ¢(&’). There is thankfully a simple, natural fix known as “smearing
observables.”?!

Let E' denote the vector bundle EY ® Densy; on M. Then distributional sections &' of this bun-
dle are precisely the distributions dual to smooth sections of E. The differential Q on & naturally
induces a differential Q on &' and makes it into an elliptic complex.

IFor interacting theories, this fix does not work, which leads to many of the complications in [CG].
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DEFINITION 5.3.6. The classical observables of the free theory (M, &, Q, (—, —)) are the commu-
tative factorization algebra
Obs? : U — (Sym & (U), Q).

Note that this is a factorization algebra by theorem 4.5.1.

LEMMA 5.3.7. The inclusion Obs®! < &(&) is an opens-wise continuous homotopy equivalence of
commutative factorization algebras. In particular, it is a quasi-isomorphism.

PROOF. By lemma 5.2.13, we know that on each open U, we have a continuous homotopy
equivalence
& (U) = &'e(U) = £(U)”.
Applying the functor Sym, we obtain a continuous homotopy equivalence

Obs® (U) = Sym & (U) — Sym &' (U) = o(&(U)).

Thus the map of factorization algebras is a quasi-isomorphism but also an opens-wise continuous
homotopy equivalence. O

There is a natural degree 1 Poisson bracket defined on each open set U as follows. Recall that
our free theory has a pairing (—, —)joc : E® E — Densy on vector bundles. As it is fiberwise
nondegenerate, we use it to define a pairing

(=, =), : E'® E' — Densy

loc

that is also fiberwise nondegenerate and skew-symmetric. It has cohomological degree —1. We
thus obtain a skew-symmetric pairing

{(—,-}:&®& - C where A@ur— / (A(x), 1 (%)) joc-
xeM

Extend this pairing as a biderivation to Obs*! by using the Leibniz rule. We have shown the
following.

PROPOSITION 5.3.8. The classical observables Obs® have a canonical Poisy algebra structure.

5.3.3. The quantum observables. Our model, as we construct the quantum observables, is the
BV quantization functor from section 2.4. The Poisy structure on Obs< induces a canonical BV
Laplacian A and we use it to deform the differential on Obs®. Explicitly, on each open U, we define
a second-order differential operator A of cohomological degree 1 by setting A = 0 on Sym=! & (U)
and A(xy) = {x,y} for x,y € & (U). We extend to higher symmetric powers via the relation

Alxy) = (bx)y + (=1)"x(Ay) + {x,y}.
The compatibility of the Poisson brackets with the structure maps implies that A commutes with
the structure maps.
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DEFINITION 5.3.9. The quantum observables of the free theory (M, &,Q, (—, —)) are the prefac-
torization algebra

Obs?: U +— (Sym(&(U))[h], Q + hA).

THEOREM 5.3.10. The prefactorization algebra Obs? satisfies the locality axiom and is hence a factor-
ization algebra.

PROOF. Consider the filtration of the prefactorization algebra
FFObsd = Sym=k(&H)[1].

The differential Q + A preserves this filtration since Q preserves each symmetric power and A
sends F¥ to F*~2 by construction. For any open U and factorizing cover i, we have a map

C(44,Obs?) — Obsi(U),

thanks to the structure maps of the prefactorization algebra. Applying the filtration, we get a map
of spectral sequences. The map on the first page is

C(81,0bs @C[h]) — Obs(U) ® C[],

which is a quasi-isomorphism, as Obs* is a factorization algebra. Thus the map on the original
complexes is a quasi-isomorphism. O]

Note that Obs? is almost a factorization algebra in BD algebras: we work with polynomials in
h rather than power series, so that the natural completion of Obs? is a BD algebra. Working with
polynomials has the appealing aspect that we can “evaluate” 1 at finite, nonzero values. When we
“set h = 0,” we still recover Obs” and hence have a quantization of Obs.

5.4. BV quantization as a Heisenberg Lie algebra construction

In the study of quantum mechanics on R”, particularly with quadratic Hamiltonians, the
Heisenberg Lie algebra and (quotients of) its universal enveloping algebra play a central role.
There is a partial generalization of this story to all free theories, as we now explain.

Observe that the classical observables are defined as the symmetric algebra of the 1-symplectic
vector space given by the linear observables &'. We would like to realize the quantum observables
as the Chevalley-Eilenberg complex for the Lie algebra homology of a Heisenberg Lie algebra con-
structed from the linear observables.

5.4.1. The algebraic construction. Recall that for any symplectic vector space (V,(—,—)), the
Heisenberg Lie algebra Hy is the central extension

0—-C-h—-Hy—-V—-0
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with Lie bracket
[0,7'] := (v,7')h,
where 1 denotes the central element we have adjoined. This definition clearly works for dg vector

spaces with symplectic pairing, as well.

DEFINITION 5.4.1. A 1-Poisson vector space is a dg vector space (V,d) equipped with a pairing
{—, —} VeV —-C

of cohomological degree 1 such that

o (skew-symmetry) {x,y} = —(—1)*IV){y, x},
e (compatibility with d) {dx,y} = (—1)*{x,dy}.

We say it is 1-symplectic if {x, —} is a nonzero linear functional for every nonzero x € V.

DEFINITION 5.4.2. A Poisson map ¢ : V. — W of 1-Poisson vector spaces is a cochain map such
{¢(x),p(y)}w = {x,y}v for all x,y € V. We denote the category of 1-Poisson vector spaces by
1-PoisVect.

We can apply the Heisenberg construction to such vector spaces as well.

DEFINITION 5.4.3. The Heisenberg Lie algebra Hy of a 1-Poisson vector space (V, d) is the central

extension
0—-C-h—Hy —V[-1—0
where 71 denotes the central element we have adjoined and it has cohomological degree 1. The Lie
bracket is
[0,7'] := {v,v'} 1,

with v,v' € V.

REMARK 5.4.4. The shift V[—1] is justified by the proposition below, where we show how to

obtain a BD algebra from the Heisenberg Lie algebra. Note that in the definition of the Lie bracket,
we view v, 7’ as living in V[—1] on the left hand side but in V on the right hand side.

PROPOSITION 5.4.5. The Lie algebra homology complex (Sym(Hy[1]), dcg), where dcg includes both
d on V and the action of Hy on the trivial module, is a BD algebra.

PROOF. Forgetting the differential, the underlying graded module is simply a symmetric al-
gebra. Notice that s now has degree 0. The differential satisfies, by construction,

dep(ab) = (da)b+ (=1)1a(db) + [a,b]
= (da)b+ (=1)"a(db) + n{a, b}

for any a,b € V. We extend the pairing {—, —} on V to a biderivation on Sym to obtain the
requisite Poisson bracket. O
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REMARK 5.4.6. This proof points out an intriguing aspect of the Lie algebra homology com-
plex. For any dg Lie algebra (g,d), the commutative dg algebra (Sym(g[1]),d) is a Poisy alge-
bra whose Poisson bracket is given by shifting down the Lie bracket of g and extending it as a
biderivation. Thus the Chevalley-Eilenberg complex (Sym(g[1]),d + dcg) can be viewed as a BD
quantization! We never explicitly take advantage of this observation in the thesis, but it suggests
possible directions of research.

5.4.2. The factorization algebra version. As usual, we now obtain a factorization algebra by ap-
plying this construction to a cosheaf, via the general construction in theorem 4.5.3. That is, on each
open set, we apply the algebraic construction above. Let (V,d) be a 1-Poisson-structured cosheaf
(i.e., a precosheaf of 1-Poisson vector spaces where the underlying precosheaf of dg vector spaces
is a cosheaf). By theorem 4.5.3, we will obtain a factorization algebra C.Hy by composing the Lie
algebra homology functor with the Heisenberg Lie algebra construction.

PROPOSITION 5.4.7. There is a functor

Heis : 1-Poisson structured cosheaves — factorization algebras

given by (V,d) — C.Hy.

PROOF. The construction on objects is straightforward. We see thatif V' is a 1-Poisson-structured
cosheaf, then Hy is a Lie-structured cosheaf. Thus theorem 4.5.3 tells us C.’Hy is a factorization
algebra.

Likewise, given a morphism of cosheaves, we clearly obtain a morphism of the Chevalley-
Eilenberg complexes, compatible with all the structure maps. 0

5.4.3. The “pushforwards commute” theorem. The following result is useful for studying the
observables of a free field theory.

COROLLARY 5.4.8. Given a continuous map f : M — N, we have f.(Heis(V')) = Heis(f.(V)) for
every 1-Poisson structured cosheaf V on M.

PROOF. Simply apply proposition 5.4.8. O

5.5. BV quantization as a determinant functor

Thanks to section 2.4 and chapter 3, we know that BV quantization of finite-dimensional linear
systems provides a Pfaffian functor. This suggests an appealing interpretation of Obs? for a free
field &: the factorization algebra Obs? is a local Pfaffian of the elliptic complex &. Of course,
Obs?(U) is typically an enormous cochain complex, just as & often has an infinite-dimensional
space of solutions locally. Globally, however, we have an appealing result.

100



PROPOSITION 5.5.1. For & a free field on a closed manifold M, there is a quasi-isomorphism
Obs1(M) = BVQ(H*&(M)).

In particular, for & an arbitrary elliptic complex, we take the free cotangent quantization and obtain a
quasi-isomorphism

Obs1(M) = CQ(H".F (M)) = det(H".7 (M))[d(F (M)) + x(F (M))],
where x (% (M)) is the Euler characteristic of % (M) and

d(F(M)) = — Y (2n + 1)(dimy H*"(F (M)) + dim H*" (7 (M))).

n

(This function of the Betti numbers of .% (M) arose in chapter 3.)

This result is a straightforward corollary of our earlier work in chapters 2 and 3. We develop a
relationship with index theorems and torsion of elliptic complexes in chapter 7.

5.6. Implications for interacting theories

Although our focus is on free fields, our results have some strong consequences for interacting
theories. As this section is a detour from the trajectory of this chapter, we will take for granted
the definitions and terminology of [Cos11] to keep the digression brief. (For an overview in this
thesis, see section 7.4 in chapter 7.)

THEOREM 5.6.1. Let (E,(—,—), Q) be a free BV theory on a closed manifold M. Let {I[®]} be an
effective interaction satisfying the quantum master equation, i.e., an interacting BV theory. For any choice
of parametrix ®, the global quantum observables

— 1
Obs[®] := (Sym(&™)[[1]], Q + S{I[®], —}o + Fida)
have cohomology isomorphic to C[[h]] concentrated in degree

do = — Y (2n+1)dimc H*""(&, Q).

n

PROOF. As usual, we use a spectral sequence argument. Define the D-degree of an element
a € I Sym" (&) to be 2m + n. Equip Obs1[®] with the filtration
|k/2]
Ff:={a : D(a) >k} = Y H"Sym=*2"(&V).
n=0

For the induced spectral sequence, the first page is

(Sym(&Y)[[1]], Q + hidka),
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which we know has cohomology C|[[1]] concentrated in degree d by using the proof of proposi-
tion 2.4.11.% Thus the spectral sequence collapses. ]

This result, while simple to prove, is rather remarkable: it says that on a closed manifold, global
observables “take values in C[[h]].” No matter how complicated the observable that we cook up —
perhaps we pick a 45-point function — when we look at its image in global observables, we get an
element of a C[[]]-line, which we can justifiably interpret as the “expectation value.”

5.7. Theories with a Poincaré lemma

Just as an elliptic complex may be easy to understand locally but record interesting global
information (e.g., the de Rham complex), some theories yield factorization algebras that are sim-
ple locally but interesting globally. We introduce here some definitions and theorems useful for
understanding such theories.

DEFINITION 5.7.1. A free field has a Poincaré lemma if there is a decomposition of & into a
direct sum of elliptic complexes @;(&(;), Q;)) and a factorizing basis such that for any open U in

the basis, each complex (&7 (U), Q;)) is acyclic above its lowest degree.

We call an open permissible if it is in this factorizing basis. We say the Poincaré lemma holds on
a permissible open.

EXAMPLES5.7.2. Let & = T*[—1](Qj},) be the shifted cotangent bundle of the de Rham complex
on M. Then the usual Poincaré lemma implies that & has a Poincaré lemma. Here & decomposes
into a direct sum Q* @ Q},[dim M — 1], where )}, denotes the de Rham complex twisted by the
orientation local system. The permissible opens are contractible opens.

REMARK 5.7.3. We make the caveat about some class of contractible opens based on the exam-
ple of the Dolbeault complex. The theory of several complex variables tells us the U needs to be
pseudoconvex for & (U) to be the cohomology of (Q%*(U),d). A good class of permissible opens
is given by open Stein submanifolds.

Having a Poincaré lemma leads to an appealing simplification of the observables. To under-
stand this simplification, however, requires some basic functional analysis.

Recall the following statement, which is a consequence of the Hahn-Banach theorem for locally
convex topological vector spaces (see theorem 3.6 of [Rud91]).

LEMMA 5.7.4. If A is a continuous linear functional on a subspace W of a locally convex space V, then
there exists a continuous linear functional A on V such that A}W = A

2That proof relies merely on the fact that the cohomology of the linear observables, in this case (£, Q), is finite-

dimensional.
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For us, the crucial consequence of this lemma is the following fact (see [Ser53]).

PROPOSITION 5.7.5. Let E 5 F - G be an exact sequence (i.e., kerv = im u) of continuous linear
maps between Fréchet spaces. Then the sequence G¥  FY S EY is also exact, where (—)" denotes the

functor “take the continuous linear dual.”

PROOF. Given A € FY such that u*A = 0, we wish to find 4 € GV such that v*u = A. Note
that since A vanishes on u(E) C F, it induces a linear functional A on F/u(E). We want to obtain a
linear functional fi on v(F) C G such that A = i o v. Hahn-Banach would then imply that we can
extend fi to a linear functional y on G and we would know A = v*p.

Observe that there is a natural continuous linear map ¢ : F/u(E) — v(F). Although it is bijec-
tion by definition, we need to verify it is a homeomorphism so that we can construct a continuous
linear inverse. As F is Fréchet and u(E) is a closed subspace, the quotient F/u(E) is also Fréchet.
The open mapping theorem (see, e.g., theorem 2.11 of [Rud91]) implies that 7 is open and hence a
homeomorphism. Thus, 7 has a continuous linear inverse, which allows us to construct ji. ]

We now return to field theories. Let (&, Q) be a free field theory with a Poincaré lemma. On
an open U for which the Poincaré lemma holds, there is a subspace K(;)(U) < &;)(U) such that

0 — Kj)(U) < &7 (1) 2.

is acyclic. Here m; denotes the lowest degree in which & (U) is nonzero. Note that all the
spaces are Fréchet as the spaces in &{;)(U) are smooth sections of a vector bundle and K;) is a
closed subspace since it is the kernel of Q. Hence proposition 5.7.5 implies that the dual sequence
is acyclic as well:

Voo
) L Ky (W)Y — 0.

We thus obtain the following result.

LEMMA 5.7.6. There is a map of dg commutative algebras
i : Obs™(U) — Sym(EP K (U)")
j

for each permissible open U. The differential on the right hand term is zero.

PROOF. The only subtlety here is that Obs® uses the compactly-supported smooth sections of
E', not the compactly-supported distributional sections. But the Atiyah-Bott lemma 5.2.13 implies
that the inclusion

(&), Q) = ((EW) )", Q) = (& )e(u), Q)
is a homotopy equivalence. The composition of /* with this inclusion induces the desired map i of
dg commutative algebras. O
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Observe that Sym (&, K(v].) )) defines a factorization algebras on the factorizing basis of permis-

sible opens. We denote the extension (see section 4.7) to a factorization algebra on M by K. We
thus have the following.

LEMMA 5.7.7. There is a quasi-isomorphism of factorization algebras i : Obs® — KL,

We would like to have a similar result for the quantum observables.

DEFINITION 5.7.8. Let Ax denote the BV Laplacian induced on K¢ (U) where U is a permissi-
ble open. We define

KI(U) = (Sym(ED K (U) ) [1], ).
]

Then K1 is a factorization algebra on the factorizing basis of permissible opens. We denote the
extension to a factorization algebra on M by K4 as well.

To see it is a factorization algebra, use the spectral sequence given by the filtration by powers
of 1. The map i extends to a map of complexes i : Obs?(U) — K9(U) on any permissible open U.
This filtration then gives a map of spectral sequences between Obs?(U) and K79(U). Because this
map is an isomorphism on the first page, we see that H* Obs?(U) = H*K9(U).

LEMMA 5.7.9. There is a quasi-isomorphism of factorization algebras i1 : Obs? — K1.
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CHAPTER 6

Free holomorphic field theories and vertex algebras

In this chapter, we study some examples of factorization algebras that live on Riemann sur-
faces. The central goal is to find ways to understand, as a human, the huge amount of data en-
coded by these objects. We will find that if we focus on the simplest structure maps — such as
inclusions of disjoint disks into a big disk — we recover the data of a vertex algebra. More pre-
cisely, the vertex algebra appears at the level of cohomology, i.e., working with the cohomology
prefactorization algebra H*F of the factorization algebra 7. Because a factorization algebra is a
manifestly geometric object — after all, it lives on a manifold — this construction of vertex al-
gebras provides helpful, motivating pictures for the axioms. Conversely, the explicit, algebraic
nature of vertex algebras makes computations of some structure maps much simpler.

We now outline the contents of this chapter. Sections 6.1 to 6.3 examine the free By system,
its factorization algebra of quantum observables, and the associated vertex algebra. Although
this example is quite simple, it shows how one can start with an action functional and rigor-
ously recover a vertex algebra. Moreover, we indicate how this construction relates the work
of Costello ([Cosa]) to constructions of chiral differential operators ((GMS00], [MSV99], [KV04],
[Che], among others). In section 6.4, we construct factorization algebras whose associated vertex
algebras are known as the affine Kac-Moody vertex algebras. This construction does not involve
the BV formalism but has instead a beautiful deformation-theoretic interpretation. Finally, our ex-
amples live on every Riemann surface and hence we discuss what it means to have a factorization
algebra on the site of Riemann surfaces.

REMARK 6.0.10. We make some polemical remarks. The juxtaposition with vertex algebras
vivifies two compelling aspects of the formalism of factorization algebras. First, it provides a
rigorous relationship between vertex algebras and the pictures and language used by physicists
when discussing conformal field theory. We are not merely extracting axioms so that the physi-
cists’ formal power series manipulations become mathematical; we are recovering all the formulas
from manifestly geometric constructions, so that aspects like associativity come for free. More ag-
gressively, I might say that factorization algebras provide a direct embodiment of the physical
thinking. Second, the factorization algebras live on Riemann surfaces from the beginning. By con-
trast, it is a fair amount of work to connect vertex algebras with Riemann surfaces (with [FBZ04]
as a key example) and the interpretations can be quite subtle. Our construction of a factoriza-
tion algebra from a Kac-Moody Lie algebra in section 6.4 has a simple interpretation via moduli
of bundles and recovers in a very clean way the affine Kac-Moody vertex algebra as the local
behavior.
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6.1. The By system

This chapter focuses on one of the simplest holomorphic field theories and a few variants. We
describe these BV theories in order of increasing complexity.

6.1.1. The massless By system. Let M = C, the complex line, and let & = <Q9\4* D Q}\;I*, 3) be

the Dolbeault complex of functions and 1-forms as a sheaf on M.! Following the convention of
physicists, we denote by 7 an element of Q%* and by B an element of Q'*. The pairing (—, —) is

& R & — C,
(v+Bo)@ (1 +B1) — JcroABL+BoAT

Thus we have the data of a free BV theory. The action functional for the theory is

S(v.) = (r+Ba(r+p) =2 [ pray

The Euler-Lagrange equation is simply dy = 0 = d 8. One should think of & as the “derived
space of holomorphic functions and 1-forms on M.” Note that this theory is well-defined on any
Riemann surface, and one can study how it varies over the moduli space of curves.

REMARK 6.1.1. One can add d copies of & (equivalently, tensor & with C%) and let S, be the
d-fold sum of the action S on each copy. The Euler-Lagrange equations for S; picks out “holomor-
phic maps 7 from M to C? and holomorphic sections B of Q! (7*Tc4).”

6.1.2. The massive By system. We have the same basic input data except that the differential Q
changes slightly. Fix a nonzero complex number m that we’ll call “mass.” The elliptic complex is
&= (Q?\/I* ® Q}\;I*, d—m dZ) 2 The Euler-Lagrange equation is then 9y /9z = m+y and 98/9z = mp.
Notice that on M = C there is a homotopy equivalence of complexes between the massless and
massive By systems:
emi,
T
(0% @0}, 9) (0% @ Q)9 -maz).
\v/
e—mz’ .
This equivalence disappears on an elliptic curve because the constant functions provide global
holomorphic functions (the massless case) and, by contrast, there are no global functions f such
that 0f/0Z = mf, at least for generic m. In particular, we see that although the factorization
algebras for the massless and massive systems are isomorphic on small open sets, they differ
globally.

Twe simply recall example 5.2.4.
2We could instead modify the connection d by some holomorphic function f, but only the constant functions will
extend to define theories on a compact Riemann surface, and so we restrict ourselves to simply adding a mass term.
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6.1.3. Abelian holomorphic Chern-Simons. We now make a minor modification of this theory
that drastically enlarges its scope. Fix M = C. Now fix a dg manifold X = (Xy, Ox) and let g be
a sheaf of abelian dg Lie algebras on X.> Let gV denote the cochain complex that is the &x-linear
dual to g.

There is a sheaf on X of free BV theories on M constructed as follows: to an open U C Xp and
anopen V C M, we get the elliptic complex

£(U,v) = (03 (V) @ g[1)(U) @ O} (V) © 0" [-1](U), +dy)

where dy denotes the differential on the complex g(U). This complex &:(U, V') has a symplectic
pairing

(wp) = [ (w(2),p(2),

where we also include the evaluation pairing between g and g. For a more thorough discussion
of holomorphic Chern-Simons (including the nonabelian case), see [Cosal].

6.1.3.1. Sigma models. There is a particular choice of X and g that is both nontrivial and acces-
sible; it encodes a nonlinear sigma model as a case of holomorphic Chern-Simons. Our discussion
here is a quick gloss of the formalism developed in [Cosa].

Let U be an open set in C", equipped with the holomorphic coordinates z1,...,z,. Let X =
(U, Qf;), the so-called “de Rham space of U.” There is a sheaf on X that recovers the holomorphic
structure of U, constructed as follows. Let ¢ denote the sheaf of co-jets of holomorphic functions
on U; this sheaf has a natural flat connection and hence a canonical Dy;-module structure (in fact, a
Dy; algebra structure). This sheaf consists of the smooth sections of an infinite-rank vector bundle
whose fiber at a point p € U is naturally identified with C[[z1,...,2]], as the jet of a function
at a point p is simply the Taylor series at p once we’ve chosen local coordinates. In more formal
language, there is a natural filtration on _¢# by “order of vanishing;” at every point p € U, the
stalk _#) is a module over Cjj ,, and we consider the filtration by powers of the maximal ideal m,,
of functions vanishing at p, namely F¥ ¢, := m’lf, Zp. Consider the quotient map

g:F' ¢ - F' 7/F? g = (Tlljo)v,

which just records the “first derivative” component of a holomorphic function. Once we pick a
splitting o of the quotient map, we obtain a map of commutative algebras

g S/Y?]flc&o (TLlf())v -7

which is actually an isomorphism, as one can check locally. This isomorphism then equips the
symmetric algebra with a flat connection.

3In other words, g is just a sheaf of cochain complexes on X that is &’x-linear.
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In our case, there is a natural splitting to use because we have global coordinates. Note that at
each point p we can express a germ f € ¢, as a “formal power series”
Z fa®2z" € ij’/p ®Cl[z1,---,2zu]],
x€IN"

where, for instance, the jet of a holomorphic function ¢ is given by its Taylor series at p:

1 [/ o0n g%n “ .
SHES e
What we have done is define o by sending our frame of global holomorphic 1-forms dz;,...,dz,

to the elements 1 ® z1,...,1 ® z, in . From hereon, we will always use this splitting whenever
we work with this example.

We now construct the L, algebra over X. Take the de Rham complex of 7, dR(_#) := Qf; ®p
. Note that it is a commutative dg (); algebra. There is an isomorphic de Rham complex

— v
dR <Symcao <T&I’O) ) via the splitting ¢, and we can interpret it as the Chevally-Eilenberg cochain

complex of an L, algebra over X, namely
g:=0f © T}’ [-1]

with the Lo, brackets induced by the flat connection borrowed from _¢#. In particular, this L
algebra is abelian (albeit curved) because our use of global coordinates insures that the differential
sends Sym' to Sym=".

As explained in [Cosa], the classical abelian holomorphic Chern-Simons theory on the Riemann
surface M arising from g encodes the holomorphic maps from M to U — to be accurate, the formal
neighborhood of the constant maps inside the full mapping space. One goal of this chapter is to
understand the quantized theory.

REMARK 6.1.2. Although we discussed the case of an open U C C", we can apply this tech-
nique to more interesting targets. Suppose we have a target space Y that admits a cover by opens
U; such that each U; is biholomorphic to an open in C" and the patching maps are affine (i.e.,
on each overlap, we glue by a locally constant translation-and-linear transformation). As an ex-
ample, any complex torus C"/A provides such a Y. Then we can do descent from the abelian
holomorphic Chern-Simons theory on the cover [ [; U; down to Y.

6.2. The quantum observables of the -y system

The factorization algebra Obs? of quantum observables assigns to each open U C C, the
cochain complex

Obsd(U) := (sym (Q};*(LI) [1] & Q% (U) [1]) 1], Q + hA) )

where Q = 9 for the massless system and Q = d —mdz for the massive system. By the iso-
morphism 6.1.2, it’s enough to focus on the massless case for opens in C. We now unpack what
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information Obs? encodes by examining some simple open sets and the cohomology H* Obs? on
those open sets. As usual, the meaning of a complex is easiest to garner through its cohomology.

REMARK 6.2.1. We want to recover the explicit formulas that appear in the literature on the
By system, particularly the vertex operation. We thus fix a coordinate z on C but all the constructions
are defined invariantly. In particular, the structure maps of the factorization algebra are given in a
coordinate-independent way (they arise from the structure maps of the Dolbeault complex as a
sheaf). The coordinate simply gives us insight into how the structure maps work.

6.2.1. Analytic preliminaries. We remind the reader of some facts from the theory of several com-
plex variables (references for this material are [GR65], [For91], and [Ser53]). Note that we have
already discussed the some of this material in section 5.7, notably the Hahn-Banach theorem (see
lemma 5.7.4) and duality for short exact sequences (see proposition 5.7.5). We then use these facts
to describe the cohomology of the observables.

PROPOSITION 6.2.2. Every open set U C C is Stein [For91]. As the product of Stein manifolds is
Stein, every product U" C C" is Stein.

REMARK 6.2.3. Behnke and Stein [BS49] proved that every noncompact Riemann surface is
Stein, so the arguments we develop here extend farther than we exploit them.

We need a particular instance of Cartan’s theorem B about coherent analytic sheaves [GR65].

THEOREM 6.2.4 (Cartan’s Theorem B). For X a Stein manifold,

A (1) k#0
HE(QF (x),a)_{ o (%), koo,

where Q) (X) denotes the holomorphic p-forms on X.

We use a corollary first noted by Serre [Ser53]. Note that we use the Fréchet topology on Q) ,
obtained as a closed subspace of QPY(X).

COROLLARY 6.2.5. For X a Stein manifold of complex dimension n, the compactly-supported Dol-
beault cohomology is
0, k #n

HY(Q!"(X),0) = { (QF(X)Y, k=n,

where (Q, 7 (X)) denotes the continuous linear dual to holomorphic (n — p)-forms on X.

PROOF. The Atiyah-Bott lemma (see lemma 5.2.13) shows that the inclusion

(QF7(X),0) = (7 (X),0)
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is a chain homotopy equivalence. (Recall that the bar denotes “distributional sections.”) As O * (X)
is the continuous linear dual of ()*~P¥(X), it suffices to prove the desired result for the continuous
linear dual complex.

Consider the acyclic complex
0 — Q)7 (X) & QA(X) 5 QT PIX) = e = QTP(X) = 0,
For all k > 0 we see that
o(QY'PK) = ker(9 : Q" PAHL — 1 PAt2)

so that their duals are also equal. This proves the vanishing claim. Now consider the sequence of
maps

Qn—p,l(X)\/ i Qn—p,O(X)\/ 1_1 QZ_p(X>V'

ol
By the Hahn-Banach theorem (see lemma 5.7.4), every continuous linear functional on a closed
subspace V' C W can be extended to a continuous linear functional on W. Hence i* is surjective.
Now suppose i*(w) = 0. Then w descends to a continuous linear functional on Q" P0(X)/Qy, " (X)
as O, 7 (X) is a closed subspace. This quotient space is isomorphic to 9(Q"P0(C)) C Q" P1(X),
so by Hahn-Banach, we can extend w to a continuous linear functional w’ on Q"P1(X). Thus
d(w') = w by construction. Thus the sequence is exact. (This is an instantiation of proposition
5.7.5.) O

LEMMA 6.2.6. Let U C C be an open. The cohomology of the linear observables H*(QY* (U)[1] ®
QY*(U)[1]) is concentrated in degree 0 and is the continuous linear dual of the holomorphic functions and
1-forms 0(U) & QO ,(U). Hence, the cohomology of the classical observables is likewise concentrated in
degree 0 and consists of

H°Obs® (L) 2 Sym (ﬁ(u)v @ Q}w,(uw) .

PROOF. The result about linear observables follows from our results above. Now observe that
the differential Q on the observables sends Symk to itself for all k. Thus, for instance, we need to
show that

H* (Sym*(Q¢* (U)[1]),9) = Sym“(o(U)"),
concentrated in degree 0. We see that (QF*(U)[1])¥F = OF (U*)[k], and by Serre’s result, we see
that
H (O (W) [1)) ) = o (Uh)” = (o)),
concentrated in degree 0. Taking into account the account of the symmetric group Si, we obtain
the desired statement about Symk. 0

In consequence, we find that we understand the cohomology of the quantum observables, as a
graded vector space.
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COROLLARY 6.2.7. We have
H*(Obs"(U)) = Sym (0(U)" & O}, (U)") @ Cl,
as vector spaces, by the spectral sequence on Obs arising from the filtration by powers of h.
6.2.2. Disks. Let Dg(x) denote the open disk {z € C : |z — x| < R} (see figure (1)). For brevity’s

sake, we will simply denote this disk by D in this subsection, but will use all the decorations when
multiple disks are in use. Notice that the choice of coordinate has entered.

FIGURE 1. Disk centered at x

Consider first the classical observables Obs® (D), or rather its cohomology H* Obs® (D). These
are supposed to describe measurements one can make of holomorphic functions and 1-forms in-
side the disk ID. Since a holomorphic function ¢ is such a rigid object, any measurement can be
expressed in terms of the power series

$(2) = 9lx) +2:9(x)(z — ) + 729(x) (2 — X+

i.e., in terms of the value of ¢ at x and the value of all its holomorphic derivatives 97 ¢ at x. More
precisely, any linear observable A € H* Obs*! (D) can be expressed as an infinite sum

Mg = 2 (20) ()

where the series must be convergent for every holomorphic function ¢ on the disk ID. Hence any
observable is some formal power series in such linear functionals. In particular, we see that all
observables are generated by the delta function J, and its holomorphic derivatives 976,.

By invoking lemma 6.2.6 and corollary 6.2.7, we have proofs of our intuitive assertions above.

LEMMA 6.2.8. The cohomology of the linear observables H* (Q¢*(D)[1] @ QY* (ID)[1]) is concen-
trated in degree 0 and is the continuous linear dual of the holomorphic functions and 1-forms (D) &
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Q) ,(ID). Hence, the cohomology of the classical observables is likewise concentrated in degree 0 and con-
sists of
H* Obs” (D) = Sym (ﬁ(]D)V aql, (D)V) .
COROLLARY 6.2.9. We have
H*(Obs’(DD)) = Sym (/(D)" & O}, (D)") @ |,

as vector spaces, by the spectral sequence on Obs arising from the filtration by powers of h.

6.2.3. Annuli. Let A, g(x) denote the open annulus {z € C : r < |z — x| < R} (see figure (2)
below). For brevity’s sake, we will simply denote this disk by A in this subsection, but will use all
the decorations when multiple disks are in use.

FIGURE 2. Annulus centered at x

Consider first the classical observables Obs (A), or rather its cohomology H* Obs” (A). These
are supposed to describe measurements one can make of holomorphic functions and 1-forms in-
side the disk A. Since a holomorphic function ¢ is such a rigid object, any measurement can be
expressed in terms of its Laurent series

p(z) = +aq(z—x) T +ag+a(z—x) +ax(z—x)*+- -
More precisely, any linear observable A € H* Obs?(A) can be expressed as an infinite sum

A@) = T (529) ()4 T (2 2079) (@

n>0 n>0
where the series must be convergent for every holomorphic function ¢ on the annulus A. Hence
any observable is some formal Laurent series in such linear functionals. In particular, we see that
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all observables are generated by the delta function é, and its derivatives 97, and 6y o ((z — x)" -
—). (Multiplication by (z — x) is essentially an inverse to the derivation 9.)

Again, lemma 6.2.6 and corollary 6.2.7 allow us to understand the cohomology of the observ-
ables on an annulus.

6.2.4. The structure maps as a kind of multiplication. We want to interpret the structure maps
of the factorization algebra as defining “multiplications of observables parametrized by opens.”
It is easiest if we consider the simplest structure maps. The basic idea is that the observables on
nested annuli provide a “holomorphic associative algebra” and the inclusion of an annuli wrap-
ping around a disk leads to a “module” for this algebra.

6.2.4.1. The annuli as an associative algebra. First, consider two nested annuli inside a larger
annulus: A1 := A, <r,(0), Az :== A,,<r,(0) and A := A,r(0) where

0<r<ri <Ry <rn <Ry <R.

Pictorially we have figure (3).

radius

FIGURE 3. Nested annuli centered at the origin

We then have the structure map

m : Obs(A;) @ Obs(A1) — Obs(A)
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and we denote the image of O, ® O1 by O, @ O;. We use Obs here to denote either Obs® or
Obs1, since they both possess such a structure map. Moving outward radially corresponds to
multiplying from right to left in this notation. We call this radial ordering.4

To understand the nature of this “multiplication,” it’s easiest to study the structure map at the
level of cohomology and see what it does to the simplest observables.

DEFINITION 6.2.10. On any annulus A (x) centered at the point x, let c,(x) denote the linear
functional
(027)(x), n =0,

Cn(x) 1Y € ﬁ(A) = { ((z—x)_”’)’)(x) n < 0.

Likewise, let b, (x) denote the linear functional

(028) (%), n =0,

((z—=x)"B)(x) n<O.

These observables simply read off the Laurent coefficients of holomorphic fields v € ¢(A(x)) or
B e O, (A(x)). We call them the distinguished annular observables.

bu(x) : Bdz € Oy (A) — {

We now describe how the structure map m from above behaves on these simple observ-
ables. The cohomology of the classical observables H*(Obs"(A)) is simply functions on the
holomorphic fields, so we simply recover the product in a symmetric algebra. For example,
b (0) @ ¢, (0) = by, (0)c, (0) where

b (0)cn(0) : (v, pdz) — (bm(0)(Bdz))(cn(0)(7)),

for y € 0(A) and Bdz € O} ;(A). In other words, we apply b,,(0) and ¢,,(0) separately and then
multiply their outputs.

On the quantum observables, however, we discover something more complicated. For simplic-
ity of notation, we make the origin 0 the center of every annulus in the arquments below. Hence we replace
cx(0) by cx and by (0) by by as well.

LEMMA 6.2.11. Using the radial ordering to order “multiplication of observables,” we find that
C; ®Cy —Cpp ®Cyyy :Ozbm.bn_bn.bm

and
h

Cnob, —b,ecy, = 877_[5m,7n71/

where 6,5, denotes the Kronecker delta.

4t helps to picture the ray parametrizing radius as pointing the left, laying along the negative reals so that the
moving from left to right corresponds to decreasing radius. This possibly perverse-looking choice is motivated by the
desire to be consistent with the usual vertex algebra literature.
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Before embarking on the proof, we remark on a simple but important corollary. Radial or-
dering allows us to send any finite sequence, such as ¢;,, c;,, . . ., ¢;,, to an element in H* Obs?(A).
Explicitly we pick a sequence of nested, nonoverlapping annuli A; , ..., A; C A and we take the
image of the element

H*Obs1(A;) ®---® H*Obs1(A;,) — H*"Obsl(A),
w )
€, @R, = Cj @ eC .
Let T denote the tensor algebra over C[fi] generated by the elements {cy, by }mncz (simply as
a vector space, with no topology). Then, by the procedure above, we get a linear map T —
H*Obs1(A). Let A denote the image of this map. Notice that, as a subspace of the annular
observables, it is preserved by any inclusion of annuli.

COROLLARY 6.2.12. These relations make the vector space A into a Weyl algebra over C[h] with
generators {Cm, by }mnez and c,, conjugate to b_y,_1.

PROOF. The proof of this lemma is along the lines of the proof that H*C..g® recovers the uni-
versal enveloping algebra Ug (see proposition 4.6.1).

First, observe that there is a systematic way to lift the observables ¢, and by to cocycles in
Obs?(A) for any annulus A = A,_g(0). Pick a bump function ¢(p) of the radius p = v/zZ such
that

1) Jy ¢(p)pdp=1,and
(2) ¢(p) > 0 with the support of ¢ contained in (7, R).

Then define dy dz Yy
~ —xdzdz —k ,—ik6 P
G=9lp)z "= =9p)p ™™ p— =
Observe that
R 1 27T .
ne_ 1+n—kd . 7/ z(n—k)Gde
/Azck L elp)p T e ) e
= ok

Hence, viewing ¢y as a distribution (by the rule “multiply and integrate”), we see that its coho-
mology class [¢k] is precisely ¢k in cohomology. We similarly use

~ _pdz
Zki

by := —¢(p)

to obtain a linear functional on holomorphic 1-forms B dz. (To be annoyingly pedantic, we chose

47ti

this sign so that the integration [, b A B dz has the correct sign.)
Suppose we have three annuli A1 = A,,~g,(0), Ay = A,,~r,(0), and Az = A,,~g,(0) con-
tained in an annulus A := A,~z(0) where

r>r1 >Ry >rp>Ry>r3>R3 >R >0.
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We have two structure maps

myp : Obs?(A1) ® Obs?(A;) — Obsi(A)
and

mo3 : ObSq(Az) & ObSq(Ag;) — Obsq(A).

If we pick lifts of ¢, for A and A3, denoted c}n and cfn respectively, and a lift b% for A,, we want
to show that

[mia(ck, @ b2) — moz(b% @ )] = My, —n1
in the cohomology H* Obs?(A). (Here J,  is the Kronecker delta.)

To make the computations a bit easier, we use a minor modification of the lifts defined above.

Pick a bump function ¢; such that

1) J5 ¢i(p*)pdp =1, and
(2) ¢j(p*) > 0 with the support of ¢;(p?) contained in (rj, R;).

Define dzdz
j _pndzdz
cn = ¢j(p?)z "=~
forj=1or3and
dz

2 . 2\ —n
bn T CPZ(P )Z _471,1

These are lifts as well.

We want some a € Obs%(A) whose image under the differential d +%A is the difference
mlz(Clm ® b%) — ng(b% ® C‘Z) — hém,,nfl,

so that we get the desired relation in cohomology.

Set

(%)= [ 91(6) = a(o) s
Observe that

dz>_ o _,dzdz ;| ,

3 2\, —1-m 7= | _
8< ®(p7)z 4ri a(pz)Z 47ti "

(or, rather, their image in Obs?(A)) because

S _?) 2 a0) 0
*T 0z 9(p?) 0z 00

and

Hence define



We apply the differential 0 +1A for Obs?:

dzdz , —1-m 2
47 b 47‘(1{CD( 2)z dz, b}

__ 0P dzdz ,, N 2 o —p_1_mdzdz
_Za(pZ) 47t b 47'[1'/[Aq><p )92(p7)z —47i

h
= mya(ch, @ b2) — mp (b3 @ cy) — 8—7_[5%,”,1.

da + hAw = (9:D(z2))

In the first line, we used the relation between the BV Laplacian A and the BV bracket. In the second
line, we used the computation about ® above and the definition of the BV bracket. In the third
line we used the fact that CI)| = 1.

In short,

cnoby, —by,ecy = i(sm,—n—l
87

in cohomology, where we use e to denote multiplication via radial ordering.

A similar argument shows that the brackets between c;, and c,, and between b,, and b, vanish,
because the BV Laplacian acts by zero on the analogous term « for those cases. ]

Letp: C — {0} — R-( denote the radial projection map z — |z|.

P

DEFINITION 6.2.13. Let p.H* Obs? denote the prefactorization algebra in vector spaces that as-

signs
H* Obsi(p~1(I))
to every open I C R-g. The structure maps are borrowed from the factorization algebra in nuclear
spaces p.H* Obs? via the inclusions of the algebraic tensor product ®,, into the completed projec-
tive tensor product ® of nuclear spaces. For example, for U, V disjoint opens inside W in C, we
have
H* Obs(U) ®,, H* Obs(V

| \

H* Obsd(U) ® H* Obsd(V) —— H* Obsd(W).

This yields a structure map
0« H* Obs1(I) @414 p« H* Obs?(]) — p.H* Obs1(K)
for every pair of disjoint opens I, ] inside an open K in R+ .
To summarize our work above, we have shown the following. Let F 4 denote the locally
constant prefactorization algebra on R> 0 arising from the Weyl algebra A.

THEOREM 6.2.14. There is a map of prefactorization algebras on the positive reals R

t: Fq— pH*Obs.
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As the inclusion 1 on each open is a dense subspace (with respect to the topology on p,.H* Obs?), the
structure maps of F 4 determine the structure maps of the factorization algebra p,H* Obs.

The locally constant factorization algebra F 4 corresponds to an honest associative algebra, but
0+ H* Obs? cares about the radial width of an annulus, as it provides observables on the holomor-
phic functions and 1-forms on that annulus. It thus provides a more sensitive tool for measuring
such fields. It provides a kind of holomorphic “envelope” of F 4.

6.2.4.2. The disk as a module. We again begin by describing the simplest observables.

DEFINITION 6.2.15. On any disk ID(x) centered at the point x, let ¢, (x) denote the linear func-
tional

cn(x) 1y € O(D) = (97) ().
Likewise, let b, (x) denote the linear functional
b(x) : pdz € O, (D) — (7B)(x).
These observables simply read off the Taylor coefficients of holomorphic fields v € ¢(ID(x)) or
B € O} (D(x)). We call them the distinguished disk observables.

Throughout this section, all disks and annuli will be centered at the origin, so we simplify notation and
denote ¢, (0) by ¢y, and by, (0) by by,.

Let T now denote the tensor algebra over C[fi] generated by {cy, by } mnen (notice the change
in index set from Z to IN). There is a linear map from T to H* Obs(ID) given by radially ordering
these generators in nested, nonoverlapping annuli that sit inside ID. Let }V denote its image.

Our main result here is the following.
LEMMA 6.2.16. The vector space V is the left module of the Weyl algebra A,
V=Ind}y C=A®4 C,
given by the induction of the trivial module C for the subalgebra
A" :=C[...,c_p,¢-1,...,b_2,b_4][h] — A,

namely the subalgebra generated by the observables that measure the strictly polar parts of Laurent functions
and 1-forms.

This module structure is a consequence of the structure map for a disk nested inside an an-
nulus, both sitting inside a bigger disk. Let D = ID,(0), A = A, r and Dy;; = Dr(0) where
0 <r <7 <R’ <R. (See figure (4).) We want to understand the structure map

m : Obs(A) @ Obs(ID) — Obs(IDy;q)
for both the classical and quantum observables. As in the annulus case above, we use the fact that
V is dense in H* Obs(ID) to get a feel for this structure map.

118



FIGURE 4. Disk and annulus nested inside larger disk

More concretely, we are saying that the observables ¢, and by act by zero if k < 0. This should
be plausible since when we apply an observable like c_; to a holomorphic function +, it returns
zero because v has no negative powers of z in its Laurent expansion: it's a power series, after all!

PROOF. As usual, we obtain the multiplication maps for A, and the action of A on V, by
borrowing the structure maps from H* Obs?. We work out those structure maps by picking lifts
to Obs?, applying its structure maps, and then taking cohomology.

First, consider the inclusion ; : A < Dy;e. The associated structure map
H* Obs1(A) — H* Obs(IDy;,)

satisfies

PR Ck, kZO
k 0, k<0

and

b [ b k=0
k 0, k<0

by arguments modeled on the proof of lemma 6.2.11.

Pick a bump function ¢ such that

1) Jfy ¢(p*)pdp =1, and
(2) ¢(p?) > 0 with the support of ¢(p?) contained in (#/, R’).
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Define 4 ds
~ _dzdz
Ck = ¢(p ) k 47_(1 *

Then the cohomology class of ¢ in H* Obs?(A) is ¢;. Now define

() = [, 9(s)ds.

Set o = ®(p?)z~1*dz /4 so that
. 0P
9(p?)

Note that this 1-form is well-defined only when —1 — k > 0, so we see that ¢, is a boundary in

dn = 2z 1R dz /4 = 6.

Obs1 precisely when k < —1. The argument for the by’s is identical.

Second, we can use this construction to compute the action of .4 on V. We have a structure
map
m : Obs?(A) @ Obs(ID) — Obs?(IDy;q)
and we ask for the cohomology class of m(¢, ® 1) for 1 the “constant term” in Obs1(ID) (i.e., in
Sym?) and ¢;, the lift of ¢, to ObsI(A) used above. We see that when n < 0, we have (9 +hA)(a ®
1) = ¢, ®1, using a as above. Hence m(c, ® 1) vanishes in cohomology when n < 0. Again, an
identical argument works for b, in place of ¢, with n < 0.

Just for clarity’s sake, note that m(c, ® an) yields 16,,—,—1/8m for m > 0. The element b,
in H* Obs?(ID) can be obtained as the image of b, in H* Obs?(A’) for some annulus A’ C D.
Hence we use the commutation relation from lemma 6.2.11 to swap the product ¢, - b, with b, -
Cm + oy, —n—1/87 as “products of annuli” A’ and A. The image of ¢, from H* Obsi(A’) into
H* Obs1(ID) then vanishes, so only the term b, - ¢,, vanishes. O

6.2.4.3. State-field correspondence: disks include into annuli. We now study the structure map
associated to the inclusion of a disk into an annulus. Let A = A,-(0) and D = ID,(x) where
r < |x| —sand |x| +s < Rso thatID C A. See figure (5). The structure map

Obs?(ID) — Obs1(A)
encodes the “state-field correspondence” of vertex algebras, a theme we revive in the next section.
LEMMA 6.2.17. The structure map

H* Obsd(D) — H* Obsi(A)

satisfies
k n
cilx) 2;@1w+u) m@=%@%”wm
ne j= ne
and .
1 n
b - n— x"Kp x"*b,(0),
() Hé@} H4> 0= 1 (}) 00



FIGURE 5. A disk inside an annulus

where k > 0.

REMARK 6.2.18. Note that for k > n > 0, we have (}) = 0.

PROOF. We do the case for the c(x)’s. Let 7y be a holomorphic function on A and let
v(z) = 2 YnZz"
ne

be its Laurent series. Then
k

w()(7) = 5 @EN @) = 5 ¥ (H<n —j+ 1>> vty

neZ \j=1

and since v, = ¢, (0)(y), we obtain the lemma. O

Combining this result with lemmas 6.2.11 and 6.2.16, we obtain a description of the structure
maps for two disjoint disks including into a larger disk. Let D; = ID,(0), D, = D,(x), and
Dy, = Dr(0) where r < |x| — s and |x| +s < R. See figure (6).

COROLLARY 6.2.19. Under the structure map
m : H* Obs?(ID;) ® H* Obs(IDy) — H* Obs(IDy;q),

we have
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FIGURE 6. Two small disks inside larger disk

(b0 e o) = () g+ 1 (1) 000

REMARK 6.2.20. The products are examples of operator product expansions, where we express
the product of two observables with support at distinct points in terms of a sum of observables
supported at one of the points. Notice that each product has two types of terms: those with
nonnegative powers of x — which agree with the product for the classical observables — and
those with a negative power of x — the “quantum correction.” These corrections are divergent as
x — 0 and constitute the interesting part of the “short distance behavior” of the observables. The
convergent piece is usually called the “normally ordered product.”

6.3. Recovering a vertex algebra

Our goal in this section is to demonstrate by example how the data of a vertex algebra is
encoded by the factorization algebra of the By system (massive or massless). We begin by review-
ing the basics of vertex algebras in the first subsection, with the By vertex algebra as a running
example. In the second subsection, we explicate how the factorization algebra, at the level of co-
homology, encodes the By vertex algebra. As a result, it’s natural to view the factorization algebra
as a derived enrichment of the vertex algebra structure. One appealing feature about factoriza-
tion algebras is that they are manifestly geometric — they live on Riemann surfaces from the very
beginning — whereas it takes some work to recover geometric objects from vertex algebras. On
the other hand, vertex algebras are a bit simpler to construct and to understand because they are
algebraic in nature.
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6.3.1. Review of vertex algebras. We recall the definition of a vertex algebra and various proper-
ties as given in [FBZ04].

DEFINITION 6.3.1. An element a(z) = Y,cza,z" " in End V{[[z,z77]] a field if, for each v € V,
there is some N such that ajv = 0 forall j > N.

DEFINITION 6.3.2 (Definition 1.3.1, [FBZ04]). A vertex algebra is the following data:

e avector space V over C (the state space);

e anonzero vector |0) € V (the vacuum vector);

a shift operator T : V — V (the shift operator);

a linear map Y(—,z) : V. — End V|[[z,z7!]] sending every a to a field (the vertex operation);

subject to the following axioms:

e (vacuum axiom) Y(|0),z) = 1y and Y(v,2)|0) € v+ zV[[z]] forallv € V;

e (translation axiom) [T, Y (v,z)] = 9;Y (v, z) for every v € V and T|0) = 0;

o (locality axiom) for any pair of vectors v, v’ € V, there exists a nonnegative integer N such
that (z — w)N[Y(9v,z),Y(¢/,w)] = 0 as an element of End V[[z*!, w*]].

Notice that the translation operator can be recovered from the vertex operation. Moreover,
there is a powerful “reconstruction” theorem that provides simple criteria to uniquely construct a
vertex algebra given “generators and relations.”

THEOREM 6.3.3 (Reconstruction, Theorem 4.4.1, [FBZ04]). Let V be a complex vector space equipped
with a nonzero vector |0), an endomorphism T, a countable ordered set {a®},eg of vectors, and fields
a“(z) = ) a’E‘n)z’”’1
nez
such that

(1) forall w, a*(z)|0) = a* + O(z);
(2) T|0) = 0and [T,a*(z)] = 0,a%(z) for all a;
(3) all fields a*(z) are mutually local;
(4) V is spanned by the vectors
T 510
with the j; < 0.

Then, using the formula

1 —ji-1 —jm—1
, , 20, TN (2) 9 at (2)
(1! ) )
to define a vertex operation, we obtain a well-defined and unique vertex algebra (V,|0),T,Y) satisfying
conditions (1)-(4) and Y (a*,z) = a*(z).

Y(agy o ag)l0)2) =
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Here : a(z)b(w) : denotes the normally ordered product of fields, defined as

ca(z)b(w) :=a(z)+b(w) + b(w)a(z)—
where

a(z)y =) a,z"anda(z)_ =) a,2".

n>0 n<0
Normal ordering eliminates various “divergences” that appear in naively taking products of fields.

Although vertex algebras are not (typically) associative algebras, they possess an important
“associativity” property, known as the “operator product expansion.”

PROPOSITION 6.3.4. Let V be a vertex algebra. For any v1,v2,v3 € V, we have the following equality

inV((w))((z —w)):
Y (v1,2)Y (v, w)vs = Y (Y (01,2 — w)va, w)v3.

6.3.2. How to relate the factorization algebra to the By vertex algebra. We now describe the ver-
tex algebra associated to the free By system and explain its relationship to the factorization algebra
already constructed. We follow [FBZ04], notably chapters 11 and 12, to make the dictionary clear.

DEFINITION 6.3.5. Let A denote the Weyl algebra generated by elements a,,a;, for n € Z
satisfying the commutation relations

[Am, an] = 0 = [a},,a,], forallm,n e Z,
and
[am, a}] = 6m,—n, forallm,n € Z.
Let V denote the left A-module IndjﬁhC, where A is the commutative subalgebra of A generated

by the a, for n > 0 and the a;, with n > 0.

DEFINITION 6.3.6. The By vertex algebra has state space V, vacuum vector 1, and the vertex
operator satisfies

and
Y(ag,z) =) _ apz "
By theorem 6.3.3 above, these determine the vertex algebra.

REMARK 6.3.7. If we want the B vertex algebra in d variables (this corresponds to the By
system of maps into Cd), then we add an extra index a;, and a;, with i € {1,...,d}and n € Z.
We modify the commutation relations above so that, for instance,

(@i, ﬂ;‘in] = 0i,j0m,—n-

In other words, just take the d-fold tensor product of A and A above and then mimic the con-
struction.
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These formulas should remind the reader of the formulas from section 6.2. Explicitly, we have
a dictionary

Vertex algebra | Factorization algebra
A A
14 V
an C-1-n
ay b_,

that is precise if we require 1 = 87t. In other words, both the vertex and factorization algebras for
the B~y system are controlled by a Weyl algebra and an induced module. As a synopsis, we have a
putative correspondence:

Vertex algebra Factorization algebra
state space V distinguished observables in a disk ID
vacuum vector |0) unit observable 1 = “no observation”
vertex operator Y (—, z) | structure map for two disks, ID(0) and ID(z), including into bigger disk

and under this correspondence, many basic properties of vertex algebras (such as associativity)
can be guessed because they are inherent properties of a factorization algebra. This correspon-
dence will guide our constructions for other examples of factorization algebras.

REMARK 6.3.8. The only significant difference between the vertex algebra and the basic ob-
servables of the factorization algebra is the indexing scheme. In the factorization algebra, we
chose the index to reflect which Laurent coefficient is measured: for n > 0, for instance,

(1) = 1 (1)

so that ¢g is the delta function at the origin. In the vertex algebra setting, the index reflects the

0/

construction of the observable using residues:
mn) = [ 1@,
|z[>=1

so that a_; is exactly the delta function at the origin. Thus ¢y and a_; denote the same observable.

Summarizing our results from the previous section, we obtain the following.

PROPOSITION 6.3.9. The distinguished observables V (for any disk 1D centered at the origin) are
equipped, by the “state-field correspondence” of subsection 6.2.4.3, with the data of a vertex algebra that
is isomorphic to the By vertex algebra.

6.3.3. The case of abelian holomorphic Chern-Simons. Recall from section 6.1.3.1 that we can
describe a sigma model of holomorphic maps from a Riemann surface X into an open set U of C"
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as a variant of the B system. In fact, the same technique works for any target complex manifold
X that is a “holomorphically affine manifold” (i.e., possessing a flat holomorphic connection on
its tangent bundle), such as a complex torus. We then obtain a sheaf on U of factorization algebras
on X, and this sheaf naturally has a flat connection (inherited from the flat connection on jets of
holomorphic functions on U). Take the global horizontal sections of this sheaf of factorization
algebras to obtain a factorization algebra on X.. By copying our arguments for the free By system,
one can compute the vertex operation and prove the following.

PROPOSITION 6.3.10. The distinguished observables V (for any disk ID centered at the origin) are
equipped, by the “state-field correspondence,” with the data of a vertex algebra that is isomorphic to the
vertex algebra of chiral differential operators on U.

This fact should be utterly unsurprising: in essence, chiral differential operators of a complex
manifold X are constructed on a local patch by picking holomorphic coordinates U — C" and then
working with the free B+ system in n variables (see, e.g., [Che]). The challenge is to glue together
these coordinate-dependent descriptions. It is hard to believe that chiral differential operators for
X are not recovered from the factorization algebra of quantum observables for Costello’s holomor-
phic Chern-Simons theory [Cosa] as they possess precisely the same obstructions to such gluing
and the same gerbe of gluings if the obstruction is cohomologically trivial. To give a careful proof
of this relationship is a problem in Gelfand-Kazhdan formal geometry, and so it falls outside the
purview of this thesis.

6.3.4. Other properties of a vertex algebra. Our dictionary between the factorization and vertex
algebra of the By system arose by picking a global coordinate z on C and then showing that
the structure maps of the factorization algebra recovered the formulas for the vertex operation.
We have not discussed several other important aspects of the theory of vertex algebras, such as
conformal weight/dimension, actions of the Virasoro algebra, modules, or conformal blocks. All
these features have their analogues in the factorization setting, and we intend to give a careful
articulation of them in future work.

We give a quick example. The B7 system is defined on any Riemann surface because it is
constructed using the Dolbeault complex. We thus get a sheaf of factorization algebras on the
moduli of curves whose fiber at a point X is the factorization algebra for the -y system on X. One
can ask how infinitesimally varying the complex structure affects the structure of this factorization
algebra, and the central charge measures this variation. In particular, recall that by proposition
5.5.1, Obsi(X) is (a cohomological shift of) the determinant of H*(X, &). Thus the By system
naturally constructs a line bundle on the moduli of curves. The central charge should be the
number ¢ such that our B line bundle is the c-fold tensor power of the Hodge bundle, which
generates line bundles on the moduli of curves.
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6.4. Vertex algebras from Lie algebras

We provide another class of examples in this section, using the enveloping algebra construc-
tion (see section 4.5) to build factorization algebras from Lie algebras without any use of field
theory. As above, these factorization algebras recover vertex algebras by looking at the simplest
structure maps. Notably, we recover the Heisenberg vertex algebra, the free fermion vertex alge-
bra, and the affine Kac-Moody vertex algebras. These methods can be applied, however, to any
dg Lie algebra, so there is a plethora of new, unexplored factorization algebras provided by this
construction.

The input data is the following;:

e X a Riemann surface;
e ga Lie algebra (for simplicity, we stick to ordinary Lie algebras like sl,);
e a g-invariant symmetric pairing « : g®? — C.

From this data, we obtain a Lie-structured cosheaf on %,
g=: U~ (Q¥(U) ®g,0),

that is, a cosheaf of dg vector spaces that is a precosheaf of dg Lie algebras. When « is nontrivial
(though not necessarily nondegenerate), we obtain an interesting central extension on each open:

g U (O (U)®gd) @ C K,

where C denotes the locally constant cosheaf on ¥ and K is a central element of cohomological
degree 1 such that

[a®X,B® Y]k :zoc/\,B@[X,Y]—ZLm, (/uazx/\ﬁ> k(X,Y)K,

with a, 8 € Q%*(U) and X, Y € g. (These constants are chosen to match with the use of « for the
affine Kac-Moody algebra below.)

REMARK 6.4.1. The dg Lie algebra g*(U) has a natural interpretation in deformation theory: it
describes “deformations with compact support in U of the trivial G-bundle on X.” For U an annulus,
it is closely related to the affine Grassmannian: we are modifying how we glue the trivial bundle
“outside the annulus” to the trivial bundle “inside the annulus.” A choice of x has an interpretation
in terms of a C*-gerbe so that g=(U) describes x-twisted deformations with compact support in
u.

By theorem 4.5.3, we obtain factorization algebras on X by applying the Chevalley-Eilenberg
functor C,. We define

Fe = CagZ: U — C.(g=(U)) = (Sym(Q%*(U) ® g[1])[K],d +dck),

where K now has cohomological degree 0 in the Lie algebra homology complex.
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REMARK 6.4.2. Given a dg Lie algebra (g, d), we interpret C.g as the “distributions with sup-
port on the closed point of the formal space Bg.” Hence, our factorization algebras F, (U) describes
the x-twisted distributions supported at the point in Bung(X) given by the trivial bundle on X.

The main result of this section is that the vertex algebra associated to F is precisely the same
as the vertex algebra for the affine Kac-Moody algebra g. Recall that this Lie algebra is the central
extension of the loop algebra Lg = g[t,t 1],

0—-C-K—ge—Lg—0

where
[f(t) @ X, g(t) @ Y] := f(£)g(t) @ [X, Y] + (Resi=of dg)x(X, Y)K
for X,Y € gand f, ¢ € C[t,t"!]. Here K has cohomological degree 0.

We now make a precise statement of the main result. From hereon, X will denote the Riemann
surface C, which we equip with a distinguished coordinate z. Although the factorization algebra is
manifestly coordinate-independent, we use the coordinate to establish a relationship with vertex
algebras.

We introduce some notation.

o Let U = Ug, denote the universal enveloping algebra of the affine Kac-Moody algebra.

e Letl denote the locally constant prefactorization algebra on R given by this associative
algebra.

o letV =V, = Ind&C be the left U-module induced up from the subalgebra U, C U
generated by elements of the form X ® t", with n > 0.

e Let V denote the locally constant prefactorization algebra on R>( that agrees with ¢/ on
R~ but assigns V to any open interval of the form [0,4).

e Letp:C — R>psendsz to |z|.

o Let p*/H\’;./?’-"K denote the prefactorization algebra in vector spaces on R>( induced from the
pushforward factorization algebra p.H* Fy in nuclear spaces. (See definition 6.2.13 for the
description.)

THEOREM 6.4.3. There is a map of prefactorization algebras

1:V — pH*Fy.

On every open I C R, this map 1 is a dense inclusion with respect to the topology on p.H* Fi(I) so that
the structure maps of V determine those of p. H* F.

Using the correspondence described in section 6.3, we obtain the following.

COROLLARY 6.4.4. Using this map 1, the vector space V. = Vi is equipped with a vertex algebra
structure, and this vertex algebra is isomorphic to the vertex algebra associated to the affine Kac-Moody
algebra Gy.
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One can prove this theorem in a way completely analogous to our work on the By system. We
will use a different approach as a chance to exhibit other methods.

6.4.1. The case of level zero. When the level « is zero — i.e., when we are studying F := C.g* —
there is a more efficient way to relate F to the vertex algebra. In brief, we construct a factorization
algebra (in dg nuclear spaces) £ on IR> such that

e there is a natural map of factorization algebras F : £ — p.F,
e the map F is an inclusion and induces a dense inclusion on the level of cohomology, and
e the cohomology prefactorization algebra H* L is precisely Fy.

Hopefully this approach will help in constructing the factorization algebras underlying a broad
class of vertex algebras.

The idea motivating the definition of £ is quite simple. Recall that for an annulus A :=
A,-r(0), the linear functional

by:fdz= ) fuz'dz— fy

nezZ
that reads off the n'" Laurent coefficient has nice representatives in 0! (A) of the form

by = ¢(|z|)z" dz with ¢ € C°((r,R))
because
~ R 2w
/ by NZFdz = Zi/ P (r)yrk= gy / e'=mP g
A r 0

and the integral over 6 yields J , (so we just have to scale everything by a constant depending on
¢). The point is that we can describe representatives of b, that have the form

(something depending on radius) x (some power of z).

It’s easy to characterize, on each annulus A, the Lie subalgebra of g*(U) with this property.

DEFINITION 6.4.5. Let Lg®>0 be the Lie-structured cosheaf on R~ that assigns
(Q:(U) @ Lg,d)

to each open U C R.

Observe that given an element a of (3} ((7, R)), the pullback p*a is a compactly-supported
form on A, _g. Let [p*a]%* denote the component in QOY*(A). For example, given a function f, the
pullback (o*f)(z) = f(|z|) is already in Q*°(A). By contrast, if s denotes the coordinate on R,
then

p*d(s?) = p*(2sds) = d(p*s®) = d(zz) = zdz + zdz,
SO
(0" (f(s*)2s ds)]*" = f(|z]*)zdz.
We now use this map to define a map of Lie-structured cosheaves.
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LEMMA 6.4.6. For each open U C R, define the map

FU): (O{(U)©Lgd) — pg=(U)
a @ X" = (2"[p*a]") @ X

for w € O (U) and Xt"™ € Lg. Then we have a map of Lie-structured cosheaves

F:LgRo — p*gz.

This map of Lie-structured cosheaves automatically induces a map of the associated envelop-
ing factorization algebras
F:CLg® — p.(Cug™) = Fly
and it is a dense inclusion at the level of cohomology by construction (we get all the b, ® X, for

instance).

We now examine disks. Although the cosheaf LgR>0 is well-defined, the map F does not extend
to intervals of the form [0, a). The problem is simple: we would have, with m > 0,

Fla@ Xt™™) =z "[p*a]"* @ X,

but z7™ is meromorphic at the origin, so the image is ill-defined if « is nonzero at the origin. There
is a straightforward modification by simply excluding this possibility.

DEFINITION 6.4.7. Let LgEEO denote the Lie-structured cosheaf on R>q that agrees with Lgit>0
on R and assigns to an interval [0,a), the Lie algebra

(00 @ sl) @ (@) @),

where j;Q%((0,a)) denotes forms on [0, a) with support in (0,4).”

Extending our previous work, we obtain the following.

LEMMA 6.4.8. There is a map of Lie-structured cosheaves on R>g
F:Lgi™ — p.g”
and, abusing notation, of factorization algebras
F: C*Lgﬂj20 — F = p*C*gZ.

By construction, it is an inclusion and a dense inclusion at the level of cohomology prefactorization algebras.

We want to show that theorem 6.4.3 at level zero is a corollary of this lemma. By construc-
tion, C, LgR>0 is precisely the factorization algebra associated to the universal enveloping algebra
U(Lg). We need to understand the behavior of the cohomology prefactorization algebra on inter-
vals containing the boundary.

SWe use ji to denote the “extension by zero” functor for the inclusion j : (0,a) — [0, a).
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LEMMA 6.4.9. The cohomology prefactorization algebra H*C., Lg]ljZO assigns the right U (Lg)-module
IndgL[gt]C to each interval [0,a).

PROOF. Notice that H*(Q;([0,a)),d) = 0, so that nonnegative powers of f vanish cohomolog-
ically, and H*(ji )} ((0,a))) is zero except for H! = R, so that negative powers of ¢ survive. This
implies that for an inclusion (a’,b") C [0,4), the structure map for the prefactorization algebra has

Xtm|—>{0' mZO‘

the property

Xt", m<0
This implies the claim. ]

6.4.2. The case of nontrivial level. It would be nice to extend the method for zero level to non-
trivial level. Unfortunately, I cannot find a way to relate the x-central extension of Lg>0 and the

Rso

cosheaf (gy) Instead, we use a deformation-theoretic approach. In outline, we construct a

central extension of LgR=0 that maps into p..g>, and then we observe that the cohomology prefac-
torization algebra H*C,LgR>0, is locally constant and hence corresponds to an associative algebra.
This algebra is a deformation of U(Lg) and we pick out the deformation by looking at generators.

DEFINITION 6.4.10. Let LgR>0, denote the Lie-structured cosheaf on R~ that assigns to an
open interval U C R+, the central extension

0 — C-K — LgRo0,(U) — Lg®0(U) — 0

where

1
[a @ X", BRYH" | = a AB® [X, YT — i

(/p_lua(zm[p*(x]&*) A 2" [P*,B]O’*> K(X,Y)K

and K has cohomological degree one.

We deliberately chose this extension to obtain the following lemma.

—

LEMMA 6.4.11. There is a map Fy : LgR>0, — p, g% of Lie-structured cosheaves, where on an interval
U, we have
F(U) :a® Xt" +aK — (2"[p*a]"*) ® X + aK.

PROOF. We need to verify that the central extensions are compatible. Let U = (r,R). Given
a,f € Qf(U)and X,Y € g, we need to show that

[Fla @ Xt"),F(BYt")]x = F([a @ Xt™", B Yt"],).
We know
[o" (@ A B = [0*a) ™ A [0*B]™,
so it remains to check the K component. But this holds by definition. O
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Restricting to p : C* — R+, we obtain a natural map of factorization algebras
F:C.LgR>0, — p,Fy

that is dense at the level of cohomology. Thus the following result helps us to understand what
we’ve constructed.

—_—

LEMMA 6.4.12. The cohomology prefactorization algebra H*C,.LgR>0,_ is isomorphic to the factoriza-
tion algebra associated to the universal enveloping algebra Ug.

PROOF. Let H, denote the locally constant factorization algebra H*C,LgR>0,. Let H, denote
the corresponding associative algebra. We want to recognize Hy as an enveloping algebra.

We make some remarks that simplify the problem.

(1) The map of Lie-structured cosheaves

—

1:CK — LgR>o,
induces a map of factorization algebras
1 : C,CK  C.LgR~0,
and hence of cohomology factorization algebras and also associative algebras
H*1: C[K] — Hy,

where everything here is now in degree 0.

—

(2) In fact, Hy is a free module over C[K]. Consider the spectral sequence on C,LgR>0, given

by filtering in powers of LgR>0:

FF := C[K] ® Sym=F Lg®>0,

This spectral sequence collapses on the first page and shows that the cohomology associ-
ated graded is a free module over C[K].
(3) The map of Lie-structured cosheaves

g: Lok, — LgR-0

induces a map of factorization algebras, so that we see H; Rc[k] C = U(Lg).

Putting these together, we see that H, is a well-behaved deformation of U(Lg) over C[K] and it
suffices to describe the deformed multiplication on generators like Xt™.

We now compute the commutator of elements Xt" and Yt", with X,Y € g. As this is the
umpteenth time we’ve used this argument, we write it tersely. Pick intervals I = (a,b), [; =
(a1,01), I = (a2, b2), I = (a3, b3), where

0<a§a1<b1§a2<b2§a3<b3§b.
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Pick bump functions ¢; such that ¢;(s?) has support in I; and [, ¢;(s?)2sds = 1. We define
)
X1 = ¢1(s?)2sds @ Xt", X3 = ¢p3(s*)2sds @ Xt", and Y = ¢ (s*)2sds @ Y1,

which provide representatives of X" on I; and I3 and of Y#" on I, in C,LgR>0,. Define

52
O(s) = [ i) —alt)
Then, on I, we find

d(D(s?) @ Xt" - py(s?)2sds @ YH') = $1(s?)2sds @ Xt™ @ ¢ (s%)25ds @ YH"

—¢2(s?)2sds @ Yt @ 3(s%)2s ds @ Xt™.
We also compute
a7 Jpr119(2"0®(5)) Az [p* o (s?) 25 ds)
= = fp,ll(mzm*1¢(]z|2) +2"mz®'(|z|?)) dz A 2" (2 (|z]?)z d2)
= 27 Sy 2" O([22)¢a(|2]?) dz dz
— L im [ g, (12)2r dr [77 elmtmoge

—Mby,—n

where we used the fact that ®(s?) is the constant 1 on I, to replace ®¢, by ¢, and to drop the term
d’¢p,. Putting these computations together, we see that at the level of cohomology, we have

Xt" o Yt" — Yt" @ Xt" — [Xt", YI"]|, =0,

which is precisely the relation for Ugy. Thus H; is the desired deformation of U(Lg). O

6.5. Definitions and a conjecture

We now have several examples of factorization algebras that locally reproduce well-known
vertex algebras. Our goal in this section is to provide a systematic vocabulary for such examples
and to make a precise conjecture about the relationship between factorization algebras and vertex
algebras.

So far in this thesis, we have only discussed a factorization algebra living on a fixed manifold.
But we would like to talk about factorization algebras that are more general in nature, living on
some large class of manifolds, much as the de Rham sheaf lives on any smooth manifold. Such
an extension of our notions will be useful in physics: the most important action functionals are
well-defined on large classes of manifolds (e.g., the Yang-Mills action functional lives on many
4-manifolds) and it is fruitful to study the ensemble of theories given by one of these functionals
all at once. For instance, we introduce below a definition of “holomorphic field theory” and hope
it captures what a physicist might call the “chiral sector of a conformal field theory.” Although
we only consider theories associated to Riemann surfaces, it is straightforward to generalize this
approach to define supersymmetric or Euclidean or Riemannian or topological field theories.
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DEFINITION 6.5.1. Let RS denote the category whose objects are complex manifolds of com-
plex dimension 1 (without boundary) and whose morphisms are holomorphic embeddings.

We now define a factorization algebra on this category.®

DEFINITION 6.5.2. A holomorphic factorization algebra (on Riemann surfaces) F consists of the
following data,

e for each Riemann surface S € ObRS, a factorization algebra Fs on S, and
e for each holomorphic embedding ¢ : S — S’, an isomorphism of factorization algebras
./'74; 1 Fg — (P*fsl,

and satisfying the natural compatibility requirements,

e theidentity 15 : S — S goes to the identity F; = 1£,, and

e a composable sequence of embeddings S s 5 leads to a commuting diagram

F ¢*F,
FS H(p (P*fsl 4>¢ (P*llj*fs//,
\\—/7
Fyop

REMARK 6.5.3. It is manifest that a holomorphic factorization algebra is determined by its
behavior on an open disk. This feature is an avatar of the “cobordism hypothesis.”

PROPOSITION 6.5.4. The factorization algebras constructed in this chapter — Obs® and Obs for the
By system and the Fy and F for a Lie algebra g and pairing xk — are holomorphic.

PROOF. All of these examples are constructed atop the cosheaf OY* of compactly-supported
Dolbeault forms, so that we obtain the requisite maps F via the natural pullback isomorphisms
on differential forms. O

Connecting this definition to our notion of field theories is simple: a holomorphic field theory is
a field theory whose factorization algebra of (classical and) quantum observables is holomorphic.
Here is a precise version of this idea.

DEFINITION 6.5.5. A holomorphic field theory (on Riemann surfaces) consists of the following
data:

e afree BV theory on every Riemann surface S (i.e., a Z-graded vector bundle 7t : Es — S,
and so on);

e for every holomorphic embedding ¢ : S — T, an isomorphism of vector bundles Ey :
Es — ¢*Er inducing a compatibility between the remaining data of the free theory;

®For simplicity, we avoid giving the obvious definition using fibered categories. Developing a nice theory of such
factorization algebras, however appealing, is a detour from the main goals of this thesis.
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e a choice of interaction term Is € 0},.(&s) for every Riemann surface S and compatibilities
under pullbacks (i.e., Is = ¢*I).

CONJECTURE 6.5.6. Given a holomorphic field theory whose associated free theory satisfies a Poincaré
lemma concentrated in degree 0, there is a vertex algebra recovered from the quantum observables on a disk.

REMARK 6.5.7. The By system should lead to a large class of examples where this conjecture
holds: take the interacting field theories whose free theory is the By system and whose interaction
terms are purely holomorphic (i.e., only depend on holomorphic derivatives of the fields). Results
of Li [Li] imply that such interaction terms do not require counterterms, so that the interacting field
theories are relatively easy to construct. On C, the Poincaré lemma still holds so the factorization
algebra of quantum observables is still concentrated in degree 0. Moreover, the structure maps are
only modified by interaction terms that are holomorphic in nature.
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CHAPTER 7

An index theorem

Given a free classical cotangent field theory with an action of an L., algebra g on the underlying
elliptic complex, there is an obstruction (¢ka anomaly) to g-invariant quantization which encodes
the renormalized trace of the g-action on the underlying elliptic complex. If the obstruction van-
ishes, the partition function is a function of g. Both the obstruction and the partition functions
have explicit descriptions that we state in the form of an “index theorem.” What is most exciting
about this index theorem is that all these structures exist locally on the manifold where the theory
lives, thanks to the sheaf-theoretic nature of Costello’s construction of perturbative QFT [Cos11]
and the language of factorization algebras.

7.0.1. Phrasing the question. Before stating the theorem, we want to introduce the kind of ques-
tion it addresses. We describe the question in three forms, in the languages of derived geometry,
Lie theory, and physics. Essentially, we simply explore what factorization algebras contribute to
the long-standing relationship between determinants of elliptic complexes and the path integral
for free theories.

7.0.2. Phrasing the question in the style of derived geometry. We sketch the idea heuristically,
discussing objects that should exist but have not yet been constructed mathematically. With a
suitably restricted class of objects, our very local index theorem will make the idea precise.

On a manifold M, there is a moduli space of free classical field theories, where the components
are labelled by a choice of fiber bundle on M — the fields are sections of the bundle — and where
each component consists of the quadratic local functionals on that space of fields. In fact, we get a
presheaf of moduli spaces on M because bundles restrict from larger opens to smaller opens and
so do local functionals (since they’re local!). One might hope that there is a likewise a presheaf
of moduli spaces given by quantum field theories, and that there is a map of presheaves called
dequantization or “take the classical limit.”

As usual, we study a formal geometry, or deformation-theoretic, version of this problem. Let
us fix a free BV theory on M, so that the bundle is actually a vector bundle and our action func-
tional arises from a quadratic pairing and an elliptic complex. Denote the theory by &. Consider
the formal neighborhood & of this theory inside the moduli space of free classical BV theories.
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(This formal neighborhood is very similar the formal neighborhood of & inside the space of el-
liptic complexes on M.) We know how to BV quantize & and so we ask if we can extend the
quantization to this neighborhood and if we can describe the structure of such a family of quanti-
zations.

A more precise version of the problem goes as follows. Each deformation of & on an open U
has a natural quantization and so we get the quantum observables on U for the quantum theory
of the deformed classical field theory. Thus, we get a presheaf Quants of formal moduli spaces on
M with

Quant, (U) = { t}Te space of fe'acto‘rization algebrasf on U that } ‘
arise as quantizations of deformations of & ‘ u

Although this presheaf is quite complicated, we can extract from it something more familiar. Sup-
pose M is a closed manifold. Then we know that the global quantum observables Obss (M)
provide a kind of Pfaffian line for the elliptic complex & (M). If we consider the global quantum
observables for each deformation, we say, speaking casually, that we get a Pfaffian line bundle
over the formal neighborhood &. We can ask whether this line bundle is trivial (i.e., compute its
Chern class) and, if so, whether there are natural secondary characteristic classes.

These global questions first appear in Quillen’s study of the determinant line of the d operator
over the moduli of holomorphic line bundles on a fixed Riemann surface [Kvi85].! Using the
language of factorization algebras, we can ask similar questions locally on M. Namely, can we
trivialize the presheaf of spaces Quants over the presheaf &? 1f we can, what structure do we
obtain by a choice of trivialization?

7.0.3. Phrasing the question in the style of Lie theory. The Koszul duality between formal mod-
uli spaces and dg Lie (equivalently, L) algebras allows us to phrase the problem in a different
way. Let g be a sheaf of dg Lie algebras on M with an action

p:gRE = &

preserving the —1-symplectic pairing on &. Then the quantum observables of the free theory
Obs?,(U) becomes a g(U)-module for every open U in M. It is natural to ask for invariants of the
g-module structure of Obs?s. Since the global observables are cohomologically one-dimensional,
a natural global invariant is to ask for the character of Obs?s(M) as a representation of g(M) (i.e.,
the trace on this one-dimensional space). This character is a kind of index (see section 7.1 below).
There is also a section O(p) (of cohomological degree 1) of the sheaf C*g on M that provides a local
description of this character. When the character is zero, we know that Obss (M) is a trivializable
g-module and we can ask to construct an explicit trivialization.

IBecause Quillen published this paper in a Russian journal, the translator gave his name as “Kvillen” and, oddly,
this is the author listed in MathSciNet.
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7.0.4. Phrasing the question in the style of physics. There is a third description of the problem
that has a more physical flavor. Given a formal family of theories around &, we can describe the
family by the inclusion of a background field. In other words, we couple & to another set of fields
g that we treat as classical fields. For each solution to the Euler-Lagrange equations for the coupled
system, we can ask to quantize just the & fields, with the component X € g fixed. When X is zero,
we have a canonical quantization but it may not be possible to quantize for all choices of X. This
is the obstruction element that appears in the index theorem. If we can quantize in families over
the values of X, we can ask how the partition function varies.

REMARK 7.0.8. The broadest form of these questions is far beyond what we accomplish in the
theorem, and a fuller answer would require a substantial enhancement of the machinery used in
this thesis. An answer that included interacting theories and factorization algebras would provide
a broad extension of the notion of an index theorem.

7.1. A motivating example

Before approaching the general theorem, we begin with a simple example which directly re-
covers the index of an elliptic complex. Let (&, Q) be an elliptic complex on a closed manifold
M and let T*[—1]& denote the elliptic complex (& @ &'[—1],Q + Q'). Then G, acts, as usual, by
multiplication:

Gy x T*[-1]& — T*[-1]¢&,
A fDg) = Af @ Ag.
This complex T*[—1]& naturally forms a free BV theory and hence we can BV quantize it. Our
first question is how G, acts on the global observables Obs1(M) of this theory.

7.1.1. Determinants and the index. Recall that the determinant of a finite-dimensional vector space
V is defined to be the one-dimensional vector space detV := ANV and of a finite-dimensional,
Z-graded vector space V* is the one-dimensional vector space

det V* := (X) (det V”)(fl)n ,

nez
where L~! := LV for L a one-dimensional vector space.

For any vector space, there is a natural action of G, given by scalar multiplication. If we take
the most naive version of the action on det V*, we see that G, acts by

Gm SA— H(/\dimV")(—l)" — /\X(V),
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where x(V) is the Euler characteristic of V.? Since the Euler characteristic is precisely the natural
generalization of the index of an operator (viewed as a two-term complex), we see how determi-
nants recover the index.

7.1.2. Back to elliptic complexes. It does not make sense a priori to take the determinant of an
infinite-dimensional vector space but an elliptic complex on a closed manifold has finite-dimensional
cohomology. Hence the determinant of an elliptic complex on a closed manifold is defined as

det(&,Q) := det H*(£(M), Q).

Thus, the action of G;, on the determinant of an elliptic complex recovers the usual index of an
elliptic complex.

In section 2.4, we saw that for a finite-dimensional Z-graded vector space V,
H*CQ(V) 2 detV[d(V)]

where d(V) is a shift depending on the Betti numbers of V.> Applying this result in the context of
elliptic complexes, we see that

H* Obsd(M) 2 det(&)[d(&)].

Thus, the action of G,, on the global quantum observables of a free theory recovers the index of
the elliptic complex.

With the language of factorization algebras, though, we obtain an enhancement of this obser-
vation. The quantum observables Obs? provide a local-to-global object that recovers the determi-
nant, and G, acts on this factorization algebra. Thus we have a “geometric” way to recover the
index: we can compute the global observables using the locality axiom. By construction, the two
methods of computing global observables — using analysis or using a gluing procedure — agree.
This fact is akin to the Hirzebruch-Riemann-Roch theorem, which identifies a sheaf-theoretic com-
putation (the Euler characteristic of sheaf cohomology for an &'x-module) with a topological com-
putation (the integral of a characteristic class for the module).

7.2. A precise statement of the theorem

Let (&,Q, (—, —)) be a free BV theory on a smooth manifold M.

The basic new ingredient, vis a vis the rest of this thesis, is a sheaf of dg Lie algebras (or L
algebras) . on M such that & is a .Z-module. We want this sheaf to fit naturally with the structure
of a BV theory, so we impose some reasonable conditions on .Z.

2There are other natural actions. For instance, if one views a graded vector space as already a representation of G,
with the 7" component acted on by A", we would get a different action on det V*.

3Explici’cly, d(V) = =¥, (2n +1)(dim H**(V) + dim H*"*1(V)). If one views the determinant as concentrated in
degree x(V), then one simply subtracts x (V) from d(V) to get the appropriate shift.
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DEFINITION 7.2.1. A local Lo, algebra on M consists of the following data:

(1) A Z-graded vector bundle L on M whose space of smooth sections will be denoted ..
(2) A differential operator d : . — & of cohomological degree 1 such that d> = 0.
(3) A collection of polydifferential operators (of cohomological degree 0) for each n > 1

ly: L% — L2 — 1]

which are alternating and make .# into an L, algebra. Note that ¢; = 4.

We say .7 is elliptic if (£, d) is an elliptic complex.

EXAMPLE 7.2.2. Our elliptic complex (&, Q) has a natural elliptic dg Lie algebra associated to
it. Let End(E) denote the vector bundle with fiber End(E), given by End(Ey). The sheaf of smooth
sections &nd(E) is a sheaf of associative algebras by fiberwise multiplication, and so, using the
commutator for the bracket, &nd(E) is a sheaf of graded Lie algebras. The operator [Q, —] makes
it into a sheaf of dg Lie algebras.

EXAMPLE 7.2.3. For E a vector bundle with flat connection V, take .# = (Q*(End E), VEd).

Let D denote the sheaf of differential operators on E (i.e., mapping & to itself).

DEFINITION 7.2.4. A local representation (or module) of the elliptic L, algebra .Z on an elliptic
complex (&, Q) is an Lo, module such that the brackets

0n: L @ E — E2— 1]
are all polydifferential operators. Equivalently, we have a collection of maps
pn: L9 — Dg[2 — n]

forming a map of L, algebras.

Consider the natural formal moduli space B.Z associated to .. A Maurer-Cartan element for
A € dgArtis a degree 1 element of £ ® my satisfying

=1
o

Under the representation p, we obtain a differential operator

(X®™) = 0.

[ee]

p(X) = ) pu(X®")

n=1
on &. As X is a Maurer-Cartan element, we obtain the following equation:

(Q+p(X)) = @ +[Q p(X)] + 1 p(X), p(X)]

=0.
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In other words, B.Z(A) is a simplicial set parametrizing certain deformations of & as an elliptic
complex.

EXAMPLE 7.2.5 (Example 7.2.3 continued). For E a vector bundle with flat connection V and
% = (O*(End E), VFd), the space B.Z describes deformations of V as a flat connection on E.

The very local index theorem addresses the question of whether we can .#-equivariantly quan-
tize &. Equivalently, it asks whether we can trivialize the family of quantizations over the formal
moduli space B.Z (which is really a presheaf of formal moduli spaces over our manifold M). The
obstruction to such quantization — the “index” — is a local object on M. It lives in a sheaf that we
now construct.

DEFINITION 7.2.6. A local functional ® for smooth sections .%# of a vector bundle F on the
manifold M is an element of 0(F) := [,>o(F*")¢ such that each Taylor component ®, €
Sym" .Z" has the form

k
Dy (s) = ]Z; /M Dja(s) - - Djn(s)pjs

with the D;,, arbitrary differential operators from .%# to C*(M) and y; a smooth measure on M.
Equivalently, each @, is a distribution supported on the small diagonal M C M" whose wavefront
set is the conormal bundle to the small diagonal.

Because a local functional only depends on local data (notably the jets of a section s of .%), it
restricts from larger to smaller opens. Hence, local functionals on .# form a sheaf denoted &j,.(.%)
on M.

DEFINITION 7.2.7. For . a local L algebra on M, let C; £ denote the local Chevalley-

loc

Eilenberg complex of .. This sheaf on M assigns 0},.(-Z[1]) equipped with the differential arising
from the L, bracket on .Z.

REMARK 7.2.8. There is another natural description using D-modules. Let J(L) denote the
left Dy-module of jets of sections of L (with J(d) as its differential) and set

J(L)* := Homcg (J(L), Ci1),
the sheaf of continuous linear maps of Cj;-modules. There is a natural Dj;-algebra
0(BJ(L)) := [ ] Sym"(J(L)"[-1]),
n>0
where the symmetric powers are taken over Cj;. The L bracket on .Z induces a natural derivation
on this algebra. We then define
Ce-Z := Densy ®p,, 0 (BJ (L)),

4Costello’s work on the Witten genus shows how we can encode even manifolds as dg Lie algebras, so we can see

quite sophisticated objects with these things.
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with the underived tensor product. By lemma 6.6.2 in chapter 5 of [Cos11], we also know
(Cloc? )rea = Densyy @, O(BJ (L)) eas

where the subscript red denotes the reduced complex (i.e., drop the Sym® component).

The very local index theorem consists of several interlocking statements. In essence, we de-
scribe the obstruction to constructing an .Z-equivariant BV quantization of T*[—1]&". This obstruc-
tion (the “index”) is local in nature, but its global section on a closed manifold can be computed
analytically, organized as Feynman diagram computations. (The global statement is closest to the
usual index theorems.) If the obstruction is cohomologically trivial, there exists an .Z-equivariant
BV quantization of T*[—1]|&, and so we obtain a family of factorization algebras over B.Z. Glob-
ally on a closed manifold, this family is equipped with a distinguished section over B.# (M) which
provides a generalization of the torsion of &. Again, one can compute this distinguished section
using analysis or with the local-to-global structure of the factorization algebras. By comparison
with the usual families index theorem, we are building something local on the fotal space and not
just the base.

THEOREM 7.2.9 (Local statements). Let (&, Q) be an elliptic complex equipped with a local repre-
sentation of the local L, algebra 2.

e The obstruction O to L -equivariant quantization of the cotangent theory is a section of the sheaf
Cjio(Z) req with cohomological degree 1. It is given by the trace of an action of £ on T*[—1]&.

o If the obstruction is cohomologically trivial, we obtain a family of factorization algebras for M
living over B.Z that we denote Obs? — B.Z. There is a distinguished section of cohomological
degree 0 of this family.

We obtain the strongest statements about global observables under a reasonable hypothesis on
(&,Q) described in section 7.6. (Essentially, this hypothesis says that there exists an “adjoint” Q*
to Q such that [Q, Q*] is a self-adjoint, generalized Laplacian with nonnegative eigenvalues.)

PROPOSITION 7.2.10 (Global observables). For M a closed manifold and (&, Q) satisfying the hy-
pothesis in section 7.6, we have the following results for global observables.

e The cohomology class [O] in H*(C* (L (M))yeq) is given by the trace of the action of H* £ (M)
on H* Obs%s (M), which is a shift of det H* (&' (M)).

e Thereis a distinguished section of cohomological degree 0 for the bundle of BD algebras Obs?(M) —
B.Z(M). This section provides a definition of the ratio det(Q — X)/ det(Q).

For these global objects, there are two ways to describe them. We can use sheaf theory to obtain
[O] or we can give an explicit Feynman diagram description. Likewise, the distinguished section
can be constructed using the factorization algebra or with Feynman diagrams. In other words, we
have a local-to-global construction or an analytic construction. The identification between the two
methods is the clearest sense in which the theorem resembles the usual index theorems.
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NOTE 7.2.11. Some of the objects in this theorem are a priori ill-defined, such as the trace of the action
of Z or the determinant of Q, because we are working with infinite-dimensional vector spaces. As usual,
we remedy this problem by introducing renormalized versions of these concepts. In Costello’s formalism,
however, the choices involved in constructing these renormalizations (typically a choice of “gauge-fix,” such
as an operator d*) form a simplicial set GF — usually contractible — and the simplicial set of quantizations
Quant is a fibration over GF. Thus we have complete control of all choices up to homotopy.”

7.3. Setting up the problem

The input to our construction is the following. We have a smooth manifold M and (&£, Q) an
elliptic complex on M. Let (.¢,d «) be an elliptic L, algebra with p a representation of .Z on &.
We now phrase our family of elliptic complexes in the language of QFT.

7.3.1. Rephrasing the problem as an elliptic moduli problem. Our preferred way of describing
a classical BV theory, as discussed in the introduction to chapter 5, is with the language of elliptic
moduli problems. (Below, we’ll restate everything in the language of action functionals.) Because
& is a .#-module, we naturally obtain an .#-action on &". Set

F =20 E-1]a & -2,

viewed as a split-square zero extension of .Z. This sheaf provides an elliptic moduli problem that
is straightforward to describe.

Recall that .Z describes “solutions to the Maurer-Cartan equation for .#.” More precisely, for
each dg Artinian ring A, we ask for X in . ® m4 satisfying the Maurer-Cartan equation

We write X € MC(%,A) = BZ(A).

Because .7 is a split-square zero extension of .Z, every solution to its Maurer-Cartan equation
forgets down to a solution for the Maurer-Cartan equation of .Z. In other words, we have a natural
map B.# — B.Z. The fiber of this map at a solution X € MC(.%, A) is given by solutions to the
equation

(Q+p(X))s =0

with s € T*[—1]&. That is, the fiber is given by the kernel of Q + p(X), which is we view as a
deformation of the free BV theory for Q. Summing up, we view B.# as a family of free BV theories
parametrized by the space B.Z.

SThis is, in essence, what Ray and Singer do [RS71]. They choose a Riemannian metric and then show that it
doesn’t matter at the end.

144



The commutative algebra of functions on .% provides the observables of this classical field
theory. Because we have a nonabelian elliptic L., algebra, we use the Chevalley-Eilenberg cochain
complex (completed, as Koszul duality requires). Equivalently, one can say that we have an inter-
acting field theory so that we are studying a formal moduli problem and hence use “formal power
series on fields.”

DEFINITION 7.3.1. The observables of this classical field theory are the cosheaf of commutative
algebras assigning to each open U, the commutative algebra

Obs(U) = C*(.Z(U),Sym(&(U)" @ (6'(U))"[1])),

where C* denotes the Chevalley-Eilenberg cochain complex for the Lo, algebra .#(U) acting on its
module Sym(&Y & (£')Y[1])(U). We write the Chevalley-Eilenberg differential as

dy +dr_16+Q,

where the first term encodes the action of .Z on itself, the second term encodes the action of .Z on
the module, and the last denotes the internal differential Q of the .Z-module.

7.3.2. Rephrasing the problem using action functionals. Let .Z[1] = Z[1] © & ® &'[—1] denote
a space of fields, where T*[—1]& are the fields we will quantize and .Z[1] provide “background
classical fields” that we will not quantize.® Note the shift, which is simply a consequence of the
fact that the fields are the tangent space to B.#.

The action functional is

S(X,9,9) = (9,Qp) + <¢,p1<><®4>>> + o m(XeX e )+
= (¥, Q¢) +Z [ on (X5 @ )

= (p, (Q+ p( ))<P>
= So(¢, ) + (X, ¢, ),

with X € Z[1], ¢ € &, and ¢ € &'[—1]. This action functional describes an interacting field theory
where the interaction term I is linear in both & and &".

We want to include a constraint on the background fields, namely that they are points of B.#
(equivalently, solutions to the Maurer-Cartan equation for .#’). For such X, we obtain a classical

®In [Cos11], chapter 2, section 13, there is a discussion of such background fields, called there “non-propagating
fields.” The goal is to include local parameters (e.g., a dependence on a Riemannian metric, viewed as a background
field) for a quantum field theory. We discuss these issues in more detail in section 7.4.
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free BV theory where the “quadratic term” arises from the operator Q + p(X). Our action func-
tional thus defines a family of free field theories over the formal moduli space B.Z. With this idea
in mind, we provide a definition that captures this constraint.”

DEFINITION 7.3.2. The observables of this classical field theory are the cosheaf of commutative
algebras assigning to each open U, the commutative algebra

Obs™(U) = C*(Z(U), Sym(&(U)" & (£'(U))"[1])),

where C* denotes the Chevalley-Eilenberg cochain complex for the Lo, algebra .#(U) acting on its
module Sym(&V & (£')Y[1])(U). We write the Chevalley-Eilenberg differential as

dg+{5,—}:dj+{l,—}+Q,

where the first term encodes the action of .Z on itself, the second term encodes the action of .¥ on
the module, and the last denotes the derivation Q of the module.

REMARK 7.3.3. In contrast with our earlier work on free theories, we've extended our observ-
ables by including the dependence on .# and switched to using distributional duals because we
have an interacting theory. Of course, we can also view this as describing the .Z-module structure
of the classical observables on T*[—1]&.

Notice that we have a natural map from C*.Z to Obsd, so that we can view our classical
observables as a family of commutative algebras over the formal moduli space B.Z. We can thus
view Obs! as parametrizing a family of deformation problems over this moduli space: for each X
solving the Maurer-Cartan equation for .Z, we are asking for solutions to the equation Q + p(X).

7.3.3. Feynman diagrams and obstructions. We now describe this theory using Feynman dia-
gram, as these pictures make clear the structures we want to focus upon. (From the elliptic Lo
perspective, we're simply drawing the usual pictures for the L., brackets of .%#.) For each nontriv-
ial bracket

pn+1;$®”®é"_>é",

there is an the interaction term I, ;» which corresponds to a (n + 2)-valent vertex (in red) with an
n-fold input from £ (the orange edges) and two inputs from T*[—1]&. The case with n = 3 is
pictured below.

"There is another way to impose this constraint, perhaps more natural from the QFT perspective. We add
antighosts .#*'[—2] in addition to the ghosts .#[1] but treat the ghosts and antighosts as background fields. This ap-
proach simplifies some aspects of the construction but complicates others. In the end, both achieve the same end.
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¢ ¢ ¢ T[-1)¢

T*[-1]&

7.3.4. BV quantization. We now review how to BV quantize an interacting field theory. Because
one cannot multiply distributions, the naive Poisson bracket and BV Laplacian no longer exist, so
there are analytic issues to resolve. We defer those issues momentarily. Suppose the bracket and
BV Laplacian existed in the naive sense. Then BV quantization means finding an action functional
S; = S + 1, depending on a formal parameter 7 such that

(1) §; mod = S and
(2) S satisfies the quantum master equation (QME)

{S4,84} +hAS; = 0.

How does our initial action functional S fail to satisfy the QME? For X € .Z satisfying the Maurer-
Cartan equation, if we plug our action functional into the QME, we find

{S,S} +hAS = (Q + p(X))* +hAI = hAL

Thus Al is the only term that might not vanish. As the BV Laplacian uses the pairing between &
and &', we see that AT, for instance, has the following form.

Zz Z <z

A

The sum ), Al, thus computes the trace of X acting on &. Hence, the first obstruction to quantiz-
ing our classical action is a natural invariant of the action of .Z on &'!

This naive approach is essentially correct. The only problem is that the kernel for A is distribu-
tional and hence cannot be applied directly to the I,,, which are also distributional. We circumvent
this problem by using renormalization techniques, which provide a systematic way to mollify A.
Equivalently, we replace our observables by a homotopy equivalent .Z-module for which it does
make sense to take the trace.
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The proof will follow quickly once we have the machinery from [Cos11] (with small modifi-
cations developed in [CG]) in place, so we review the relevant results in the next section and then
give the proof in the subsequent section.

7.4. Background about BV theories and renormalization

We provide a synopsis of the main definitions and results from [Cos11] relevant to the proof.

7.4.1. A condition on free BV theories. To use the results of [Cos11], it is necessary that Q pos-
sesses an “adjoint” Q* so that D = [Q, Q%] is a generalized Laplacian. This condition insures the
existence of nice asymptotic expansions for the propagator (a parametrix for D) that underlies
many of the results in the book. Here is the precise definition.

DEFINITION 7.4.1. A gauge fixing operator on a free BV theory & is an operator Q* : & — &
such that

(1) Q* has cohomological degree -1, with (Q*)? = 0, and self-adjoint for the pairing (—, —)
on &,
(2) the commutator
D:=1[Q Q7

is a generalized Laplacian.

This condition restricts our attention to a subset of all elliptic complexes but is fairly weak in
practice. Many examples are given in [Cos11]. Typically, the space of such gauge-fixes is con-
tractible if not it is not empty.

NOTE 7.4.2. From hereon, a free BV theory will always possess a gauge-fixing operator. We discuss
the dependence on this choice in subsection 7.4.6 below.

7.4.2. Recollections on parametrices. We recall some definitions from [Cos11] and [CG]. In this
subsection, let & denote an arbitrary free BV theory possessing gauge-fixes. Fix a gauge-fixing
operator Q* for Q and consider the degree 0 operator D = [Q, Q*].

DEFINITION 7.4.3. A parametrix ® is an F X F-valued distribution on M x M such that

(1) ® is symmetric across the diagonal,

(2) @ has cohomological degree 1,

(3) @ is closed under the differential Q ®1+1® Q,

(4) ® has proper support (so under the two projections onto M, the support is proper),

(5) (D®1)® — ) isasmooth section of FXIF on M x M where d,; refers to the delta function
on the diagonal in M x M tensored with the identity section.
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Thus (D ® 1)® — s is an element of F (M) ® F(M).

We use a parametrix in several ways. First, we will use it to give a definition of a pre-theory,
which is an effective field theory that may not satisfy the quantum master equation. Then we
construct the desired Poisson bracket and BV Laplacian, which allows us to discuss the QME and
provide a definition of a theory.

7.4.3. RG flow and pre-theories. The collection of possible effective interaction terms for a theory
is the following.

DEFINITION 7.4.4. Let ¢(&)[[h]]* denote the subset of Sym(F")[[i]] given by elements that
are cubic modulo 7.

The following operation relates different “effective actions,” as we’ll see below.

DEFINITION 7.4.5. For ® a parametrix, let P(®) := (Q* ® 1)® be the associated propagator.
For any two parametrices ® and @', the renormalization group (RG) operator is the map

W(® — @', F) := hlog(exp(ndp(q)_p(a)) exp(F/ 1)),
forany F € 0(&)[[n]]".

REMARK 7.4.6. As explained in chapter 2, section 3 of [Cos11], the RG operator is another way
of writing a Feynman diagram expansion (since we take a logarithm, this is the graph expansion
with connected graphs). As explained there, we work with stable graphs: each vertex is labelled
by a nonnegative integer called its “internal genus” and any vertex of genus 0 must be at least
trivalent. The genus of a graph is the sum of its first Betti number and the sum of the internal

genera of the vertices. In the Feynman graph expansion, a stable graph 7 gives a term weighted
by h8¢"5(7), Thus the h° term of the RG operator corresponds to the tree-level Feynman expansion.

We view the different parametrices as providing different “levels of resolution” for measure-
ments. A pre-theory consists of a coherent system of action functionals where we recover the same
behavior at different levels of resolution.

DEFINITION 7.4.7. Given a free BV theory &, a pre-theory is a collection of functionals
{1[@]} € o(&)[[H]",

where @ ranges over parametrices for the free theory, such that the following hold:

(1) For two parametrices @ and ®’, we have
W(® — @', 1[D]) = I[®],

which is well-defined because P(®) — P(d’) is smooth on M x M.
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(2) The functionals I[®] satisfy the following locality axiom. For any pair of nonnegative
integers (g,k) and open neighborhood U of the small diagonal M C MF, there exists a
parametrix @ such that the support

Supp Iy x @] cu

for all parametrices @' with Supp ®' C Supp @, where I,k denotes the component in
Sym* (&) weighted by 1S,

(3) The functionals I[®] all have smooth first derivative (i.e., the directional derivative with
respect to smooth sections ¢ € & extends to a map on distributional sections).

One of the central theorems of [Cos11] is that the set of pre-theories is in bijection with a space
of (more accurately, built from) local action functionals.

THEOREM 7.4.8. Let 7" denote the set of pre-theories modulo W'Y, Then, in a canonical way,
70+ s a principal bundle over T") for the abelian group O,c(&) of local action functionals on &.
Furthermore, 7% is canonically isomorphic to the space O,.(&)" of local action functionals that are at

least cubic.

This theorem follows from a less-canonical theorem that constructs an effective field theory for
each local action functional by the addition of counterterms, depending upon a choice of renormal-
ization scheme (i.e., a vector space decomposition of C®((0, o)) into a direct sum C®([0, o0)) ® Sing,
where Sing is a space of functions that are singular at 0).

REMARK 7.4.9 (Background fields and pre-theories in families). In chapter 2, section 13 of
[Cos11], a useful extension of theorem 7.4.8 is provided (see theorem 13.4.3). One considers E =
E; @ E a direct sum of Z-graded bundles on M — the propagating and non-propagating fields,
respectively — so that & = &1 © &. Given a graded manifold X, one defines a free BV theory
over X with fields & to be the usual structure for & where all the data is linear over the graded
commutative algebra x. One then simply views the parametrices and so on as living on & by
tensoring with identity on &3 in all the appropriate places. There is then a version of theorem 7.4.8
characterizing pre-theories over X where the abelian group is now 0j,.(&) ® Ox. Our proof of the
index theorem relies on this enhanced version of theorem 7.4.8 but we suppress the concomitant
notational overhead as it obfuscates the structure of the proof.

7.4.4. BV theories and the quantum master equation. A BV theory is a pre-theory satisfying a
further condition on its action functional, known as the quantum master equation (QME). There
is extensive discussion of this condition in [Cos11], [CG], and, of course, the rest of this thesis.
We thus simply explain how to phrase this condition in this setting without justification for our
interest in the QME.

Before we can discuss the QME, we need to have a BV Laplacian. Again, a parametrix is
crucial.
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DEFINITION 7.4.10. Let ® be a parametrix. Let
Ko :=0py— (D®1)®
denote the associated ®-pairing. The BV Laplacian associated to P is the differential operator
Ap 1= —dk,,
which acts on Sgl?n(éa V) by contraction with —Kg. The associated Poisson bracket is
{a,b} := Ag(ab) — (Apa)b — (=1)1la(Apb).

These objects provi;d\e the basic ingredients of a BD algebra. We want to equip the graded

commutative algebra Sym(&")[[h]] with the structure of a BD algebra with the differential
do == Q+ {I[®], —}o + NAe.

But it may be the case that this putative differential does not square to zero.

DEFINITION 7.4.11. A pre-theory satisfies the QME for parametrix ® if d3, = 0. Equivalently,
the condition is

QI®] + 2 {1[0], 1[@]}o + hAol[@] = 0,

which is the more familiar form.

By the lemma below, we know that if a pre-theory satisfies the QME for ®, it satisfies the QME
for every parametrix. Hence, we introduce the following definitions.

DEFINITION 7.4.12. A theory is a pre-theory satisfying the QME for some parametrix. The
quantum observables for parametrix ® are the BD algebra

ObsI[®] := (Sym(&")[[R]], do).

We denote the space of theories .7 and the space of theories modulo #"*! by .7 ().

The crucial insight® is that the RG operator intertwines with the BD algebra structure.
LEMMA 7.4.13. Given two parametrices ® and @', we have the following equality:
(Q +hAg) (e"Pef /M) = "% (Q + hAg el "
where F € Sym(&Y)[[1]] and P = Py — Py In consequence, we have
(Q +hAg) exp(h 'W(P, F)) = exp(h 'W(P, (Q + iiAg: ) F)).

In particular, if a pre-theory satisfies the QME for parametrix ®’, it also satisfies the QME for parametrix
D.

8More accurately, we should say “the crucial discovery by Costello.”
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PROOF. Observe that

(Q1+12Q)P(®)=(D®1)®—(Q*®1)(Q®1+1® Q)d
= (D®1)®.

Hence, we obtain a relationship between the operation on Sym(&V)[[1]]:
[0p, Q] = Ik, — Iky = Do — Agy.

(This fact is easiest to see by drawing the graphical description of the statement.) As pure deriva-
tives commute, we have

[0p, Ap] =0
and likewise for Aq/. Putting these facts together, we see that

(Q+hre)” = 1 Z!(Q+M¢)a$

n>0

=Q+ Z Qap—f—HAq;)an 1

n>1

_Q—I—Z apQ—l— Tl—l)A@-f-Aqy)Bn 1

n>l

—Q+Z—a” Q+nlhy)

n>1
=" (Q + hAg).

This computation gives the first two assertions of the lemma.

As the QME
1
QI[®] + 5 {1[®], 1[®]}a + hg[®] = 0
is equivalent to the equation
(Q + hAg)e!®/ =,

the computation also implies the final assertion of the lemma. O

This lemma implies a relationship between the observables with respect to different paramet-
rices. It is a commonplace idea in physics that the observables of a theory are given by the tangent
space to its action functional in the space of functionals. We thus need to use the derivative of the
RG operator.

DEFINITION 7.4.14. Given a theory {I[®]}, let )W (P — @/, I) denote the operator
F— EZSW(QD — @', I[®] + IF)

for F € Sym(&Y)|[[1]] of cohomological degree 1 and & of degree —n with 62 = 0.
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COROLLARY 7.4.15. The operator OW (® — @', I) provides a homotopy equivalence
Obs[®'] = Obsd[®]

between the two BD algebra structures on %(ﬁv) [[H]]-

PROOF. Apply the lemma to I[®'] + §F with 6> = 0 and |§| = —|F|. O

7.4.5. Obstructions to constructing a BV theory. Just as we construct the pre-theories inductively
in powers of 7, it is natural to construct theories inductively. Thus, if we have a theory modulo 7",
we might ask whether we can add a term %" ] (1) that satisfies the QME modulo 4", In [Cos11],
the following lemma gives a cohomological answer to this question (see chapter 5, section 11).

For a free BV theory (&, Q) and {I[®]} in .7 (") a theory modulo #"*!. Let {I[®]} denote the
interaction term modulo i, which defines the associated “effective” classical field theory. Pick an
arbitrary lift {I[®]} of this theory to a pretheory modulo " 2. As this theory satisfies the QME
for parametrix ® modulo 7", the failure to satisfy the QME modulo 7" "2 is

Ora[®]i= oy (1] + {T10], T®])a + hoel(@] )

We call this the obstruction cocycle. We now explain what cochain complex it lives in.

PROPOSITION 7.4.16. For & a parameter of cohomological degree —1 such that 5% = 0, the functional
Ip[®] 4+ 00,41 [P]

satisfies the classical master equation for ® and the classical RG equation. Hence this functional is a
classical BV theory and there thus exists a local functional Iy + 60,1 satisfying the CME for the local
Poisson bracket. Thus O, 41 is a closed, degree 1 element of the cochain complex

(ﬁloc(£>red/ Q + {IO/ _}>/

called the obstruction-deformation complex for the classical theory I.

7.4.6. The space of gauge-fixes. We now turn to a structural feature of this approach to QFT. To
construct the quantization of a classical BV theory, we made a choice of a gauge-fixing operator
Q*. It is crucial to understand the dependence of our constructions on this choice. Ideally, any
two choices will lead to equivalent spaces of BV quantizations, so that the choice is essentially
unimportant. For comparison, note that theorem 7.4.8 provides a canonical space of pre-theories,
but a choice of renormalization scheme yields a more concrete description of this space. Since the
space of choices is a space of vector space splittings, we have an explicit understanding of how
our choice impacts our constructions.

In chapter 5, section 10 of [Cos11], there is a theorem that addresses this issue, using the for-
malism of simplicial sets. One can construct a simplicial set 4.% (&, Q) of gauge-fixes for a free BV
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theory (&, Q) and then construct a fibration of simplicial sets
T(&,Q) —9F(&,Q)

whose fiber over a point Q* is the simplicial set of BV theories using that gauge-fixing. Moreover,
in all examples currently studied, the space ¥.% (&, Q) is contractible, so that the we see that the
space of theories is essentially unique.

DEFINITION 7.4.17. A family of gauge-fixing operators over A" for the free theory (&,Q) is a
QO* (A")-linear differential operator
Q" : 6 ® QO (A") — & @ O (A")

of cohomological degree -1 such that

(1) Q* is self-adjoint for the O)*(A")-linear pairing
(=, =) : ERERQ(AY) — O (A");
) (@) =0
(3) the operator D = [Q + d g, Q*] is a generalized Laplacian (i.e., a family of generalized
Laplacians on M smoothly parametrized by A").

DEFINITION 7.4.18. The space of gauge-fixes 4.7 (&, Q) is the simplicial set whose n-simplices
are given by the set of A”"-families of gauge-fixes, with the obvious face and degeneracy maps.

Given a family of gauge-fixes, one can ask for parametrices, which are simply ()*(A")-linear
versions of the above definition of parametrices. We obtain propagators and BV Laplacians in
consequence.

We now define families of pre-theories analogously.

DEFINITION 7.4.19. Given a free BV theory &, a family of pre-theories over A" consists of a A"-

family of gauge-fixes Q* and a collection of functionals
{1[@]} € 6(8)[[M]" 2 Q" (A"),

where ® ranges over parametrices for the free theory, satisfying the conditions of pre-theory
QO*(A")-linearly.

We denote the simplicial set of pre-theories by .7 (&£, Q).

There is a natural map of simplicial sets T(&,Q0) — 9.7(&,Q). By the families-version of
theorem 7.4.8, we see that .7 (" (&,Q) — Z "1 (&,Q) is a principal bundle for the simplicial
abelian group 0},.(&"), whose n-simplices are given by A"-families of local action functionals. As

the classical pre-theories are independent of gauge-fix, we see that the base space has the form
GF(£,Q) X Ore(&).

We now describe families of solutions to the QME.
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DEFINITION 7.4.20. A A"-family of pre-theories satisfies the QME for parametrix P if
(Q+dyr + hAg) exp(I[®@]/h) = 0.

Under RG flow, solutions to the QME are preserved. Thus, a family of theories is a family of pre-
theories satisfying the QME for some parametrix. We denote the simplicial set of theories by

T(¢,Q).

Itis a corollary of the obstruction lemma from the previous subsection that the map .7 (&, Q) —
9G.F(&,Q) is a fibration.

7.5. The proof

The tools introduced in the preceding section 7.4 allow us to realize mutatis mutandis the naive
idea sketched at the end of section 7.3.” Following the format in the preceding section, we con-
struct

e a pre-theory for our classical BV theory (more accurately, a family of pre-theories for the
family of classical theories over B.Z),

e the obstruction to solving the QME, which lives in C} .(.£) .4, and

o the distinguished section of B.# when the obstruction vanishes.

The work consists in examining the structure of the Feynman diagrams and invoking the appro-
priate theorems from [Cos11].

We discuss the meaning of the obstruction and the distinguished section for (global sections
of) a closed manifold in the next section.

7.5.1. Counterterms and Feynman diagrams. Recall that our classical interaction term is

1(X,9,9) = ¥ (X, 0,4) = ¥ (9, pa(X0 ) 0 9),

n>1 n>1"""

with X in .Z[1], ¢ in &, and ¢ in &'[—1]. By theorem 7.4.8, we know there exists a pre-theory
corresponding to this interaction. We now describe this pre-theory using counterterms, so that we
assume the choice of a renormalization scheme.

7.5.1.1. Tree-level Feynman diagrams. We begin by examining the 1° component of the RG flow

operator on I. As discussed in remark 7.4.6, this corresponds to the tree-level Feynman diagram
10

expansion. One can verify directly that tree-level Feynman diagrams never exhibit divergences.
9Any renormalization procedure, in fact, should provide an approach to these issues.
OHere is a quick way to see this fact. Pick a root for the tree. If the tree has n + 1 external edges, then it defines an
operator £&¥" — & given by a sequence of multilinear operations (arising from the vertices) followed by applying the
propagator sitting on each edge. At no point is a distribution paired with a distribution.
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Thus, the RG operator
W(®,F) mod h

can be defined directly for a parametrix ® even though it is distributional.
DEFINITION 7.5.1. For a parametrix ®, set
L[®] := W(®,I) mod h.

The subscript t stands for “tree-level.”

For our theory, the trees always have two external edges labeled by T*[—1]& and the remaining
edges labeled by .Z. For example, shown below is a tree with two vertices given by the interaction
terms Iy and I5.

P(® - @)

The tree-level interactions define a “classical effective pre-theory.” The following lemma gives a
precise meaning to this notion.

LEMMA 7.5.2. For a parametrix ®, we have a complex
Obs®e := (Sym(£V[-1] & &Y & (6)'[1]),dz + Q+ {I[®], —}o),
describing the classical observables for parametrix ®. The tree-level RG operator oW (®,1) mod h is
a quasi-isomorphism
Obs = Obsy

with strict inverse OW(—®,I) mod h.

PROOF. The proof is analogous to the proof of lemma 7.4.13, where we showed that the op-
erator W(® — @', —) intertwines the BV Laplacians A¢ and Ag. Indeed, if we take this operator
modulo i, we obtain the desired quasi-isomorphism between Obs and Obs® . But at the tree-
level, we can take &' = 0. U

This lemma has a natural Lie-theoretic interpretation. The mod 71 RG operator provides a
homotopy equivalence between two different .#-modules, namely the Obs® and Obs .
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7.5.1.2. Wheels and divergences. We now consider the full Feynman expansion. Thanks to the
simple nature of our theory, only simple diagrams appear.

In contrast to the tree-level case, we cannot stick a parametrix into the RG operator. Fix two
parametrices ® and @’. Set [ = W(® — @', I). The terms of this (nonlocal) functional will indicate
what kind of divergences can appear. For us, the Feynman diagrams come in two flavors. There
are trees obtained by attaching copies of our vertices with the propagator, as discussed above.
There are also wheels whose external legs all take inputs from .Z. Pictured below is a wheel with
four vertices (three copies I3 and one copy of Is).

Our interaction term thus has the form I = I; + hl,, where [ is the term given by the trees and I,
is the term given by wheels.

Trees cannot yield divergences as the support of @’ gets arbitrarily close to the origin, but the
wheels can have divergences. Thus the counterterm | we use to eliminate these divergences will,
like the wheels, only be a function on B.Z. We have thus shown the following.

LEMMA 7.5.3. There exists a pre-theory {I[®@]} corresponding to the local action functional I such
that, for every parametrix ®,
I[®] = L[] + hl,[P]
with
I =W(®,I) mod h
and I,[®] € 0(BY).

7.5.2. The obstruction to BV quantization. We now address the question of whether this pre-
theory {I[®]} satisfies the QME. We define the obstruction O[®] to be the failure to satisfy the
QME for parametrix ®. In our case, this involves the .#-action — which is independent of the
parametrix ® — in addition to the terms involving just & and &"'[—1]. We want to compute

(dz +{1[®], ~}o + Q+1As)?,
as the desired differential on the quantum observables is
dg +{I[®], —}o + Q + 1Aq.

The failure of this operator to square to zero is precisely the obstruction to satisfying the QME.
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LEMMA 7.5.4. The failure to satisfy the QME is given by
O[®] = Ao ;[ @] + d ¢ I, [P].

This obstruction yields a closed, degree 1 element O of C;, (&L, O1oc(T*[—1]&))sea under tree-level RG
flow. As this local obstruction O only depends on Z, it also provides a closed, degree 1 element of
Cl*oc ($>73d'

PROOF. Modulo 7 first, the square is zero, as shown by lemma 7.5.2. Thus, it remains to
consider terms that depend on 7. As I,[®] only depends on .Z, it is annihilated by Q and Ag and
cannot pair nontrivially through the bracket {—, —}¢. Thus, squaring our putative differential,

we are left with
dg[w[q)] + A@It[q)].

By lemma 7.4.16, we can apply the classical RG operator to obtain the local obstruction. This
element lives in the subcomplex C*.Z. ]

REMARK 7.5.5. This obstruction cocycle has a Lie-theoretic interpretation as the character of
the £-module T*[—1]&. We've used the tree-level RG flow to obtain an Le-module structure on
T*[—1]& for which it is possible to take a trace: the BV Laplacian Ag is smooth and hence we avoid
the divergences that might appear from naively taking the trace with Ag. In the next section, we
consider the situation on a closed manifold, where the interpretation with traces is manifest.

7.5.3. If the obstruction vanishes. We can BV quantize precisely when the obstruction is an exact
element. Let {J[®]} be a degree 0 element of C*(.Z, 0(T*[—1]&")) such that

dz][®] +{1[®], J[P]}e + Q] = O[®],

namely an element making O[®] exact and hence cohomologically trivial. Then we obtain a theory
{L;[®]} = {I[®] — h][P]} which satisfies the QME. (The most canonical thing to do is to work over
the vector space of all choices of ].) We write

I,[®] := IV[®] + hIV @]
with [ [®] = [;[®)] the #° term and IV [®] = I,,[®] — J[®] the 1i' term (i.e., the one-loop correction

that insures the theory satisfies the QME).

For X a point in B.Z (i.e., a solution to the Maurer-Cartan equation for some dg Artinian ring),
we obtain an element

I,[@](X) € Sym(6" @ (&) '[1])[1]

which satisfies the QME for parametrix ® by evaluating the interactiona t X. This provides a
distinguished element of the quantum observables over the point X: let Obs?x [®] denote

(Sym(&” @ (") [1)[1), Q + hdo + {1 [@)(X), — }o)
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denote the quantum observables for the deformation of the free theory by X at parametrix ®.!!

To summarize, a choice of trivialization | leads to a family of factorization algebras over the
(pre)sheaf of formal moduli spaces B.Z, both of which live on the manifold M. There is a natural
section of this family given by the interaction term I,.

7.6. Global statements

Suppose M is closed. We restrict our attention to global sections of the observables, as the
obstruction and distinguished section are easier to interpret in this case.

The best statements follow from a stronger hypothesis on our operator D = [Q, Q*].

DEFINITION 7.6.1. A gauge-fix Q* is non-negative if

(1) the operator D is symmetric for some hermitian metric on the vector bundle E ¢ E'[—1],
(2) the eigenvalues of D are nonnegative, and
(3) we have a direct sum decomposition

T*[-1)& :=kerD $im Q & im Q.

This decomposition is as topological vector spaces.

As should be clear, these conditions are just an imposition of a well-behaved Hodge theorem.
In particularly, ker D is canonically isomorphic to the Q-cohomology of T*[—1]&. We will assume
in this section that we have a non-negative gauge-fix.

In this setting, we can use the heat kernel to provide parametrices whose interpretation is
probably more familiar. Let K; denote the kernel of the operator e, with t > 0. Then the kernel

L
@, ::/ K, dt
0

provides a parametrix for L > 0. Working with these parametrices is the default practice in
[Cos11]. As M is closed, the limit
L
T = Llim (Q" ® 1)K, dt
—o0 JO
exists and provides a partial inverse to Q as follows. Consider the decomposition of &(M) &
&'(M)[—1] into eigenspaces Vj of D. Then

QT:/ De—fDdt:/ e PDdt,
0 0

HNote that we have polynomial powers in /1. For most interacting theories, one uses formal power series in 7
because the RG flow usually produces interaction terms I[®] with infinitely many powers of . For our theory here, we
have seen that only 72 appears and so our theory is well-defined for finite 7 (not just infinitesimal).
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so that for an eigenvector v € V), with A > 0, we see
QTv = / e PDodt = / Ae Podt =0,
0 0

and for v € Vj, we see QTv = 0. Hence QT is the operator projecting onto the positive eigenspaces
and so T provides an inverse to Q away from the “harmonic fields” V. We denote by H the null
space of D on &. Thus, Vj = T*[-1]H.

Thanks to the continuous homotopy equivalence between T*[—1]& and T*[—1]H, we can
transfer questions about the full space of fields (e.g., what is the obstruction?) to questions about
this finite-dimensional space. Often, constructions become more intelligible on this smaller space.

7.6.1. Tree-level RG flow as L, transfer. We begin with the tree-level term I;[®], which is purely
classical. Working with the heat flow parametrices ®;, we have a homotopy equivalence of com-
plexes between the classical observables at scale 0 and scale L. (We drop the appearance of the
manifold M in Obs® (M) from hereon and denote global observables by Obs‘l) In this case, the
interaction term [;[L] := I;[®. ] encodes simply the homotopy transfer lemma for Lo, modules: we
start with

Obsy := (C*(Z,Sym(6” © 6"V[1])),de + Q+ {L,~})
and transfer to obtain a homotopy equivalent Lo-module structure
Obs‘ly := (C*(Z,Sym(6" © 6" [1])),d + Q+ {L[L], - }).
When L = oo, we have a particularly succinct description.

Explicitly, the transfer works as follows. For I; (as with any trees), we can pick one outer leg
and view it as the root. The rooted tree then defines a map from the “inputs” (the legs excluding
the distinguished leg) to the “output” (the root). In our case, let’s fix the root as a leg associated to
T*[—1]& (hence the map goes from T*[—1]& to T*[—1]&). A tree thus corresponds to a map that
takes ¢ to p;, (X)oPop; (X)oPo---0p;(X)(¢), where P denotes the operator corresponding to
the propagator P(® — @') and p;, denotes the operation labeled by the k' vertex, ordered so that
the last vertex is attached to the root. Note that for L = oo, P = T, which is Q*1 on the nonzero
eigenspaces V) and P = 0 on Vj. When we sum over all the trees, viewed as operators on T*[—1]&
we obtain

Iileo](X) = p(X) o (ZO(T ° P(X))”> =p(X) o (1-Tp(X))™".
n=
At scale oo, we have equipped the very small algebra generated just by T*[—1]|H, the cohomology
of T*[1—]|& (M) with a .#(M)-module structure that we denote p.

7.6.2. The obstruction. Consider O[oo]. By definition,

O[OO] = Aoolt[oo] + d_ng[OO],
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but we are free to ignore the second term as it is a boundary. Recall that the kernel defining the
BV Laplacian A is Ko = “exp(—ooD)”, whose corresponding operator is the identity on V; and
annihilates the positive eigenspaces. Hence O[co| amounts to tracing I;[oo] over V) = T*[—1]H.
We see that

n>0
by using the operator interpretation of the trees. Thus, the obstruction is the “character” of the
Z-representation p on H*T*[—1]&(M).

Oleo] = Tryy ({Lee], —}oo) = Try, (2 p(X )

The element X € £ may not be trace-class on the complex &, so the naive character Tr p(X)
may not exist. We have mollified everything by the renormalization process, however. This ele-
ment Ooo| thus provides a well-defined version of Tr p(X) on all of &, as the homological pertur-
bation lemma replaces & by ‘H, leading to these powers of T(= Q7!).

Formally applying the familiar identity for geometric series, we can write

Oloa] =" Try, (p(X) - (1= Tp(X)) ™).
This expression is suggestive. Continuing in this vein, we have
X - X X
1-Q7'X  QH(Q-X) Q-X

for instance.

7.6.3. If the obstruction vanishes. If the obstruction is cohomologically trivial, we obtain a theory
satisfying the QME,

1,[®] = 10[@] + 110 @]
after picking a trivialization J[®] for O[®]. We want to describe the 1-loop correction I} [oo] at
scale co and, in particular, its image in Sym(H" & H[1])[1], the graded space of quantum observ-
ables on harmonic fields.

We have a quasi-isomorphism
Obs, = (Sym(H" @ H[1])[A], p(X) + 1{TV[e0], =} _uppe + HAT- (3¢

where, on the right hand side, we use the Poisson bracket and BV Laplacian for the harmonic
fields.

Working formally, there is an appealing interpretation of I(!)[c0]. Suppose that there were no
need to add to add a counterterm J. Then we see that

1(1)[00 Z TrT*[ 16 (Tp(X))"™.

But we can interpret this last term formally as

Trlog(1l — Tp(X))
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and by the equality Trlog = log det for finite matrices, we obtain formally
IM[eo]” = "log det(1 — Q7' X) = logdet(Q ™ (Q — X)) = logdet(Q — X) — log det(Q).

Thus, the wheels provide a renormalized definition of the logarithm of the ratio of determinants
between the free theory defined by Q and the theory defined by Q — X. Compare this formal
description to Ray-Singer torsion, where the determinant of an elliptic complex is given by using
the zeta-function definition of torsion.
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