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CHIRAL DIFFERENTIAL OPERATORS VIA QUANTIZATION
OF THE HOLOMORPHIC ¢-MODEL

by Vassily GORBOUNOYV, Owen GWILLIAM & Brian WILLIAMS

\Abstract.—The curved (7 system is a nonlinear o-model with a Riemann surface
as the source and a complex manifold X as the target. Its classical solutions pick
out the holomorphic maps from the Riemann surface into X. Physical arguments
identify its algebra of operators with a vertex algebra known as the chiral differential
operators (CDO) of X. We verify these claims mathematically by constructing and
quantizing rigorously this system using machinery developed by Kevin Costello and
the second author, which combine renormalization, the Batalin-Vilkovisky formalism,
and factorization algebras. Furthermore, we find that the factorization algebra of|
quantum observables of the curved (7 system encodes the sheaf of chiral differential
operators. In this sense our approach provides deformation quantization for vertex
algebras. As in many approaches to deformation quantization, a key role is played by
Gelfand-Kazhdan formal geometry. We begin by constructing a quantization of the
([~ system with an n-dimensional formal disk as the target. There is an obstruction
to quantizing equivariantly with respect to the action of formal vector fields W,
on the target disk, and it is naturally identified with the first Pontryagin class in
Gelfand-Fuks cohomology. Any trivialization of the obstruction cocycle thus yields
an equivariant quantization with respect to an extension of W,, by ﬁfl, the closed
2-forms on the disk. By machinery mentioned above, we then naturally obtain a
factorization algebra of quantum observables, which has an associated vertex algebra,
easily identified with the formal 8+ vertex algebra. Next, we introduce a version of|
Gelfand-Kazhdan formal geometry suitable for factorization algebras, and we verify
that for a complex manifold X with trivialized first Pontryagin class, the associated
factorization algebra recovers the vertex algebra of CDOs of X.

Résumé. (X)—Le systéme béta gamma incurvé est un modéle sigma nonlinéaire de
source une surface de Riemann et de cible une variété complexe X. Ses solutions clas-
siques sont données par des cartes holomorphes de la surface de Riemann dans X.
Les arguments physiques identifient son algébre d’opérateurs avec une algébre vertex
connue sous le nom d’opérateurs différentiels chiraux (CDO) de X. Nous vérifions ces
affirmations de maniére mathématique en construisant et en quantifiant rigoureuse-
ment ce systéme en utilisant sur les techniques développées par Kevin Costello et
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vi

le second auteur, combinant & la fois les outils de la renormalisation, le formalisme
de Batalin-Vilkovisky, et les algébres a factorisation. En outre, nous prouvons que
I’algébre & factorisation des observables quantiques du systéme béta gamma courbé
encode les gerbes d’opérateurs différentiels chiraux. En un sens, notre approche four-
nit une quantification par déformation pour les algébres de vertex. Comme dans de
nombreuses approches & la quantification par déformations, la géométrie formelle de
Gelfand-Kazhdan joue un roéle clé. Nous commengons par construire une quantifi-
cation du systéme béta gamma & valeur un disque formel de dimension n. Il existe
une obstruction a l’existence d’une quantification qui soit équivariante par rapport
a Paction des champs de vecteurs formels sur le disque; cette-obstruction s’identifie
naturellement & la premiére classe de Pontryagin de la cohomologie de Gelfand-Fuks.
Toute trivialisation du cocycle d’obstruction donne ainsi une quantification équivari-
ante vis-a-vis d’une extension de champs de vecteurs formels par les 2-formes fermées
sur le disque. D’aprés les résultats cité ci-dessus, nous en déduisons naturellement une
algébre a factorisation d’observables quantiques, & laquelle est associée une algébre de
vertex qui s’identifie & I’algébre vertex formelle de type beta gamma. Par ailleurs, nous
introduisons une version de la géométrie formelle-de Gelfand-Kazhdan adaptée aux
algébres a factorisation et nous vérifions que, pour une variété complexe munie d’une
trivialisation de sa premiére classe de Pontryagin; ’algébre & factorisation associée
décrit 'algébre vertex.
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INTRODUCTION

The curved (7 system is an elegant nonlinear o-model with a Riemann surface ¥ as
the source and a complex manifold X as the target. The equations of motion pick out
the holomorphic maps ¥ — X. Thus, from a purely mathematical perspective, it is a
compelling example to study because the classical theory naturally involves complex
geometry and so must the quantization, although the meaning is less familiar. From a
physical perspective, the curved (v system arises naturally as a close cousin of more
central theories: it is a half-twist of the (0, 2)-supersymmetric o-model [55], and it
is also the chiral part of the infinite volume limit of the usual (non-supersymmetric)
o-model (see the appendix). In consequence, the curved 87 system exhibits many
features of these theories while enjoying the flavor of complex geometry, rather than
super- or Riemannian geometry.

In mathematics, however, this theory first appeared in a hidden form in the work of
Beilinson-Drinfeld and Malikov-Schechtman-Vaintrob [2, 45], and it was subsequently
developed by many mathematicians (see [31, 12, 6] among much else). The chiral
differential operators (CDOs) on a.complex n-manifold X are a sheaf of vertex alge-
bras locally resembling a vertex algebra of n free bosons, and the name indicates the
analogy with the differential operators, a sheaf of associative algebras on X locally
resembling the Weyl algebra for T*C™. Unlike the situation for differential opera-
tors, which exist on any manifold X, such a sheaf of vertex algebras exists only ifi
che(X) = 0 in H?(X,Q?), and each choice of trivialization « of this characteristic
class yields a different sheaf CDOx . In other words, there is a gerbe over X of ver-
tex algebras [21]. The appearance of this topological obstruction (essentially the first
Pontryagin class, but non-integrally) was surprising, and even more surprising was
that the character of this vertex algebra was the Witten genus of X, up to a constant
depending only on the dimension of X [5]. These results exhibited the now-familiar
rich connections-between conformal field theory, geometry, and topology, but arising
from a mathematical process rather than a physical argument.

Witten [55] explained how CDOs on X arise as the perturbative piece of the chiral
algebra of the curved [~ system, by combining standard methods from physics and
mathematics. (In elegant lectures on the curved (7 system [46], with a view toward
Berkovit’s approach to the superstring, Nekrasov also explains this relationship. Ka-
pustin [32] gave a similar treatment of the closely-related chiral de Rham complex.)
This approach also gave a different understanding of the surprising connections with
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2 INTRODUCTION

topology, in line with anomalies and elliptic genera as seen from physics. Let us em-
phasize that only the perturbative sector of the theory appears (i.e., one works near
the constant maps from ¥ to X, ignoring the nonconstant holomorphic maps); the
instanton corrections are more subtle and not captured just by CDOs (see [33] for a
treatment of the instanton corrections for complex tori).

In this paper we construct mathematically the perturbative sector of the curved
B~ system via the approach to quantum field theory developed in [14, 16, 17], thus
providing a rigorous construction of the path integral for the curved (- system. That
means we work in the homotopical framework for field theory known as the Batalin-
Vilkovisky (BV) formalism, in conjunction with Feynman-diagrams and renormal-
ization methods. As a very brief gloss, the BV formalism amounts to deforming the
classical action S° to a “quantized action” S9 = S° 4 RSy + hQS(z) + - - - satisfying a
condition known as the quantum master equation. This quantized action S¢ provides
a formal substitute for the path integral; more precisely, it is a homological version of|
the integrand “exp(—S(4)/h)0)¢” for the path integral. Indeed, given this quantized
action S9, one can extract the algebraic relations that hold between the expected
values of observables. Thus the quantum master equation encodes homologically the
condition that the associated quantum integrand is well-posed. We find, for instance,
that the curved (7 system admits a quantized action satisfying the quantum master
equation only if the target manifold X has chy(X) = 0, where chy(X) is a component,
of the Chern character. (Given our context, this condition is that the first Pontryagin
class vanishes.) This condition was found in the earlier mathematical work by quite
different methods.

One key feature of the framework in [16, 17] is that every BV theory yields a fac-
torization algebra of observables. (We mean here the version of factorization algebras
developed in [16, 17], not the version-of Beilinson and Drinfeld [2].) In our situation,
the theory produces a factorization algebra living on the source manifold C, and the
machinery of [16, 17] allows one to extract a vertex algebra from this factorization
algebra. Our main result is that this vertex algebra is the CDOs. Thus, we show that
in a wholly mathematical setting, one can start with the action functional for the
curved @7 system and recover the sheaf CDOx , of vertex algebras on X via the
algorithms of [14, 16, 17].. To' accomplish this, we develop machinery that ought to
be useful in constructing nonlinear o-models in the BV framework and allows one to
analyze explicitly the resulting factorization algebra.

Remark. — In a sense, the curved (v system is a perfect testing ground for the
formalism of [14, 16, 17]: physical arguments about anomalies and moduli ought to
be codified on the BV quantization side, and the consequences on the factorization
algebra side ought to recover the vertex algebra constructions of [45, 21]. The work
here shows that the formalism passes this test.

Let us explain a little about our methods before stating our theorems precisely.
The main technical challenge is to encode the nonlinear o-model in a way so that the
BV formalism of [14] applies. In [15], Costello introduces a sophisticated approach by
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INTRODUCTION 3

which he recovers the anomalies and the Witten genus as partition function, but it
seems difficult to relate CDOs directly to the factorization algebra of observables of]
his quantization. Instead, we use formal geometry & la Gelfand and Kazhdan [20], as
applied to the Poisson o-model by Kontsevich [35] and Cattaneo-Felder [9]. The basic
idea of Gelfand-Kazhdan formal geometry is that every n-manifold X looks, very
locally, like the formal n-disk, and so any representation V of the formal vector fields
and formal diffeomorphisms determines a vector bundle & — X by a sophisticated
variant of the associated bundle construction. (Every tensor bundle arises in this way,
for instance.) In particular, the Gelfand-Kazhdan version of characteristic classes for V'
live in the Gelfand-Fuks cohomology H¢r(W,,) and map to the usual characteristic
classes for ?. There is, for instance, a Gelfand-Fuks version of the Witten class for
every tensor bundle.

Thus, we start with the [+ system with target the formal n-disk Dr =
Spec C|[[t1,-..,tn]] and examine whether it quantizes'equivariantly with respect
to the actions of formal vector fields W,, and formal diffeomorphisms on the for-
mal n-disk. (These actions are compatible, so that we have a representation of a
Harish-Chandra pair.) We call this theory the equivariant formal B~ system of rank n.

Theorem. — The W, -equivariant formal B~y system of rank n has an anomaly given
by a cocycle chy(D™) in the Gelfand-Fuks complex Céyp(Wn; Q2 ). This cocycle de-

termines a Lie algebra extension Wn of W,,. The cocycle is exact in C*GF(W,L; ﬁfwl),

and yields a Wn—equz'vam'ant BV quantization, unique up to homotopy. The partition
function of this theory over the moduli of elliptic curves is the formal Witten class in|
the Gelfand-Fuks complex Ctp(W,, @, QO [k])[[A]].

Gelfand-Kazhdan formal geometry is used often in deformation quantization. See,
for instance, the elegant treatment by Bezrukavnikov-Kaledin [3]. Here we develop a
version suitable for vertex algebras and factorization algebras, which requires allowing
homotopical actions of the Lie algebra W,,. (Something like this appears already in [2,
31, 44], but we need a method with the flavor of differential geometry and compatible
with Feynman diagrammatics. It would be interesting to relate directly these different
approaches.) In consequence, our equivariant theorem implies the following global
version.

Theorem. — Let X be.a complex manifold. The curved 37 system admits a BV quan-
tization if the characteristic class cha(X) vanishes, and each choice of trivialization o
yields a BV quantization, unique up to homotopy. The associated factorization algebral
on X recovers the vertex algebra CDOx o of chiral differential operators associated
to the trivialization o. Moreover, the partition function is the Witten class Wit(X)
in @, H*(X,Q*[k]), where QF here denotes the sheaf of holomorphic k-forms.

Remark. — In physics, ordinarily, the partition function refers to the full path inte-
gral. What we are referring to is the path integral of the effective action on the zero
modes in perturbation theory.
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4 INTRODUCTION

To identify CDOx , as coming from the factorization algebra, we prove general
statements relating factorization algebras for such chiral theories with vertex algebras.
Indeed, our work shows how the elegant formulas uncovered in [45, 21] arise explic-
itly by canceling the anomalies that appear in setting the integrand of the quantum
measure (or to use BV language, in finding a solution to the quantum master equa-
tion). Via the factorization algebra of observables, these BV manipulations become
the computations that Witten and Nekrasov used in explaining why the curved gy
system should recover the chiral differential operators.

Remark. — We wish to emphasize that our central goal in this paper is not to provide
yet another method for constructing sheaves of vertex algebras or another understand-
ing of the geometry behind the Pontryagin class as an anomaly. Instead our goal is
to offer an explanation for how CDOs appear as a quantization, from a path integral
perspective as rigorously encoded in the BV formalism.

One essential application of this perspective is the establishment of modularity for
characters for general chiral conformal field theories. This manifest modularity for the
characters of observables in the BV formalism is dueto their explicit presentation via,
Feynman diagrams as integrals over the elliptic curve.

Our techniques for assembling BV theories in families—and their factorization al-
gebras in families—apply to many o-models already constructed , such as the topolog-
ical B-model [37], Rozansky-Witten theory [11], and topological quantum mechanics
[25, 23]. They also allow us to recover quickly nearly all the usual variants on CDOs
and structures therein, such as the chiral de Rham complex and the Virasoro actions,
and we intend to explain that elsewhere. Other veins of research are also opened up,
notably new approaches to quantum sheaf cohomology and to the curved 8 system
with higher-dimensional source manifold.

Overview

The paper is divided into three parts. Part I is devoted purely to the vertex algebra
of chiral differential operators, Part II constructs the curved v system as a BV field
theory and analyzes its associated factorization algebra of observables, and Part III
explains how to recover the vertex algebra from the factorization algebra. Each Part
has its own introduction with a detailed overview of its contents. We emphasize that
Parts I and II can be read independently; only in Part IIT are the two stories in explicit
dialog.
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PART I

GELFAND-KAZHDAN DESCENT AND
CHIRAL DIFFERENTIAL OPERATORS






The goal of this part is to provide a construction of chiral differential operators
via the methods of Gelfand-Kazhdan formal geometry; this approach is a modest
modification of an approach described for the chiral de Rham complex in [45]. (In
subsequent work we will provide a BV construction of chiral de Rham complex, along
with a family of related sheaves of vertex algebras.) Our phrasing here aims to high-
light the parallels with the next part, where we introduce a homotopy-coherent version
of Gelfand-Kazhdan formal geometry that works nicely with the Batalin-Vilkovisky
formalism and Feynman diagrammatics and thus allows us to construct a factorization
algebra refining CDOs.

Recall that Gelfand-Kazhdan formal geometry is an approach to any “natural”
construction in differential geometry, i.e., to constructions that apply uniformly to
all manifolds of a given dimension (or with some other common, local geometric
structure). The basic idea is that on any n-manifold, the immediate neighborhood
of every point looks the same, and so if some construction can be described on any
sufficiently small neighborhood and is equivariant for local diffeomorphisms, the con-
struction should apply to every n-manifold. In other words, it is a kind of refinement
of tensor calculus. To be more precise, in formal geometry, one works with a “formal”
neighborhood of a point p in R™, namely the “space” whose algebra of functions is
the oo-jets of functions at p (aka Taylor series at p of functions). Let us denote this
space by D™ The relevant group of “formal” diffeomorphisms then means the co-jet
at p of diffecomorphisms that fix p (aka Taylor series at p of diffeomorphisms), which
we will denote by Aut,. (Note that for every point p, the group is isomorphic.) Ev-
ery n-manifold X possesses a canonical flat principal Aut,-bundle X°°°" whose fiber
over p € X is the space of formal coordinates centered at p and is equipped with a
flat connection valued in formal vector fields W,, (which is slightly larger than the Lie
algebra of Aut,). In the context of this paper we are interested in complex manifolds
and there is a corresponding bundle of holomorphic formal coordinates. These are
oo-jets of biholomorphisms.

From this reasoning we see that every Aut,-representation V' that has a compatible
action of W,, produces a flat-vector bundle %x over each n-dimensional manifold X
whose horizontal sections typically encode familiar vector bundles. §uch a represen-
tation is called a Harish-Chandra module. As an example, consider C,, the functions
on D™, whose flat sections over X are smooth functions on X (holomorphic functions

in the complex case).-Or consider ﬁ, the vector fields on lA)”, whose flat sections
over X are vector fields on X. This construction of a vector bundle on X from an
Aut,,-representation is an example of Gelfand-Kazhdan descent. In light of this, it
should be no surprise that there is a Gelfand-Kazhdan version of characteristic classes
for these vector bundles that recovers the usual Chern classes.

Remark. — The Gelfand-Kazhdan approach to formal geometry can also be applied
to more interesting geometries. For example, symplectic, Poisson, or even Riemannian
geometry can be encapsulated by the formalism.
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Chiral differential operators, like differential operators, are easy to define locally on
an n-manifold, using coordinates. The challenge is to glue these local descriptions to
produce the global object. The vertex algebra C/DT)n of CDOs on a formal n-disk ﬁn is
well-known, but it is not equivariant for the Harish-Chandra pair of automorphisms
of ﬁn The failure to be equivariant is a characteristic class that globalizes to the first
Pontryagin class, or cha(T'x ), in Dolbeault cohomology. This class defines an extension
of the Harish-Chandra pair, and C/DT)n is equivariant for this extension. Each choice
of trivialization a of chy(Tx) encodes an extension X oot of X€°°T to a flat principal
bundle for this extension of pairs. Hence, one can apply Gelfand-Kazhdan descent
to C/D\On along )?gom to produce a vertex algebra, and it is-precisely the chiral
differential operators on X associated to the trivialization .

Sections 1 and 2 of this part are devoted to articulating rigorously this machinery
in a format convenient for our problem. As mentioned parenthetically, we need a slight
enlargement of the theory of flat vector bundles involving Harish-Chandra pairs, which
consist of a Lie group and a thickening of its Lie algebra.

Specifically, in Section 2 we formulate a version of Harish-Chandra descent that we
call Gelfand-Kazhdan descent that is suitable for our purposes. In Section 3 we recall
well-known facts about the vertex algebra of affine chiral differential operators and
extracting the relavent Harish-Chandra structures. Sections 4 is devoted to developing
an extended version of Gelfand-Kazhdan descent that is applied to CDOs in Section 5.

We will extract some familiar properties and structures of the sheaf of chiral dif-
ferential operators from the perspective of Gelfand-Kazhdan formal geometry. For
instance, we show in Proposition 5.3.5 that chiral differential operators have the struc-
ture of a sheaf of conformal vertex algebras only if X is Calabi-Yau (in addition to
having cha(T'x) = 0, of course). Moreover, we show how the Witten genus appears as
the character of the sheaf of CDOs, which has already appeared in the works [12, 5].

Remark. — We should emphasize here that Part I is not the truly novel aspect of]
this paper. As mentioned in [45]; the standard arguments of Gelfand-Kazhdan formal
geometry apply to the chiral de Rham complex, and they certainly knew that a minor
extension of such formal geometry should allow one to construct CDOs. Our main
goal in Part I is to explain these standard arguments and this extension carefully and
systematically. We do this for two reasons: first, to allow a systematic comparison
with the BV quantization in Part II, and second, to provide a general tool that ought
to be applicable to constructing many more interesting vertex algebras. There are
elegant machines for such purposes, thanks to [2, 31|, but we wanted a version closer
to the concrete computations that most interest us.
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CHAPTER 1

FLAT VECTOR BUNDLES AND HARISH-CHANDRA DESCENT

This section is a discussion of the theory of vector bundles with flat connection
arising from Harish-Chandra pairs. It establishes notation and terminology but can
likely be used as a reference. In this section we have largely treated both smooth and
holomorphic geometry, but throughout the rest of the paper we are concerned with
the latter.

1.1. Algebra of Harish-Chandra pairs

1.1.1. Harish-Chandra pairs. — All Lie algebras and Lie groups will be defined over C.
For G a Lie group, we use Lie(G) to denote its associated Lie algebra, which can be
identified with the tangent space of the identity element. To start, we work with
finite-dimensional groups and algebras; but we will eventually discuss certain infinite-
dimensional examples.

Definition 1.1.1. — A Harish-Chandra pair (or HC-pair) is a pair (g, K) where g is
a Lie algebra and K is a Lie group together with
(i) an action of K on g, px : K — Aut(g)
(ii) an injective Lie algebra-map i : Lie(K) — g
such that the action of Lie(K) on g induced by pr,
Lie(pk) : Lie(K) — Der(g),
is the adjoint action induced from the embedding i : Lie(K) — g.

Example 1.1.2. — If G is a Lie group and K is a closed subgroup, then the pair
(Lie(G), K) is a HC-pair.

Definition 1.1.3. — A morphism of Harish-Chandra pairs (f, f) : (g, K) — (¢/, K') is
(i) a map of Lie algebras f: g — g’ and
(ii) a map of Lie groups f : K — K’
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12 CHAPTER 1. FLAT VECTOR BUNDLES AND HARISH-CHANDRA DESCENT

such that the diagram in Lie algebras

Lle
Lie(K Lle(K’)

L

1.1.2. Modules. — Fix a HC-pair (g, K). In this section we set. up the notion of a
module for (g, K). Below, we discuss modules in the category of vector spaces, but
the definition is easily generalized to C-linear symmetric monoidal categories.

4>g/

commutes.

Definition 1.1.4. — A (g, K)-module is a vector spaceV together with
(i) a Lie algebra map pg : ¢ — End(V') and
(ii) a Lie group map px : K — GL(V)

such that the composition
Lie(K) —— g —2 Bnd(V)

equals Lie(pk).
A morphism of (g, K)-modules is a linear map intertwining the actions of g and K.
Denote the category of (g, K)-modules by Mod 4 . Denote by Mod?gn’K) the full
subcategory whose objects consist of modules whose underlying vector space is finite-
dimensional.

1.2. Bundles

We will need the analog of a torsor for a pair (g,K) over a manifold X. Our
definitions are structural and so apply equally well to both smooth and complex
manifolds. In the complex case we will need the notion of a holomorphic (g, K')-torsor.

When X is complex, we use ("°!(X) to denote the space of holomorphic functions
and P°'(X) to denote holomorphic vector fields, i.e., holomorphic sections of T1°X.
We let QF(X) denote the space of smooth k-forms and dgqr the de Rham differential.
If X is complex, then Q%!(X) denotes the smooth (k,[)-forms according to the Hodge
decomposition. We denote by Qhol (X) the space of holomorphic k-forms, i.e., holo-
morphic sections of AF¥T* (19 X . Finally, when we consider a differential graded vector.
space (V,d) we let V# denote the underlying graded vector space V. For instance,
Q% (X) denotes the graded vector space of differential forms on X.

Definition 1.2.1. — A (g, K)-principal bundle with flat connection (or more concisely,
flat (g, K)-bundle) over X is

(i) a principal K-bundle P — X and
(i) a K-invariant g-valued 1-form on P, w € Q' (P;g)
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such that

(1) for all a € Lie(K), we have w(,) = a where &, € X(P) denotes the induced
vector field and

(2) w satisfies the Maurer-Cartan equation
1
dgrw + E[w,w] =0,
where the bracket is taken in the Lie algebra g.

In particular, if g = Lie(K), then condition (1) encodes the usual notion of a
connection on a principal K-bundle, while condition (2) says that the connection is
flat, i.e., we have a principal bundle for the discrete group K underlying K.

Recall that one can interpret a connection on a principal K-bundle as a splitting
of the tangent bundle TP into horizontal and vertical components in a K-equivariant
way. Let T, P denote the vertical tangent bundle (i.e., the kernel of the projection
map TP — 7*TX); note that T, P is canonically isomorphic to the trivial bundle
Lie(K) over P. A connection w € Q!(P,Lie(K)) then determines a splitting

TP=T,Pa H,,

where H,, C TP is defined as ker w. That is, le is the subspace of T}, P consisting
p

of all vectors X, such that w(X,) = 0 so that Hy| = TrpX.

There is a similar interpretation ‘for Harish-Chandra pairs. The embedding
i : Lie(K) — g determines a map of trivial bundles ip : Lie(K) — g over P. Define
T4 P to be the pushout B

Lie(K) ——g

b

TP ——— T,P

in bundles over P. Then a K-equivariant element w € Q'(P;g) satisfying (ii) above
is equivalent to a K-equivariant splitting

T,P =g® H,,

where H“’|a ETrpmX.

Note that if there is-an inclusion of Lie groups K — G inducing Lie(K) — Lie(G) = g,
then this data/is-a flat G-bundle along with a reduction of structure group to a flat
K-bundle. This example indicates that the Harish-Chandra version is a useful re-
placement in the case where the map ¢ : Lie(K) — g does not integrate to a map of]
Lie groups.

Example 1.2.2. — The most important example is the case where g = W,,, the Lie
algebra of formal vector fields, and K = GL,. In fact, W,, is not the Lie algebra
of any Lie group. The pair (W,, GL,,) is fundamental for Gelfand-Kazhdan descent,
defined in later sections.
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14 CHAPTER 1. FLAT VECTOR BUNDLES AND HARISH-CHANDRA DESCENT

In the complex case it is natural to include the holomorphic structure.

Definition 1.2.3. — Let X be a complex manifold, K a complex Lie group, and g
a complex Lie algebra. A holomorphic (g, K)-principal bundle with flat connection|
is a holomorphic principal K-bundle P — X together with a K-invariant g-valued
holomorphic 1-form w € Q4 ,(P; ) such that

(1) for all a € Lie(K), we have w(&,) = a where &, € HP°(P);

(2) w satisfies the Maurer-Cartan equation
1
Ow + i[w,w] =0.

Remark 1.2.4. — Since w in Definition 1.2.3 is assumed to be holomorphic, i.e.,
Ow = 0, the Maurer-Cartan equation is equivalent to

1
dgrw + E[w,w] =0,

where dgr = O + 0 is the full de Rham differential decomposed via the complex
structure on P — X. Thus, a holomorphic (g, K)-principal bundle with flat connection
(P — X,w) is equivalent to an ordinary (g, K)-principal bundle with flat connection
(as in Definition 1.2.1) such that the underlying K-bundle is holomorphic and w is a
(1,0)-form.

We now turn to maps between such structures.

Definition 1.2.5. — A morphism of (g, K)-bundles (P — X,w) — (P’ - X', W) is a
map of K-principal bundles

such that F*w' = w.
Denote the category of flat (g, K)-bundles by Loc g k-

Note that there is a forgetful functor from Loc (g4 k) to Man, the category of mani-
folds which is either (a) smooth manifolds with smooth maps or (b) complex manifolds
with holomorphic maps. As flat bundles pull back along maps of the underlying man-
ifolds, we have that this functor is a cartesian fibration.

1.3. Descent

Recall the associated bundle construction: given a principal K-bundle 7 : P — X
and a finite-dimensional K-representation V, form the vector bundle

Vy:=PxKV
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over X. (People often use the notation P X i V instead, but we wish to avoid potential
confusion with the fibered product.)

One can view this construction as a pairing between the category of principal
K-bundles and the category of finite-dimensional K-modules, i.e., a functor

— x® —: Bun® x Mod®® — VB,

where Bung is the cartesian fibration whose fiber over a manifold X is the category
of K-principal bundles on X, where VB — Man is the cartesian fibration whose fiber
over X is the category of vector bundles on X, and where Mod g denotes the category
of K-modules. This is a functor between cartesian fibrations over Man. This functor
exhibits how natural the associated bundle construction is, and it can be used to
produce natural characteristic classes for K-bundles.

In this section, we will produce an analogous functor of Harish-Chandra descent

desc : Loc’?

> ) X Mod?; k) — VBiiat,

where VBg,; denotes the cartesian fibration whose fiber over a manifold X is the
category of flat vector bundles on X. It says, in essence, that each (g, K)-bundle
on X produces a family of local systems on X, and these are natural under pullback
of bundles. Similarly, each (g, K)-module produces a functor from flat (g, K)-bundles
to local systems over the site of all manifolds.

Remark 1.3.1. — The construction is often termed Harish-Chandra localization (see
[3] [28]), but this terminology occasionally led to possible ambiguities due to other
uses of of the word “localization,” so we use “descent”.

We will also describe the characteristic map, which is a natural transformation
char : Cf;.(9,K; —) = Q*(—,desc(—)),

where Cj,.(g, K; —) denotes the relative Lie algebra cochains functor (it is indepen-
dent of the bundle variable) and where 2*(—, desc(—)) denotes the de Rham complex
of the flat bundle produced by desc. This natural transformation encodes the sec-
ondary characteristic classes of these flat bundles.

1.3.1. Basic forms. — There is a model for the associated bundle construction that is
useful for our purposes. Let V' be a finite-dimensional K-representation. Denote by V|
the trivial vector bundle on P with fiber V. Sections of this bundle I'p(V') have the
structure of a K-representation by

A (fev)=A f)e(A-v) , A€eK, feOP),veV.

Every K-invariant section f : P — V induces a section s(f) : X — Vx, where the
value of s(f) at = € X is the K-equivalence class [(p, f(p)], with p € 77 1(z) = K.
That is, there is a natural map

s:Tp(W)E - Tx(Vx)
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16 CHAPTER 1. FLAT VECTOR BUNDLES AND HARISH-CHANDRA DESCENT

and it is an isomorphism of J(X)-modules. A K-invariant section f of ¥V — P also
satisfies the infinitesimal version of invariance:
Y- -flov+ fQLie(p)(Y)-v=0

for any Y € Lie(K).

There is a similiar statement for differential forms with valuesin the bundle V.
Let Q% (P;V) = QF(P)®V denote the space of k-forms on P with values in the trivial
bundle V. Given o € Q!(X;Vy), its pull-back along the projection 7 : P — X is
annihilated by any vertical vector field on P. In general, if o€ QF(X;Vx), then
iy (m*a) = 0 for all Y € Lie(K).

Definition 1.3.2. — A k-form o € QF(P;V) is called basic if
(i) 4t is K-invariant: Lyo+ p(Y)-a =0 for all Y € Lie(K) and
(i) it vanishes on vertical vector fields: iya =0 for all Y € Lie(K).

Denote the subspace of basic k-forms by QF (P;V)bas- Just as with sections, there
is a natural isomorphism

5: QF(P;V)bas =N OF(X; V)

between basic k-forms and k-forms on X with values in the associated bundle. In fact,
QO (P;V)pas forms a graded submodule of Q#(P;V) and the isomorphism s extends
to an isomorphism of graded modules Q7 (P;V)pas = Q% (X; V).

It is manifest that this construction of basic forms is natural in maps of (g, K)-bun-
dles: basic forms pull back to basic forms along maps of bundles.

1.3.2. — Fix a (g, K)-bundle P — X with connection one-form w € Q(P;g). Fix a
(g, K)-module V with action maps px and py. The subalgebra of basic forms

OF (P;V)pas C QF(P;V)

only uses the data of the K-representation. The g-module structure induces an oper-
ator

pe(w) : Q¥(P; V) — Q¥ (P V)
for each k. Let VY denote the operator

VOV = dar,p + pg(w) : Q¥(P; V) — Q1 (P; V)

for each k.
A direct calculation verifies the following.

Lemma 1.3.3. — The operator VPV is a differential on the submodule of basic
forms. Under the isomorphism s : Q% (P;V)pas = Q% (X;Vx), the cochain complex
(7 (P; V)bas, V) is a_dg module over Q*(X).
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1.3. DESCENT 17

Definition 1.3.4. — The associated flat vector bundle to the flat (g, K)-bundle P — X
and the finite-dimensional (g, K)-representation V is

desc((P — X),V) := (P xXV,vPV),

namely the associated vector bundle on X and its flat connection. Its de Rham complex
18
desc((P — X),V) = (U (P; V)bas, V') ,

whose zeroeth cohomology is the horizontal sections of the local system.

As the construction of the flat connection V" intertwines naturally with maps
of (g, K)-bundles, we obtain the following functors.

Definition 1.3.5. — The (g, K)-descent functor is the functor
desc : Loc‘(’; K) X Mod?; x) — VBaat
sending (P — X, V) to (Vx,VPV). There is a closely related functor

desc : Loc((’;’,K) x Mod?;K) — Modg-

sending (P — X, V) to the de Rham complez of desc((P — X,V)).

To every flat vector bundle we can associate a-local system by taking the horizontal
sections. We denote by ese the composition of the functor desc with taking horizontal
sections. Explicitly, JZese is the zeroeth cohomology of the de Rham complex of the
flat vector bundle given by descent. In other words, it is the zeroth cohomology of the
complex (Q*(P;Z)bas, VP’V).

In the case of a holomorphic (g, K)-bundle with flat connection (P — X,w), the
(0, 1)-component of the connection V7V agrees with the 0 operator

(VP’V)(L1 = 5P : QO(P;K)bas - Qo’l(P; K)bas-

Hence the horizontal sections are also holomorphic.

Example 1.3.6. — Let G be-a Lie group and let K C G be a closed Lie subgroup.
Then the K-principal bundle G — G/K has the natural structure of a (g, K)-prin-
cipal bundle where g =-Lie(G). When G is compact, there is a quasi-isomorphism
desc(G — G/K,V) -~.Cf, (g,K;V) for any G-representation V. This quasi-
isomorphism is a relative version of the standard fact that the differential forms on G
are quasi-isomorphic to the absolute Chevalley-Eilenberg complex Cj;.(g).

Example 1.3.7. — Let K be a Lie group and let € be its Lie algebra. Then (¢, K) is a
HC-pair and we have an equivalence of categories

Mod?é} K) = Repir.
Let P — X be a principal K-bundle and w € Q!(P;€) a flat connection (in the

traditional sense). Then the functor

desc((P,w), —) : Mod??’K) — Modgs
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18 CHAPTER 1. FLAT VECTOR BUNDLES AND HARISH-CHANDRA DESCENT

is equivalent to the functor Rep{}(n — Modg; that sends a K-representation V' to the
de Rham complex of the associated bundle Vx = P x¥ V equipped with its induced
flat connection, i.e., V — Q*(X;Vx).

Remark 1.3.8. — We have described these constructions for finite-dimensional repre-
sentations, but they make sense with an infinite-dimensional representation V' provided
one knows how smooth manifolds map into V. Given that data, one knows how to
write down functions (or differential forms) on P with values in'V'. In-many examples,
the vector space V' comes equipped with that information. For instance, every locally
convex topological vector space has it, as do bornological or convenient vector spaces.
A systematic discussion of these issues can be found in [36], and an overview with
close ties to the examples used here can be found in Appendix'B of [16].

1.4. The characteristic map

Recall that on a principal K-bundle P —“ X with connection one-form
w € Q1(P Lie(K)), the one-form provides a linear map w* : Lie(K)* — Q!(P).
If the connection is flat (i.e., satisfies the Maurer-Cartan equation), then w* extends
to a map of commutative dg algebras

w* i Cf ;. (Lie(K)) — Q*(P),
which provides some kind of characteristic classes for the flat K-bundle P.
We now adapt this construction to the Harish-Chandra setting. In this case, the
connection one-form w lives in Q! (P, g).and as it is flat, it provides a map of commu-

tative dg algebras w* : Cy,.(g) — Q*(P).This map admits an important refinement:
since w is K-invariant, it induces-a map

w*: >’I:.ie(gal{) - Q*(P)bas-

This construction extends to associated bundles, so that for V a (g, K)-module, there
is a map
char®™V +C (g, K; V) — Q*(desc((P,w),V)),
which provides some kind of characteristic classes for flat (g, K)-bundles.
As these constructions manifestly intertwine with pullbacks of bundles, we have
the following.

Definition 1.4.1. — The characteristic map is the natural transformation
char : C, (g, K;—) = Q*(—,desc(—,—))

between the relative’ Lie algebra cohomology of a (g, K)-module and the de Rham
complez of its associated local system along a flat (g, K)-bundle .
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CHAPTER 2

FORMAL VECTOR BUNDLES
AND GELFAND-KAZHDAN DESCENT

In this section we review the theory of Gelfand-Kazhdan formal geometry and its
use in natural constructions in differential geometry, organized in a manner somewhat
different from the standard approaches. We emphasize the role of the frame bundle
and jet bundles. We conclude with a treatment of the Atiyah class, which may be our
only novel addition (although unsurprising) to-the formalism.

We remark that from hereon we will work with complex manifolds and holomorphic
vector bundles.

2.1. A Harish-Chandra pair for the formal disk

Let Bn denote the algebra of formal power series
Clti, - .-, ta],

which we view as “functions on the formal n-disk D™”. It is filtered by powers of the
maximal ideal m,, = (¢1,...,t,);and it is the limit of the sequence of artinian algebras

o On /(1o t)E = O/ (1, 1) = O/ (t, . .. 1) = C.

One can use the associated adic topology to interpret many of our constructions, but
we will not emphasize that perspective here. R

We use W, to denote the Lie algebra of derivations of C,,, which consists of first-
order differential operators with formal power series coefficients:

n 8 -
i=1 v

The group GL,, also acts naturally on Bn: for M € GL,, and f € Bn,
(M - f)(t) = f(M2),

where on the right side we view ¢t as an element of C” and let M act linearly. In

other words, we interpret GL,, as acting “by diffeomorphisms” on D" and then use
the induced pullback action on functions on D™. The actions of both W,, and GL,,
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20 CHAPTER 2. FORMAL VECTOR BUNDLES AND GELFAND-KAZHDAN DESCENT

intertwine with multiplication of power series, since “the pullback of a product of
functions equals the product of the pullbacks”.

2.1.1. Formal automorphisms. — Let Aut,, be the group of filtration-preserving au-
tomorphisms of the algebra Bn, which we will see is a pro-algebraic group. Explicitly,
such an automorphism ¢ is a map of algebras that preserves the maximal ideal, so ¢ is
specified by where it sends the generators ti,..., t, of the algebra. In other words,
each ¢ € Aut,, consists of an n-tuple (@1, ...,d,) such that each ¢; is in the maxi-
mal ideal generated by (¢1,...,¢,) and such that there exists-an n-tuple (¢1,...,%,)
where the composite
(61(0), -, Bu()) = t;

for every j (and likewise with ¢ and ¢ reversed). This second condition can be replaced
by verifying that the Jacobian matrix

Jac(¢) = (0¢;/0t;) € Mat,, (Oy)
is invertible over @n, by a version of the inverse function theorem.

Note that this group is far from being finite-dimensional, so it does not fit imme-
diately into the setting of HC-pairs described above. It is, however, a pro-Lie group
in the following way. As each ¢ € Aut,, preserves the filtration on @n, it induces an
automorphism of each partial quotient @n /mE. Let Aut,, ; denote the image of Aut,
in Aut(@n /mE+L); this group Aut,, j is clearly a quotient of Aut,,. Note, for instance,
that Aut, 1 = GL,. Explicitly, an element ¢ of Aut, ; is the collection of n-tuples
(¢1,-..,¢n) such that each ¢; is an element of m,/mf*! and such that the Jaco-
bian matrix Jac(¢) is invertible in Co /mE*+L The group Aut,, ;, is manifestly a finite
dimensional Lie group, as the quotient algebra is a finite-dimensional vector space.

The group of automorphisms Aut,, is the pro-Lie group associated with the natural
sequence of Lie groups

- — Aut, ;' = Aut, 1 — - — Aut, 1 = GL,.

Let Autfl denote the kernel of the map Aut, — GL, so that we have a short exact
sequence

1= Aut:; — Aut,, —» GL,, — 1.
In other words, for an element ¢ of Autj; , each component ¢; is of the form ¢; +0(t?).
The group Aut; is pro-nilpotent, hence contractible.

The Lie algebra of Aut,, is not the Lie algebra of formal vector fields W,,. A direct
calculation shows that the Lie algebra of Aut,, is the Lie algebra W2 C W,, of formal
vector fields with zero constant coefficient (i.e., that vanish at the origin of ﬁ")

Observe that the group GL, acts on the Lie algebra W,, by the obvious linear
“changes of frame”. The Lie algebra Lie(GL,) = gl,, sits inside W,, as the linear
vector fields

9 ,

J . T
Zaiti— D aj € C
Ol
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2.2. THE COORDINATE BUNDLE 21

We record these compatibilities in the following statement.

Lemma 2.1.1. — The pair (W,,,GL,,) form a Harish-Chandra pair.

Proof. — The only thing to check is that the differential of the action of GL,, cor-
responds with the adjoint action of gl, C W, on formal vector fields. This is by
construction. O

2.2. The coordinate bundle

In this section we review the central object in the Gelfand-Kazhdan picture of]
formal geometry: the coordinate bundle.

2.2.1. — Given a complex manifold, its coordinate space X°°' is the (infinite-
dimensional) space parametrizing holomorphic formal coordinate systems of X. (It is
a pro-complex manifold, as we’ll see.) Explicitly, a point in X°°°" consists of a point
x € X together with an isomorphism of completed commutative algebras

¢: 0%, — Cllty, o, tn]] = Bn,

where 0% , denotes the completion lim. Ox ; /mk of the germ at = of holomorphic
functions with respect to powers of the ideal m, of functions vanishing at x. Intuitively,
¢ corresponds to an embedding of the formal disk into X, sending the base point to x.

There is a canonical projection map 7°°" : X°°°" — X by remembering only the
underlying point in X. The group Aut,, acts on X°" by “change of coordinates,” i.e.,
by precomposing a ¢ with an automorphism of the disk around the origin in C™. This
action identifies 7°°°" as a principal bundle for the pro-Lie group Aut,,.

One way to formalize these ideas is to realize X°°°" as a limit of finite-dimensional
complex manifolds. Let X;°°" be the space consisting of points (z, [¢]x), where ¢ is
a formal holomorphic coordinate system, as above, and [—]; denotes the projection
on C[[[t1,...,ta]]/(t1,. .., ta)* L. Let w5 1 X¢°°" — X be the projection. By con-
struction, the finite-dimensional complex Lie group Aut, ; acts on the fibers of the
projection freely and transitively so that 7;°°" is a holomorphic principal Aut,, x-bun-
dle. The bundle X°°" — X is the limit of the sequence of holomorphic principal

bundles on X

coor coor coor coor
— Xy X329 X3 X3
coor coor
7Tk71 7.(2 coor
1
Tk

X.

In particular, note that the GL,, = Aut, ;-bundle 7{°°" : X{°°" — X is the frame
bundle

" Fry — X,

i.e., the principal bundle associated to the holomorphic tangent bundle of X.
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2.2.2. The Grothendieck connection. — We can also realize the Lie algebra W,, as an
inverse limit. Recall the filtration on W,, by powers of the maximal ideal m,, of (,.
Let W, ; denote the quotient Wn/me‘HWn. For instance, W,, 1 = aff, = C" x gl,,
the Lie algebra of affine transformations of C". We have W,, = limy_,occ W, .

The Lie algebra of Aut,, j is

0 R 0 k+1 0
WO o= my, - WO /miH WO,

That is, the Lie algebra of vector fields vanishing at zero modulo the (k 4 1)th power
of the maximal ideal. Thus, the principal Aut,, y-bundle X °°" — X induces an exact
sequence of holomorphic tangent spaces

W9 1 = Tio o) X — To X

7[‘»0]k)

by using ¢, we obtain a canonical isomorphism of tangent spaces C* = ToC"* 2 T, X.
Combining these observations, we obtain an isomorphism

Wik = Ta, o)) XK

In the limit £k — oo we obtain an isomorphism W, & T, .. )X°" at each point.
These isomorphisms glue together to give the following.

Definition 2.2.1. — Let
6 - Wn N Séhol(Xcoor).
denote the Lie algebra morphism encoding the canonical action of W, on X°°°" by

holomorphic vector fields. (See Section 5 of [48] and Section 3 of [10] for furthen
discussions of this kind of construction.)

The inverse of the map 0 provides-a connection one-form
wcoor c Q%IOI(Xcoor; Wn)a
which we call the universal Grothendieck connection on X. As 6 is a Lie algebra
homomorphism, w®°" satisfies the Maurer-Cartan equation

1
(1) awCOOI' + 5|:<'UCOOI',“)COOI'] — 0'

Note that the proposition ensures that this connection is universal on all complex
manifolds of dimension n'and indeed pulls back along local biholomorphisms.

Remark 2.2.2. — Both the pair (W,,, Aut,,) and the bundle X°°* — X together with
w°" do not fit in our model for general Harish-Chandra descent above. They are,
however, objects in a larger category of pro-Harish-Chandra pairs and pro-Harish-
Chandra bundles, respectively. We do not develop this theory here, but it is inherent
in the work of [3]. Indeed, by working with well-behaved representations for the pair
(W, Aut,,), Gelfand, Kazhdan, and others use this universal construction to produce
many of the natural constructions in differential geometry. As we remarked earlier, it
is a kind of refinement of tensor calculus.
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2.2.3. A Harish-Chandra structure on the frame bundle. — Although the existence of]
the coordinate bundle X °°" is necessary in the remainder of this paper, it is convenient
for us to use it in a rather indirect way. Rather, we will work with the frame bundle
Frx — X equipped with the structure of a module for the Harish-Chandra pair
(W,,GL,,). The W,-valued connection on Frx is induced from the Grothendieck
connection above.

Definition 2.2.3. — Let Exp(X) denote the quotient X°°°"/GL,.~ A C™-section|
of Exp(X) over X is called a formal exponential.

Remark 2.2.4. — Following Section 4 of [30], we can realize Exp(X) as the inverse
limit of finite dimensional manifolds Exp,(X) = X$°°*/GL,,. Moreover, we can equip
Exp(X) with the structure of a principal Aut;-bundle over X in the following way.
Consider the short exact sequence of pro-Lie groups

1— Aut,t — Aut,, —» GL,, — 1.

There is a splitting of this determined by the choice.of coordinates on the formal disk
which exhibits an isomorphism

Aut,, = Aut;r x GL,,

and a bijection of sets ¢ : Aut;" =N Aut,,/GL,,:
Further, there is an action of Aut,, on Aut} defined by

f-p:=Jac(f)opoJac(f)!

which makes ¢ a Aut,-equivariant isomorphism. Using this isomorphism, we equip
X0 /GL,, with the desired Aut;: structure.

Note that Aut, is contractible, and so smooth sections always exist. A formal
exponential is useful because it equips the frame bundle with a (W,,, GL,)-module
structure, as follows.

Proposition 2.2.5. — A formal exponential o pulls back to a GL,-equivariant map
G : Frx — X and hence equips (Fry,oc*w®°") with the structure of a principal
(W, GL,,)-bundle with flat connection. Moreover, any two choices of formal expo-
nential determine (W, GL,,)-structures on X that are gauge-equivalent.

For a full proof, see [48], [47], or [34] but the basic idea is easy to explain.

Sketch of proof. = The first assertion is tautological, since the data of a section is
equivalent to such an equivariant map, but we explicate the underlying geometry.
A map p : Frx — X°° assigns to each pair (z,y) € Frx, with x € X and

o~

y:C" = T, X a linear frame, an oo-jet of a biholomorphism ¢ : C* — X such
that ¢(0) = z and D¢(0) = y. Being GL,-equivariant ensures that these biholo-
morphisms are related by linear changes of coordinates on C™. In other words, a
GL,-equivariant map & describes how each frame on T, X exponentiates to a formal
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coordinate system around z, and so the associated section o assigns a formal expo-
nential map o(z): T,X — X to each point z in X. (Here we see the origin of the
name “formal exponential”.)

The second assertion would be immediate if X°°°" were a complex manifold, since
the flat bundle structure would pull back, so all issues are about carefully working
with pro-manifolds.

The final assertion is also straightforward: the space of sections'is contractible since
Aut,! is contractible, so one can produce an explicit gauge equivalence. O

Remark 2.2.6. — In [52] Willwacher provides a description of the space Exp(X) of|
all formal exponentials. He shows that it is isomorphic to the space of pairs (Vg, @)
where Vj is a torsion-free connection on X for T'x and ® is a section of the bundle

3
FI”X XGL,, an

where W3 C W, is the subspace of formal vector fields whose coefficients are at least
cubic. In particular, every torsion-free affine connection determines a formal expo-
nential. The familiar case above that produces a formal coordinate from a connection
corresponds to choosing the zero vector field.

Definition 2.2.7. — A Gelfand-Kazhdan structure. on the frame bundle Frx — X of
complex manifold X of dimension n is a formal-exponential o, which makes Frx into
a flat (W, GL,,)-bundle with connection one-form w?, the pullback of w®°" along the
GL,, -equivariant lift & : Frx — X°©°°.

Example 2.2.8. — Consider the case of an open subset U C C". There are thus natu-
ral holomorphic coordinates {z1,...,2,} on U. These coordinates provides a natural
choice of a formal exponential. Moreover, with respect to the isomorphism

Q%IOI(F‘I-U; Wn)GLn = Q%IOI(U; Wn)a

we find that the connection 1-form has the form

n
0
coor
_E dz, @ —
w 2 zz®8t,

i
where the {t;} are the coordinates on the formal disk D".

A Gelfand-Kazhdan structure allows us to apply a version of Harish-Chandra de-
scent, which will be a central tool in our work.

Although we developed Harish-Chandra descent on all flat (g, K)-bundles, it is
natural here to restrict our attention to manifolds of the same dimension, as the
notions of coordinate and affine bundle are dimension-dependent. Hence we replace
the underlying category of all complex manifolds by a more restrictive setting.

Definition 2.2.9. — Let Hol,, denote the category whose objects are complex manifolds
of dimension n and whose morphisms are local biholomorphisms. In other words, a
map f: X — Y in Hol, is a map of complex manifolds such that each point x € X
admits a neighborhood U _on which f|y is biholomorphic with f(U).
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There is a natural inclusion functor ¢ : Hol,, — CplxMan (not fully faithful) and
the frame bundle Fr defines a section of the fibered category ¢*VB, since the frame
bundle pulls back along local biholomorphisms. For similar reasons, the coordinate
bundle is a pro-object in i*VB.

Definition 2.2.10. — Let GK,, denote the category fibered over Hol,, whose objects are
a Gelfand-Kazhdan structure—that is, a pair (X,0) of a complex n-manifold and o
formal exponential—and whose morphisms are simply local biholomorphisms between,
the underlying manifolds.

Note that the projection functor from GK,, to Hol, is an-equivalence of categories,
since the space of formal exponentials is affine.

2.3. The category of formal vector bundles

For most of our purposes, it is convenient and sufficient to work with a small cat-
egory of (W, GL,)-modules that is manifestly well-behaved and whose localizations
appear throughout geometry in other guises, notably as oo-jet bundles of vector bun-
dles on complex manifolds. (Although it would undoubtedly be useful, we will not
develop here the general theory of modules for the Harish-Chandra pair (W,,, GL,,),
which would involve subtleties of pro-Lie algebras and their representations.)

We first start by describing the category of (W,,, GL,)-modules that correspond
to modules over the structure sheaf of a manifold. Note that @L is the quintessen-
tial example of a commutative algebra object in the symmetric monoidal category
of (W, GL,)-modules, for any natural version of such a category. We consider mod-
ules that have actions of both the pair and the algebra @L with obvious compatibility
restrictions.

Definition 2.3.1. — A formal an—module is a vector space UV equipped with
(i) the structure of a (W,, GL,)-module;

(ii) the structure of a Bn -module;
such that
(1) for all X € W, fean and v € V we have X(f -v) = X(f) v+ f- (X -v);
(2) for all A € GL,, we have A(f -v) = (A- f)-(A-v), where A acts on f by a
linear change of frame.

A morphism ‘of formal an-modules is a an-linear map of (Wy, GL,)-modules

f:V— V. We denote this category by Mod%vn GL.)-

It is useful to bear in mind that such an object is much like a vector bundle
equipped with a flat connection, due to the action of vector fields by derivations.
More properly this category behaves much like D-modules (i.e., modules over the
ring D of differential operators). For instance, just as the category of D-modules is
symmetric monoidal via tensor over , we have the following result.
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Lemma 2.3.2. — The category Mod?{;vn GL.) is symmetric monoidal with respect to

tensor over O,.

Proof. — The category of Bn—modules is clearly symmetric monoidal by tensoring
over (,. We simply need to verify that the Harish-Chandra module structures extend
in a natural way, but this is clear. O

We will often restrict ourselves to considering Harish-Chandra modules as above
that are free as underlying 0,-modules. Indeed, let

VB, C Mod%y, 1

be the full subcategory spanned by objects that are free and finitely generated as
underlying an—modules7 so we refer to this category as formal vector bundles.

The category of formal Bn—modules has a natural symmetric monoidal structure by
tensor product over 0. The Harish-Chandra action is extended by

X -(s®t)=(Xs)@t+s (Xt).

This should not look surprising; it is the same formula for tensoring D-modules over O.
The internal hom Homa(GZ), W) also provides a vector bundle on the formal disk,
where the Harish-Chandra action is extended by

(X - 9)(v) =X ((v) — (X - v).
Observe that for any D-module M, we have an isomorphism
Hom p(C, M) = Homy, (C, M)

since a map of D-modules out of 0 is determined by where it sends the constant
function 1. Hence we find that there is a quasi-isomorphism

RHomp (@, V) =~ Clie(Wp; V),

or more accurately a zig-zag of quasi-isomorphisms. Here C}, (W,;%) is the contin-
uous cohomology of W, with coefficients in %). This is known as the Gelfand-Fuks
cohomology of %) and is what we use for the remainder of the paper.

This relationship extends to the GL,-equivariant setting as well, giving us the
following result.

Lemma 2.3.3. — There is a quasi-isomorphism
Cto(Wa, GL; V) ~ RHomp (0, V) ln e,
where the superscript GL,, — eq denotes the GL,, -equivariant maps.

Remark 2.3.4. — One amusing way to understand this category i is as | Harish- Chandra
descent to the formal n-disk itself. Consider the frame bundle Fr = D" x GL,, — Dr
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of the formal n-disk itself, which possesses a natural flat connection via the Maurer-
Cartan form wpsc on GL,,. Let p : GL,, — GL(V) be a finite-dimensional represen-
tation. Then the subcomplex of Q*(Fr) ® V' given by the basic forms is isomorphic
to

(Q*(ﬁ”) ® V,dar + P(WMC)) :

This equips the associated bundle Fr xGLn V with a flat connection and hence makes
its sheaf of sections a D-module on the formal disk.

Many of the important 5n—m0dules we will consider simply come from linear tensor
representations of GL,. Given a finite-dimensional GL,-representation V', we con-
struct a 0,-module @ € VB,, as follows.

Consider the decreasing filtration of W,, by vanishing order of jets

ocm2-W,Ccml - W, cW,.

The induced map m} - W,, — ml - W, /m2 . W,, = gl allows us to restrict V to a
(m}b - W,,)-module. We then coinduce this module along the inclusion m' - W, CW,
to get a W,,-module U = Homy: .w, (U(Wy), V). There is an induced action of GL,,

on 9. Indeed, as a GL,,-representation one has V) =0, ®c V. Moreover, this action is
compatible with the W,,-module structure, so that < is actually a (W,,, GL,,)-module.
Thus, the construction provides a functor from Repg, to VB,.

Definition 2.3.5. — We denote by Tens,, the image of finite-dimensional GL,,-repre-
sentations in VB, along this functor. We call it the category of formal tensor fields.

As mentioned En is an example, assg\ciated to the trivial one-dimensional GL,, rep-
resentation. Another key example is &,, the vector fields on the formal disk, which
is associated to the defining GL, representation C™; it is simply the adjoint rep-
resentation of W,,. Other examples include ﬁ}l, the 1-forms on the formal disk; it
is the correct version of the coadjoint representation, and more generally the space
of k-forms on the formal disk ﬁ,’fb

The category Tens,, can be interpreted in two other ways, as we will see in subse-
quent work.

1. They are the co-jet bundles of tensor bundles: for a finite-dimensional GL,,-rep-
resentation, construct its associated vector bundle along the frame bundle and
take its oo-jets:

2. They are the flat vector bundles of finite-rank on the formal n-disk that are
equivariant with respect to automorphisms of the disk. In other words, they are
GL,-equivariant D-modules whose underlying O-module is finite-rank and free.

It should be no surprise that given a Gelfand-Kazhdan structure on the frame bundle
of a non-formal n-manifold X, a formal tensor field descends to the co-jet bundle ofi
the corresponding tensor bundle on X. The flat connection on this descent bundle is,
of course, the Grothendieck connection on this co-jet bundle. (For some discussion,
see Section 1.3, pages 12-14, of [19].)
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Note that the subcategories

Tens,, — VB,, — Mod?{;vn’GLn)

inherit the symmetric monoidal structure constructed above.

2.4. Gelfand-Kazhdan descent

We will focus on defining descent for the category VB,, of formal vector bundles.
Fix an n-dimensional manifold X. The main result of this section is that the asso-
ciated bundle construction along the frame bundle Fry,

Frx x®» —: Rep(GL,)%* — VB(X)
1% —  Fry xCLn

which builds a tensor bundle from a GL,, representation, arises from Harish-Chandra,
descent for (W,,, GL,,). This result allows us to equip tensor bundles with interesting
structures (e.g., a vertex algebra structure) by working (W,,, GL, )-equivariantly on
the formal n-disk. In other words, it reduces the problem of making a universal con-
struction on all n-manifolds to the problem of making an equivariant construction on
the formal n-disk, since the descent procedure automates extension from the formal
to the global.

Note that every formal vector bundle ¥ € VB(w, gr,) is naturally filtered via a

filtration inherited from Bn Explicitly, we see that % is the limit of the sequence of|
finite-dimensional vector spaces

-—>/0\n/mZ®V—>---—>@n/mn®V%V,

where V is the underlying GL,, -representation. Each quotient Bn /mF ®V is a module
over Aut, j, and hence determines a vector bundle on X by the associated bundle
construction along X7°°". In this way, U produces a natural sequence of vector bundles
on X and thus a pro-vector bundle on X.

Given a formal exponential ¢ on X, we obtain a GL,-equivariant map from Frx
to X °° for every k, by composing the projection map X% — X °°" with the
GL,,-equivariant map from Erx to X°°°r.

Definition 2.4.1. — Gelfand-Kazhdan descent is the functor
descgk : GK,,OLP X VB(WH,GL,L) i PrO(VB)ﬂat

sending (Frx,o)—a frame bundle with formal exponential—and a formal vector bun-
dle U to the pro-vector bundle Fryx xSt~ U with flat connection induced by the
Grothendieck connection.

This functor is, in essence, Harish-Chandra descent, but in a slightly exotic context.
It has several nice properties.

Lemma 2.4.2. — For any choice of Gelfand-Kazhdan structure (Frx,o), the descent
functor descok (Frx, o), =) is laz symmetric monoidal.
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Proof. — For every U, W in VB(w, cL,), We have natural maps

(" (Frx) ® V)pasic ® (27 (Frx) @ W)pasic
g (Q*(FI'X) Q (GU 29 62U))basic - (Q* (FrX) ® (GU ®5n 6Zﬂ))basic

and the composition provides the natural transformation producing the lax symmetric
monoidal structure. O

In particular, we observe that the de Rham complex of descgxk ((Fr X,a),an) is a
commutative algebra object in Q*(X)-modules. As every object of VB(w, ar,) is an
/O\n—module and the morphisms are @n—linear, we find that descent actually factors
through the category of descak ((Frx, U),an)—modules. In sum, we have the following.

Lemma 2.4.3. — The descent functor descgk ((Frx,a),—) factors as a composite

descax ((Frx,o),—)

VB, Mod

forget

— VBgat(X)

descGK((FrX,U):@\n)

and the functor (Ie\é/CGK((Frx,O'), —) is symmetric monoidal.

As before, we let JJeseqk denote the associated local system obtained from descgxk
by taking horizontal sections. This functor is well-known: it recovers the tensor bundles
on X.

If E — X is a holomorphic vector bundle on X we denote by Jpo (E) the holomor-
phic co-jet bundle of E. If Ey is thefiber of F over a point z € X, then the fiber of
this pro-vector bundle over x can be identified with

FS(B), 2 Bo x Clt, ..., tal.
This pro-vector bundle has a canonical flat connection.

Proposition 2.4.4. — For ) € VB,, corresponding to the GL,, -representation V , there
is a natural isomorphism of flat pro-vector bundles

descar((Fr(X),w7), V) & I (Frx x4 V).

In other words, the functor of descent along the frame bundle is naturally isomorphic
to the functor of taking oo-jets of the associated bundle construction.

As a corollary, we see that the associated sheaf of flat sections is
Desecy (W, V) = Thoi(Frx x4 V),

where I'yjo1(—) denotes the space of holomorphic sections.

In other words, Gelfand-Kazhdan descent produces every tensor bunille. For ex-
ample, for the defining representation V = C" of GL,,, we have UV = &,, i.e., the
vector fields on the formal disk viewed as the adjoint representation of W,. Under
Gelfand-Kazhdan descent, it produces the tangent bundle T on Hol,.
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2.5. Formal characteristic classes

2.5.1. Recollection. — In [1], Atiyah examined the obstruction—which now bears
his name—to equipping a holomorphic vector bundle with a holomorphic connection
from several perspectives. To start, as he does, we take a very structural approach.
He begins by constructing the following sequence of vector bundles (see Theorem 1).

Definition 2.5.1. — Let G be a complex Lie group. Let E — X be a holomorphic
vector bundle on a complex manifold and £ its sheaf of sections. The Atiyah sequence
of E is the exact sequence holomorphic vector bundles given by

0-E®T*X - JY(E)— E—0,

where J'(E) the bundle of first-order jets of E The Atiyah class is the element
At(E) € HY(X, Q% ® Endy, (€)) associated to the extension above.

Remark 2.5.2. — Taking linear duals we see tha above short exact sequence is equiv-
alent to one of the form

0 — End(E) - A(E) - TX =0,

where A(FE) is the so-called Atiyah bundle associated to E.

We should remark that the sheaf ¢#Z(F) of holomorphic sections of the Atiyah bun-
dle A(F) is a Lie algebra by borrowing the Lie bracket on vector fields. By inspection,
the Atiyah sequence of sheaves (by taking sections) is a sequence of Lie algebras; in
fact, c#Z(E) is a central example of ‘a. Lie algebroid, as the quotient map to vector
fields &x on X is an anchor map.

Atiyah also examined how this sequence relates to the Chern theory of connections.

Proposition 2.5.3. — A holomorphic connection on E is a splitting of the Atiyah
sequence (as holomorphic vector bundles).

Atiyah’s first main result in the paper is the following.

Proposition 2.5.4 (Theorem 2, [1]). — A holomorphic connection exists on E if and
only if the Atiyah class At(E) vanishes.

He observes immediately after this statement that the construction is functorial
in maps of bundles. Later, he finds a direct connection between the Atiyah class and
the curvature of a.smooth connection. A smooth connections always exists (i.e., the
sequence splits as smooth vector bundles, not necessarily holomorphically), and one is
free to choose a connection such that the local 1-form only has Dolbeault type (1,0),
i.e., is an element in Q1°(X;End(E)). In that case, the (1,1)-component ©%! of the
curvature O is a 1-cocycle in the Dolbeault complex (Q2%*(X; End(E)), d) for End(E)
and its cohomology class [©11] is the Atiyah class At(E). In consequence, Atiyah
deduces the following.
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Proposition 2.5.5. — For X a compact Kdihler manifold, the kth Chern class ci(FE)
of E is given by the cohomology class of (2mi) %Sk (At(E)), where Sy, is the k-th
elementary symmetric polynomial, and hence only depends on the Atiyah class.

This assertion follows from the degeneracy of the Hodge-to-de Rham spectral se-
quence. More generally, the term (27i) %S, (At(E)) agrees with the image of the kth
Chern class in the Hodge cohomology H*(X;QF ).

The functoriality of the Atiyah class means that it makes sense not just on a fixed
complex manifold, but also on the larger sites Hol,, and GK,,. We thus immediately
obtain from Atiyah the following notion.

Definition 2.5.6. — For each V € VB(Hol,,), the Atiyah class At(V') is the equivalence
class of the extension of the tangent bundle T' by End (V') given by the Atiyah sequence.

Moreover, we have the following.

Lemma 2.5.7. — The cohomology class of (2mi)~* S (At(V)) provides a section of the
sheaf H*(X;QF ). On any compact Kihler manifold, it agrees with cx (V).

2.5.2. The formal Atiyah class. — We now wish to show that Gelfand-Kazhdan de-
scent sends an exact sequence in VB, qr.,)to an exact sequence in VB(GK,) (and
hence in VB(Hol,,)). It will then remain to verify that for each tensor bundle on Hol,,
there is an exact sequence over the formal n-disk that descends to the Atiyah sequence
for that tensor bundle.

We will use the notation descgk (V) to denote the functor descgk (—, V) : GK)F —
Pro(VB)gat, since we want to focus-on the sheaf on GK,, (or Hol,,) defined by each
formal vector bundle 9. Taking flat sections we get an (-module Deseqk (%) which
is locally free of finite rank and so’determines an object in VB(GK,,).

Lemma 2.5.8. — If
A—B—C

is an exact sequence in VBw, cL,), then

Desecr(A) — Deseck(B) — Deseck (C)
is exact in VB(GK,,).

Proof. — A sequence of vector bundles is exact if and only if the associated sequence
of O-modules is exact (i.e., the sheaves of sections of the vector bundles). But a
sequence of sheaves is exact if and only if it is exact stalkwise. Observe that there is
only one point at which to compute a stalk in the site Hol,,, since every point z € X
has a small neighborhood isomorphic to a small neighborhood of 0 € C™. As we are
working in an analytic setting, the stalk of a O-module at a point x injects into the
oo-jet at x. Hence, it suffices to verifying the exactness of the sequence of co-jets.
Hence, we consider the co-jet at 0 € C™ of the sequence descgk(A4) — descgk (B) —
descqk (C). But this sequence is simply A — B — C, which is exact by hypothesis. []
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Corollary 2.5.9. — There is a canonical map from Ext%WH,GLn)(C%)’O%) to
Extgy, (Deseax (B), Desei (H)).-

In particular, once we produce the (W,,GL,)-Atiyah sequence for a for-
mal tensor field U, we will have a very local model for the Atiyah class living
in Ciie(W"’GLn;Q}L ®a El’ld’o\ @)).

2.5.3. The formal Atiyah sequence. — Let % be a formal vector bundle. We will now
construct the “formal” Atiyah sequence associated to 9. First, we need to define the
(W,,, GL,,)-module of first order jets of 9. Let’s begin by recalling the construction
of jets in ordinary geometry.

If X is a manifold, we have the diagonal embedding A : X < X x X. Correspond-
ingly, there is the ideal sheaf /o on X x X of functions vanishing along the diagonal.
Let X*) be the ringed space (X, OXXX/(YA") describing the kth order neighborhood
of the diagonal in X x X. Let A® : X®*) . X x X denote the natural map of
ringed spaces. The projections 7,72 : X x X — ‘X compose with A*) to define
maps 7T§k),7rék) : X®) - X. Given an Ox-module 9, “push-and-pull” along these
projections,

T (@) = (m") @),
defines the Ox-module of kth order jets of .

There is a natural adaptatlon 1n the formal case. The dlagonal map corresponds

to an algebra map A* : Coy — Op. Fix coordinatizations 0, = C[t1,---,t,] and
= (C[[t17 vyt ], . o ). Then the map is given by A*(t]) = A*(t") t
Let Jn = ker(A*) C Ogn be the ideal given by the kernel of A*. For each k there is
a quotient map
A(k)* . 82n — azn/jylf-i_l,
The projection maps have the form
7r§k)*,7rék)* .0 — @n/ﬁf“,

which in coordinates are 7j(¢;) = t; and 73 (¢;) = ¢/.

Definition 2.5.10. — Let. ¥ be a formal wvector bundle on D". Consider the
Ozn/jkﬂ_module v ®p, (Ozn/jkﬂ), where the tensor product uses the Op-module

structure on the quotient Ogn/(j’”l coming from the map W(k) We define the kth
order formal jets of U, clenoted Jk (‘Y)), as the restriction of this Ogn/jffﬂ-module to
a 0 -module using the map 7r 0 — 02 /07,{“"‘1,

Lemma 2.5.11. — For any V € VB,, the kth order formal jets J*() is an element
of VB,,.

Proof. — For U in VB, there is an induced action of (W,,, GL,,) on the tensor product

62)@5" Con / 3,’5“. For fixed k we see that (s, / @If"‘l is finite rank as a (), module. Thus
it is immediate that this module satisfies the conditions of a formal vector bundle. []
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As a C-linear vector space we have J'(V) = V& (V ®; QL). For f € 0, and
(v,8) € V® (V@ QL), the C,-module structure is given by

f-(,B) = (fv,(fB+v®df)).

(This formula is the formal version of Atiyah’s description in Section 4 of [1], where he
uses the notation &).) The following is proved in exact analogy as in the non-formal
case which can also be found in Section 4 of [1], for instance.

Proposition 2.5.12. — For any V € VB, cL,), the @n—module JY Q) has a com-
patible action of the pair (Wy, GLy,) and hence determines an object in VB(w, cL,)-
Moreover, it sits in a short exact sequence of formal vector bundles

(2) V& OL — JHY) — .

Finally, the Gelfand-Kazhdan descent of this short exact. sequence is isomorphic to
the Atiyah sequence

Deseax (V) @ Yoy — I Desea (V) = Deseax (V).
In particular, J'descgk (V) = descgk (J1V).
We henceforth call the sequence (2) the formal Atiyah sequence for .

Remark 2.5.13. — Note that J!(?)) is an element of the category VB,, but it is not a
formal tensor field. That is, it does not come from a linear representation of GL,, via,
coinduction.

Remark 2.5.14. — A choice of a formal coordinate defines a splitting of the first-order
jet sequence as O,-modules. If we write U = 0, ®c %, then one defines

LV —= TV, fecv— (fRcwv, (1®cv)®pdf).

It is a map of Bn—modules, and it splits the obvious projection J! (%) — 9. We stress,
however, that it is not a splitting of W,,-modules. We will soon see that this is reflected
by the existence of a certain characteristic class in Gelfand-Fuks cohomology.

Note the following corollary, which follows from the identification
Ext'(V®; O, V) = Cli(Wn, GLy; Q) @5 Endy (V)

and from the observation that an exact sequence in VB(ﬁ”) maps to an exact sequence
in VB(GK,).

Corollary 2.5.15. — There is a cocycle AtST (V) € CL, (W,,, GLy; ﬁ}L ®; End; (V)
representing the Atiyah class At(descgk (V)).

We call this cocycle the Gelfand-Fuks-Atiyah class of % since it descends to the
ordinary Atiyah class for desc(?)) as a sheaf of -modules.
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Definition 2.5.16. — The Gelfand-Fuks-Chern character is the formal sum ch®F () =
> k>0 ch{F (), where the kth component

chSF (@) = mTr(AtGF(GU)’“)

lives in CF, (W, GLy; Qr).

It is a direct calculation to see that ch{F () is closed for the-differential on formal

differential forms, i.e., it lifts to an element in C¥, (W,,, GL; wal).

2.5.4. An explicit formula. — In this section we provide an explicit description of the
Gelfand-Fuks-Atiyah class

AtSF(V) € Co(W,, GLy; O, ®;  Endg(V)).

of a formal vector bundle Y. N

By definition, any formal vector bundle has the form %) = 0, ® V, with V a finite-
dimensional vector space. We view V' as the “constant sections” in % by the inclusion
i : v +— 1®v. This map then determines a connection on %: we define a C-linear map
V:V— ﬁ}l ®p, % by saying that for any f € Cp and v € vV,

V(fv) =dar(f)v,

where dgpg : a" — ﬁ}l denote the de Rham differential on functions. This connection
appeared earlier when we defined the splitting of the jet sequence j1 = 1@ V.
The connection V determines an element in C},,(W; QL ®; Endj(%)), as follows.
Let
p W, UV — UV

denote the action of formal vectorfields and consider the composition
W, @V =25 W, 9V 25 U 5 QL @5 V.
Since V spans 9 over En, this composite map determines a C-linear map
oy 1 W, — Q}L ®’0\ Enda(GZ))
by
o, v (X)(fv) = fV(p(X)(i(v))),
with f € O, and v €V

Proposition 2.5.17.»— Let U be a formal vector bundle. Then aq v is a representative
for the Gelfand-Fuks-Atiyah class AtSF (D).

Proof. — We begin by recalling some general facts about the Gelfand-Fuks-Atiyah
class as an extension class of an exact sequence of modules. Viewing @" as functions
on the formal n-disk, we can ask about the jets of such functions. A choice of formal
coordinates corresponds to an identification Bn =~ C[[t1,-.-,tn]], and that choice pro-
vides a trivialization of the jet bundles by providing a preferred frame. This frame
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identifies, for instance, J' with Bn ®Q
understood as (f,d4rf)-

For a formal vector bundle U = a" ® V', something similar happens after choosing
coordinates. We have J*(?) = V¢ QL ®p, U and the 1-jet of an element of U can
be written as

L and thel-jet of a formal function f can be

J L) R JHD)
fv = (fv,dar(f)v).

where f € @n and v € V. The projection onto the second summand is precisely the
connection V on % determined by U = 8n ® V, the defining decomposition.

The Gelfand-Fuks-Atiyah class is the failure for this map V tobe a map of W,,-mod-
ules. Indeed, V determines a map of graded vector spaces

1®V & Cf(Was V) — Cf, (W O} @5 ).

Let do denote the differential on Cj, (W,;%) and dgigy denote the differential
on Cf,.(Wp; QL ®g ). The failure for 1 ® V is precisely the difference

(3) (1®V)ody — daiggyo (1® V).

This difference is Cfie (W,,) linear and can hence be thought of as a cocycle of degree
one in Cf;,(Wy; Q! ®z End;(?)). This is the representative for the Atiyah class.

We proceed to compute this difference. The differential dg) splits as dw, ® 1¢y + d’
where dw, is the differential on the complex Cj; (W,) and d’ encodes the action
of W,, on . Likewise, the differential dgige splits as dw, ®lgigy+dai @1y +1g1 ®@d’
where dg: is the differential on the complex Cf;,(Wy; QL).

The de Rham differential clearly- commutes with the action of vector fields so
that (1 ®dgr) o (dp® 1) = (dw, +da1) o (1 ® dgr) so that the the difference in (3)
reduces to

(1@V)od — (Igr ®d) o (1® V).
By definition d’ is the piece of the Chevalley-Eilenberg differential that encodes the
action of W,, on 9, so if we evaluate on an element of the form 1 € v € C?, (W,,; V) C
CY..(W,; V) the only term that survives is the GF 1-cocycle

X = Vd'(1®v)(X) = V(p(X)(v)).
as desired. O

Corollary 2.5.18. —/ On the formal vector bundle :9\; encoding formal vector fields,
fix the Op-basis by {9;} and the Op-dual basis of one-forms by {dt’}. The explicit
representative for the Atiyah class is given by the Gelfand-Fuks 1-cocycle

fi0i = —dar(9; fH)(dt ® 0)

taking values in ﬁ,ll ®g Enda(:?\;),
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Proof. — We must compute the action of vector fields on 5n—basis elements of &,.
We fix formal coordinates {¢;} and let {9;} be the associated constant formal vector
fields. Then the structure map is given by the Lie derivative pg}( [10;,8;) = —0; f*.
The formula for the cocycle follows from the proposition. O

We can use this result to explicitly compute the cocycles representing the Gelfand-
Kazhdan Chern characters. For instance, we have the following formulas that will be
useful in later sections.

Corollary 2.5.19. — The second component cth (i) of the universal Chern characten
is the cocycle

—

Tr(AtSF(F)"?) : (£10i,970;) > —dar(8; %) A dar(Dig?)
in C%,.(Wp, GLy; Q2). As the de Rham differential dar : QL — 02 is W, -equivariant,
there is an element o in C3, (W,,, GLy;Q;.) such that
chs™ () = dara,
where , 4 ' '
o (f'0;,970;) — 9;f* Ndar(0ig”).
Moreover, as chy is closed for the differential 8,-it lifts to a cocycle in C2; (W, GLy; 02 ).

n,cl
2.5.5. Extended pair. — The 2-cocycle cth(:?\;) determines an extension Lie algebras
of W,, by the abelian Lie algebra Q2

0—>§$L)01—>Wn—>wn—>0.

We have already discussed the pair (W,, GL,). We will need that the above ex-
tension of Lie algebras fits in to a Harish-Chandra pair as well. The action of GL,,
extends to an action on Wn where we declare the action of GL,, on closed two-forms
to be the natural one via linear formal automorphisms.

Lemma 2.5.20. — The pair (Wn, GL,,) form a Harish-Chandra pair and fits into an
extension of pairs

0 =07 4 — (Wy,GLy) = (W, GLy,) — 0
which is determined by the cocycle cth(/g\;).

One might be worried as to why there is only a non-trivial extension of the Lie
algebra in the'pair. The choice of a coordinate determines an embedding of linear
automorphisms GL;; into formal automorphisms Aut,,. T/h\e extension of formal auto-
morphisms Aut,, defined by the group two-cocycle chgF (&) is trivial when restricted
to GL,, so that it does not get extended.
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CHAPTER 3

HARISH-CHANDRA STRUCTURE ON CDOS

In this section, we first recall the definition of chiral differential operators on affine
space C™; this object always exists and there is no obstruction to defining it. Then
we formulate a construction of chiral differential operators on more general complex
manifolds based on the theory of Gelfand-Kazhdan descent developed in the previous
section. The key element of this formulation is the Harish-Chandra module structure
for formal vector fields and automorphisms, much of which has been studied in the
literature on vertex algebras. The two main results we extract is Theorem 3.5.1 which
shows how formal automorphisms act, and Theorem 3.4.1 which shows how formal
vector fields act. We find these actions to be compatible and deduce the structure of]
a module

3.1. Recollections on vertex algebras

3.1.1. Recollections. — We briefly recall the definition of a vertex algebra and some
other notions associated to vertex algebras. Our main references are [18] and [29].
Definition 3.1.1. — A vertex algebra is the following data:

(i) a vector space V over C_(the state space);

(ii) a nonzero vector |0).€ V- (the vacuum vector);

(iii) a linear map T : V. — V (the translation operator);

(iv) a linear map Y (=;2) : V. — End(V)[2%] (the vertex operator);
subject to the following conditions:

(1) Forv eV, let

Y(v;2) = Z v(n)z_"_l

ne’
in End(V)[2%]. (We call the endomorphisms v, the Fourier modes of Y (v; z).)
Then for each w € V' there exists some N € Z such that v(;yw = 0 for allj > N.

(2) Y(|0);2) =idy and Y(v;2)|0) € v+ 2V ][z] for allv e V.
(3) For every v, [T,Y (v;2)] = 0,Y (v; 2), and T'|0) = 0.
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(4) For any pair v,v’ € V, there exists N € Z> such that
(z—w)N[Y (v;2),Y (v';w)] = 0.

Remark 3.1.2. — Alternatively, one can formulate the definition of a vertex algebra
in terms of the Fourier modes v(,). Indeed, our definition above provides a family of
bilinear operations
I A
(v,w) = VYpw.
These operations satisfy algebraic conditions coming from conditions (1)-(4) above.
For instance, see [29].

We will be interested in, and take advantange of, vertex algebras with the additional
structure of a Zx>(-grading. This grading is not cohomological in nature and does not
follow the Koszul sign rule. We call it the conformal dimension grading.

Definition 3.1.3. — A vertex algebra as above is Z>g-graded if the underlying state
space V' is a Z>o-graded vector space V = EBNeZ>O VIN) such that

(1) the vacuum |0) has dimension zero,
(2) the translation operator T is a dimension 1 map, and

(3) for v e V) the dimension of the endomorphism Vim) 18 —m + N — 1.

Condition (3) ensures that if v € VIV and w € VM) | then Vm)W € Vo NyM—1-

3.1.2. Actions on vertex algebras. — We now discuss what it means for a Harish-
Chandra pair to act on a vertex algebra.

It is clear how to define an action of a Lie group on a vertex algebra V. Indeed, if
K is a Lie group then by an action of K on V is a group homomorphism

pr : K — Autya(V),

where Autya (V) are the vertex algebra automorphisms. That is, maps of vertex al-
gebras V' — V whose underlying C-linear map is invertible.

To define the action 'of a Lie algebra on V' we first recall what a vertex algebra
derivation is. It is the data of a linear map D : V — V such that for all v € V one
has

Y (Dv;z) = [D,Y (v; 2)].
The set of all derivations forms a Lie algebra which we denote Derya (V). An action
of a Lie algebra g on V is the data of a homomorphism

pg : 8 — Derya (V).

It also makes sense to talk about vertex algebras that have actions by apair (g, K).
Indeed, a (g, K)-action on a vertex algebra V is a (g, K)-action is given by actions
of g and K as above such that we have the obvious compatibility.
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The underlying vector space of a vertex algebra is almost always infinite dimen-
sional, however, and so does not immediately fit into our definition of a module of]
a Harish-Chandra pair from Section 1. We sidestep this issue by focusing on vertex
algebras are graded by conformal dimension where the conformal dimg\nsion N space
V(N) is finite dimensional for each N (in our case, finite rank over (,) so that we
have a well-behaved category of modules. From here on, we will assume the following
definition of an action on a vertex algebra.

Definition 3.1.4. — An action of a Harish-Chandra pair (g, K).on a Z>(-graded vertex
algebra V =@ VW) is a collection of (g, K)-actions (pgN), p(fév)) on the underlying
fized conformal dimension spaces VN) such that:

(1) for each x € g the induced map @NpéN) (z) is a vertex algebra derivation for V,

and

(2) for each A € K the induced map @Np%\,)(A) is a vertez algebra automorphism

for V.

3.2. The (~-vertex algebra

One of the main objects that we will focus on is the vertex algebra of chiral dif-
ferential operators on C™. In the physics literature [55], [46], [49] it is typically called
the n-dimensional 3 vertex algebra.

Definition 3.2.1. — Let CDO,, denote the vertez algebra of chiral differential operators
for C™. The underlying vector space is

C[bg?c‘zn]lgjgn,l<0,m§05
the translation operator T is

bl —mb! |,

Czn = _(m - 1)6]7;1—17

and the vertex operator is

‘ : 0
Y6 2) = > bzt —zT ™
( -1 Z) 'mZ ac] z

m<0 m>0 -m

and

4 , p)
Y(d,z) = Z el 27— Z Py z7™.

m<0 m>0
These determine a vertex algebra by a reconstruction theorem (see, e.g., Theo-
rem 2.3.11 of [18]).

This vertex algebra CDO,, is a Z>o-graded. We specify this by saying that c% has
conformal dimension 0 and b’ ; has conformal dimension 1. Denote by CDOY) the
conformal dimension N subspace.
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Remark 3.2.2. — The generators of this vertex algebra are given a variety of symbols:
1. in [45], they use af, for what we call b7, and b, for our ¢/,;

2. in Chapter 11, Section 3.6 of [18], they use a’ ,, for what we call b7, and a*/
for our ¢, .

It is important to note how CDO,, relates to the geometry of C™; and some sub-
tleties thereof. The underlying vector space of CDO,, is isomorphic with the under-
lying vector space of the commutative algebra C[b¢,cl ], where ' < 0, m < 0, and
i,7=1,...,d. The map

r: C,=C[t},...,t"] — CDOY
t; — . ch.
identifies the commutative algebra (,, of functions on C™ with the conformal dimen-
sion zero subspace CDO;O) C CDO,,, which consists of polynomials in the variables
cgy---,ch. In other words, for any polynomial function f on C", we substitute c},
for ¢; in the polynomial f. We will express this, somewhat abusively, as 7(f) = f(c).
This relationship shows that one can view the underlying vector space of CDO,, as
an (O,-module.
One might hope that this map 7 is a map of commutative algebras, by using the
(—1)-Fourier mode as a bilinear operation

(—) -1y (=) : CDOP % DO — CDOY)

to equip CDO;O) with a commutative algebra structure. The issue is that this product
is not associative! Hence, we emphasize that CDO,, as a vertez algebra is not (,-linear.

Remark 3.2.3. — In [4] Borisov develops a clean formalization of this situation by
introducing the notion of an R-loop module over a commutative algebra R, clarifying
how, in our example above, the (J,-module structure interacts with the vertex algebra
structure on CDO,,. This notion of loop module also leads to quasi-loop-coherent
sheaves and then to sheaves of vertex algebras. Borisov used it to globalize the chiral
de Rham complex to complex manifolds, and suitably modified, it should apply to
chiral differential operators too.

3.2.1. Completion. — We use this module structure to complete along powers
of {t!,...,t"}. That is, we base change CDO,, to a module for 0),:

CDO,, := 0, ®p, CDO,,.

In Theorem 3.1 of [45] it is shown that this module obtains a vertex algebra structure
by extending that on CDO,,. The critical step is showing that the vertex operator

Y(=,2): CDO,, — End(C/D\On)[[z,z_lﬂ
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is well defined. Every power series f € Bn is a limit of polynomials {fz} C O.
According to the inclusion (3.2), every f; € (0, determines a field

fe(2) := fr(c(2),...,ch(2)) € End(CDO,)[z, 2.
The result of [45] is that the limit of {f;(2)} determines a field
£(2) == f(cA(2), ..., cl(2)) € End(CDO,,)[z, z].

Note that C/D\On is still a Z-graded vertex algebra, inherited from the conformal

L— (N) =~
dimension Z-grading on CDO,,. Indeed, for each N € Z we have CDO; ) =0 ®p,
CDOM.

3.2.2. — The primary complication in gluing chiral differential operators CDO,, to a
sheaf on a general manifold is that the group of automorphisms of the disk do not act
as automorphisms of the vertex algebra. This problem appears for the formal disk as
well. The group of formal automorphisms Aut,, do not act on C/D\On, as we will see
explicitly at the level of formal vector fields, in way preserving the vertex operator.
If we restrict ourselves to linear automorphisms of the disk, however, we find that
there is no such problem. Indeed we can explicitly describe the action of the Lie
group GL,, by vertex algebra automorphisms on CDO,, and @n as follows. Denote

by b,, the n-tuple (b.,,...,b") considered as a vector in C" and c,, as the vector
(ck,,...,c"). Given A € GL,, the action of A is specified by

(4) A- Cyp = ACO

(5) Abor=(AT)"b_,,

where on the right-hand side we understand matrix multiplication. Clearly this action
preserves the Zx(-grading.

3.3. The classical limit

While the (v vertex algebra does not carry an action of formal automorphisms or
formal vector fields, its “classical limit” does. For this reason, descending the classical
vertex algebra is much simpler and the formalism of Gelfand-Kazhdan descent from
Section 2 directly applies. (For an alternative approach to this see [44]) First, we
discuss what we mean-by the classical limit of CDO,,.

For each fixed conformal dimension N € Z, there is a filtration on the subspace
CDO;LN) that we now describe. First we set up some notation.

Let L = ((il,ll), ceey (ip, lp)) € ({1, - ,’I’L} X Z<0)p, M = ((j17m1)7 Ce ,mq)) S
({1,...,n} X Z<o)? be multi-indices of length p and g respectively. Define

by = b} by
M o= cﬁgl -l

mgq*
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Then as a vector space, the subspace CDOSLN ) of conformal dimension N is generated
by monomials of the form cysb;, where

L1+ IM] = (1 + 1) + (ma - mg) = =NV,

Define the subspace FkCDO;N ) as the C-linear span of all elements of the form cysbr,

such that p < k where p is the length of the multi-index L as above.. This construction
——— (N )
also provides a filtration on CDO

Proposition 3.3.1. — The associated graded

GrCDO,, := @ Gr(CDOYM) =P (@ F*CcDOW) /F’f—cho;M)
NeZ N k

has the structure of a Z>o-graded Poisson vertex algebra, as does Gr C/DT),L

Roughly, a vertex algebra can be thought of as an integer family of products.
A Poisson vertex algebra is essentially a commutative vertex algebra together with an
integer family of Lie brackets that act on the underlying commutative vertex algebra,
by derivations. For the precise definition of a Poisson vertex algebra see Chapter 16
Section 2 of [18]. The fact that Gr CDO,, is-a-Poisson vertex algebra follows from the
well-known fact.

Proposition 3.3.2 (Chapter 16 of [18]). — If V is a filtered vertex algebra such
that Gr V is a commutative vertex algebra, then Gr V carries a canonical structure
of a Poisson vertex algebra.

Remark 3.3.3. — The associated graded Gr CDO,, can be thought of as a classical
limit of the vertex algebra CDQO,,. We can introduce a deformation parameter i by
modifying the definition of the vertex operator to

b] Z*l n
7lz<0 n>0 807
and
Y(c, 2 Z ez —h Z 8bJ

n<0 n>0

These formulas define a vertex algebra CDO,, ;, over the ring Cj, = C[A] whose spe-
cialization i = 1-agrees with CDQ,,. Moreover, when we specialize i = 0 we get the
Poisson vertex algebra above. It is called the “classical” 3+ vertex algebra.

For each conformal dimension N, we can thus identify the associated graded
Gr(CDOM)) with a direct sum of symmetric powers of tensor modules on C™. Under
this identification, the Lie algebra of polynomial vector fields

WY — C[t, ... t" {1, ..., 00}
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acts via Lle derivative on Gr CDO,,. Expressing the Lie algebra of formal vector fields
as W,, = 0 ®o0, WPl we find that W,, acts on the vertex algebra Gr CDO via,
derivations.

Proposition 3.3.4. — The construction in the preceding paragraph defines the struc-
ture of a (Wy, GL,)-module on the Z>o-graded vertex algebra Gr C/D\On preserving
the family of brackets definining the Poisson vertex algebra structure. Moreover, this
action is compatible with the an—module structure.

Proof. — The associated graded can be written as
Gr CDO,, 2 ¥) Sym; (22) ® Q) Symy, (Fh)-
0<k o<l

The action by W,, and GL,, is by Lie derivative and changes of linear frame on the
respective tensor bundles appearing in the large decomposition above. O

3.3.1. Conformal structure. — The vertex algebra CDO,,, and its completion C/D\On,
has the additional structure of a conformal vertex algebra of central charge equal to
twice the dimension 2n. This means that (ﬁ)?)n receives a map from the Virasoro
vertex algebra, Vir._s,, of central charge ¢ = 2n. The Virasoro vertex algebra is
the Z>¢-graded with underlying vector space Vir, = C[Ly, C] where k < —2 and

generating field given by
z) = ZLkz_k_2.

keZ

where the conformal dimension of L_5 is 2. A conformal vector for C/]Y)n is defined
by

L_5:= Zbi_chg = Zbi_lci_l € C/DT)S)
i=1 i=1

Remark 3.3.5. — If V is a conformal vertex algebra and Ly € V is the zero Fourier
mode of the Virasoro field, then for every v € V, one has Lov = N(v)v for some
N(v) € Z. If N(v) € Zx¢ for all v, we see that Ly determines the structure of a
Z>o-graded vertex algebra on V, where V(N) denotes the N-eigenspace of the Lg op-
erator. This fact motivates the use of the term “conformal dimension” for a Z>(-graded
vertex algebra.

3.4. Harish-Chandra structure on CDO,,

As opposed to the classical limit the vertex algebra (ﬁ)?)n is not a module for the
pair (W,,, GL,,). The main result of this section is to show that there is an extension
of this Harish-Chandra pair that does act on the vertex algebra. This is largely based
on the work of [45] and [21], as well as [22], and we summarize their results below.
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3.4.1. Extension of vector fields. — On the Lie algebra side, the extension of Lie alge—
bras that acts on CDOn is precisely the extension W of formal vector fields by Qn ol
defined by the Gelfand-Fucks second component of the Chern character defined in
Section 2. We now recall the construction in [45] that describes how this extension
acts. We can state the main result as follows.

Theorem 3.4.1 (Section 5.1 of [45]). — There is map of Lie algebras
p: W, < DerVA(C/D\O )

of the extended Lie algebra Wn into derivations of vertex algebm of chiral differential
operators on the formal n-disk. In particular, CDOn is a W -module.

First, we describe how one embeds the vector space of formal vector fields inside

of chiral differential operators on D™. We have already described how to map a for-
—— (0)

mal power series f(t1,...,t,) to an element f(c},...,cy) € CDO,, . This puts the

~ _—~ (N ~
structure of an 0,-module on CDO; . for each N . Note that as 0,-modules we have
a splitting W,, = 0, ® C{d1, ...,0,}. We define

T™W : W, — ﬁ)(l
F0)0; = T(HY = f( .

In other words, we substitute ¢, for ¢; in the power series f and replace 8; by v 1

= (1)
The subspace of vectors of conformal dimension one CDO,, acts on the vertex
algebra through left multiplication by-its zero Fourier mode

(=) (=) : €DOYY x CDO,, — CDO,,

=1
In fact, for a fixed a € CDO,, ~the endomorphism a(g) is a derivation of the vertex
algebra. The composite map of taking the zero mode after 7w thus produces a linear
map

PW : W, — DeI‘VA(C/D\On),
F®8; —  (r(HY 1)) = (F(OV 1))

—— (1 — —
Moreover, for any a € CDO; ), the derivation a(y : CDO,, — CDO,, preserves the

———(N) ———(N)
Z-grading and so defines a map a( : CDO,, — CDO,, for each N € Z. A quick
calculation verifies that this map is not a map of Lie algebras. This issue is remedied
this by introducing an extension of Lie algebras, as we will see shortly.

3.4.2. — We introduce the space of 1-forms Q}L on the formal disk. Considered as an
abelian Lie algebra this acts on the vertex algebra C/D\O" as we now describe.

The de Rham differential dgg : 8n — (AZ}L has an interpretation in the vertex algebra
@n as the translation operator T defining the vertex algebra structure. Indeed, we
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define
a1 — (1)
To1 : Q — CDO

n

f@)dt; = T(HT(Q) = F(O)T ().

As ﬁ; is abelian, the map 7g: automatically determines a Lie algebra representation
of QL on CDO,, via the Lie algebra homomorphism

n

~

Pt Q}L — DerVA((ﬁY)n),
w — TQl(w)(O).

It is clear that the action by an exact one-form is zero, so pg: factors as
6l . ol/7 ~o2  fo Yo
Q, — Q. /d0, = 2, 0 — Derya (CDO,,),

where we have identified Q}l / d0,, = ﬁfwl via the de Rham differential. The map pg: is
the desired action by closed two-forms.

We can explicitly describe the action by a closed two-form w as follows. Let
a = a;(t)dt’ be a one-form such that da = w. Then

pos (@) = — (D10 IT()T() ¥ as(IT()) -

3.4.3. — Consider the linear subspace
W, := Im(pw) ®Tm(mz ) € Derya (CDO,).

A direct calculation shows that W, is actually a sub-Lie algebra of the vertex algebra
derivations. It is immediate that Im(szl) is an ideal in W,, and the quotient is

isomorphic to W,,. Thus, W,, sits in"a short exact sequence
OHSA)%’CI—)WTLHW”HO.
The 2-cocycle determining, this extension is
ansv(f*0:,9°0;) = —dar(9; ') A dar(8ig”).

This cocycle is precisely-the cocycle ch2GF (&) determining the extension Wn, so that
we have W,, 2 W,,.

Remark 3.4.2. — In [45] the connection to the Gelfand-Fuks Chern character is not
present, though our cocycle agrees on the nose with the vertex algebra calculation.

We have thus constructed a map of Lie algebras

ﬁW = (pW,pﬂgl) : Wn = Wn - DeI‘VA(CDOn),

as desired.
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3.44. — We have already described the action of GL,, on (ﬁ)\On in (4) and (5).
Combining the results highlighted in the section above we obtain the following. This
action is compatible with the action of W,, just constructed. In conclusion, we can
summarize the above as follows.

Proposition 3.4.3. — The pair (Wn,GL ) acts on the Zxo-graded vertex algebra

CDO Moreover, this action is compatible with the 0 -module_structure.

3.5. Formal automorphisms

The above construction of the action of the pair (Wn, GL,,) on the vertex algebra,
of CDOs will be sufficient for our purposes. In this section we review the main re-
sult of [21] which constructs an action of an extension of all formal automorphisms
mn — Aut,, on CDOs. This action is compatible with our construction above.

Theorem 3.5.1. — Let AutVA(ﬁn) denote the group of automorphisms of the vertex
algebra CDO,,. There is a subgroup

Aut,, — Autya(CDO,,)
that fits in a short exact sequence of groups

(6) 0— wal % Aut;, — Aut, — 1.

In [21], this subgroup Aut, C AutVA(m/%n) is characterized as the “natural”
vertex algebra automorphisms. We will outline their argument and attempt to explain
the sense of “/na\tural” here.

First, as CDO,, is Z-graded by conformal dimension, it is reasonable to restrict to
dimension-preserving automorphisms, which will be determined by where they send
the generators. As discussed above, the generators are in dimensions 0 and 1: the
dimension 0 component can be identified with 0 —functions on the formal n-disk—
and the dimension 1 component with O e 9 —one-forms and vector fields on the
formal n-disk. We view the dimension 1 component as 2-step filtered, with 0! as the
submodule.

Before worrying about the vertex algebra structure, let us consider dimensi/o\n—
preserving maps-of the space of generators. This group is Aut(@n) X Aut(f\l1 ).
Following [21], we restrict our attention to an important subgroup. On the dimen-
sion 0 component, they only consider the subgroup Aut,. Note that every element
of Aut,, acts on the dimension 1 component, since they are tensor fields, so there is
a natural map Aut,, — Aut(ﬁ1 ® &). On the dimension 1 component, they restrict
to automorphisms whose action respects the filtration and whose associated graded
action on Gr C/D\On is simply the action induced by the underlying automorphism on
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the dimension 0 component. In other words, such an automorphlsm ¢ is “triangular”:
it consists of a term ¢y € Aut,, and of an 0 -linear map ¢; : g’ — Ql nd

$(f,w, X) = (¢o- frd0-w+1(X), 0 X) €l D' 0T

Let us use AutSMS to denote this group considered in [21]. The underlying set is
isomorphic to the product

Aut,, x Mat,, (En),

by using the natural isomorphism

But this group AutSMS has an interesting group structure because of how Aut,, acts
on the dimension 1 component. In fact, it has the structure of a semi-direct product
Aut, X5 (21)®2, where the pull-back action is as above.

By definition, the group mn is the subgroup of Au‘cSMS consisting of vertex
algebra automorphisms. In other words, we pick out the dimension-preserving auto-
morphisms of generators that intertwine with the vertex operator and so on.

In [21] it is shown that the composition

mn — AutS’MS — Aut,

is surjective and that its kernel is isomorphic to closed 2-forms. That is, one has a
map of extensions

02, ———— Aut, — Aut,

R

1 &0l AutCMS . Ay,

This identifies the relevant short exact sequence (6).

3.5.1. An explicit formula for the cocycle. — In this section we describe an explicit
group 2-cocycle

aGMS S CGrp (Aut’l’H Qn Cl)

describing the extension (6). First, we elaborate on what we mean by a group 2-
cocycle.

We use the van Est model for smooth group cohomology and denote the cochains
by C¢,p- (See Chapter 3 of [19] for more discussion.) Given a Lie group G and M
a representation, let Cf, (G; M) denote the space of smooth functions C*(G*, M).
(Typically we have in mind a finite-dimensional representation, but it is well-defined
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for any vector space M such that smooth maps C*°(G*, M) is defined.) The differen-
tial dgrp is defined by

(derp)(g1s- - Gkt+1) = g10(g2; - - - s Gt 1)
k
+ Z(_l)za(gla 3 GiGit 15 s Gkt1) T (—1)k+104(91, oy Gk)-
i=1

When M is itself a cochain complex with differential d,;, we naturally obtain a
double complex. Let C,,(G; M) denote the associated total complex, combining the
differential dg,p and das.

Note that a 2-cocycle a of Cg,,(G; M) determines an extension

00— M — (N}’a — G — 0,
where the group structure on éa is defined by

(g91,m1) - (92, m2) = (9192, m1 + g1m2 + a(g1, 92)),

in the standard way.

We now proceed to write down a formula for the cocycle associated to the exten-
sion (6). Much of the argumentation below is implicit in Section 6 of [22] (in the
context of the closely related Cech approach to CDOs) and also in [21], and we refer
the reader to these sources for more details.

Let Q%z denote a truncation of the.de Rham complex: it is the total complex of
the double complex

ﬁi dar Qi dar  dar ﬁz

There is a natural action of Aut; on this complex, as Cartan’s formula for the action
of vector fields on differential forms intertwines with the de Rham differential.

First, we write down a 2-cocycle agms € Cg,,(Auty; 5\2%2), following [21]. Given
an element f € Aut,, we will use Df to denote its Jacobian. We give an explicit
formula for agms via a pair of maps (ag, as), where

~

s Aut, x Aut, — 02

(f1, f2) —  tr ((Df1)"'dar(Df1)(dar(Df2)(Df2)"1))

and
asz: Aut, — Q2

f o~ st ((Df)~'darDf)?).

This cochain is of degree 2 and has no terms of type QF for k > 4. One immediately
checks that this is a cocycle. That is,

dgroz(f1, f2) = (darpas)(f1, f2),
ddROés(f1) =
(dGrpOCQ)(fhf%f?)): ’
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for all f1, f2, f3 € Aut,. The last two equations are immediate by computation. The
first equation follows from the relation

(7) as(f2 o f1) = asz(f1) + flas(fz) — daraa(f1, f2),

which is an instance of the Polyakov-Wiegmann identity. The Jacobian of the com-
position fy o f is given by D(fs o f1) = f{(Df2)Df1 as matrix-valued formal power
series. Thus, for instance, we have

dar (D(f2 0 f1)) = fi (darDf2)Df1 + fi D fadarD fi.

Let Df = Jac(fz o f1) so that az(f2 0 f1) = 3Tr ((Df)darDf)?). Plugging in the
formula for the Jacobian we compute

. ((Df)"'darDf)’ =

3 L ((Df) £ ((Df2) " darDf)Df)°
1

3
+ 3 ((Dfl) ddRDfl) + {cross terms}.
Taking the trace of both sides we see that the first two terms return the first two
terms of Equation (7). In a similar way, a direct (albeit tedious) calculation shows
that the cross terms agree with dgra(f1, f2).

By the formal Poincaré lemma we know that the inclusion ﬁi)d — 5\2%2 is a quasi-
isomorphism. Moreover, this quasi-isomorphism is clearly Aut,-equivariant so that
we have a resulting quasi-isomorphism of complexes

CGrp(AUtn7 Qn cl) Y’ Carp(AUtn; 62727,2)

A lift agus € CLle(Autn,Qn 1) of the cocycle agms = (a2, 3) under this quasi-
isomorphism is a representative for the group extension (6).

We can obtain an explicit formula as follows. Since dgrasz(f) = 0 for all f,
the formal Poincaré lemma assures the existence of a map p : Aut, — ﬁi such
that dgru = as. We define the 2-cocycle

agms(f1, f2) = a2(f1, f2) + p(f1) + fiu(f2) — p(f2 o f1).

Via the Polyakov-Wiegmann identity (7), this element is closed and determines a
2-cocycle in Cg, (Auty; Qn o)

3.5.2. — We discuss how the construction of mn and its action on C/D\On from
Proposition 3.5.1 is.compatible with the action of (Wn, GL,) on Cﬁ—)?) that we con-
structed in Propos1t10n 3.4.3. First, we see that the group cocycle agms is compatible
with the cocycle chy (57 ) defining W,.

Given any Lie group and G-representation M, the derivative at the identity of G
(and its products G*) determines a cochain map

‘Dl : Carp(G7M) — Ciie(g;M)a
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where we view M as a g = Lie(G)-module on the right hand side. Explicitly, given a
k-cochain a of G we define

% (a(@1(t), .- ze(t) |,

where z;(t) is the flow on G determined by z; € g.

The Lie algebra of formal automorphisms of the n-disk is identified with the sub-
algebra W2 C W,, consisting of formal vector fields that vanish at the origin. Thus,
there is a map of vector spaces

(D1a)(z1,...,21) =

(8) Dy : Cérp(Autn; ﬁ%,cl) - C%ie(wo Qn cl)

induced by taking the tangent space at the identity.

Proposition 3.5.2. — The image of agms under the map(8) is equal to the restriction
of chGF(g) to formal vector fields that vanish at the origin.

This proposition shows that (WH,ER ) is a Harish-Chandra pair extendlng the
pair (W,,, Aut,,). Combmed with Theorem 3.5.1 of [21] we see that (Wn,Aut ) acts
on the vertex algebra CDOn. This action .is compatible with the action of the pair
(Wn, GL,) we have constructed from Proposition 3.4.3 in the following way.

There is a natural map p : mn — GL,, that takes a formal automorphism to-
gether with a closed two-form and maps it to the linear piece of the 1-jet of the
automorphism. This is clearly equivariant fc for the action of vector fields so that we
have an induced map of pairs p : (Wn,Autn) — (Wn,GLn) The choice of a for-
mal coordinate determines a splitting s : GL,, — Aut, and hence a map of pairs

(Wn,GL ) — (Wmm ). The action of (Wn,GL ) on CDOn constructed in
Propos1t10n 3.4.3 is the restriction along the map s of the action by (Wn, Aut n) CON-
structed in [21].

3.6. The conformal structure for the equivariant vertex algebra

We have already seen that the 8y vertex algebra is conformal so that there is a map
of vertex algebras ®yip: Vire—, — ﬁ)n This map is not equivariant for the action
of the extended Lie algebra Wn (where we equip Vir.—, with a trivial Wn action).
We will see that the failure for this map to be a map of Wn—modules is measured by
a certain Gelfand-Kazhdan characteristic class.

The map of vertex algebras ®v;, is completely determined by where it sends the

Virasoro generator, which we called L_5 € CDO . Since Vir.—, has the trivial
W module structure, we see we see that ®v;i, is map of W -modules if and only if

X- L_4 is zero for all X in Wn. An immediate calculation shows that closed two-forms
act on L_o by zero, thus it suffices to look at X - L_o for X € W,,.
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— (2)
Given any element a € CDO,, " we obtain a linear map given by the second Fourier
mode

a(z) : CDOn - CDOn .

_— (2
For X € W,,, the element X - L_5 € CDOEI) thus determines a map (X - L_3)(g) :
_— (1 _—(0
CDOi) — CDOiL ).
~ _— (1)
Finally, recall that we have described a map of W,-modules 7q:: QL — CDO,, .
It’s cokernel is identified with &,. That is, there is a short exact sequence of W,,-mod-

ules

~ —— (1 —
O—>Q,11—>CDO;)—>%—>O.

—— (1 ~
Proposition 3.6.1. — For each X € W,, the linear map (X - L_2)(2) : CDO;) — On
factors through the quotient &,

(1) N
CDO,,” —— 0y,

T

Z

and hence determines an an-linear map o(X) : . — 5n as in the diagram. Moreover,
the assignment X — a(X) defines a cocyele in CL, (W,; QL) and is cohomologous to

the Gelfand-Fuks-Chern class ¢<SE(J,) € CL,,(Wp; QL).

Proof. — The fact that (X - L_3)) factors through 37\; follows from the following
short calculation.

—_— 0
Lemma 3.6.2. — For any c € CDO;) we have (L_2)2y(Tc). Similarly, for X € W,
one has (X - L_3)(2)(Tc) = 0.

Proof. — Set L = L-3.-Since T is a derivation we have T(L(c) = L)(Ta) +
(TL)2ya. Thus Loy (T'c) = T(L(z)c) — (T'L)(g)c. For conformal dimension reasons we
have L(g)c = 0, thus L) (Tc) = —(TL)(2)c = 2L(1yc, again since T is a derivation.
The element L isa Virasoro vector, thus L) = T, so that Lyc = Tc = 0, since
c is of degree zero. Similarly, for X € W,,, we have (X - L)) (Tc) = L(2)(X - Tc) =
L2)(TX -c)) as X is a derivation of the vertex algebra. O

We thus obtain a linear map o : W,, — Q}L We verify that this is equal to c$F (:9\,;)
The formula for this Chern class is given by

—

SE(TNX) = dar(0ifs),
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where X = f;0; € W,,. We utilize the following Borcherds identity for how Fourier
modes compose

g
(%MWWCZEZFU’Q>@mﬁﬁmﬂw—%—wﬁwmﬁWmd-
J
First, we simplify X - L_o = (fi(c)b,)(0)(b¥1Tcf). Since z(o)(Tcf) = 0 for any z, we
see
X Loy = (V)0 (851)) T,

By the Borcherd’s formula this simplifies to
(=(8% ) 0) (Fi(e))P )Tl = —(O0fi) () Tekbis.

We compute the value of (X - L_5)(2) on the generators b 1- There is only one term
in the Borcherd’s expansion and it is of the form

(X - Loa)y(by) = (b)) (@S Tef) V1)

=~ D) (P10 @ file)Te)
= —6%9,0% fi-

Thus a(X) = C?F(ﬁ)(X) and the proof is complete. O

3.7. The character of a graded vertex algebra

In this section we define and compute the “local character” of the vertex algebra
CDO,,. It will globalize, under Gelfand-Kazhdan descent, to the character of the sheaf]
of chiral differential operators on a’complex manifold X.

Definition 3.7.1. — LetV be a Z>(-graded vertex algebra. The graded character of V' is
the following q-expansion

(9) (V)= ¢" (dimv ™) e Clg]).
N

Remark 3.7.2. — When V is a conformal vertex algebra, there is a slight variant
of the graded character that involves the central charge ¢ of V. If Ly is the zero
mode of the Virasoro vector in the conformal vertex algebra, the character is defined
by char(V) := Tryq“—¢/?4. The relationship to the graded character we defined in
Equation (9) is given by ¢~¢/?*x(V) = char(V) € ¢~¢/?*C|[[g]]. The reason for this
extra factor of ¢ is'that x(V) has nicer modular properties. For more about this
modularity, and motivation for the the definition of the character, see [57].

We wish to define the graded character of a vertex algebra with an action of a
Harish-Chandra pair (g, K). Suppose g acts on a Zxo-graded vertex algebra V' by
grading-preserving derivations. Then, each weight space V) is a module for g. The
character of the vertex algebra will be a g-expansion of equivariant characters of the
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individual spaces of fixed conformal dimension V(N). Thus, it suffices to define what
we mean by the character of a (g, K')-module (in vector spaces).

For simplicity we work just with the Lie algebra g. The generalization to a mod-
ule for the pair (g, K) is a small extension of this. For any g-module W, with ac-
tion p: g — End(W), its Chern character is given by ch®(W) = Tr (exp(p(X))) €
Sym(g"¥). Since the trace is conjugation invariant the character determines an ele-
ment in the Hochschild homology of the algebra Cj,.(g):

ch®(W) € HH, (Cfs(8)) 2 Sym(g")".

There is a way to express this character at the cochain level. For this, it is useful to
have an interpretation of the character in terms of Lie algebra cohomology, which will
coincide with the Gelfand-Fuks-Chern characters in the case of (g, K) = (W,,, GL,,).

Let Hoch,(—) denote the complex of Hochschild chains, computing Hochschild
homology. The Hochschild-Rosenberg-Kostant theorem for the commutative ring R
posits a quasi-isomorphism of cochain complexes

Hoch, (R) ~ Q3",

where " is the regraded de Rham complex of the commutative ring R. In the case
that R = Cf,.(g) this quasi-isomorphism takes the form

Hoch, (C};.(g)) ~ Ci | 95 €D Sym”(g")[k]
k>0

The definition of the Atiyah class of a g-module W can be found in [25]. This class is
an element At*(W) € Qp, ® End(W) gives a Chern-Weil description in Lie algebra
cohomology of the Chern character above:

ch®(W) = Tr (exp <21”_Atg(W)>) .

We will encounter the Atiyah class later, in Part II. Other characteristic classes also
admit a description in terms of this Atiyah class. For instance, the Todd class of the
g-module W is defined to be the determinant of a certain formal series involving the
Atiyah class:

o AKW)

The Euler class of the g-module W is defined to be

X (W) := Td*(g[1]) - ch®(W) € e | 9; €D Sym"*(g¥) (]
k>0

If W is a module for the Harish-Chandra pair (g, K') the same construction defines the
Euler class in relative Lie algebra cochains x (&%) (W) € Cf;, (g, K;P~o Symk(gv)[k]).
We now return to the case of a vertex algebra.
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Definition 3.7.3. — If a pair (g,K) acts on a Zxg-graded vertex algebra V, the
(g, K)-equivariant graded character of V' is the g-expansion

char®®) (V) := Z g x&F) (v (V)
N>0

in i (8 K Dpso Sym®(6¥) K] [la]):

3.7.1. — We now turn to computing the character for the main example, the
(Wn, GL,)-equivariant vertex algebra C/D\On

There is one subtlety: the conformal weight spaces of CDO,, (and CDO,,) are not
finite dimensional. They are, however, finite rank over the ring 5n, and so, whenever
we count dimensions or take duals, we will do so in a an-linear way.

With this modification, the equivariant graded character of (ﬁD\On as a module

for (Wn, GL,,) will be an element
X G (CDOR) € Cf (W, QL Q%) [[g]].

Here, (AZ:L * is the regraded de Rham complex @, Qﬁ [k] on the formal disk.
Something important happens here: the tilde has vanished on W,, so that the
character is the image of an element from C}, (W, GLy; ﬁ; *). To justify this location
for the character, we use the following argument.
Let p: g — g be a morphism of Lie algebras, and let £ be its kernel. We say that a
finite-dimensional g-module V is off-diagonal for p if there is a filtration

0=F%WcFVecF'Vc.--cFNV=V

such that for all 4, £ - F'V C FJV for some j < i. There is an elementary fact about
traces of such modules.

Lemma 3.7.4. — IfV is an off-diagonal module for the Lie algebra map p:g — g and
V' has finite dimension, thentr(exp(z)) = tr(exp(p(z))) for all x € g.

To see this, choose a filtration for V' exhibiting the off-diagonal action, and a pick
a basis for V' compatible with this filtration. In terms of this basis, each element of £
acts by a matrix that isstrictly upper triangular (i.e., off-diagonally), and hence does
not contribute to the trace.

Similarly, we have the following.

Lemma 3.7.5. — Let (g, K) and (g, K) be Harish-Chandra pairs with (p,id) : (g, K) —
(g, K) a morphism of pairs. If V is a finite-dimensional off-diagonal (g, K)-module,
then ch®(V) is in the image of the map

p* : Ciie g9, K; @ Symk(gv) [k] - Ciie 57 K; @ Symk (gV) [k]

k>0 k>0
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In our case, we take the map of Lie algebras p : Wn — W,, and the Wn-module
CDO,,. Note that we will exhibit a filtration of infinite length.
Consider the basis of CDO,, given by products of elements c’,, b/ . Define the filtered

subspace Fqﬁn to be the subspace spanned by elements of the form
i ik pJ J
clt '.'C:flkblllﬂ.bl:'

mi1

It is a quick computation to verify that the action of ker(p) = Qi,d on the CDOs is
off-diagonal for this filtration.

A slight modification of Lemma 3.7.5, which applies to the g¢-graded situation,
implies the following.

Corollary 3.7.6. — The (Wn, GL,,)-equivariant graded. character of the vertex algebra
CDO,, is the image of an element

X6 (CDOR) € CLio (Wi, GLns ©7) [[g]
along the pull-back Cf;,(Wp, GLy; Q%) — Ciie(wn, GLy; Q7).

For the pair (g, K') = (W,,, GL,,) the Chern character in the previous section coin-
cides with the Gelfand-Fuks-Chern character ChGF(W) for any formal vector bundle
W. Set TASF := TdWnCLn),

Proposition 3.7.7. — The (W,,, GL,,)-equivariant graded character of (ﬁ)?)n is given
by

X(W"’GL")(C/DT)TL) = Td®F . chCF ® Squl(ﬁé ® :7\;)

1>1
as an cocycle in Ci,, <Wn, GLp; Q;*) [q]]-
Remark 3.7.8. — Here we use the notation
Sym, (V) = @ ¢*'sym*(V),

k>0

so that
ch (Sym, (V)) = Z ¢"lch (Symk(V)> .

E>0

Proof. — The conformal dimension zero subspace of CTD\On is identified with 8n and

the conformal dimension one subspace is identified with ﬁ,ll &, (all as Wn—modules).
The full associated graded of CDOs is given by

Gr CDO,, = Q) Sym; () @ Q) Symy, ().

0<k o<l
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Putting this all together we find

= — _— (N
charV=CGL)(CDO,,) = E g~ ch®F (CDOi ))
N>0

= ch®F ® Sym,~ (;7; & ﬁ}z)

N>1
as desired. O
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CHAPTER 4

EXTENDED GELFAND-KAZHDAN DESCENT

Our construction of descent in Section 2 uses the Harish-Chandra pair (W,,, GL,,).
We have seen, however, that this pair is not appropriate if we wish to describe descent
for the vertex algebra of chiral differential operators. In this section we develop the
theory of descent for the pair (Wm GL,,), which does act on the vertex algebra, as we
saw in the preceding section.

4.1. The extended bundle

The central object in the construction of Gelfand-Kazhdan descent is the coordi-
nated bundle X °°". This space is a principal bundle for the group of formal automor-
phisms. Using a Gelfand-Kazhdan structure, we obtain from X°°°" a W,-valued flat
connection on the frame bundle Frx.. In this section, we construct and classify lifts
of the bundle X“°" to an “extended” coordinate bundle Xc°°r on which the exten-
sion W,, acts transitively. Together with the choice of an extended Gelfand-Kazhdan
structure (defined in Section 4.1.5), this extended bundle will give us the data of a
holomorphic (Wm GL,,)-bundle with flat connection on the frame bundle of X.

4.1.1. — The data of a flat Wn—va,lued connection on Fry is a 1-form
5 e QM (Frx; W)
satisfying the Maurer-Cartan equation
~ 1.
dgrw + E[w,w] =0,

where [—, —] is the Lie bracket for W, extended to the de Rham complex. A crucial
issue here is that such a structure on the frame bundle does not always exist.

We have already seen that the Gelfand-Fuks-Chern character ¢ch®¥ (&) maps to
the ordinary Chern character of a complex n-manifold under the characteristic map

char, : @Hk(wn, GL,; ﬁfml) — @Hk(X; Q’}“Qd)
k k
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associated to a Gelfand-Kazhdan structure (X, o). Assuming we have an extension
)Z'CO‘”, the image of W under the quotient map Ql(FrX;Wn) — QY (Frx; W,,) is the
connection one-form w, defined by the Gelfand-Kazhdan structure. Thus, the re-
striction of the second component of the Chern character chg’ F(Fn) to an element
in CZ,, (W,.; ﬁi’d) still maps to the ordinary Chern character chy(T'x) using the char-

acteristic map for the flat connection w.
The point here is that in CZ,_(W,; Q2 ), the element chy(F,) is cohomologically

n,cl
trivial. That is, there is an element «,, such that dp;cc, = cho (i) where dy,;. is the
differential on Cj, (Wn, Q?’L,cl)‘ By naturality of descent, we see that the image of «,,
under the characteristic map is a trivialization for cho(Tx ).  We conclude that lifts
exists only if the second component of the Chern character of the manifold is trivial.

Moreover, we wish to classify such lifts.

Theorem 4.1.1. — Fiz o Gelfand-Kazhdan structure o on X. Then there is a bijection|
between lifts of the (W, GL,)-bundle (Frx,w,) to‘a (WH,GLH)-bundle and trivial-
izations of chy(Tx) € H?*(X;QZ x). Moreover, if chy(Tx) = 0, such lifts are a torsor
for HY(X;Q2 ).

Our proof is based on the Dolbeault model for the Chern character, and throughout
this section we will work with Dolbeault representatives for the Atiyah class. This
approach is well studied and an overview can be found in [1] and [30], but we will
briefly review the requisite background.

Fix a complex Ké&hler manifold X and a holomorphic vector bundle E. Also,
let V be a smooth connection of type (1,0) on X for a holomorphic vector bundle E.
That is, an operator

ViE - QYX) 6.

Let V/ = V + 0, then V' is an ordinary connection for E. The curvature of V’ splits
as

Fy = F2) + FUh e Q*°(X;End(E)) @ Q' (X; End(E)).
According to the Dolbeault isomorphism Hg’q(X; E) > H1(X;Q% ® &), one has the
following fact about the (1,1)-component of the curvature.

Proposition 4.1.2 (Proposition 4 in [1]). — The (1,1)-form Fé’,l is O-closed and is in-
dependent, in Dolbeault cohomology, of the choice of V. Moreover, the cohomology
class [Fél,’l)]g € HYY(X;End(E)) is a Dolbeault representative for the Atiyah class
At(E) € H'(X; Q3" @y End(&)).

As a corollary, we see that Tr ((Fél,’l))k) is closed for both d and 0. Moreover, this

(k, k)-form is a Dolbeault representative for the kth component of the Chern character
chi(E). In particular, trivializations for chy(Tx), as in the theorem, are equivalent

to O-trivializations of the element Tr ((Fél,’l))Q) € 022(X).
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4.1.2. Warm-up: Chern-Simons forms on C". — Let us consider an open subset
U C C™ and a hermitian vector bundle E on U. We fix a trivialization £ = U x Ey
with Fy equipped with a hermitian inner product.

In this situation, there is a unique connection on E that preserves the hermitian in-
ner product compatible with the complex structure. With respect to the trivialization,
it takes the form

dgr + A4,
where A € QV°(U;End(Ey)). (This connection is usually called the Chern connec-
tion.) The curvature of the connection is of type (1,1), and it has the form

Fy=F") =94

and lives in Qb(U; End(Ey)).

Consider the (k, k)-form @ff) := Tr(F%). This form is a local representative for the
kth Chern character. For the following calculations, it is convenient to introduce the
following complex. Define 222*(U) to be the complex

Q2*(U) 5 027 (U) S
where Q%’*(U ) is the Dolbeault complex of (p,*)-forms with differential 0. In this

complex the degree of a form of type (k,1) is k+1 — 2. Equivalently, Q22* is the total
complex of the double complex (222*,9,0).
There is an obvious embedding

Q4" U) < Q=2 (U),

where Qzl’h‘)l(U ) is concentrated in degree zero. This is a quasi-isomorphism by using
Poincaré lemma for the operators-@ and 0 for the open set U together with the obvious
spectral sequence. (Note that the left hand side is concentrated in cohomological
degree zero)

A direct calculation shows that @Ef) is both @ and O-closed. In fact, we will use a
preferred one given by the Chern-Simons functional.

In the case k = 2 we ‘evaluate the usual Chern-Simons functional on the Chern
connection A: consider the 3-form

CS(A):Tr(A/\dA+§AAA/\A>
:Tr<A/\8A+A/\8A+§A/\A/\A>
:Tr(A/\@A—iA/\A/\A)

using A + A A A = 0. Note that CS(A) is an element in 222*(U) of cohomological

degree one. By construction dCS(A) = 9542), where d is the total differential on the
complex.
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We are interested in how the Chern-Simons form interacts with other trivializations
of @f). Let us fix another trivialization o € Q22*(U) of 9542) such that da = @f).
Notice that the element o — CS(A) is a closed element of degree one in the complex
Q=2*(U). Thus, there exists an element 3 € Q=2*(U) of cohomological degree zero,
i.e., a (2,0)-form such that

ds = a— CS(A).
The ambiguity in choosing such a 3 is precisely the cohomology-of the complex which
we already determined to be Q?l’hOI(U ). That is, if w is a closed holomorphic two-form
then 8 + w satisfies
d(f +w) =dB8 = a— CS(4).

More precisely, given a trivialization « the space of all such (3 is a torsor for Q?l’hOI(U).

Before we proceed to the formal situation, and the construction of the extended
coordinated bundle, we need to understand how all of the trivializations above change
as we make a gauge transformation.

Suppose that our holomorphic vector bundle E is TU, the holomorphic tangent
bundle. Given a biholomorphism f : U — U, we obtain a gauge transformation of A
to the new connection

f-A:=g " Ag+g7 0y,
where g = Jac(f) is the Jacobian of f.

Lemma 4.1.3. — There is a (2,0)-form p depending on f and A such that
CS(A)=CS(f - A) = dp.

Proof. — For the existence of such-a p, it suffices to show that the difference
CS(A) — CS(f - A) is closed. Indeed, under a gauge transformation the Chern-Simons
functional becomes

CS(f - A) = CS(A) + dTr(g~10g A A) + %Tr ((97'99)%) .
Now Tr((g~18g)?) is both 9-and 8 closed, so the result follows. O

Remark 4.1.4. — The 2-form p is only unique up to a holomorphic closed 2-form. We
will need to fix one in the next section when we define the extended bundle.

4.1.3. Formal coordinates. — There is a completely formal version of the above triv-
ializations, and we will use it to construct the bundle X:°°" extending the ordinary
coordinate bundle.

Let ¢ be a formal holomorphic coordinate around a point z € X. In the construc-
tion of the coordinate bundle, we viewed a formal holomorphic coordinate as a map
 : D" — X where D" is the holomorphic formal disk. In this section we view this
coordinate as a “holomorphic” map ¢ : ﬁg — X where ﬁg denotes the complex formal
disk in the sense that its ring of functions is

CD2) = Cllte, .., tas Frse oy Bl
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Similarly to the non-formal case, we denote the full de Rham complex by
ﬁ;kl’* = ((C[[tl, ce ,tn,fl, R ,fn]] ® (C[dti,dfj],ddR) s
where dt;, d¢; are placed in cohomological degree one. In this section, to stress holo-

Ak, hol

morphic dependence, we denote by chl the space of holomorphic closed k-forms

on 13", i.e., O-closed k-forms depending only on the formal variables {¢;}.
Notation 4.1.5. — In this section we will denote the full de Rham differential by
dar : ﬁfl’* — S/-\Z;fb’*
and write dgr = 0 + O where 0, 0 are the formal Dolbeault operators.
We define the truncated de Rham complex ?2%2* to be
02+ 2,03+ 9, ...

Its differential will be denoted by d. Note that we still have a quasi-isomorphism at
the formal level

i = 0z
by the formal Poincaré lemma.

Fix a Ké&hler manifold X and equip the holomorphic tangent bundle with the
associated Chern connection V. Let us also fix a global trivialization « of the second
component of the Chern character of Tx-

Pulling back to the formal disk via'the coordinate ¢ : ﬁg — X, we can write the
connection in the form dgr+ A, where A, € ﬁ};o ®End(C") is the formal connection
one-form. Just as above, the degree two element

6% = Tr((94,)%) € 022

is a representing form for @g) on the formal disk. Note that this element is both

and O-closed. Let (/J\S(A) € Q%Z* be the corresponding Chern-Simons form on the
formal disk.

Remark 4.1.6. — Tt is here that we see the explicit appearance of closed 2-forms, or
really its natural resolution.

For each formal coordinate ¢, the trivialization o of Gg) determines a for-
mal trivialization &, € ﬁ%z’* satisfying da, = @)54299. Just as above, the
difference &¢—6\S(A¢) is d-closed and hence there exists a 3, € ﬁf;o such
that df = a, — CS(A,).

Definition 4.1.7. — The extended coordinate bundle X °°" is the set of pairs
((paﬁs&)a

where @ : 136 — X is a formal coordinate and B, € ﬁ%,o satisfies

dB, = a, — CS(A,)
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in the cochain complex QZ%*.

4.1.4. Defining the bundle. — We have just defined the set corresponding to the ex-
tended bundle. We now show that it is a principal bundle on X for the group A—\u/tn
lifting the coordinate bundle X °°°r,

Before we define the action of Aut, we make the following observations. Given
a formal coordinate ¢ and an automorphism f € Aut,, we obtain a new formal
coordinate f*¢ = ¢ o f. If A, is the connection one-form corresponding to ¢ then
A+, is given by the gauge transformation

Apep =g "Au,g+ g 10y,

where g = Jac(f) € GLn(an) is the Jacobian. Just as in the proof of Lemma 4.1.3 we
have

G5(A,) —~ BB(Ag-) = dTr(g~"0g A A) + 3T ((9700)%).

The 3-form XWZW(f) := %Tr ((g’lag)3) is 0-closed, and hence we may choose a non-
unique cobounding two-form. Explicitly, the choice of a formal coordinate determines
a homotopy
B ﬁl:b,hol _ ﬁﬁ—l,hol
and we define iy := h(X"VZ"W (f)). Note that u; does not depend on the coordinate (.
Finally, let
Proi=Tr(g™ 0g A A,) + g,

which lies in ﬁfb’o.

Recall that the group Aut,, consist of pairs (f,w) with f € Aut, an automorphism

of the holomorphic formal disk and with w € Qi’d. For a pair (¢,f,) as in the
definition above, define

(10) f : (‘paﬁ<p) = (f*<)07 f*ﬂgo + ﬁfﬁp)'
and
(11) w.: (‘pw&p) = (Qaaﬁtp + w)'

Here f*p = p o f is precomposition with the automorphism f, i.e., change of coordi-
nates, and f*3, is the pull-back of forms.

Proposition 4.1.8. — Equations (10) and (11) define an action of Aut, on Xgeor,
Moreover, it induces the structure of a Auty-principal bundle w°°" : X" — X
lifting the Aut, -principal bundle w°°°" : X" — X.

Remark 4.1.9. — Note that the choice of 5y, is only unique up to a closed holomor-
phic 2-form on the formal disk. That is, for each n € Qi’cl we get a different action

of Aut,, defined by
f- (‘P:ﬂcp) = (f*<P7 f*ﬂgo + ./O\f,ap + 77)'
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This action is equivalent to the original action. Indeed, denote X, 00T with this new
action determined by 1 by X

coor
a,n

. ~COOI‘ ~COOI’
(DTIJI' . Xa,n - on,n/

(0,B5) = (p,B,+n—1").

. For any two closed 2-forms 7,7’ we define

Then ®,,, is a map of mn—spaces. In fact, it is an isomorphism with inverse given
by @, ,. Hence we have an isomorphism of principal Aut,-bundles.

The proof of the proposition is a direct calculation. First, we show that the map is
well defined at the level of sets. That is, for any f we must show that f-(p, 5,) € X$°°".
We have

d(f*B, + py,a,) = f*dB, +dpy.a,
= f*(¢*a— CS(A,)) + (f*CS(A4,) — CS(f*A,))
= ffo*a— Cflg(f*A(p).

Thus f*8, + py,, trivializes the difference of the Chern-Simons functional associated
to f*A, and the original trivialization as desired.

It remains to see that we have an action by A_\u/tn It suffices, in fact, to show that
for any fi, fa € Aut,, C Aut,,

(12) fi-(fa- (0, 8,)) = (fao f1) - (f2- (@,B)) + (¢, By + acms(f, 9)),

where agys is the defining cocycle for the extension (6) defined in Section 3.5.1.
Expanding the left-hand side, we have

(FL£350, [ 1380+ FiBrase + Drsse)
The last term py, f;, has the following meaning. Choose any (macroscopic) automor-
phism fy : C" — C™ whose oco-jet class is fa, and look at the element ﬁfl Fror Since
/2
Pt only depends on the power series expansion of ¢, this element is well defined and

does not depend on the lift 172
Now the right-hand side of (12) is

((f20 f1)*@; (fa 0 f1)*Bo + Praofi,a, + ams(f1, f2)) -

Thus, to verify we have an action and finish the proof of Proposition 4.1.8, it suffices
to prove the following.

Lemma 4.1.10. — » The cocycle agums satisfies

(13) acms(f1, f2) = P sz + F1Pf2,Ap — Paofi A,
for any f,qg in Aut,.

Proof. — We recall the formula for the GMS 2-cocycle from Section 3.5.1. In the
notation from that section it reads

agms(fi,fo) = ao(fi, f2) + e + flitgy — ifsofy-
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(We use 0 this time and not dgg to stress that it is the holomorphic differential.) We
expand the right-hand side of Equation (13):

tr((Df1) ' 0D faAszp) + fi tr(Df2) 10D f2A,) — tr((f{D2Df1) " O(fiDf2Df1) A,)
+ gy STl — Hfsofy-
We have used the fact that the Jacobian of f; o f; is given by the product fyD foDf;.
Finally, to complete the proof we notice that the first three terms in the above formula,
simplify to
az(f1, f2) = tr (97 'ODfi A f{ (9D f2(Df2) 1),

and so we are done. O

4.1.5. Proof of Theorem 4.1.1. — In this section we prove the theorem. We will use the
data of an extended coordinate bundle to construct a Gelfand-Kazhdan structure for
the frame bundle Fry — X, with a connection one-form valued in the extension Wn

Clearly, the action of mn on the set of pairs (¢, 8,) lifts the action of Aut, on
formal coordinates ¢ : D™ — X. This observation, together Wit/h\ the compatibility
of the cocycle dgms and the Gelfand-Fuks-Atiyah cocycle chS¥ (F,) defining the ex-
tension Wn — W, allows us to summarize the construction of previous section as
follows.

Proposition 4.1.11. — For each trivialization o of @g?) there exists a transitive action
of Wn on )?20“ that lifts the action of W,, on X°°°". That is, there is a map of Lie
algebras

O : Wi, = J(X %)
such that for each (z, ¢, B,) € )?g;m, the induced map 5(:5) ‘W, — T(w,%ﬁw))?;;oor 18
an isomorphism and the diagram

=7 arx (:1:)
Wi —— T(a,0,8,)

. |

Wi, — T ) X

X coor
Xa

commutes.

The inverse of 6, defines a connection one-form @, € Q'(X°°"; W,,). Now, X0 is

an Q2

2, ,-torsor /over X°°" and so there exists a Aut,-equivariant smooth section
;

oq2 @ X7 — )Z'gf’or. Note that this section is mot unique, but its choice will not
matter in the end (much as in the case of an ordinary Gelfand-Kazhdan structure).
Given such a section we have an induced map

Ql(}?gtoor;wn) 702 Ql(Xcoor;Wn) N Ql(Xcoor;Wn)’

where p : Wn — W, is the projection. Under this composition, the 1-form w:°°" maps
to the Grothendieck connection 1-form w®°" € Q(X " W,,).
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Now, we would like to apply the theory of Gelfand-Kazhdan descent to this sit-
uation. Recall that in the case of the pair (W,,GL,), a Gelfand-Kazhdan struc-
ture amounted to choosing a formal exponential. That is, a GL,-equivariant splitting
o : Frx — X°°" of the projection 7w°" : X" — Fry.

Fixing a section o2 of the Qi -torsor over X°°°" as above, we can compose with
the canonical section og2 : X" — X'goor of 5('30“ over X" to get the section
0qz o 0. This composite defines the connection one-form

~a

* COOor coor
w
0‘,0'92

= (0q2 00)*Ww" = 0" 0 Hw",

living in Q! (Frx; Wn)

Definition 4.1.12. — An extended Gelfand-Kazhdan structure on X is a triple
(a,0,0q2) where

(1) « is a trivialization for the second component of the Chern character of X ;
(ii) o is a Gelfand-Kazhdan structure on X; and
(iil) o2 is an Aut,-equivariant smooth splitting of )N(g;’or — Xcoor |

The construction in the above paragraph.shows that the data of an extended
Gelfand-Kazhdan structure on X determines a holomorphic (W,, GL,)-bundle
on Frx — X with flat connection one-form given by 52‘7%2.

The same argument as in the non-extended case (see Section 2.2.5) gives the fol-
lowing.

Lemma 4.1.13. — Fiz a Gelfand-Kazhdan structure o. Let J%p and o}lg be two smooth
splittings of X" — X°°". Then the induced connection one-formsw? . andws ,

902 902
are gauge equivalent.

To finish the proof of Theorem 4.1.1, we must go the other way: given a lift (Frx, )
of the (W,, GL,)-bundle (Frx,w,), we must produce a trivialization. This construc-
tion is outlined above in Section 4.1.1. It is a direct calculation to show that these
two constructions are inverse to each other.

Before we define extended descent, we discuss the class of modules that we wish
to consider.

4.2. Extended modules

We have defined the category of “vector bundles” on the formal disk VB,,. These
Harish-Chandra modules were especially well behaved from the point of view of
Gelfand-Kazhdan descent. In this section we consider an analogue of this category
of modules for the pair (Wn, GL,). These modules will be objects that descend along
the extended bundle (Frx,©%).

Since Wn is an extension of Lie algebras, it has a two-step filtration

F'W, =W, > F'W, = Q2.
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The associated graded of this filtration is the Lie algebra W,, @ Q2.

Let Mod?flvv GL.) denote the category of filtered modules for the pair (Wm GL,),

using the filtration above. Given any such module %), we can consider its associated
graded Gr 9. This associated graded forgets down to a graded module for the Lie
algebra W,,. Since % also has a compatible GL,,-action, the associated graded has the
structure of a graded (W,,, GL,,)-module. There is thus a functor
. fil zZ/2
Gr: MOd(WmGLn) — Mod(WmGLn)

7./2
(Wr,GL»)
the category of Z/2-graded vector spaces together with a_grading-preserving action
of the pair (W,,, GL,,).

7.2

Similarly, there is a full sub-category VB%/ 2 c Mod(W GL.) consisting of those

given by taking the associated graded for the two-step filtration. Here, Mod is

(W,,, GL,,)-modules that are also elements in VB,, by forgetting the grading.

Definition 4.2.1. — The category VB, of filtered (W,, GL,)-vector bundles is the
pull-back

VB, — - VB%/?

J |

fil z)2
Mod ., oL, » Mod(yy, aL,)

of categories.

Explicitly, an object of {/'En is.a Z/2-graded an—module that is free and finite rank

together with a compatible action of (W,,, GL,) that respects the two-step filtration
of W,,.

4.3. Extended descent

We are now in a place to define the extended Gelfand-Kazhdan descent functor for
modules as in the previous section.

Define the category ﬁ\o/ln to have objects consisting of pairs (X, ), where X is a
complex manifold of dimension n and « is a trivialization of its second component
of the Chern character chs(Tx ). Morphisms are defined to be local biholomorphisms
that pull-back trivializations. For instance, if (X,ax) and (Y, ay) are objects and
f:X — Y is a local biholmorphism, we require f*ay = ax. We let E;T{n denote the
category fibered over ﬁ\o/ln whose objects over (X, «) are extended Gelfand-Kazhdan
structures (X, a, 0, 0q2).

Definition 4.3.1. — The extended Gelfand-Kazhdan descent is the functor
descek : GK.» X VB — Pro(VB(X)aar),

ASTERISQUE 419



4.3. EXTENDED DESCENT 67

sending an extended Gelfand-Kazhdan structure (X, a, o,0q2) and an extended module
Y € VB, to the pro-vector bundle Frx xSt U with flat connection induced from

wa,a,aa'
Let (;;E:GK(X, 0,00z, ;) denote the corresponding Q* (X )-module. Since differ-
ent choices of sections o and on2 determine gauge equivalent connections the result-

ing sheaf of flat sections is independent of such choices and we will denote the sheaf
by Desegx (X, a; V).
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CHAPTER 5

DESCENT FOR VERTEX ALGEBRAS

In this section we discuss Gelfand-Kazhdan descent for vertex algebras. Namely,
we show how the structure of a vertex algebra that has a.compatible action of a pair
(g, K) descends to a sheaf of vertex algebras on complex manifolds via the functors
we have already constructed. Of course, the most. important cases will be the pairs
(W,,GL,,) and its extension (Wn, GL,).

For another approach for constructing sheaves of vertex algebras on manifolds, see
[44], although the case of extended descent is not covered there.

For a Cech style approach to constructing the sheaf of vertex algebras given by
CDOs, see [22].

5.1. General descent

We will define descent for vertex algebras in a similar way as in the general setting
of Harish-Chandra descent. For this to make sense, we need to first say what we mean
by a vertex algebra in the differentially graded setting.

Definition 5.1.1. — A dg vertex algebra is a Z-graded vertex algebra V together with
a vertex algebra derivation d 'V — V of degree 1 such that

(i) d2 =0 and
(ii) the structure mapsY (—;z) : V — End(V)[2%] have cohomological degree zero.

Moreover, if V' has the additional structure of a Z>q-graded vertex algebra (by what
we call the dimension grading), a dg Z>o-graded vertex algebra is a dg vertex algebra
such that d preserves the dimension grading.

Consider now a torsor P — X for a Harish-Chandra pair (g, K). If V is a vertex
algebra on which K acts via vertex algebra automorphisms, then invariants for this
group action will be a sub-vertex algebra. Likewise, if g acts on V' via vertex algebra
derivations, then the induced connection VPV = dgr + pg(w) also acts by vertex
algebra derivations on Q*(P) ® V. If we choose actions that are compatible (as well
as Z>o-graded) we obtain the following.
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Proposition 5.1.2. — If (g, K) acts on the vertex algebra then desc((P,w,V)) has the
structure of a dg vertex algebra in Q0*(X)-modules. If (g, K) acts on the Z>o-graded
vertex algebra V', then desc((P,w),V) has the structure of a dg Z>o-graded vertex
algebra in dg Q*(X)-modules.

This result implies that the sheaf of flat sections Jese((P,w), V) has the structure
of a sheaf of Z>(-graded vertex algebras.

5.2. Formal vertex algebras

We now develop what we mean by vertex algebras in the category of formal vector
bundles. The vertex algebras we are interested in are not finite dimensional, so are ill-
behaved in the context of doing ordinafy Harish-Chandra descent. The graded pieces,
however, are finite dimensional over (,, so we are in a similar context of Gelfand-
Kazhdan descent as in Section 2.

Recall, that the category of formal vector bundles (or formal vector bundles on the
formal n-disk) VB,, consists of an—modules together with a compatible structure of a
(W, GL,,)-module. The category of formal vertex algebras we consider is a modest
generalization of the category of formal vector bundles VB,,.

Definition 5.2.1. — A Gelfand-Kazhdan vertex algebra is a Z>o-graded vertex algebra
V together with an action of (W,,GLy) as in Definition 3.1.4 such that for each
N > 0 one has a GL,,-equivariant identification

(14) PI)-=0, @c VAV,

where VW) is a finite dimensional GL,,-representation. A morphism of Gelfand-
Kazhdan vertex algebras is a (W, GLy,,)-equivariant morphism of Z>o-graded verted
algebras. We denote this category by Vert,,.

Thus, a Gelfand-Kazhdan-vertex algebra is a vertex algebra in the category of
Harish-Chandra modules Mod(w, GL,) together with some finiteness property.

Lemma 5.2.2. — The vertex algebra Gr ﬁ)n has the structure of a formal vertex
algebra.

Proof. — We have already seen that Gr (ﬁD\On has an action of the pair (W,,, GL,,).
Moreover, from the explicit formula Gr CDO,, = ®o<kS/y?na (ﬁi)@@ogs/y?na ()
shows that the spaces of fixed conformal dimension are finite sum of tensor products

of the (W,,GL,) modules Q}I and EL Thus, we can write each space of conformal
dimension N in the presentation of Equation (14). O

Definition 5.2.3. — An extended Gelfand-Kazhdan vertex algebra is a Z>q-graded
verter algebra together with an action of (W, GL,,) as in Definition 3.1.4 such that
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for each N > 0 one has a GL,,-equivariant identification
(15) YN =0, @c V),

where V) is a finite dimensional GL,-representation. A morphism of a Gelfand-
Kazhdan vertez algebra is a (W, GL,)-equivariant morphisms of Z>q-graded vertex

algebras. We denote this category by Vert,,.

The category Vert,, is a full subcategory of vertex algebras in Mod(Z\%2 L) con-

sisting of those objects that satisfy the finiteness constraint above.

Lemma 5.2.4. — The vertez algebra ﬁ)n is an extended Gelfand-Kazhdan vertex
algebra.

Proof. — We have already seen that CTD\O" has the structure of a (Wn, GL,,)-module.
The same argument as in Lemma 5.2.2 shows that the spaces of fixed conformal
dimension can be expressed as in Equation (15). O

Remark 5.2.5. — As noted following Remark 3.2.2, we do not require that a Gelfand-
Kazhdan vertex algebra 9 be (,-linear. The underlying vector space of %) is an
Cr-module but vertex algebra operations do not preserve that action.

5.3. Descending Gelfand-Kazhdan vertex algebras

‘We show how Section 5.1 carries over to Gelfand-Kazhdan descent for the categories
of equivariant vertex algebras defined in the previous section. We will perform both
an extended and non extended version of descent.

For a Gelfand-Kazhdan vertex algebra ) we define the sheaf Deseqy (V) of vertex
algebras on the category GK,,, and hence on the category Hol,. For now, let’s fix a
Gelfand-Kazhdan structure o on X. It will be evident that all constructions are still
functorial in this parameter.

For each N > 0 we have a decomposition V) = /O\n ®c VM) and hence a filtration
on VW) coming from the vanishing order of jets. Thus, applying the same construction
as in Section 2, we obtain the pro-vector bundle Fry xCGt» QW) Since the action
of (W,,,GL,,) preserves the Z>( grading, it is a pro-vector bundle equipped with a
flat connection and hence we can define the Q*(X)-module

desc(o, V) = ((Q*(Frx) ®62)(N))b ,dar +w0) .

as

We now sum over all dimension spaces to obtain the Q*(X)-module
desc(o,V) = @ desc(a, V™).
N>0

Lemma 5.3.1. — For any Gelfand-Kazhdan vertex algebra U and Gelfand-Kazhdan|
structure (X, o), the Q*(X)-module desc(o,V) has the structure of a Z>o-graded dg
verter algebra over Q*(X).
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Thus, we obtain a sheaf of Z>(-graded vertex algebras Jese(o, V) by taking flat
sections. It is clear the construction is natural in the choice of a GK structure so that
we obtain a sheaf Dese(U) of vertex algebras on the category Hol,.

5.3.1. Classical limit of the sheaf of CDOs. — In the example of the Gelfand-Kazhdan
vertex algebra Gr CDO,, we denote the descent object by

Gr CDOx := Dese((X,0); Gr C/D\On)

This is a sheaf of vertex algebras defined on any complex manifold. As we remarked
above, functoriality of the construction implies that we have a sheaf of vertex algebra
Gr CDO defined on the category Hol,.

Moreover, as the action of the pair (W,, GL,,) preserves the Poisson structure.
This shows that Gr CDO is actually a sheaf of Poisson vertex algebras.

5.3.2. Extended descent for vertex algebras. — The construction for extended formal
vertex algebras is similar, this time we use the bundle of extended coordinates con-
structed in Section 4.

Let us fix an extended Gelfand-Kazhdan structure (X, a,0,0q2), that we simply
denote by &, and an extended Gelfand-Kazhdan vertex algebra V.

By construction, each dimension ‘space YN) = @n ®c VW) has an action
of (Wn, GL,) and hence we can form the pro-vector bundle Fry x%kn QYWN) that is
equipped with a flat connection. The de Rham complex is the Q*(X)-module

——

desc(, V) = ((Q*(Frx) ®62)(N)>b ydar + Wy ) .

0,062
as Bt

Again, by summing over spaces of fixed conformal dimension we obtain the
Q*(X)-module
desc(5, V) = P desc(s, V).

N>0

The same proof as above carries over with minor modifications to show.

Lemma 5.3.2. — For any extended Gelfand-Kazhdan structure o and extended
Gelfand-Kazhdan wertez algebra UV the Q*(X)-module desc(c, ) is a Z>o-graded dg
vertezr algebra over*(X).

We obtain a sheaf of Z>-graded vertex algebras by taking flat sections that we de-
note ese(d, V). Again, the construction is natural in the extended Gelfand-Kazhdan

structure so we obtain a sheaf of Z>o-graded vertex algebras Zese(?)) on the cate-
gory Hol,,.
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5.3.3. The sheaf of CDOs. — We are finally able to to define the central object of]
study in this work.

Definition 5.3.3. — Let X be a complexr manifold together with a trivialization o
of cha(Tx). The sheaf of chiral differential operators on X is the sheaf of vertex
algebras

CDOX,a = %GK(X, (o @n)

Remark 5.3.4. — The descent functor de’\s/cGK depends on the choice of an extended
Gelfand-Kazhdan structure and not just a trivialization of chs. But, as we have already
mentioned, the sheaf of flat sections does not depend on such a choice so we omit it
from the notation.

This definition of chiral differential operators via Gelfand-Kazhdan formal geom-
etry is similar in spirit to the formulation of the chiral de Rham complex in [45].
There, one defines the sheaf in a similar way as above though with the non-extended
pair (W,,, GL,,) (this pair indeed acts on the affine chiral de Rham vertex algebra).
We hope that the above constructions reflect systematically how one can handle de-
scent for objects that require extending the usual action of formal automorphisms
and derivations on the formal disk. .

The compatibility of the Gelfand-Fuks-Chern class chy(S,) and the group cocycle
aagms shows how our definition of chiral differential operators is related to the original
definition given in [21].

5.3.4. The conformal structure. — We address the conformal structure for tlﬁs\heaf of|
chiral differential operators. We have already notes that the vertex algebra CDO,, has
the structure of a conformal vertex algebra of charge ¢ = 2n. This conformal structure,
however, is not compatible with the action of Wn on CDQ'’s on the formal disk. Indeed,
Proposition 3.6.1 implies that the obstruc/tion for these structures to be compatible
is the first Gelfand-Fuks-Chern class c{F (&,).

The conformal vector L_5 € CTIY)S is preserved, however, by the action of GL,,.
Thus, the map of vertex-algebras ® : Vir._y, — C/D\On, encoding the conformal
structure, determines a map of graded Qﬁ—modules

d : Q#(X) ® Vire—s, — (Q#(Frx) ® C/D\On)b
as
Now, the action of Wn on Vir._o, is trivial. So, when we equip the left-hand side
with the differential dgr + 507%2 coming from a fixed extended Gelfand-Kazhdan
structure we obtain the constant {2%-module % ® Vir.—,. Thus, the sheaf obtained
via descent ese(X; Vire—a,) = Vir,_,, is just the constant sheaf.

The right hand side also has a natural differential dgr + @Ws,s,, coming from a
fixed extended Gelfand-Kazhdan structure making it a Q%-module. The calculation
of Proposition 3.6.1 implies that the failure for ® to be a map of Q% -modules is the

image of the cocycle C?F(/g\;) under the characteristic map of the Gelfand-Kazhdan
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structure. This is precisely the usual first Chern class ¢; (Tx ). We have arrived at the
following.

Proposition 5.3.5. — Let « be a trivialization of cha(Tx) and suppose that c1(Tx) = 0
in H'(X;Q%). Then there exists a map of sheaves of vertex algebras on X

& : Vir,_,, — CDOx q.

n

In other words, in the case that c1(Tx) = 0 the sheaf of chiral differential operators
has a global Virasoro vector.

5.3.5. The Witten genus. — It is well-known [5, 12] that the character of the sheaf of]
chiral differential operators equals, up to a factor, the Witten genus of the complex
manifold. In this section, we remark on how to recover this fact using the construction
of chiral differential operators via Gelfand-Kazhdan descent.

Recall, in Section 3.7 we have defined the formal graded character of a vertex
algebra. For UV = @ NZOGZ)(N ) a Gelfand-Kazhdan vertex algebra, it is the element

WGl (@) = $ N (TdGF -ch®F (GZJ(N))) € Crie(Wn; 0,)[[4]]-

N>0

Given any sheaf of Z>(-graded vertex algebras “Ux on a manifold X, one defines the
character as follows. Note that the sheaf cohomology H*(X;%x) has the structure
of a graded vertex algebra (that is, a-differential graded vertex algebra with zero
differential). In particular, it is a Z/2-graded vertex algebra, with even part equal
to H®(X;%x) and odd part equal to H°d9(X;%x). The character of Vx is the
super character of H*(X;%Ux). That is,

W Vx) = Y g™ (dim(H(GVUL)) — dim(HO9 (VL))

N>0

Lemma 5.3.6. — Fiz a Gelfand-Kazhdan structure (X,o0) and let V be a Gelfand-
Kazhdan vertex algebra one has

X(Dese(X50) = |

chary, (Wn,GLn) y
[ cbar, (x () € Cllgl

where char, : Hfie(Wn,GLn;ﬁg*) — H*(QY") is the characteristic map associated
to the Gelfand-Kazhdan structure extended q-linearly.

Proof. — As a consequence of Grothendieck-Riemann-Roch for sheaves on X, we
have
X (Dese(X; V) = | Y ¢VTdx - ch(dese(X;DM)).
X N>0

The integrand on the right-hand side is precisely the image of the class x(W»'Gln) (9)
under the characteristic map associated to the Gelfand-Kazhdan structure. ]
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Similarly, if % is an extended Gelfand-Kazhdan vertex algebra and o =
(X, a,0,0q2) is an extended Gelfand-Kazhdan structure then one has

X (Dewe(x;0)) = |

el (X(Wn,GLn)(GU)> € C[[q]],
X

where c/}Er(—) is the extended characteristic map Hf:ie(wn, GL;; ﬁ;*) — H*(Q%")
extended g-linearly.

As a corollary, we recover the appearance of the Witten genus as the character
of chiral differential operators on X. Recall, the Witten class of a manifold X with
cha(Tx) = 0, is defined (see [53, 54]) as the following g-series valued in differential
forms

2n
Wit(X,q) = Ax -ch | @ Symy (2 @ Tx) | ([T -d") | €05 llall

1>1 E>1

where A x is the A-hat class of the tangent bundle of X. The Witten genus is obtained
as the integral [ + Wit(X, q) and is the g-expansion of a modular form. As an imme-
diate consequence of our calculation in Proposition 3.7.7, we obtain the well-known
relation of the character and the Witten genus.

Proposition 5.3.7. — Let a be a trivialization of chy(Tx). The graded character
of CDOx o satisfies

—2n

(eoxa) = [T[a=¢] [ ermwinxo).
X

k>1

Proof. — We have identified, in Corollary 3.7.6, the (Wn,GLn)—equivariant graded
character of CDO,, with the image of the class

TdS" - hF | Q) Sym (O ® Fh) | € Cio(W, GLu; 2,)[[g]]

1>1

under the map Ciie(WmGLn;ﬁ;*)[[q]] — C}‘:ie(wn,GLn;ﬁ;*)[[q]]. The image of
this class under the characteristic map of the extended Gelfand-Kazhdan structure
is Tdy - ch <®l21 Sym,: (2% & TX)). Thus, by Lemma 5.3.6 we see that the graded
character of CDOx 4 is

x(CDOx o) :/ Tdx - ch ®Squz(Q_1X & Tx)
X >1

Finally, note that Tdx = e* (TX)/ZA\X. ]
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Remark 5.3.8. — We have already pointed out that in the case that ¢;(Tx) = 0, the
sheaf CDO x ,, is a sheaf of conformal vertex algebras. Recall that the honest character
of a vertex algebra is related to the graded character via char(V') = ¢~%/?*x(V'), where
c is the central charge. Thus, in this case we have the following expression for the
character of chiral differential operators:

char(CDOx o) = n(q)_zn/ Wit(X, q),
X

where 7(q) = ¢*/* Hk21(1 — ¢*) is the Dedekind 7n-function.
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CHAPTER 6

OVERVIEW

The curved (7 system is an elegant nonlinear o-model, attractive for both math-
ematical and physical reasons. The source is a Riemann surface S and the target
is any complex manifold X. The fields are v : § — X a smooth function and
B € QYO9(S,4v*T%) a (1,0)-form on S with values in the pullback along v of the
holomorphic cotangent bundle of X. The action functional is

/S</3 A ),

where the brackets indicate that one uses the fiberwise evaluation pairing between
the tangent bundle Tx and the cotangent bundle T%. The equations of motion for
this action are then
Oy =0=08.

In other words, a solution is a holomorphic map + from S to X along with a holo-
morphic 1-form § on S with valuesin the pullback along 7 of the cotangent bundle.
(When S admits a nowhere-vanishing holomorphic 1-form, such as when S is an el-
liptic curve, one can view the classical 8y system as picking out holomorphic maps
from S to T*X.)

The quantization of the classical 37 system is a chiral conformal field theory whose
chiral algebra is the CDOs of X, as explained by Witten [55] and Nekrasov [46]. To be
more precise, they explain that the “perturbative” sector of the theory—i.e., working
around the constant solutions—admits a quantization for S = C only if chy(Tx)
vanishes and that each choice of trivialization produces a quantization. (To extend to
arbitrary Riemann surfaces, one needs ¢;(Tx) = 0 as well.) They also interpret this
theory as the half-twisted form of a (0, 2)-supersymmetric o-model.

Our goal in this part is to describe and quantize the curved (v system using
the renormalization and BV machinery of [14] in combination with Gelfand-Kazhdan
descent. Applying the main theorem of [17], we then obtain a factorization algebra
of quantum observables and extract from it a vertex algebra, which is the CDOs. In
other words, we develop mathematically the physical arguments and results in [55]
and [46]. Along the way, we will see how aspects of those physical arguments, such as
the anomalies, appear in this BV formalism.
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Remark 6.0.1. — In [13, 15] Costello already used this machinery to quantize the
curved (7 system, but he uses a formalism of L., spaces rather than Gelfand-Kazhdan
descent. This approach does not lend itself as easily to direct comparison with CDOs,
so far as we can tell, and so we pursued another approach to encoding the target space,
which is more explicitly analogous to techniques used by Kontsevich, Cattaneo-Felder,
and others. Strictly speaking, we do not rely upon Costello’s results—notably the
L, space formalism—and we show that our approach recovers his results when the
target spaces (e.g., complex manifolds) are treatable with Gelfand-Kazhdan descent.
In practice, though, we borrow and re-purpose several lemmas, and we clearly take
our inspiration from his work.

A key idea in our approach, which we learned from Costello’s work, is to encode
the o-model as a gauge theory. This alternative presentation of the gy system, with
the formal n-disk D™ as the target, makes it amenable to Gelfand-Kazhdan descent.
Our approach thus breaks into the following steps:

1. write the classical BV theory of the v system as a gauge theory with a natural
action of the Harish-Chandra pair (W,,, GL,,),

2. analyze the obstruction (aka anomaly) to quantizing this gauge theory equiv-
ariantly with respect to the (W,,, GL,)-action,

3. construct an Harish-Chandra extension of (W,,, GL,,) via the obstruction and
show that there is an equivariant quantization for this extended pair, and

4. describe the bundle of factorization algebras obtained by Gelfand-Kazhdan de-
scent, for this extended pair, applied to the factorization algebra of quantum
observables with target the formal n-disk.

The strong parallels with the CDO story, as articulated in Part I, should be apparent
here: in both cases, the classical situation works nicely with usual Gelfand-Kazhdan
descent, but the quantum situation requires an extended version. Indeed, the primary
changes are that we replace vertex algebras with factorization algebras and that we
use the BV formalism to produce the quantization, rather than a vertex algebra
version of canonical quantization. Both changes require a heavy use of homological
machinery, and so it should-be no surprise that we must allow homotopical actions
of the Harish-Chandra pair (W,,GL,) on cochain complexes and thus develop a
homotopical version of Gelfand-Kazhdan descent.

Throughout this part, we work in the formalism developed in [14, 16, 17] and refer
to them liberally, not aiming to be self-contained here. Nonetheless, we recall essential
ideas and notations along the way and give detailed citations.
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A BRIEF OVERVIEW OF DERIVED
DEFORMATION THEORY AND L., ALGEBRAS

Throughout this part, we will use some homological constructions that are not
wholly standard knowledge and can seem rather sophisticated upon first acquaintance.
The actual manipulations are straightforward and amount to exploiting several ways
of writing maps between completed symmetric algebras, these ways being equivalent
but distinct in flavor. The reader familiar with L., algebras, Maurer-Cartan elements,
twisting cocycles, and so on, can safely skip this section. For others, it will at least
identify the tricks outside the complicated context in which we use them. Our treat-
ment is succinct and casual, and we cite [40, 27, 43, 17] for detailed treatments.

There is one important idea, and mot just manipulation, connected with these
constructions: every dg Lie algebra describes a “formal space” (in some sense a moduli
space parametrizing deformations of something), and conversely every formal space
is described by some dg Lie algebra. This idea is attributed to Deligne, Drinfeld,
Quillen, Schlessinger-Stasheff, and others, and thanks to Lurie [43] and Pridham [50],
it has a precise incarnation in derived algebraic geometry, which provides a suitably
sophisticated notion of “space”.

Here we only need the following dictionary between a formal moduli space X and
its associated dg Lie algebra gx:

— the dg algebra of functions 0(¥) on X corresponds to Cf,.(gx), the Chevalley-
Eilenberg cochains,

— the dg coalgebra of distributions on X corresponds to CLi®(gx), the Chevalley-
Eilenberg chains, and

— the dg Lie algebra of vector fields on X corresponds to Cf;.(gx, gx[—1]).
For us, the Chevalley-Eilenberg chains CL¢(g) has underlying graded vector space
Sym(g[1]), equipped with the standard coproduct where A(z) =z ®1+1®z for z €
g[1], and the differential dcuie is a degree one coderivation determined by
derie (zy) = (dgz)y £ (dgy) + [z, y]
for any x,y € g[1]. The Chevalley-Eilenberg cochains Cj; (g) is the linear dual, so
the underlying graded algebra is the completed symmetric algebra Sym(g¥[—1]). (One
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must be careful about duals with infinite-dimensional vector spaces. In practice our
examples will be tamed by a topology and will mean the continuous linear dual.)
The last identification, for vector fields, might seem strange until one computes that
the cochain complex of derivations of the algebra Cj; (gx) has underlying graded Lie
algebra Sym(g¥[—1]) ® g[1] with the bracket the usual Lie bracket for vector fields
with power series coefficients.

Let us introduce a toy example that plays an important role for us.

Definition 7.0.1. — Let g,, denote the dg Lie algebra C™[—1], which consists of a copy
of C™ in cohomological degree 1 and hence has zero differential and zero bracket.

Under the dictionary we find
Ciie(gn) = Sym(g}[~1]) = Cllt, - /-, ta]] = On,

so that g,, should encode the formal n-disk D™. Under the dictionary, we also find an
isomorphism of vector fields,

Ciie(8n, 8n[—1]) = Sym(g;[-1]) <C”~@Ct1, Lt =W,

8t
which will be useful for us.

Given the dictionary, it is not unreasonable to imagine enlarging both sides a bit,
by allowing n-ary brackets (not just binary brackets) on the Lie side and by allowing
arbitrary (co)derivations on the (co)commutative (co)algebra side. On the Lie side,
such objects are called L., algebras, but we use the following definition, which has
the dictionary built into it.

Definition 7.0.2. — An L, algebra'g is a graded vector space V along with a degree 1
coderivation @ on the coaugmented cocommutative coalgebra Sym(V[1]) that preserves
the coaugmentation and squares to zero. Its Chevalley-Eilenberg chains CL(g) is the
dg cocommutative coalgebra (Sym(V'[1]), @).

A coderivation @ is determined by how it maps to cogenerators, so in this case it
is determined by the “Taylor components”

Qu : Sym"(V[1]) — V1],
which encode the n-ary brackets
)2 (V) = 1] 2 Sym" (V[I])[-1] 2= v

after shifting. A dg Lie algebra gives an L., algebra in which ¢,, = 0 for n > 2. Thus,
CL is a direct generalization of CLi¢, recovering it on dg Lie algebras.

Definition 7.0.3. — Let g and g’ be Lo, algebras. A map of L, algebras f : g~ g’
means a map of coaugmented dg cocommutative algebras

f:Cl(g) = Ch(g).
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Note that every strict map of dg Lie algebra yields an Lo, map by applying the func-
tor CLie,

We use ~ to emphasize that f is not a cochain map from g to g’. This notion
of L, map allows for a succinct way of describing a map between dg Lie algebras up
to coherent homotopy.

This notion also leads to a homotopy coherent version of a representation.

Definition 7.04. — For M a dg vector space, an L., action-of g on M means a
map of Ly, algebras p : g ~ End(M), where End(M) denotes the dg vector space of
graded endomorphisms of M with the commutator bracket: We also say p makes M a
Lo-representation or L.,-module for g.

We unravel this definition as follows. A map of Ly, algebras p : g ~» End(M) is
determined by the composite

Tgymt © p : Sym(g[1]) — End(M)[1] = Sym' (End(M)][1)),

as any coalgebra map is determined by how it maps to cogenerators. Thus, we obtain
a sequence of maps
pr : Sym”(g[l]) ® M — M

of degree 2 — n, which describe more concretely how g acts on elements of M. This
version of the data makes it manifest how to define the Chevalley-Filenberg chains
of M, CL(g, M), which generalizes the Lie algebra homology of a representation of a
Lie algebra and which thus encodes the coinvariants of the representation M.

An L, algebra g also possesses-a-Chevalley-Eilenberg cochains Cj (g), which is the
dg completed commutative algebra (S/yEl(VV[—l]), Q@V). When g is a dg Lie algebra,
this definition C7 (g) recovers theusual cochains Cj,,(g). (One must be careful about
what one means by the graded linear dual V'V if V is not finite-dimensional in each
cohomological degree. In practice our infinite-dimensional vector spaces are tamed by
a topology.) For each representation M, we also have the Chevalley-FEilenberg cochains
of M, Cf (g, M), which generalizes the Lie algebra cohomology of a representation of
a Lie algebra and which thus encodes the invariants of the representation M. We will
use Der(g) to denote the Cj (g, g[1]), as it encodes the vector fields (or derivations)
of g viewed as a formal space.

It is often convenient to describe a map of Lo, algebras f : g ~ g’ in two other
ways:

1. a map of augmented dg commutative algebras f* : Cf (g’) — C;.(g) or
2. a Maurer-Cartan element o in the Ly, algebra Cj (g) ® ¢'.

Let us explain what we mean in the second case.
First, observe that the tensor product A ® g of a dg commutative algebra A and
L. algebra g obtains a natural L., structure where

02990y @ a1,y O @ Tn) = (a1 Gn) R LE(T1 ey ).
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In other words, we use the commutative product of A to multiply the A-components
and we use the L., structure on g to bracket the g-components. This definition is just
the extension to L., algebras of the familiar construction with commutative algebras
and Lie algebras (e.g., recall why the sections of the adjoint bundle of a principal
G-bundle form a Lie algebra). Second, a Maurer-Cartan element of an L., algebra g
is a degree one element « such that

> %Zf‘l(a,...,a) =0.

n>1
When g is a dg Lie algebra, this recovers the standard definition. (In principle, this
infinite sum is ill-defined, but we always work in situations where only a finite sum ap-
pears. Alternatively, one needs to introduce some mechanism to make the infinite sum
well-defined, such as with a topology.) Finally, a map of L, algebras f is determined
by the composite

Tymt © f : Sym(g[1]) — ¢'[1] = Sym (¢/[1]),
as any coalgebra map is determined by how it maps to cogenerators. This composite
provides an element o € S/yzl(gv[—l]) ® g'[1], and the condition that f intertwines
the differentials is equivalent to the Maurer-Cartan equation on os.
We introduce one final bit of notation; since we use it repeatedly below.
Let Cfje eq(8) denote the reduced cochains: we remove the constant terms (i.e.,
the span of the unit element). That is, the underlying graded vector space is

— >0,
C%ie,red (g) ~ Sym (g [_1])5
namely, the functions that vanish at the base point of the formal moduli space encoded
by g.
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THE FORMAL 3~ SYSTEM

We now turn to the case where the target is the formal n-disk B”, which was
formulate as a classical BV theory in the style of a gauge theory. This encoding allows
a concise description of how diffeomorphisms on the target act on the theory, and
thence a description as a W-equivariant classical BV theory.

8.1. The free 3~y system as a BV theory

We briefly recall how to encode the free v system—where the target X is the
affine space A"—as a BV theory, following [24, 16]. (Note that the name is due to the
traditional choice of letters to denote the fields.)

Definition 8.1.1. — The rank n free By system on a Riemann surface S has fields
QY*(S,C™) @ Qb*(S,C™),

concentrated in cohomological degrees 0 and 1. We denote by v = (71, . ..,vn) a section
of 2%*(S,C"), and we denote by B = (B1,...,0n) a section of Q1*(S,C"). The shifted
pairing is “wedge and integrate”:

(16) <'y+5,v’+ﬂ’>=Z/S%Aﬁ£+ﬁmv£-
i=1
The action functional 18
e 8) = (0,57) = 3, [ Bin
i=175

The equations of motion are thus
v =0=9p;

fori=1,... . n.
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There is an action of the general linear group GL,, on the space of fields of the free
(7 system. Explicitly, for a field of the form (f ®v,g® \) € Q%*(S;C") @ QL*(S;C")
we define for A € GL,,

A (fev,g®\) = (f®Av,g® (A~")TN).

That is, we view GL,, acting on Q%*(S; C") through the defining representation on C"
and on Q1*(S,C") through the coadjoint representation on C". By construction this
action preserves Stee.

8.2. The formal v system

We now turn to the case where the target is the formal n-disk 13”, which is closely
related to the free case we just described.

Let S denote a Riemann surface, and let g,, be the abelian Lie algebra from Defi-
nition 7.0.1. The dg Lie algebra

gy = Q(S, gn)

plays a central role for us. It is abelian but has a nontrivial differential via 9. The
Maurer-Cartan equation of this dg Lie algebra is d(y) = 0, where v : § — C" is
a smooth function; in other words, a solution is simply a holomorphic map from S
to C™. Under the dictionary, this dg Lie algebra g encodes a formal moduli space that
describes how to deform the constant function with value 0 to a holomorphic functions.
Note that this Maurer-Cartan equation is precisely the Euler-Lagrange equation for ~y
in the free 0y system, and the deformations describe the formal neighborhood of the
constant zero map among all holomorphic functions.

To describe the g fields as well, we simply enlarge the dg Lie algebra to its “double”

Dy, = Q2% (S, ga) ® Q"*(S, gy [-2]).

Note that the shifts mean that in cohomological degree one, we have Q%° ® C" @&
010 ® (C™)*, and in cohomological degree two, we have Q%1 @ C" Q1! @ (C™)*. The
Lie bracket is still trivial, and the differential is 0 in both complexes. If 3 denotes
an element in Q19 ® (C™)*, then the Maurer-Cartan equation is 9(3) = 0, which is
precisely the Euler-Lagrange equation in the gy system. Hence the dg Lie algebra,
Dg? encodes, in-some sense, the free 3y system. To be more precise, it encodes the
(B~ system with the formal n-disk D" as the target, since this dg Lie algebra describes
deformations of the constant map to the origin.

Remark 8.2.1. — This holomorphic abelian gauge theory is simply a holomorphic
version of BF theory, where the Lie algebra is now in a shifted degree.

Note that under this correspondence, the BV bracket for the BV theory encoding
the (3~ system corresponds to the linear pairing on DgS arising from the evaluation
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pairing on g,. Explicitly, for 7,7’ € Q%*(S,g,) and 8,8 € QL*(S, g [-2]), consider
the pairing

(17) (y+ B,y + ) = /S ev. (v A ) + evg (BA),

where ev denotes the evaluation pairing between g,, and g,/ and where evy (v A 3)
denotes the composite of taking the wedge product of the Dolbeault components and
the evaluation pairing of the Lie algebra components. This pairing is-invariant under
the Lie bracket and has cohomological degree —3. (This shift, in conjunction with
the shift in Chevalley-Eilenberg cochains, ensures that one obtains a shifted Poisson
bracket of degree 1, as needed for a classical BV theory.)

Just as in the non-formal case the group GL,, acts on Dg?.

Lemma 8.2.2. — The group GL,, acts on the dg Lie algebra Dgs in a way that pre-
serves the pairing (—, —).

Proof. — The action of GL,, is induced by the defining representation on g,[1] = C"
and the coadjoint action on gy[—2] = (C™)*. O

8.3. The W, action on g- and on Dg

We have just seen that the formal 87 system is equivariant for the group GL,.
There is a richer equivariance coming/from non-linear automorphisms of the formal
disk that we now wish to describe.

First, consider the global curved fvy-system with source S and target X. Ex-
plicitly, the fields consist of pairs of a map v : S — X together with a section
B € T(Ks ®v*(T*X)). The action is, as in the flat case, [ A dy.

Biholomorphisms act on the 7 fields in the obvious way: given a biholomorphism
¢ : X — X we obtain a new field via composition ¢ oy : S — X. Now, a biholomor-
phism induces an action of sections on any tensor bundle. In particular, on sections
of T* X the biholomorphism ¢ acts by the inverse Jacobian Jac(¢)~!. Thus, we have
an action of the biholomorphism ¢ on the 3 fields given by Jac(y*$)~!. Thus, the
action on the pair (v, 3) is given by

¢ (7,8) = (¢ 07, Jac(d) ' H),
where Jac(¢) '8 is a section of (¢ 0 v)*T*X ® Ks. Since ¢ is holomorphic we have
Ay o ¢) = Jac(¢) - 9.
It follows that biholomorphisms are a symmetry of the classical theory.
The dg Lie algebras we introduced above describing the formal 8+ system arise
via a general method for producing dg Lie algebras: given a dg Lie algebra g and a

commutative dg algebra A, the tensor product A ® g has a natural dg Lie algebra
structure where the differential is

da® X) = (daa) @ X 4+ (=1)*a ® dgX
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and the bracket is
[a® X,d ® X'] = (-=1)X%(ad') ® [X, X'].

Above, we took A to be the Dolbeault complex %*(S).

Now, if another Lie algebra h acts on g, there is a natural extension to an action
of h on A ® g by simply leaving the A-term alone. We want to use an L., version
of this procedure to equip g5 and Dg? with an L., action of W,,, extending the L,
action of W,, on g,. This L., action is something familiar in physics, just expressed
compactly via our dictionary. For a o-model with target X ;a diffeomorphism of X
acts on the space of maps into X. If the diffeomorphism preserves structure relevant
to the o-model (e.g., a metric or complex structure), then the diffeomorphism acts on
the space of solutions to the Euler-Lagrange equations of the theory. This L., action
encodes how formal diffeomorphisms of the target formal disk D™ act on the formal
moduli space of solutions to the equations of motion for the 8 system.

Let us provide an explicit description of this L., action in order to make the ex-
tension manifest. Denote the generators of g,, by {&1,...,&,} and the dual generators
of g¥ by {t1,...,t,}. Hence we have

Clic(8n) = Sym(g, [-1]) = Cllt1, .- ., tall,
as already mentioned. Moreover we have a natural map
(18) pw : Wn — Der(Crie(gn)), [f(t:)0; — f(t:)&;.
Expressed as an L., action of W,, on g,, it is given by a sequence of maps

o W@ g2 - gy,

n

of cohomological degree 1 — m, where m ranges over all non-negative integers.
These maps are simply the “Taylor components” of py . For instance, the vec-
tor field X =¢™ -t 0; € W, acts by zero for any m # mq + -+ + my,, and
form=mqi+ -+ my,,

O (X, (E7™ @ @EX™)) = Ly (717 0;) ®ET™ @ - ®ET™) = §;

and vanishes on any other basis element g®™.
With these formulas in hand, we can equip A ® g,, with an L., action of W,,. Here
the sequence of maps is

AW, 0 (AR 8,)°%™ - AQ g,
with
EK’A(X, (a1 ®21)® - ® (am @ Tm)) =x(a1-am) ® EXnV(X,xl ® - QTm),

where the sign is determined by Koszul’s rule. Equivalently, we can encode the L.,
action in a Lie algebra map

PW,A :Wn - Ciie(A ® gnaA ® gn[_l])7

which assembles the ¢4 maps into a “Taylor series”. If we set A to be Q0*(S), then
we obtain an L., action of W,, on g>. A lift of this action to an L., action of W,,
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on Dg? is uniquely determined by the requirement that the action preserve the de-
gree —3 pairing.

Diffeomorphisms of a manifold X naturally determine symplectomorphisms of the
cotangent bundle T* X, given simply by the associated map of vector bundles. Thus
diffeomorphisms also act naturally on the space of maps from S into 7*X. We can
use the L., language to provide a concise description of this action of formal diffeo-
morphisms of the disk D™ on the fields of the formal B~y system.

The action of W, on the Lie algebra g,, induces an action of W), on the dual space
via the evaluation pairing:

<X ’ v,w)

\Y%

n

gn = <U’X ’ w>gn

for all v + w € g, @ g,.. This action is linear in the sense that brackets
W, ® (g,)™ — g,

are zero for m > 1. We can extend this action to the dg vector space Q'*(S, g)) and
hence to Dg?; we denote this L..-action by

Dpw : W,, — Der(Dg?).

Since W,, preserves the dual pairing on g, and-gy, it is immediate that it preserves
the invariant pairing of degree —3 on Dg5. We summarize these observations in the
following.

Lemma 8.3.1. — The classical BV theory of the formal B~ system is equivariant with
respect to W,,: the action of W,, on the fields preserves the shifted pairing on the fields
and the action functional. In other words; the Lo, action of W, on DgS determined
by the canonical action of W, on. g, preserves the shifted pairing and the differential.

8.4. A Noether current and the obstruction-deformation complex

It thus should be no surprise-that we can also use a local functional to express
this action of infinitesimal diffeomorphisms. The explicit formula is quite simple and
is just the natural formula from physics written in terms of formal power series. (See
equation (19) below.) To formulate this result, we recall now some useful notation.
We will also see how we can obtain the usual Noether current for the symmetry by
vector fields from this local functional.

8.4.1. Recollections on local functionals. — A systematic exposition of local function-
als and deformation complexes can be found in [14], particularly in Chapter 5, but
here we provide a brief summary with our theory as a running example.

Let £ be a dg Lie (or Lo,) algebra associated to a classical BV field theory on S.
The underlying graded vector space of £ consists of the smooth sections of a certain
graded vector bundle E on S; we call such sections the fields of the field theory. The
key example here is the dg Lie algebra Dg? for the formal 37 system, whose fields are

~ and S.
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A Lagrangian densityis a functional on € that takes values in smooth densities on S
and depends polynomially (or as a power series) on the fields and their derivatives.
This dependence is local: if Z(v) is a Lagrangian density evaluated on the field v, its
value at a point z € S only depends on the oo-jet (aka Taylor expansion) of v at x.
A Lagrangian density < then determines a local functional on fields by integrating
over S. More precisely, one obtains a functional on compactly-supported fields, since
integration is always well-defined so long as the domain is compact. As an example,
let & = Dg¥, the rank 1 formal By system on S = C. The Lagrangian density Z(v, 3) =
B A 07 has local functional given by the action functional.

Note that since total derivatives with compact support-have trivial integral, two
Lagrangian densities that differ by total derivatives determine the same local func-
tional. Thus, we define the dg vector space of local functionals on the classical field
theory & by

Cloc(€) = Denss ®pg Clie rea(J(E)).

Here Dg denotes the ring of differential operators on S, Densg denotes the smooth
densities on S equipped with its natural right action by Dg, and J>*°E denotes the
sheaf of co-jets of smooth sections of the bundle E. Since £ is a sheaf of Lie algebras,
J(E) is a sheaf of Lie algebras in Dg-modules;.and we are computing the Lie algebra
cochains in the category of Dg-modules. Such cochains should be viewed as functions
on the oo-jets of fields with values in functions on S. Hence, this tensor product
produces densities on S that are power series in the jets of fields. Moreover, taking
this tensor product over Dg encodes the relation that total derivatives vanish. Note
that we’ve eliminated the constant functions on jets of sections.

This description of C; () is quite abstract, but by restricting to compactly sup-
ported fields, we can provide a more concrete description of the situation. A local
functional is a sum of functionals of the form

| Dui@) A+ ADy (@) AD;s1B(a) A+ A Dila) A
fAS

where the D, are differential operators and where du is a smooth form. This functional
is homogeneous of order k:-(Such a functional can have any cohomological degree.)
As we saw, a prototypical example of a local functional is the action functional itself,
which is quadratic and degree zero.

Definition 8.4.1. — Let Def, = C;, (Dg5) denote the cochain complex of local func-
tionals on Dg?. Elements consist of formal sums I = > ko Ik where each Iy, is a local
functional that is homogeneous of order k. We call Def,, the obstruction-deformation

complex for the formal By system.

The deformation complex is, in fact, a subcomplex of the Chevalley-Eilenberg con-
tinuous cochains on the dg Lie algebra Dg?. (Essentially, we mean the cochains as
a dg Lie algebra in topological vector spaces, but see Section 11.2 for more thor-
ough discussion of this point.) A cochain in the deformation complex of homogeneous
degree k is a distribution supported, by definition, along the small diagonal X < X*.
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The complex Def,, has a shifted Lie algebra structure arising from the BV bracket
{—, —}, which is determined by the shifted pairing between the fields v and 5 of Equa-
tion (17). In essence, we view the pairing on fields as encoding a shifted symplectic
structure on the space of fields, and hence functionals should have a shifted Poisson
bracket. From this perspective v and 3 are conjugate variables (like ¢ and p in tra-
ditional, unshifted symplectic geometry). Given two local functionals F' and G, one
computes {F, G} by pairing a v input from F with a § input from G, and vice versa
(much as {q,p} = 1). With respect to this bracket, the differential on Def,, is then
{Stree; —}- (Note that local functionals do not form a commutative algebra, however,
since the product of two such is no longer local! The bracket does provide a shifted
Lie bracket, just not a Poisson bracket.)

8.4.2. The action of vector fields. — We now describe the action of formal vector
fields on the classical theory using local functionals. Verifying the lemma is a direct
computation using the definitions.

Lemma 8.4.2. — The map Dpw : W,, — Der(Dg3) describing the Lo -action of W,
on the dg Lie algebra Dg> has a lift

Def,,[=1]

2T

v, —— Der(Dgg) ,
Dpow

with IV a local functional. Explicitly, given a formal vector field
X = Z Z aj,mtlnl s t;”"aj,
Jj=1m=(mi,...,m,)EN"
the local functional
(19) FOA=Y ¥ am [ A A A7 A5y
j=1meNn o

satisfies {IY ,—} = Dpw(X).

n

Remark 8.4.3. — When restricted to linear vector fields, the action of W, on (v
system with target Dr agrees with the action of GL,, described in Lemma 8.2.2. In
this sense, we have described an action of the Harish-Chandra pair (W,, GL,) on
the classical 37 system. This theory can thus be treated by Gelfand-Kazhdan formal
geometry. We develop this reasoning more fully in Section 12.4. In particular, in the
next section we will show that this theory descends to the classical curved (7 system
where the target is a complex manifold X; more precisely, we will identify this theory
with the theory defined by Costello in [15].
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As explained in Section 7, we can identify this map I'W with a Maurer-Cartan
element C;, (W, C;, (Dg?)). Explicitly, this identification means that

loc
~ 1
(20) (dw, ®1+1®8)IW+§{IW,IW} —0.

In fact, given our formula for the local functional, it is natural to view IV as a function
of X € W,, and the fields v and 8. We thus have the following cochain complex, which
plays a crucial role in studying the formal 3 system as a W,,-equivariant BV theory.

8.4.3. The relation to the formal Atiyah class. — In this section we describe how the
local functional IW, which encodes the action of formal vector fields on the classical
theory, is related to the Gelfand-Fuks-Atiyah class from Section 2.

We have already discussed the action of W, on the dg Lie algebra g,, and its dual g
and how this determines an action on the dg Lie algebra Dg? which is encoded by
the Maurer-Cartan element IV € C;; (W,,) ® C;. (Dg:)[~1].

Fix S = C and use the natural framing of the tangent bundle by 9, to write
Q%*(S) = C*>(C) ® C[dz]. Similarly, Q*(C) = C*°(C)[dz]dz. Using this notation,
we find a decomposition

(21) Dg;; = C*(C) ® (g ® gn d2) ® (g1 [-2] @ g,/ [-2] d2) d2)

as the tensor product of a commutative algebra C*°(C) and a graded Lie algebra.
(The differential on the dg Lie algebra does not respect this decomposition.)

It will be convenient to analyze IW-in terms of this decomposition. To be more
precise, we consider the local functional I}’(V for each formal vector field X of the
form a’0;, where the coefficient a®-€ @n is a homogeneous polynomial. Observe then
that I}]{V is itself a homogeneous local functional of the form

Iy : Sym**'(Dgy) — C,
where a’ has polynomial degree k. Using the decomposition (21), we can write 13
as I}V’anly(v’alg, a product of an analytic factor times a algebraic factor with I}V’an €
Sym* ™1 (C*(C)V) and with
L™ € Cije (80 ® 80 d2) @ (07[~2) © g,/[~2] dZ) d2).

Moreover, I'V is linear in the inputs g, dz and (g)/[—2] @ g)/[—2] dZ) dz, as there must
be precisely one dz and dz for the integral (19) to be nonzero. Thus, we see that the
algebraic factor is an element in

I35 € Clic (803 (80 42)[~1] ® ga[1])

For the rest of this section, we suppress dz from the notation and identify the right-
hand side with 0,, ® End(Tp) where Ty = g,[1] = C™ is the space of constant vector
fields.

The formal de Rham differential dyp : @n — ﬁ,ll determines a map

dar ® 1 : Op ®c End(Th) — O @c End(Ty),
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which is reminiscent of equipping a vector bundle with a connection after specifying
a global frame.

We have, as a corollary of Proposition 2.5.17, the following relationship of the
functional W8 to the Gelfand-Fuks-Atiyah class.

Corollary 8.4.4. — For each X € W,, of homogenous degree k,
(dar ® DIY"™® = AtO"(T.)(X) € O, @; End(T),
where AtGF(g;) is the Gelfand-Fuks-Atiyah class of the formal vector bundle :9\;
Proof. — We can think of X — I}v’alg as a linear map
IVl W, — 0, ®c End(Tp),

or equivalently as a linear map I'WV-2¢ : W, ®T, — &, This map is, in fact, the restric-
tion of the action Ps. of W,, on the formal tangent bundle &, to the space Ty = C",

the space of constant sections of &,. That is, P5 | = JW-2lg Proposition 2.5.17

n®To
then implies that (dgr ® 1)IV:#8 is a representative for the Gelfand-Fuks-Atiyah
class. =
8.4.4. Equivariant deformation complex. — We can now make the following deforma-

tion complex that controls W,,-equivariant deformations of the classical theory.

Definition 8.4.5. — The W,-equivariant obstruction-deformation complex is the
graded wvector space Sym(W,"[-1]) ® Cfoc(Dgﬁ) equipped with the differential

dw, +0+{IW, -}, where dw, denotes the differential from C;, . (W,,) and 8 denotes
the differential from Cr (DgS). We use Def)’ to denote this complex.

loc

In other words, this complex is the tensor product Cy,;.(W,) ® Ci..(Dg5) twisted
by IV as the twisting cochain. It encodes succinctly how the formal vector fields W,,
act on the local functionals of the field theory. Its role in the equivariant BV formalism
is analogous to the role of the non-equivariant obstruction-deformation complex in the

BV formalism:

— first-order deformations of the formal 8 system as a W,-equivariant classical
BV theory live in the zeroth cohomology and

— the obstruction to equivariant BV quantization modulo %2 lives in the first
cohomology.

Hence it behooves us to compute its cohomology. We will find a particularly nice
answer after further constraining the problem.

There are two further symmetries of this theory that we will exploit. First, there
is a natural scaling action of C* on the fibers of the cotangent bundle (as on any
vector bundle) that scales the § fields of the 8v system. The action functional has
“weight one” with respect to this scaling action. In our setting there is thus an action
of C* on Dg? given by scaling the 3 fields. Second, we restrict now to the Riemann
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surface is S = C and note that affine linear automorphisms Aff(C) = Cx C* preserve
the action functional of the (v system. We are only interested in the subcomplex
of Def,VLV consisting of local functionals that are weight zero under the scaling action
and invariant under the Aff(C) action. Then we have the subcomplex

(Def,, ) *A(©)  Def,,
and its equivariant version (Def)’ )T *Af(€) < Def! .

Proposition 8.4.6. — There is a quasi-isomorphism of W,,-modules

J: §2 [1] =, (Def")(C>< XAfF(C) |

n,cl

Applying the functor Cf;,(W,; —), we obtain a quasi-isomorphism

(22) IV O (W, Q2 (1)) S5 (Def WV )CHXAR©),

n,cl

The proof of this result is in Section 8.5.2, but first we will have to describe the
map J in the above proposition, which is the subject of the next section.

This quasi-isomorphism J is, in fact, (W, GL,)-equivariant. Let us note an im-
portant consequence of this proposition.

Corollary 8.4.7. — The Gelfand-Kazhdan descent along a complex manifold X of the
(W,, GL,,)-module (Defn)(CX *A©) returns a sheaf of dg vector spaces that is quasi-
isomorphic to the sheaf Q%{,Cl[l]'

In particular we have the following description over a general manifold:
(1) the space of anomalies of the theory over X is H?(X, Q%(,cl)7
(2) the space of deformations over X is H'(X,Q% ) and
(3) the space of automorphisms over X is H(X, Q2 ).

This description matches precisely with the study of deformations of the curved B~
system as in [55, 46].

8.5. Closed two-forms as local functionals

We have already seen how vector fields yield local functionals of the formal gv-sys-
tem and thus give it the structure of an equivariant BV theory. In this section we will
show how closed two-forms yield local functionals of +, i.e., only of the subspace of|
fields Q2%*(S; g,[1]). That is, we define a linear map

J: Q31,01 - Cikoc(g;szv)

and use J, to denote the image of w. This map will exhibit the quasi-isomorphism of]
Proposition 8.4.6.
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Remark 8.5.1. — This map has the following geometric interpretation. On the formal
disk, every closed two-form w is exact, so that w = df for some 6 € Q}L Use the field
v: S — D" to pull back this one-form to the one-form v*6 on S. We interpret this
one-form as a current; we can integrate it around any closed one-cycle in S to get a
function of 7. We denote this current by Jo, where .79(7) = ~*0. By Stokes theorem,
this current vanishes if # is exact, so the local functional only depends, in fact, on the
corresponding closed two-form df. Hence we write Jgg = jg.

8.5.1. Defining J. — Although pulling back forms is easy, we wish to rewrite this
construction in terms of g, and hence we need to describe pullback under Koszul
duality. Thus, to define J, we need to introduce a few constructions.

First, there is an assignment

(—)S : @n — Homc¢ <Sym(QgJ* ® gn[l]),Qg’*) ,

that promotes a function on the formal n-disk to a function on the formal moduli
space g5 with values in holomorphic functions on S. It goes as follows. Given an

input f € En, let fr denote its homogeneous component of degree k. View f; as a
linear map f : Sym®(g,[1]) — C. We then define

f2 SymP QY ®gall]) = 0g”
Mm®&) - (m®&) .~ (A AWw)f(,-- 58k

Extend to non-homogenous elements by linearity so that f° = ok fe.

Similarly, a one-form on the formal disk 6 € QL = Cf,_(gn; 9%/ [—1]) encodes a linear
map 6 : Sym(g,[1]) — gY[—1]. Let -8 : Sym*(g,[1]) — gY[—1] be its homogenous
component of degree k. As above; there is a natural linear map

67 . Sym* (O3 ®@gn[l]) — QY @ gy[-1]
(MM ®&)-—-(®&) = MmAAmm) 0, .., 8).

Let 5 =", 67, as above.
Each one-form 6 thus determines a local function Jy € C

Jo(7) = Z/S<9;f (v®*),07), -

Explicitly, if 6 = ¢]"*- -« ¢7*»dt; is monomial one-form, then we have

%(v)=/7§"1/\~--/\7§"/\6w-
S

*
loc

(95 ) by the formula

For shorthand notation, we will write Jp = Is (0% (7),87>g where the sum over
homogenous components is implicit.

We tie up the properties of the functional J in the following proposition, proved
below.

Proposition 8.5.2. — The assignment 0 — Jo satisfies:
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(1) For all 9, the local functional Jy is d-closed inside Def,, and lies in the subcom-
plex (Def,, )™ *AR(C)

(2) The assignment 0 — Jy is W, -equivariant. That is, Jp.o0 = X - Jg where X -(—)
denotes the action of vector fields on functionals and Lx is the Lie derivative.

(3) The functional Jo is identically zero if 0 is an exact one-form.

Thus, J descends to a W, -equivariant map
T Q5 g[1] — (Def,,) ¥ AT

that we denote w — J,. Here J,, = Jg, where 0 is any one-form-satisfying df = w.

8.5.2. Understanding J. — The formula for the functional Jo is best understood as
integration over S after applying an operator J valued in densities. We continue to
describe everything via the homogeneous components 6 of 6.

First, for each homogeneous degree k, consider the composition

Sym* (%" ® ga[1]) ® (23" ® g[1]) ~=> Sym(QF* @ ga[1]) ® (24" © 9)

PO Q0 1 0¥ [~ 1]) @ (4" © ga[1])

(5
E i,

Here, (—, —),, is the evaluation pairing between g, [1] and g, [~1]. We then symmetrize
the composite to obtain the (k + 1)th homogenous component of Jy:

(Jo)+1 : Sym™ QY ® g,) — Q5"
In this notation, we have Jy = Js Jo-
Before proving the main result, we make the following simple observations about
the functional J.
Lemma 8.5.3. — For f € C, and 0 € Q2
(1) Jgo = S ANJg and
(2) Japr =00 fs‘

Proof. — For simplicity, suppose f is of homogenous degree k£ and 6 of homogenous
degree [. Then f60 defines a linear map

Sym*™ ! (ga[1]) = Sym®(g,[1]) ® Sym'(g.[1]) — gy [~1]
51»"-a§k£13"-7£l = (51,"'a§k) (giaagl/) = f(glaagk)e(giaagl/)

Thus, (f6)° = f56°, from which (1) follows.
We now show (2). Consider the special case of a linear functional 7 : g,[1] — C,

viewed as linear element of 0,,. The one-form dgr(7) corresponds to the very simple
functional Sym®(g,[1]) — gY[—1] sending 1 ~ 7. Thus, J4,,» = 9(7°). To see (2) in
general, we note that both the left and right hand sides are derivations with respect
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to the product of functions. Indeed, if f,g € C},.(gn), then ((f9)°)) = 0(f°¢°) =
a(f%) A g® + f90(g%). O

Proof of Proposition 8.5.2. — QObserve that the functional Jy is described by ap-
plying a constant coefficient holomorphic differential operator to the fields . Thus
Jy is clearly holomorphic and invariant under affine linear transformations. It follows
that Jy is holomorphic, that is 8Jp = 0, and hence it is closed in Def,, This proves (1).

The formula in (2) in Lemma 8.5.3 implies (3) since the integral of a-0-exact form is
zero. Hence J defines a map J : Q2 —Cr (g2). Explicitly, given a closed two-form w

n,cl loc
with dyrf = w we have J, = Jy. This proves (3).

Finally, we show (2). We have seen in our discussion of the Noether current that
the action of a formal vector field X on the deformation complex is through the BV
bracket with I)V(V. Thus, we must show for all one-forms 6 that J; Ly = {I}V, jg} For
simplicity, suppose X = 0;, a constant vector field. Then, if we choose a homogenous

one-form 6 = ¢7" ...t"~dt; then
Lx0 = mt™ - £ gl dt.
Now, to compute {I X,g}. The functional Ix has a single 3; input that pairs with

a single ~; input from the functional jg. There are m; + 6;; such +y; inputs, the J;;
coming from the factor 0v; in the definition of Jy. So, we obtain

{Ix,fe}(“/)Zmi/%'“/\---/\75-"1'_1/\“-%’{‘"3% +5¢j/3(%"1/\-~-/\%’l’")~
S S

The first term is J; 0. Being the integral of a total derivative the second term van-
ishes, so we are done. The case of a general formal vector field X is similar. Indeed,
suppose X is homogeneous of the form X = t'fl -+ tkn 9;. Then for 0 as above we have

Lix0 = mthtme o ghitmi=l gkt gy 4§t e d (R ghe),

On the other hand, we compute directly

{IX7j;9} _ mi/7{€1+m1 /\'”/\,},fﬁ-mi—l /\_._/\,yanrmna,yj

S
—6ij/3(71"1 Ao AT A Ay
S

The first line comes from pairing the 3; input from the functional IV with the v
input from jg. The next term comes from pairing the 3; input with the dv; input
from j:g (theredis arsign from integrating by parts). Integration by parts again returns
jLX.g as desired. O

Proof of Proposition 8.4.6. — We have just seen that J : ﬁi o — Def,, is W, -equiv-
ariant. To complete the proof it suffices to show that we have a W ,,-equivariant
equivalence (Defn)(CX XAFF(C) ~ ﬁ%@l[l]. With g,, as the choice of the L., algebra g,
this equivalence appears as Proposition 15.1.1 in [15], whose proof we will review in
order to keep track of the W, -action.
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First, observe that by restricting to weight zero local functionals under the scaling
action, we only consider functionals that are independent of 8. This constraint implies
that

(Def,,)*" ATO = ¢, (29%(C, g2)) @,
since we can write any such functional as a wedge product of 8 with a nontrivial
Lagrangian in . Following Chapter 5, Section 6 of [14], we exploit.a description of]
translation invariant local functionals via D-modules:

(23) Che (2°7(C,95.))° = CdzdZ ®p,. Ciereq (Jeto (R0 (Cign))) ,

where Jetq denotes jets of sections at zero of Q%*(C;g,,).
Using z for the holomorphic coordinate on C, we have

Jeto(Q"*(C, 8n)) = gnl2, 7,d7]
and thus the identification (23) is manifestly W, -equivariant. It follows that we have
a W,,-equivariant quasi-isomorphism
(Def)cx *C o~ Cdzndz ®(C[Bz,37] Cfie,red (gn IIZ,E, dEH)a
where on the left-hand side we are taking ivariants with respect to C* x C C C* x
(Cx C*) = C* x Aff(C). So, we only need to compute the C*-invariants of the

right-hand side. Here C* acts by scaling space-time.
The quasi-isomorphism of dg Lie algebras

(gn[2],0) = (gn[2,2,dz], )
is obviously W, -equivariant. Finally, Costello’s calculation implies that (in the case
that g = g,,) we have
(Cdzndz el o Clickealonlz])) = (C— 85 — BL)[3).

(That means the cochain complex on the right hand side starts with C in degree —3.)
Moreover, the right-hand side is-quasi-isomorphic via the de Rham differential to

(ﬁiu] 03[0 — ) ~ 02 1.

n,cl

This identification is clearly W,,-equivariant. O

8.6. Holomorphic vector fields on the source

We digress momentarily to describe another important symmetry present in the
(B~ system: the holomorphic o-model possesses a natural symmetry of the Lie algebra
of holomorphic vector fields Ts = Té’o, much as the usual o-model is conformal as a
classical field theory. We will formulate this symmetry on the formal 8+ system.

It is convenient for us to work with the Dolbeault resolution of holomorphic vector
fields: define the dg Lie algebra

Is = Q% (8 Ts)

ASTERISQUE 419



8.6. HOLOMORPHIC VECTOR FIELDS ON THE SOURCE 99

with differential given by @ and Lie bracket given by the extension of the Lie bracket
of vector fields to (0, *)-forms. There is an action of {5 on the Dolbeault complex
Q0*(S; C)®™ given by Lie derivative of (0, *)-forms:

£-(Y®v) = (L) ®v.

(We use the script Z to denote the Lie derivative with respect to vector fields on the
source, to avoid confusing it with Lx, the Lie derivative of vector fields on the target.)
This action extends to an action of {/s on the “double” dg Lie algebra Dg? so that it
preserves the shifted pairing between v and g fields. .

This action can be encoded by a local functional, and hence we obtain a Jg-equiv-
ariant field theory.

Lemma 8.6.1. — The map of dg Lie algebras T : s — Der(Dg?), sending a holo-
morphic vector field & on S to the derivation Z¢, describes an action of holomorphic
vector fields on the rank n free By system. Moreover, it has a lift to a map of dg Lie
algebras

I7: 95 — Defyl—1]
£ — (8%
along the map determined by the BV bracket {—;—} : Def,[~1] — Der(Dg3).

8.6.1. — We wish to describe the equivariant obstruction-deformation complex for the
action of &g. The functional I 7 endows the direct sum s @Dgs with the structure of
a local Lie algebra. By definition, this equivariant obstruction-deformation complex
is given by the local cochains of this local Lie algebra

Def;? = Cikoc (% X ]D)g'rs;) ?

where Def,, is the deformation complex for the formal G+ system defined earlier.

As Cj . always involves taking the reduced Lie algebra cochains, there is a useful

splitting of the deformation complex

Def? 2 Oy o (T2) ® Choo(T; Defn),

where Def,, is the deformation complex for the free 8y system.

For any complex manifold Y, the complex C}, (&) has an interpretation in terms
of the diagonal cohomology of Y, studied by [42]. In the case of Y = C it has a simple
interpretation in terms of Gelfand-Fuks cohomology.

Proposition 8.6.2 (Proposition 5.3 of [51]). — The cohomology of Ci;,(Jc) is concen-
trated in degree one and is isomorphic to HE,,(W1). Hence, H*(C;, () = C[—1].

An explicit generator for the cohomology is given by the local cocycle

wCF e x e — Qbi(C)
(a®9.,6®09.) — L1 (83a°8% +83a"13°)d%z,
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where o = a® + a%!dz and similarly for 3. (Note that we can integrate the density on
the right whenever « or g is compactly-supported, but otherwise it is not integrable.
This situation is just like that with action functionals, where the Lagrangian density
is the important information rather than the purported function.)

Proposition 8.6.3. — There exists a map of dg Lie algebras
(WCF, LK) : C[-2] @ QL[-1] @ 02 ; — Def? [~1]
sending (1,w,n) to (wCF, J,, K,,) where
— wCF € Gy () C Def“j{ represents the generator of the Gelfand-Fuks cohomol-

3 loc
ogy Hi;o(W1) = C;
— for every u € ﬁicl, the functional J, € Def,, C Def“:? is the one defined in

Section 8.5; and
— forn e Q}L, K, is the cocycle in Ci, .(Jc; Def,) defined by

loc

K,y(£,7) =/C€9z€° (n°(1),07),. +/C@z§°’1d§<ns(7),3v>gn,

where £ = €90, + £01dz 0, is an element of Sc.
Moreover, this map is equivariant for the action of formal vector fields W,,.

GF

Proof. — The assignment C — Cj (Jc) sending 1 — w is tautologically

W,,-equivariant. Moreover, we have already shown that the assignment J : ?22701[1] —
Def,, is W,,-equivariant.
Thus, it suffices to show that K : QY —.C;. (c; Def,,) is W,,-equivariant. It suffices

loc
to check that for all n € Q! and X € W,,,
Kixy = {I)V(VaKn}~
This computation is parallel to the calculation in the proof of Proposition 8.5.2. [

As a corollary we obtain a map of cochain complexes upon applying the functor
Ciie (W’”«’ _):

(WO, K, J) : C[~1] & Cfje (W 2L & Q2 (1)) — Ci1o(W: Def? ).

The complex Cf,;,(Wy; Def“Z ) controls equivariant deformations for both the Lie al-
gebra W,, and J¢. The map (wCF, K, J) will allow us to identify elements of the
deformation complex with ordinary characteristic classes.
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CHAPTER 9

EQUIVARIANT BV QUANTIZATION
OF THE FORMAL 3~ SYSTEM

The free (v system is a free BV theory and hence admits a natural quantiza-
tion. (See Chapter 6 of [24] for an extensive development.) This quantization is easily
modified to encompass the formal (v system, but _here we want to quantize equiv-
ariantly with respect to the action of W,,. We will find that there is an gl\)struction
to quantizing equivariantly, given by the Gelfand-Fuks Chern class chZGF (&) defined
in Section 2.5.3. This obstruction is a very-local avatar of the anomaly described by
Witten and Nekrasov [55, 46], and we will see in Part III that it corresponds in a very
precise way to the obstruction to constructing CDOs found by [45, 21] as described
in Section 3. .

There is, however, an equivariant quantization for a natural action of W,, the ex-
tension of formal vector fields W, by closed two-forms ﬁgl introduced in Section 2.
In fact, we will see that the space of closed two-forms is precisely the space of defor-
mations for the 8 system. We construct this quantization explicitly using Feynman
diagrams and, in later sections, explain when and how it descends to complex mani-
folds.

Most of this section is devoted to formulating precisely what equivariant BV quan-
tization means and then proving the following result.

Theorem 9.0.1. — There is a unique (up to contractible choice) Wn—equivariant and
C* x Aff(C)-invariant.quantization of the By system on C with target D™.

By an Aff(C)-invariant quantization, we mean one that is invariant with respect to
the action of affine’ symmetries of the complex line (i.e., translation and dilation by
complex numbers). The C*-symmetry condition says that the quantization has weight
one with respect to 'scaling the 8 fields, which can viewed as scaling the cotangent
fibers of T*D™. (See the discussion preceding Proposition 8.4.6.)

Remark 9.0.2. — Subsequent to the writing of this paper, Si Li developed general
technology that should imply this theorem [39]. (His results, as stated, do not explic-
itly encompass equivariant quantization but it is clear that they must extend to our
situation.) In brief, he exhibits a map from holomorphic (aka chiral) deformations
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of a free holomorphic field theory of G~-type to the modes dg Lie algebra of the as-
sociated dg vertex algebra, and he shows that a deformation satisfies the quantum
master equation if and only if it satisfies the Maurer-Cartan equation in the modes
Lie algebra. Hence, one can take our interaction term I and check if its associated Lie
algebra element § dz I satisfies the Maurer-Cartan equation. This approach is easier
in the sense that computing in the modes Lie algebra is purely algebraic in nature, and
does not involve Feynman diagram computations, precisely because all the Feynman
diagrams are hidden in Li’s proof, where he does that analysis once and for all.

In this paper, we wish to be self-contained and hence explicitly solve the equiv-
ariant quantum master equation and explicitly describe the Feynman diagrammatics.
As a matter of taste, we also wanted to show clearly that the vertex algebra construc-
tions are completely separate from quantum field theoretic constructions—hence, the
division between Parts I and II—and then to exhibit in Part III that these indepen-
dent approaches produce equivalent answers. To use Li’s theorem would intertwine
the QFT construction with the vertex algebra construction, and it might mislead-
ingly suggest we need results from the theory of CDOs to construct our factorization
algebra.

On the other hand, Li’s work gives a systematic explanation for why such iden-
tifications hold between vertex algebra and QFT constructions. It sets the stage for
proving theorems like ours in a very broad range of examples.

Finally, we remark that Li’s theorem essentially reverses the logic of this paper.
He relies on essentially the same logic. as Part III but oriented to state a different
result. As we explain in Part III, a‘free B-type field theory yields a factorization
algebra that recovers a dg vertex algebra; which is the one “expected” from physics.
Any holomorphic deformation of the theory must yield a deformation of the dg vertex
algebra, and so there must be a mapof dg Lie algebras. We examine what deformation
of the vertex algebra arises from our preferred deformation of the theory, but we
exhibit general results that would let one describe other deformations as well. By
contrast, Li shows that this map is injective at the level of sets of solutions (from
QME to Maurer-Cartan equation) and hence can use the modes Lie algebra to identify
deformations of the BV theory.

9.1. Recollections onequivariant BV quantization

In this section we discuss what it means for a Lie algebra b to act on a quantum
field theory. To be more precise, we review the formalism developed in [17], notably
for the factorization Noether theorems (see Chapters 11 and 12). A key idea is to make

T (h) the base ring over which the field theory is defined, rather than the complex
numbers C. Under the dictionary discussed in Section 7, this approach should encode
how the Lie algebra h acts on the theory. We have already seen this idea deployed for
the classical field theory, by interpreting the local functional IV of Lemma 8.4.2 as a
Maurer-Cartan element.
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Recall that in the BV formalism, as developed in [14, 17], a quantum BV theory
consists of a space of fields and an effective action functional {S[L]}1e(0,00), Which is
a family of non-local functionals on the fields that are parametrized by a length scale
L and satisfy

(a) an exact renormalization group (RG) flow equation,
(b) the scale L quantum master equation (QME) at every length scale L, and
(c) as L — 0, the functional S[L] has an asymptotic expansion that is local.

The first condition ensures that the scale L action functional S[L] determines the
functional at every other scale. The second can be interpreted as saying that we have
a proper path integral measure at scale L (i.e., the QME can be'seen as a definition of]
the measure). The third condition implies that the effective action is a quantization
of a classical field theory, since a defining property. of a classical theory is that its
action functional is local. (A full definition is available in Section 8.2 of [17].)

Remark 9.1.1. — The length scale is associated with a choice of Riemannian metric
on the underlying manifold, but the formalism of [14] keeps track of how the space of]
quantum BV theories depends upon such a choice (and other choices that might go
into issues like renormalization). Hence, when the choices should not be essential—
such as with a topological field theory—one can typically show rigorously that different
choices give equivalent answers. The length scale is also connected with the use of heat
kernels in [14], but one can work with.more general parametrices (and hence more
general notions of “scale”), as explained in Chapter 8 of [17]. We use a natural length
scale in this section; when it becomes relevant, in the context of factorization algebras,
we switch to general parametrices.

If we start with an B-equivariant classical BV theory £ with action func-
tional S—so that h has an L., action on the fields that preserves the pairing
and the action functional S—then we can encode the action of h as a Maurer-
Cartan element I" in Cji(h) ® Ci.(€). (For the formal By system, we did
this in Lemma 8.4.2.) We then view the sum S + I" as the equivariant ac-

tion functional: the operator dc: (5 + {5+ I, —} is the twisted differential
on Ci;. (h) ® Ci..(€) with I as the twisting cocycle, and this operator is square-zero
because dc; () (S + I+ {S+1% S+ I} is a “constant” (i.e., lives in C,.(h) and
hence is annihilated by the BV bracket).

This perspective suggests the following definition of an equivariant quantum BV
theory. The starting data is two-fold: an h-equivariant classical BV theory with equiv-
ariant action functional S+ IY, and a BV quantization {S[L]} of the non-equivariant
action functional S. Following Costello, it is convenient to write S as Sgee + I, Where
the first “free” term is a quadratic functional and the second “interaction” term is
cubic and higher. In this situation, the effective action S[L] = Sgee + I[L], i.e., only
the interaction changes with the length scale.
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Definition 9.1.2. — An h-equivariant BV quantization is a collection of effective in-
teractions {IY [L]} Le(oso) Satisfying

(a) the RG flow equation
W(PL,I[e + I"[e]) = I[L] + I"[L],
forall0<e< L,

(b) the equivariant scale L quantum master equation, which is that
1
QUIL] + I[L]) + dey, 0y I° (L] + S{I[L] + I°[L], IIL) + P [E]} i + hAL(T[L] + TP (L))

lives in C5;.(h) for every scale L, and

(c) the locality aziom, with the additional condition that as L — 0, we recover the
equivariant classical action functional S + IY modulo h.

In other words, we simply follow the constructions of [14, 17| working over the
base ring Cf;,(h). A careful reading of those texts shows that the freedom to work
over interesting dg commutative algebras is built into .the formalism. Note that our
situation is particularly simple since the non-equivariant classical field theory is free
and hence admits a very simple quantization, with I[L] = 0 for all L.

Remark 9.1.3. — Equivariant quantization is essentially a version of the background
field method in QFT. One treats elements of h as background fields and the inter-
action terms IY[L] encode the variation of the path integral measure with respect to
these background fields. (Solving the QME is our definition of well-posedness of the
measure. )

9.2. The pre-theory

We will follow an approach directly parallel to the non-equivariant construction of
a BV quantization of the curved v system in [15]. Our first step is to try to construct
an equivariant effective pre-theory (i.e., effective actions satisfying the locality and
RG flow conditions but not necessarily the QME condition) for the W, -equivariant
formal G system. Essentially, we try to run the RG flow from the classical theory by
naively guessing

L) = lim W(PE 1Y)

and then adding counterterms to deal with singularities that prevent this limit from
existing. (One of the main theorems of [14] guarantees that we can construct such
a pre-theory.) In the next subsection, we will examine the failure of this action to
satisfy the equivariant QME.

To construct the pre-quantization explicitly, we need to specify certain data, such
as the heat kernels and propagators with which we will work. As we are working on
the Riemann surface S = C, it is natural to work with the standard Euclidean metric
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FiGURE 1. The vertex with n incoming v legs and one outgoing (3 leg

and to take advantage of the compatibility between its Laplacian and the operators
0 and 0. The analytic heat kernel we use is

1
= —lz—w|/4t _ -
1 te (dz — dw) A(dz — dw).

Thanks to the decomposition g5 = Q%*(C)®g,, (i.e., the vector bundle is trivialized),
the heat kernel for Dg$ factors into an analytic part and an algebraic part

K, = K™ @ (Idy + Idgv).

Ki(z,w) =

The propagator P..y, likewise factors as P22, ® (Idg + Idgv), where

L
an — / (@ ® 1)K dt.
t—€

The analytic part of the propagator is-only nontrivial on “mixed inputs,” i.e., where
one side of the edge is labeled by a . and the other side is a 3. (This property is, of]
course, a direct consequence of the shifted pairing on fields.) Thus, one can view the
propagator as “directed” from v to (. Figure 2 shows how we draw the edge labeled
by a propagator.

The vertices of Feynman diagrams are also highly constrained, since every term in
the interaction I'WV is linear in 3. Figure 1 shows the vertex where the target is Dt
and the formal vector field is t"0;. As with the propagator, we view v and 0 legs as
oriented, and there is only ever one [ leg.

There are strong consequences for Feynman diagrams due to this directedness and
the linearity in g: the only nontrivial connected Feynman diagrams that can appear
have zero or one loops. A connected graph of genus zero will be a tree with one leaf
labeled by 8 and the other leaves labeled by ~ or a formal vector field X € W,,.
(and hence will encode a functional that has weight one for the scaling action). Now
consider the simplest kind of one-loop graph: a wheel with k vertices. Since the edges
of the loop are labeled by the propagator—and so the 3 legs of the vertices are used
up on the loop—the leaves can only take v or X as input. A general one-loop graph
will be a wheel with trees attached. See Figure 3 for a simple example.

Proposition 9.2.1. — For a connected genus one graph T, the limit lim_.o Wr(Pe<r, IV)
exists.
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P
Yy ——9

FI1GURE 2. The propagator as directed from ~ to 8

F1GURE 3. A wheel with four vertices

In this proposition we remove the factors of 2 and 7 in the definition of the heat
kernel for shortness of exposition. These factors will clearly not affect the existence
of the limit.

Proof. — The graph weight Wr will be a function of W,, and 2%*(C)®g,,. The graph
weight, like the propagator, factors as
Wlim(P6<L7 IW)WI‘ga

where the analytic factor W2" is a functional on the space Q0* & W,[1] and the
algebraic factor W§ is a functional on the space g[1] @& W, [1]. The algebraic factor
does not depend on the regularization; it is independent of € and L. Thus, to show that
the limit exists it suffices to_consider the analytic weight. It also suffices to assume
that T" is a wheel, since the singularities arise from the wheel and not from any trees
attached to the wheel.

Suppose I" has k vertices and choose a labeling of the vertices v = (vy,...,vg). Let
vertex v; correspond to the functional

(’yﬁﬁaX) = aj,m/ mel AN /\’Y’I{L\mn /\6.77
S
where

n
e . m1 ... m .
X = E E 0 mt] t0;.
§=1m=(my,...,m,)EN"

In other words, this functional only cares about the coefficient of t{**---t"0; in
the vector field X and uses it to produce a functional on ( and vy of polynomial
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degree my + - - - + m,, + 1. The vertex v; thus has valence 1 +v; = mq +---+m, + 2,
where § and X each contribute one leg and the remaining legs are . From hereon we
will ignore the coefficient from X, as it does not affect convergence (only changing an
overall constant) and cease to discuss the leg associated to X. Hence we will view v;
as having valence v;.

When we form the wheel, the § leg of v; is paired with a ~ leg of v;y; by a
propagator. Thus there are N = ). (v; — 1) external legs. We now view the functional
as a function of N distinct inputs 7i,...,yy of Q%*(C), which makes it easier to
examine convergence.

Fix functions {f; ;,} € Q2°%(C) = C°(C), where i = 1, ... kand j; = 1,...,1; — 1.
The analytic weight is

k k l/i—l
WP I ) = [ (Hd?zz)H IT £ (2.2 | Pe2oceozin)
z€ i=1 i=1 ji=1

In the product zyy1 is identified with 2, and d%z-denotes dzdz. When k = 1 this
integral vanishes because the propagator vanishes along the diagonal. Hence consider
k > 2. We want to show that the e — 0 limit.of the above integral exists for any
choices of f; ;,.

Before delving into analysis, we make some remarks that simplify notation. First,
we replace the product function Hle H;’Z;ll fi.j; (2, Z) by an arbitrary smooth function
¢ on C* with compact support, as the functional above defines a distribution on C*.
We thus need to show the integral vanishes for all such ¢. Second, we repress from
our notation obvious factors such as-d?z;, which can be reinserted by looking at the
domain of integration (which is always a vector space). Finally, we make a linear
change of coordinates: w; := z;41— 2z; for 1 <i < k and wy, = z;. Note then that

k—1
2K — 21 = E wj.
j=1

Up to a constant factor independent of € (i.e., the Jacobian of this change of coordi-
nates), the weight is

k=1 _ k=1 _
1 w; 12 /4. w _ .12
otw, ) (/] TT Dottt | (302 ) e,
/wecck (b1, i b 123

Ltn)ele, L]k t1 etk =

The factor in parentheses is an explicit expression for the analytic propagators. We
rewrite this expression as

(24)

k—1 __ k—1 __
- 1 Wi Wi | =, fwil? /| 5wyt
w, W — — | em & E L
/weC’c ¢( ) /( (z—l_ll ti) Z b

t1,eti)€le, LR P17t j=1
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Because -
O —jwil2/te _ _ i w1,
)
8’(1)1‘ ti
one can use integration by parts to trade powers of t;lwi for derivatives of ¢. This is
our next step in proving convergence.
Define the differential operator

1 k—1
t) = —— tiOw.,
U() t1+"'+tkj§1]w]

which is a differential operator on functions on C¥~! = C,,, X --- x C,,,_, (i.e., func-
tions of the variables wy, ..., wr—1) whose coefficients are functions of the variables
(t1,...,t) € [¢, L]*. Define the first-order differential operator

1 k—1
Dp(t) =0y, — —————— Y £;04. = O, — o(t),
() m tl+"'+tkj=1] j m ()

with 1 < m < k. We now explain the utility of these operators.

Set
E=e" > lwil?/ti—1 wi\z/tk_
Then
1 k—1 oy k—17
c(t)E = — w;+—=) w||E
b+ ity 4 k
Jj=1 i=1
k—1 k-1
=- A |4 2=t w; | | E
b+t by ti i
j=1
k—1
1
2 et
and so we find L
D (t)E = —I%’”E
for any m. In consequence, for example,
Rl w; Al w; 2 2
Di(t) | ¢(w, ) H ,li ZT: e~ i lwil*/ti—| 22, wil* [tk
=2 Jj=1
w M ([Sw ) .
N o) i Zi ') =2 lwil®/ti =1 30, wil*/t
= < o(w, W) » + (Dl(t)gb)(w,w)) g » ; i e w wil?/ty

Note that the left hand side is a total derivative and hence integrates over w € CF
to zero. The first summand on the right hand side is our integrand from the integral
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(24), up to a sign and the factor (¢, ---t,_1)~'. Hence, we find that the integral (24)
equals

k-1 _ k=1 __

1 w; w; 12 /4. 2
(Dl(t)qs)(w’ﬁ) — =J B_Zi lwil*/ti—| 32, wal /tk.
/wG(Ck /(tl,...,tk)e[e,L]k ty-- -1y H t; Z tr

i=2 j=1

Analogous arguments apply, of course, for any D,,, due to the symmetry of the inte-
grand.

Hence, applying the D,,(¢) in order and using a variant of the preceding argument,
we find that the integral (24) equals

k—1
1 ws; 2 2
/ / (Di_1(t) -+ D1 (t)$)(w, @) 2 :& o= X lwil/ti=| 2y wil* /e
weCk J(ty,...,t)le, L]k 117" Tk o 172

We apply the same argument with o(t) to show that the integral (24) equals

1 24 ws |2
/ Ck/< e T O ODE () Dy wem BB
we t1,...,tk)E|€,

ty -ty

This integral depends on € through both the domain of integration and the dependence
of the operators D,, (t) and o(t) on t. We first eliminate the second kind of dependence.
Observe that for any choice of allowed ¢, we have

k—1
o< D7 10w, £1,
j=1
since t;/ Y, t; < 1 for every j. Hence, we may replace o(t)Dy—_1(t)--- D1(t)¢ in the

integrand by a compactly supported function ¢(w,w). That is, to show convergence
of integral (24) as ¢ — 0, it suffices to show convergence of

L] L, m)em T i Bl
weCk J(ty,... tr)E[e, L]+ t1 7 "tk

for any compactly supported 1 (w,w). We may suppose that ¢ factors as

flwr, ..., wr—1)g(wg)

and focus only on integrating over the variables wy, ..., wg_1.

In this integral, there is no problem with integrating over the w variables, since the
integrand is compactly supported in w. The possible problems arise from the factor
(t1---t,)~!, which is not integrable over the domain [0, L]*. We need to show that
the integral over w contributes positive powers of the ¢; so that the integral over ¢ has
an € — 0 limit.

Note that, due to our arguments above, integration by parts allows us to trade a
power of w; for a 1/t;. Hence if we give a partial Taylor expansion of ¢ around the
origin, the integrals against nonconstant terms (which possess powers of ;) are more
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convergent than the constant term of ¢. In other words, it suffices to show that there
exists the € — 0 limit of

e / RS TS
(wi,eeywi—1)ECE=1 J (b1, tx)€le, L]F T1 7 T

Performing a Gaussian integral on the variables wy, ..., w,_1, we see that expression
(25) is proportional to

- k
. <cC. / (LE=D/k _ (k=1)/k),
/(t1,. Stk)Ele, L]k <Z ) H =€ t g
with C' and C’ constants. For k > 2 the right hand side is finite as ¢ — 0. O

Thanks to this proposition we have a well-defined equivariant prequantization.

Definition 9.2.2. — For L > 0, let
Hh9(™)

Wr(PL, IV
Aut(T Wr( ):

VL] = lim W (Pecr, ™) = = lim Z |
Here the sum is over all isomorphism classes of stabled connected graphs, but only
graphs of genus < 1 contribute nontrivially. By construction, the collection satis-
fies the RG flow equation and its tree-level L — 0 limit is manifestly IV . Hence
{IV[L])} Le(0,00) 18 @ Wp-equivariant prequantization of the W, -equivariant classical
formal B~ system.

Organizing the sums by genus of the graphs, we write the interaction as a sum
IWVI[L] = IWO[L] + RIW:1[L] where

1
W,0 A A\
"L E 7|Aut(1“)| Wr(Pecr,, I"),
I'e Trees
1
W,1 R A\
- L g 7|Aut(F)|WF(P€<L’I ).
I'e 1-loop

We now turn to studying the obstruction to satisfying the equivariant quantum master
equation.

9.3. The obstruction

With the pre-theory in hand, we ask whether it satisfies the QME. The main result
of this subsection provides a direct link between the topology of manifolds and the
analysis of Feynman diagrams, where a characteristic class yields a local functional
via the map JW.
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Proposition 9.3.1. — There is an obstruction to a W,-equivariant quantization of
the formal B system that preserves the C* x Affi(C) action by scaling and affine
transformations. It is represented by a nmon-trivial cocycle of degree one

© € (Defy )& AR

such that
6 = aJ%V (ch5" (I))

for some mnon-zero number a, where JYW is the quasi-isomorphism of Proposi-
tion 8.4.6 and chQGF(%) is the component of the Gelfand-Fuks Chern character living
in C2,, (W3 02 ).
This claim will follow from the series of definitions'and lemmas that follows below.
By definition the scale L obstruction cocycle O[L] is the failure for the interaction
v [L] to satisfy the scale L equivariant quantum master equation. Explicitly, one has

hO[L] = (dw, + Q)IV[L] + hALIV[L] + {IV[L], IV [L]}y,

where the right hand side is divisible by % since IW° satisfies the classical master

equation so that the 7’ component vanishes. Moreover, the right hand side has no
components weighted by h? or higher powers, because the BV Laplacian Ay, vanishes
on IW:[L] as it is only a function of v and a vector field X. Thus, we have

RO[L] = (dw, + Q) IV L] +hA L TVO[L] + 2{TV°[L], TV L]},

and so ©[L] only depends on v and hence is a degree one element of C}, (W,,; Cy..(g5)).

Lemma 9.3.2 (Corollary 16.0.5 of [15]). — The limit © := limy_,o ©[L] exists and is

an element of degree one in Ctio(Wy, Cr (8%)). Moreover, it is given by

llII(l) WF,e(Pe<17K67I [6])7
€E—
I'e2-vertex wheels
e€Edge(T")

where the sum is over wheels I' with two vertices and a distinguished inner edge e.

In the lemma above, the notation Wr .(P.<1, K¢, IV [€]) denotes a variation on the
usual weight associated to a graph. As usual, we attach the interaction term IV [e] to
each vertex. To the distinguished internal edge labeled e, we attach the heat kernel K,
but we attach the propagator P..; to every other internal edge.

We now turn to the proof of Proposition 9.3.1. Let us be clear on what we need
to accomplish, as the computations are lengthy and explicit. We must construct the
obstruction cocycle © by the techniques of perturbat/i\ve field theory. In the end, we
want to recognize it as the local functional JW (chS™ (&,)). We can describe that local
functional already, thanks to our description of JW.
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Lemma 9.3.3. — Let X = a'9; and Y = b/ 9; be formal vector fields in W,, where

the coefficients a®, b7 live in @n For simplicity, suppose all the a* are homogeneous of
degree k and the b/ are homogeneous of degree 1. Then

TV (hSF () (X, Y, y) = /S (8,013 (1),0 ((0:7)5 (7))

)

gn
with surface S = C and using the notation f° from Section 8.5.1.

In particular, to focus on the analytic component, suppose n = 1 so v € Q%*(C)
as the target is one-dimensional. Moreover, we can restrict to a(t) = t* and b(t) = t.
Then

W, 1.GF (&7 k l _ Ak—1 Al=1
n ty ) - z
(26) TV (chS (Fn)) (¢40%, 01, 7) / By A 0, (1Y) de
ol

(27) =kl(-1) /CW“”—? A9, (y)dz.
This expression will appear as the analytic component of our Feynman diagrams.
Proof. — We first observe that
IV (X, Y, ) = Juxy) (V)
since the map J is W,,-equivariant. Moreover, since Jyg,,0 = j@, we deduce that
Iy o(X, Yoy )= Jox, v (7)-
Hence it is convenient to recognize that
hS" () = dar(),
where o € Cf;, (W, QL) satisfies
a(X,Y) = a(a'9;,b9;) = —(9;a")dar(0:b7).

Note that if the a’ are homogeneotus of degree k and the b/ are homogeneous of degree [,
then a(X,Y) is a one-form whose coefficients are homogeneous of degree k + [ — 3.
Lemma 8.5.3 then implies

Ja(X,Y)('Vla--~77k—17'71a"'v7l/—1)
:/S<(ajai)s(717'-‘77/(:71)78((8ibj)s(7{7"'77;71))>gn7

where S = C for us. (Here we are describing the local functional as a tensor with
k + 1 — 2 inputs to be maximally explicit.) O

Now we turn to producing a simple, explicit expression for the obstruction. The
limit in Lemma 9.3.2 can be moved inside the summation, i.e., the weight for each
2-vertex wheel I' with edge e has an € — 0 limit. We denote this summand by

Or, = 1in% Wr.o(P} K., TV[e]).
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By the nature of the graph, this functional is of the form
Or. : W2 ® Sym(Q%* ® g,[1]) — C.

Given two formal vector fields X,Y, let Or ((X,Y’) denote the associated local func-
tional in C}_(g7).

Due to linear dependence on the vector fields, it suffices to assume that X,Y are of]
the form X = a’9; and Y = b79; where the coefficients a, b’ € 0,.-are homogeneous of
degrees k and [, respectively. In this case, there is only one graph I' whose functional
Or (X,Y) is nonzero: this graph has a vertex of valency k+ 1-and a vertex of valency
[ 4+ 1, namely

Pe<1

For this graph, the functional Or ((X,Y) is homogeneous of degree k + 1 — 2:
Or.(X,Y) : Sym"~2(Q%*(C) ® g,[1]) — C.

By describing this functional explicitly, we will complete the proof of Proposition 9.3.1,
as it will agree on the nose with JW (ch$™ (F,,)).

Proposition 9.3.4. — Let X = a'9; be homogeneous of degree k and Y = b9; homo-
geneous of degree l. Let T' be the two-vertex wheel with vertices of valencies k+ 1 and
Il + 1 and mark one internal edge as-distinguished. Then, we have an identification

Or..(X,Y) = aJW(cth(:g\;))(X, Y) for some nonzero number a.
Or (X Y)() = [{(0,0)°(2).0 (0 ))),,

Proof. — We simplify further by setting
X =t .tk and Y =t -tl9;

with k = Y k., and [ = >_ l;;,. Ignoring the analytic factors momentarily, we observe
that in computing the weight of the graph I', we contract 3 legs with 7 legs. In our
case, the X-vertex contributes a 3; leg, which then contracts with the k; different
v legs from the Y-vertex. Likewise, the Y-vertex contributes a 3; leg, which then
contracts with the k; different v legs from the X-vertex. These contractions explain
the terms (8;a°)%(7) and (9;67)%(v) in the integrand.

We now turn to comparing the analytic factors. It suffices here to consider the
situation n = 1, since we have already taken care of the dependence on the target
coordinates. To clarify the notation, we use fi,..., fr_1 to label the inputs to the
remaining legs of the X-vertex. We use g1, ..., g;_1 to label the inputs to the remaining
legs of the Y-vertex.

The following diagram encodes the weight that we must compute:

SOCIETE MATHEMATIQUE DE FRANCE 2020



114 CHAPTER 9. EQUIVARIANT BV _QUANTIZATION OF THE FORMAL gy SYSTEM

f1dz Pecr
f2

91—
fr—1 K. !

We wish to take the € — 0 limit of the associated integral. Thus, we -have

@F,E(X’ Y)(fldza f27 LR 7gl—1)

e—0

k—1 -1
= lim (H fZ(Z1)> Hgi(ZQ) dz; /\K?n(zl,zz)/\P<1(z1,z2)
€ \i=1 j=1

k-1 -1 L 1 | /4 0 ‘ 12/4
= hm iz (2 / e~ Z1—22 676— Z1—22 tdt.
i o Lo J{ oo | ™™

2 2 .
Now, 0,,e~1m1==21"/4 = _ L (7, — 7;)e~1#17%2I"/t We make the change of coordinates
wy = 2o — 21 and wg = 29. The integral over wy, wy-can be written as
(28)

1
2 -1, -1 2
B /L0177-U2€C (H fl) d wld w2 ng wl 2 €12 exp <_4(t +e€ )|’U.11| > .

Using the same trick as in the proof that the theory involves no counterterms, we
introduce the differential operator

t 1o} e 0
b() = (1 t+e>8wl_t+eawl'

Then

k—1 k 1 1
-1 -1 2
HfngianP (—4(?5 e )|wi] )
=1 j=1
_ k-1 -

k—1 —
Hﬂngw1+D1 Hﬂng ﬁexp( (t™ + e Hlwf?) -

The left hand side is a total derivative, hence the integal in (28) can be written as

_/wlyw2 8iw1 (H sz.%) mexp (_i(t—l + 6_1)|w1|2> .

In the € — 0 limit only the the first term in the Wick expansion for integrating w;
will be nonzero. This term is

(471r)2 /w (H fi Hgl) (t +6 )2’
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Note that the condition w; = 0 implies that z; = 29 in our original parametrization.

Thus
5o (T4 T10) wi =0 = (5 [T5)) [T

where z = 21 = z5. Finally, we compute the ¢ — 0 limit of the ¢-integral

1 Loe 1
li — _dt=-.
(4m)2 <20 / ttre2 2

Integrating by parts (to get rid of the (—) sign) we see that the total weight is

2(47r)2 / <H fl) % (ng) d&z,

as desired. Setting f; = g; we see that this coincides with the analytic part
of JW(cha(&n))(X,Y, fi = g;) written above in (27). O

Remark 9.3.5. — Note that when restricted to linear vector fields gl, — W,, the
entire obstruction © vanishes. This vanishing means that there is no obstruction to
quantizing equivariantly for the Lie algebra gl,. This result is just the Lie algebra-
level version of an earlier observation: the action of the group GL,, lifts A-linearly to
an action on the quantization.

9.4. The extended theory

We have just seen that there is an obstruction to the existence of a W,-equiv-
ariant quantization of the formal (~-system. As is common in physics, we use that
obstruction to extend the Lie algebra and obtain an equivariant quantization for the
extended Lie algebra. Indeed, we have already seen that the second Gelfand-Fuks-
Chern character defines the extension

0 02 w, —2

n,cl

W, 0

in Section 2. We will now-construct a classical theory that is equivariant for Wn and
show that it admits a natural equivariant BV quantization.

9.4.1. — The action of W,, on the classical formal 3~ system is given by a map of L,
algebras IV : W,, ~ C}./(Dg%)[—1]. By composing with the projection p : W, — W,
we get an L., map
™= p' IV : W, ~ Ci,.o(Dg})[-1].
Equivalently, p*/ W determines a Maurer-Cartan element in the dg Lie algebra
Lle(VVn, Ci..(Dg%)) and hence a W ,-equivariant classical field theory.
As in the non-extended case, there is a Wn—equivariant obstruction-deformation

— W o
complex Def,, , which is the graded vector space Sym(WY[-1]) ® Cloc(Dgf ) _equipped
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with the differential dg + a + {TW,—}, where d  denotes the differential

on CLle( n). Note that we can write

W W
Defn = CLle( ) ®C* (W) Defn

Proposition 8.4.6, which concerns the unextended deformation complex, then implies
that the C* x Aff(C)-invariant piece of the extended deformation complex satisfies

C*X x AfF(C) .
(Def ) = CLie( n;y P Qn cl[l])

Here, p*ﬁ%cl is the Wn—module given by pulling back the natural W,-module struc-
ture on closed two-forms along p.

9.4.2. The extended pre-theory. — Our goal is to describe quantizations for this
extended W,,-equivariant field theory. Let {IW[L]} be the prequantization for the
W..-equivariant classical field theory, as above. For .each L > 0, we define the func-
tional

ML) = p'TV[L] € C}, (W,) ® C},. (Dgl) [

Lemma 9.4.1. — The collection {fW [L]} defines a pre-quantization for the Wn—equiv—

ariant classical ﬁeldjheory. Moreover, the obstruction to satisfyl'ng the Wn—eqm’varmnt
QME at scale L is ©[L] = p*©[L]. In particular © :=limp_,q O[L] exists and is equal
to p*©.

Proof. — This follows from the fact that for any graph I' we have Wr(P..p,p*IV) =
p WF (P6<L7 I ) O

Just as in the non-extended case there is the possibility that the pre-quantization
does not define an equivariant quantization. The above lemma identifies this obstruc-
tion cocycle which we will go on to show is cohomologically trivial.

The quasi-isomorphism JWV: C}, (W,; Qn al1]) = (Def )T *ARC) from Proposi-
tion 8.4.6 extends to a quasi-isomorphism

~ —~— W x
(29) JW CLle(WTMQn cl[ ]) — (Defn )C xAR(D)
by tensoring CLle( n) over the ring C}, (W, ) The lemma implies that the obstruc-
tion © is identified with the cocycle p*(chS F(g )) under the map Jwv.

9.4.3. Quantum correction. — Let ) be a Lie algebra and V' a module for . Moreover,
suppose o € C2,_(h; V) is a 2-cocycle. Then, we can form the extension
0—-V — H 2, h— 0.

The bracket between x,y € b is defined by [x,y]g = [z,y]y + oz, y) where [—, -] is
the bracket in the original Lie algebra. The bracket between z € h and v € V is
[:v,v]g = z - v. We can pull back the cocycle p*a € Cj, (h;V). In this situation,
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this pullback cocycle is automatically trivial. An explicit trivializing element is
idy : V — V viewed as an element of the Chevalley-Eilenberg complex Cfie(g; V).

In our situation this says that the cocycle p*(chS™ (F,)) is trivializable and hence
so is the obstruction {O[L]}. To define a quantum theory we need this trivialization
at the level of functionals on fields. Indeed, according to the above lemma, which uses
standard facts about Feynman diagrams, it suffices to trivialize the local functional 5)
encoding the obstruction.

Lemma 9.4.2 (Lemma 3.33 of [37]). — If I9° and O, € Def,, satisfy
QI + {I,1°°} = 0y,
then, for each L, the functional
I°[L) =lim > Wpy(Pecg,I,1%)

e—0

I'eTrees
veV(T)
satisfies
(30) QIIL] + {IV[L], I°[L]} = O1[L).
Proof. — For the non-equivariant case, see the referenced lemma in [37]. The equiv-
ariant case is an immediate consequence. O

As a corollary of this general fact we'see that if 19¢ ¢ BFfZV trivializes the obstruc-
tion cocycle ©, then the effective family I[L] + hI9°[L] satisfies the W,-equivariant
quantum master equation. In fact, we-have an obvious choice for the local func-
tional I9°. The map J : ﬁfwl — Def,,-determines an element in Ciie(ﬁi’d;Defn) C

— —W
Ci..(W,;Def,) and hence an element the equivariant deformation complex Def,, .
We will use 19° = J.

Proposition 9.4.3. — The local functional J trivializes O in the equivariant deforma-
tion complex. That is,
(31) @+dg, )J+{IV,J}=6.

Proof. — The functional J is the image of idg> under the map JWV from Equa-

tion (29). By construction J" determines a map of complexes Ciie(wn;ﬁi&l
—W
Def

n

) —
and hence commutes with the differentials on both sides. That is,
TV (dg ) =0TV (0) + {7, TV ()}

for all ¢ € Ciie(wn; 02 ). In particular, for ¢ = idgz we have

n,cl
TV (p*chST () = BT + {TV, 7}

We have already seen that the image of p*chSF(%) under JW is the obstruction

cocycle O, and this is what we wanted to show. O
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Finally, we arrive at the main result concerning the extended equivariant BV theory.

Theorem 9.4.4. — The effective family {IVV[L]+hJ[L]}1>o satisfies both RG flow and

the W, -equivariant quantum master equation
1
(dg+Q)IV [L]+hJ[L])+§{fW [L)+hJ (L), TV [L)+hJ (L]} p+hA L (T [L]+hJ[L]) = 0,

Hence it provides a Wn—equivam’ant quantization of the classical theory IV based on
a length scale reqularization. Moreover, this quantization is unique up to homotopy.

Proof. — The first part follows from Proposition 9.4.3 and Lemma 9.4.2 above.
Uniqueness follows from the fact that H*(W,;Q2 ) = 0. O

Remark 9.4.5. — Here, as in Lemma 9.4.2, the term I9°[L] arises naturally by naively
applying RG flow to IV + pI and asking only for 'the sum of the terms in which
at least one vertex is labeled by I9°. (The terms involving just IV have singularities,
but we’ve already resolved them.) Note that a stable connected graph containing I9¢
as a vertex has nonzero weight only if it is a tree, because I9° only has inputs from
~. Moreover, only one copy of 19 can appear.

9.5. The conformal anomaly

In Section 8.6 we discussed how the classical theory of the formal v system is
equivariant for the action of holomorphic vector fields on the source & °. Indeed,
we have described the local functional I & Def;c{ that encodes this action. In this
section we address the problem of the quantizing this symmetry compatibly with the
action of formal vector fields W, on the target n-disk.

Proposition 9.5.1. — There is an obstruction to a & © x W, -equivariant quantization
of the formal By system. It is represented by a nmon-trivial cocycle

2mwCF + 0V + 67 e ¢, (Wn; Def"Z) .

Here, wCF ¢ Def":/; is the local Gelfand-Fuks cocycle representing the generaton
of H},.(W1). Moreover,

TV (G (G) = a®™ KV (5T(Gn)) = 67,
for some constants a;b.

Remark 9.5.2. — This proposition says that there are three independent obstructions
to finding a & © x W ,-equivariant quantization of the formal 37 system. The obstruc-
tion OW coincides with the W,-equivariant obstruction computed in the previous
sections and is independent of & C. The obstruction ©7 is new, and we will show
that it reflects the fact that chiral differential operators on a complex manifold X
admit a global conformal structure if and only if ¢;(Tx) = 0. The obstruction w&F
only depends on the background fields & © and hence is independent of the fields of
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the (v system. It reflects that fact that even when ¢;(Tx) = 0, one needs to cen-
trally extend holomorphic vector fields to get a global action. We will see that this
obstruction constitutes the central charge of resulting Virasoro symmetry.

Proof. — The obstruction is computed in a manner similar to the obstruction just
for W,,. Indeed, a version of Lemma 9.3.2 still holds, with the interaction IV replaced
by IW + I 7. That is, the obstruction to a &€ x W, equivariant quantization can be
written as a graph expansion

lim Z WF,e(P€<17KeyIW[6]+Ig[€])'
€0 I'e2-vertex wheels
ecEdge(T")

This obstruction is an element of C{;,(Wp; Def‘Z) and splits up into a sum of three
linear pieces:

1. a factor that does not depend on W, i.e., lives in Def“Z C Cfie(Wo; Defng);

2. a factor ©W that does not depend on & © and is an cocycle in Cf;,(Wp; Def,);
and

3. afactor ©7 that is linear in both &g and W, and is a cocycle in ClLic(Wy; Def{).
We now describe these terms explicitly.

The first term. — The term in Defg has the form

lim > Wr.o(Pec1, Ko, I7 [€).
I'€2-vertex wheels
ecEdge(T")

The calculation of this obstruction was performed in Section 7 of [51] and was shown

to be equal to the local functional 2nw®F € Def‘z where we have defined w®F in
Section 8.6.

The second term. — The term independent of & © has a graph expansion of the form

(S} :11—{% F,G(Pe<17K€’I [6])
I'e2-vertex wheels
e€Edge(T")

This term is precisely the local functional © € Cj, (W,;Def,,) representing the ob-

struction to a W,-equivariant quantization. Thus JW (ch$T (F,)) = OV, as desired.

—

The third term. — We aim to show that there is an identification KW (c$F (&,)) = b67.
Since we only consider the graph expansion over two-vertex wheels, the cocycle rep-
resenting the third piece of the obstruction ©Y is given by the weight of the € — 0
limit of the following diagram
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PE<1

where ¢ labels a holomorphic vector field in & € and v € Q%*(C; g,.).

—

For fixed £ € & © we have the functional K¢ := KW (c$F (&) (€, —), which is an
element of the W,,-equivariant deformation complex Defnw. For simplicity, we consider
the case that £ = £°9, € Q°(C; TC). The Gelfand-Fuks-Chern character evaluated on
a vector field X = a’0; is ¥ (C/ﬁ\;)(ai@-) = 5--09;a’. Thus, we have the explicit formula
for K¢

Ke(X,v) = /Sazgo ((2a")*(7),07),, -

It suffices to show that for each X € W, the obstruction satisfies ©7 (¢, X, —) =
bK¢(X), for some nonzero constant b, as elements of Def,,.

As we did in the calculation of the obstruction in the previous sections, it suffices
to assume that the formal vector field is homogeneous of the form X = ¢ ...tk g;
where ky + -+ + k, = k. Then, both 7 (¢, X, —) and K¢(X) are of homogeneous
degree k — 1:

Sym*~1(Q%*(C) ® g,) — C.

Ignoring the analytic factors momentarily, we observe that in computing the weight
of the graph I', we contract @ legs with ~ legs. In our case, the X-vertex contributes
a (; leg, which then contracts with the k; different « legs from the vertex labeled by
the holomorphic vector field £, These contractions explain the term (9;a%)® (7).

We now compare the analytic factors. Since the dimension of the target formal disk
was only relavent for the algebraic piece, it suffices to set n = 1. The analytic weight
we must compute is represented by the € — 0 limit of the diagram

Peca f1dz
fa
€90 :
fr-1
K.

The weight of this diagram is given by

k1
/(:2 (€°0., Peci (21, 22)) A (H fi(ZQ)> dza A Ke(z1, 22).
i=1
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We compute the z;-derivative of the propagator as

0 L 1 2
—P. = ——_(Z1 — )% T2l (A2 — d2o).
92 <1(z1,22) /t=e 16(47)3 (71 —2z2)% (dz 22)

Making the standard change of coordinates wi; = 2o — z; and ws = 2o we find that
the weight can be expressed as

k—1 1
1 1, _ )
L. <H fi) v e G LA )
w1, w2 i=1 t=e€

The only term in the Wick expansion of the integral above that contributes is a
nonzero multiple of

/z (2¢°) (2) <H fl(z)> 42z / v ft) dt.

A simple evaluation of the t-integral yields a finite limit as ¢ — 0. Furthermore, we
can integrate the above z-integral by parts to put the analytic part of the obstruction
07 (¢, X, f1dz, fa, ..., fe—1) in the form that is proportional to

Joon i)

This is precisely the analytic form of the functional K¢(X), as desired. O
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CHAPTER 10

THE PARTITION FUNCTION OF THE EQUIVARIANT THEORY

In this section we analyze the scale co effective interaction on an elliptic curve
coming from the quantization constructed above. It defines a natural element of the
Gelfand-Fuks cohomology Cj;,(W,; Q,,*) that deserves to be called the n-dimensional
formal Witten class. We show that under Gelfand-Kazhdan descent, this formal co-
cycle maps to the Witten class of the complex manifold.

Remark 10.0.1. — The arguments here are borrowed from [15], notably Section 17,
where Costello identifies the Witten class of the target X as part of the quantized
action functional of the curved (7 system. We simply observe that his approach
applies equally well with the formal disk as target, so long as one uses Gelfand-Fuks
cohomology. In [15] Costello also provides.an interpretation of the Witten class as a
kind of “projective volume form” on the derived mapping space from the universal
elliptic curve to X. We do not discussthat here, but his interpretation applies to our
approach as well.

10.1. The formal Witten class

Let 9 be a formal vector bundle, i.e., an object of the category VBw, ar,). We
have constructed the Gelfand-Fuks-Chern characters

chSF (V) € CF, (W,, GL,; QF ).

n,cl

Let Q% = &P, QF[k] denote the formal de Rham forms arranged in opposite degrees
from usual (i.e., with k-forms beginning in degree —k rather than k). Note that we
do not include the exterior derivative as part of the total differential (for degree
reasons this is not possible, but it is not relevant to our setting either). Each cocycle
chSF(GU) then provides a cocycle of degree zero in ﬁ; *. Thus, any interesting formal
combination of such characters—like the Witten class defined below—naturally sits
in degree zero.

Definition 10.1.1. — Let E be an elliptic curve equipped with a holomorphic volume
form w € QY°(E). The n-dimensional logarithmic formal Witten class evaluated
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at (E,w) is the formal sum

log Wit (B, w) := Y (?;T_)l) Ea(E,w) chSF (T,).
E>2

The Eisenstein series Eyj is given by the formula
Ea(C/Adz) = Y A7,
reA—{0}

where we witness the elliptic curve given as a quotient of the complex plane by the
lattice A. For an arbitrary E, we find a lattice A such that-dz identifies with w under
the isomorphism C/A = E. If the lattice is spanned by two elements

a+ib,c+id € C.
Then the sum can be written as
Z A2k = Z (ma + imb + nc + ind) ~2*
A#{0} (m,n)€z2—{(0,0)}
Our main result in this section is that the scale oo effective interaction of the formal
(B~ system, in the presence of the background W, fields, is equivalent to the formal
Witten class Wit, (E,w) plus a term proportional to ch2GF (In)- To state the result,

recall the extension p : W,, — W, of Lie algebras determined by the formal second
Chern character.

Proposition 10.1.2. — As a function on the harmonic forms cH/(E), the one-loop part
of the scale co effective quantization IW’(l)[oo] 18

1

1 Ba(Ew)p" chS* () +Z (4 Ezk(E w) p*eh$F (Tn),

k>2

as a cocycle in C}:ie(Wn;ﬁ;*). In particular, the one-loop effective quantization is
cohomologous to p*log Wit,, (E,w).

Remark 10.1.3. — The series Eo(E) is the “modular completion” of the second Eisen-
stein series. In terms of the modular parameter 7, it is defined by

3
E —1—24 —
(r.7 Zl—q 7lm(7)’

where ¢ = €2, Tt-has the property that it is modular, but not holomorphic.

The term proportional to ch$™ (:7\;) arises from the term in the effective interaction
on F given by the weight of a wheel with two vertices. There is some delicate analysis
involved in computing the precise contribution of this weight, but we see that when
restricted to the extended Lie algebra Wn it is cohomologous to zero, by construction
so we may disregard it.
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10.2. The theory on an elliptic curve

The quantization we have constructed above is invariant for the group Aff(C) of
affine symmetries of the complex plane. Thus, for any elliptic curve E = C/A, we can
descend the quantization on C along the quotient map C — E = C/A. The dg Lie
algebra describing the theory on the elliptic curve F is

DgZ = Q%% (E; g,) ® QY (E; gy, [2]).

There is a simplification we can make in this setting. The choice of a holomorphic
volume form w determines an isomorphism of dg Lie algebras

0 (Brgn @ g[-2]) = Dg,;
7® (& 7) o (196 (rAw)®T).
This isomorphism is naturally (W,,, GL,)-equivariant.
Note that there is an element w" € Q%!(E) such that [w A wY = 1. At the level
of cohomology, [w"] spans H!(E,(), by Serre duality. We are free to choose w" to be

harmonic, meaning it is annihilated by both & and 8. If E = C/A, then there is a
constant

U(E):/Edzdf

and w" = v(E)~1dz. In general, let § denote (im) lw".
Let #(E) C DgZ denote the sub dg Lie algebra of harmonic forms (that is, those

forms that are in the kernel of @ and 9)."We have an isomorphism

FUE) = Cl3] ® (9. @ g, [-2])

of dg Lie algebras, thanks to our choices above.
In anticipation of this section’s'main result, note that

(C[(S] ® gn[_l] = In X Gn,
the natural extension of g,, by the shifted adjoint representation g, [—1]. Hence,
Ciie (WTH Cltie,red ((C[(S] ® gn)) = Ciie(wn; Q:L*)?

where Q;L * is the regraded formal de Rham complex. We now explain why the scale
oo effective action for the equivariant BV theory produces a cocycle in this cochain
complex.

The harmonic subspace ¢/#(F) describes the solutions on E to the equations of]
motion for the formal Bv system. If we restrict the scale co effective interaction to
this subspace, it provides an fi-dependent cocycle in the Lie algebra cochains:

(T [o0) + 1T [00]) |, TUE) € Cic (Wni Clic rea(CI6] © (g @ 87 (~20)) ) [

|t01.5

Note that the one-loop term of the effective interaction I [oo] + hJ[oo] is only a
functional of C[§] ® g, and does not depend on C[§] ® g,/ [—2].
In fact, at scale oo, things become even simpler.
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Lemma 10.2.1. — The functional J[oo] vanishes on the subspace of harmonic forms:
J[oo]|tvo%(E) =0.

Thus, the scale co effective interaction lies in the image of IV [oo]|(% under the pullback
map

p* : Ciie (WTH Ciie,red ((C[(S] & gn)) - Ciie (W‘n’ Ciie,red (C[(S] 0y gn)) )

where p : Wn — W, is the extension of W, by closed ‘two-forms determined
by chg™ (Tn)-

Proof. — Recall, for fixed closed two-form w the local functional J,, is defined to be a,
functional on the space Q%*(FE; g,,). The definition of .J,, invovles a single holomorphic
derivative acting on one of the input fields. When we restrict to harmonic forms
C[6] ® gn — Q°*(E;g,) the holomorphic derivative acts by zero and hence J,5¥
vanishes for all w. Thus J | is identically zero. Since the scale co action J[oo] involves

at least one vertex labeled by J we see that its restriction also vanishes. O

In particular, the one-loop scale co interaction comes as an element in
C)I':ie (Wn, Ciie,red(c[a] ® gn)) ~ Ciie(wn; QT_L*)
We wish to explicitly compute this element.
First, we make a remark about where the functional IV lives when our spacetime
is an elliptic curve and we restrict to harmonic forms. This restriction can be viewed

as a functional
Y| gyt Wi ® Cl01® (8a[1] ® gy [-1]) — C.
Since I'W is linear in the g, and.dg, component, we can view this restriction as an
element in space
Ciie (W’m Ciie,red(gn) ® 69\/ b2 gn) .

Let R

ddR : Ciie,red (gn)) - Ciie(«gna gV) = QEII"L
be the de Rham differential. Then the element

(dar ® DIV € Cfio(Wni O rea(8n)) © 68" @ End(gn) 2 Cfio(Wa; ), @ End(gn))

is precisely the Atiyah class AtGF(%) as shown in Section 8.4.3.
Now we can moveon to the main result of this section.

10.3. Proof of Proposition 10.1.2
We recall the general approach for computing the renormalized effective action on
the elliptic curve E. The procedure splits into the following steps:
(1) truncate the propagator P.. at both the lower and upper bounds;

(2) compute the Feynman graph weight W(P.<r,I) = > Wr(Pe<r,I) as integrals
over the elliptic curve Wp(Pecr, I) = [, wr(Pecr, I);
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(3) take the limit limi_,% Wr(Pecr,I).

Our analysis so far has shown that the limit in step (3) exists. However, in the proof|
of the proposition we will compute the limit in a direct way by exchanging the limit
with the integration over E:

lim [ wr(Pecr,]) = / lim wr(Pe<r, I).
/e Ef7%
The issue is that even though the limit in (3) exists, the expression above is not valid
in general. Feynman integrals of this type were studied extensively in the work [38].
A similar analysis as done there, and one we can check by direct calculation, implies
that the limits above can be interchanged when ﬂle graph I' has no wheels with fewer
than 3 vertices. The term proportional to chg’F (&) inthe proposition corresponds to
the wheel with two vertices, and so the proper regularization scheme outlined above
must be performed.
The weight expression for V. s given by
1 . W
e, ] 2P T

Just as in the effective action on C, the tadpole-diagram is identically zero. When the
number of vertices of the wheel is two, a similar calculation as in Lemma 2.2 of [38]

Ey(E,w) p*chST (:7;) This is the first term

shows that the weight of the graph is 3217T4
in the expression of the effective action.

It remains to compute the weights of wheels with number of vertices strictly bigger
than two. By the remarks above, we can interchange the limits to obtain

1 : W 1 W
——— lim Wp(Pecp,I") = ————Wr(Pocoo, L"),
2 [Aut(T)| 20 r(Pecr, 1) 2 |Aut(T)] r(Po< )
I'eWheelss 2 L—0 I'eWheels> 2

where the sum is over I' € Wheelss o all wheels with number of vertices bigger than
two.
We are computing the restriction of this to the subspace

Sym(W,[1]¥) ® Sym (((C[6] ® ga[1])")) -

Each vertex of the wheel is labeled by the interaction V. We now write down the
propagators for which we are contracting.
We identify

Q0*(E) > C*(E)®C[
pldz 6,
where p = in [, dzdz.

The scale co propagator is

Pycoo(z,w) = /000(8* ® 1)K (z, w)dt.
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When we descend to the elliptic curve, the heat kernel is

1
Ki(z,w) = (me—z—w|2/4t> (0®1-1®0)® (idg, +idgyv),

where (47t)~le~lz—wl*/4t ¢ g0 (E x E) is the scalar heat kernel for the Laplacian on
functions. The adjoint 8" satisfies

7 (22 = L

and hence we identify

Pocoo(z,w) /Oo 10 (L /i) g (id,, F idgy) dt
oz, w) = — | —e i idgv) dt.

o< 0 a 0z \A4rt % B

In turn, we can think of this formula as the integral kernel for the operator

[ Re— . oo )
W5 (200) 7 ©id: C(E) © g, — C%(E) @ g,
where 299" is the scalar Laplacian acting on functions.

Using the identity dgrI™V = At(&,), we see that the sum of weights for diagrams
of exactly k vertices is

1 —~ o — \" « U
P ((p*AtGF(%) ®u*15(288 )1> ) € Clie (Wn;CEie(C[él ®9n)> = Clie(Wn; 2,7).

(This calculation recapitulates that of the obstruction.) We know that the algebraic

piece simplifies to T‘r(AtGF(ﬁ)) = k!(27ri)kch§kp(§1). For odd k, the analytic factor
vanishes. Finally, a direct computation shows that

10 mmh 1 2k 1
Tr ((u 5(288 ) ) ) = WE%

for £ > 2. One simply picks a natural Fourier basis for smooth functions on an elliptic
curve E = C/A, on which basis the operator %(2%*)’1 is easy to describe. (See, for
instance, Section 17.8 in [15].) This fact completes the proof. O
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CHAPTER 11

THE FACTORIZATION ALGEBRAS
OF EQUIVARIANT OBSERVABLES

So far we have constructed classical and quantum BV theories for the formal 3~
system. We now turn to analyzing the observables of these theories, using the machin-
ery of [17], which intertwines the BV formalism with factorization algebras. As we
show in Part 3, the factorization algebras that we construct here provide a refinement
of the vertex algebras Gr C/D\O" and CTD\OH from Part 1.

In brief a factorization algebra is a local-to-global object on a manifold—in that
sense, it is like a sheaf—that encodes how to. combine sections living on disjoint
opens—and hence, like an algebra. In [17] it is shown that every field theory in the
BV formalism has an associated factorization algebra of observables. For a classical
field theory, the observables Obs®! assign to an open U, the commutative dg algebra
of functions on the space of fields on U. Thus classical observables form a commu-
tative factorization algebra. A BV quantization amounts, in essence, to deform the
differential from {S, —} to {S9,~} + hA, where S is the classical action func-
tional and S is its quantization. The quantum observables are thus a deformation of|
the commutative factorization algebra Obs® to a factorization algebra (which has no
commutative structure).

Our work in Section 9 thus provides factorization algebras for the equivariant
and non-equivariant formal B+ system. Before we spell out those objects in detail,
though, we must give the definition of a factorization algebra and discuss the relevant
functional analysis.

Remark 11.0.1. — Although we attempt to describe all the relevant ideas and defi-
nitions here, we rely extensively on results and arguments in [17], which contains a
lengthy treatment, of the formalism we deploy. For further details, motivation, and
context, we refer the reader there.

11.1. An overview of factorization algebras

Let X be a topological space and C® a symmetric monoidal category. For us X will
be a Riemann surface, typically C, and C® will be a category of cochain complexes
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of vector spaces with ® the tensor product. (In Section 11.2 we discuss the type
of vector spaces and tensor product that we use, since issues of functional analysis
appear.) Here we give the general definition and refer to [16, 17] for more detail and
motivation.

Definition 11.1.1. — A prefactorization algebra ¢f on X with values in C® assigns
to each open U in X, an object 5f(U) in C, and assigns to each-finite collection
{U1,..., U} of pairwise disjoint opens in X, where each U; &V, a-morphism

Fy T FU) @ @ F (Un) = F (V).
These assignments satisfy

1. the morphisms compose, so that
= T, T
Ul,...7Un i1 timy, T1,1,...,Tnymn
A O®(’§7Ui =odv
i=1

for any choice of pairwise disjoints open {Til,...,Timi} inside U; for each i,
and

2. the morphisms are equivariant under rearrangement of labels, so that for any
permutation o € S, the composite

FUs1)) ® -+ @ F(Us(n)) — F(U1)® - @F (Up) e F(V) — F(V)

equals &75”“))@”'@5(%(") .

This structure encodes a kind of algebra parametrized by the geometry of X. The
data of ¢ explains how to “multiply” elements living on opens U; into an element
on V.

An associative algebra A provides an example living on X = R. To each open
interval I, one assigns A, and to a union of disjoint intervals Li;c ;I;, one assigns the
tensor product & jed A. Each structure map is determined by the multiplication in A.

Another example, central to our work here, is the following. Let £ — X be a vector,
bundle on a smooth manifold. Let &, denote the precosheaf of compactly supported
sections of E: to each open-U, we assign &.(U) = I'.(U, E), and there is a natural
extension-by-zero &.(U) — &.(V) whenever U C V. This precosheaf satisfies that

E(U UT,) = &,(Uy) @ E.(Uy)

for any disjoint union-of opens. Using the appropriate notion of tensor product, dis-
cussed below, one then sees that

Sym(&c(Ur U Uz)) = Sym(&:(Ur) @ 6c(Uz)) = Sym(ée(Ur)) ® Sym(ée(Usz)),
which provides a natural map
Sym(&.(U1)) ® Sym(éc(Uz)) — Sym(&e(V))

for any V' D U; U Us. In this way, one shows that Sym(é&;,) forms a prefactorization
algebra.
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A factorization algebra is a prefactorization algebra satisfying a local-to-global
condition, just as a sheaf is a presheaf satisfying one. The primary difference in the
conditions is that the notion of cover changes.

Definition 11.1.2. — A Weiss cover {U;}icr of an open V is a collection of opens
U, C V such that for any finite set of points {x1,...,z,} C V, there is some
U; D {.’171, R ,:l?n}.

We will restrict our attention now to C that are categories of cochain complexes
of vector spaces. (More generally, the definition below is well-behaved for cochain
complexes on a Grothendieck abelian category. See Appendix C of [16].) Since we
view quasi-isomorphic cochain complexes as equivalent (i.e., we are interested in the
higher category arising from quasi-isomorphism as the notion of weak equivalence),
the local-to-global condition is a cochain refinement of the usual notion.

Definition 11.1.3. — A factorization algebra is a prefactorization algebra of such that
for any open V and any Weiss cover {U;}icr of V; the natural map

C{Uitier, o) — F(V)

is a quasi-isomorphism. (Here the left hand side denotes the Cech complex of f on
the cover.)

11.2. A comment on functional analysis

We are working throughout with-infinite-dimensional vector spaces such as the
space of smooth functions C*°(X) on asmooth manifold. Thus we need to be careful
about issues such as tensor products and duals, since the setting of plain vector spaces
is not appropriate or adequate for our constructions. Appendix B of [16] describes
a category of differentiable vector spaces well-suited to our setting, and it explains
its relationship with other natural choices, such as locally convex topological vector
spaces, bornological vector spaces, or convenient vector spaces. The reader wishing
for a discussion about the-subtleties of constructing factorization algebras in such
settings should look in [16].

Here we simply state explicitly what we mean by duals and tensor product for the
vector spaces with which we work. These definitions are natural for both differential
geometry and functional analysis.

Let £ — X be a finite-rank vector bundle on a smooth manifold. We use the
following notations:

(1) the smooth sections are & = I'(X, E),
(2) the compactly supported smooth sections are &, = I'.(X, F),
(3) the distributional sections are &, and

(4) the compactly supported distributional sections are &..
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Let E' = EY ® Densx denote the vector bundle given by the tensor product of the
fiberwise linear dual EY with the density line Densx. Then we write

(1) the smooth sections as &' = T'(X, E'),
(2) the compactly supported smooth sections as & = I'.(X, E'),

—
(3) the distributional sections are &, and

—
(4) the compactly supported distributional sections are & .

Note that the vector bundle map ev : EY ® E — C given by the fiberwise evaluation

pairing induces a vector bundle map (—, —)gp, : E' ® E — Densx. This pairing then
extends a natural bilinear pairing
—
(=,=): &, x8 — C

()"f) = fx<)‘7f>ﬁb'

—!
There are clearly also versions for & X &, or with distributional sections of & and so
on.

Definition 11.2.1. — We write & for glc and call it the dual of &. We use (—, —) for
— J—

the evaluation pairing ev : &Y x & — C. Similarly, we write & for & , (&)Y for &,

and (&.)V for &".

Given E — X and F — Y finite-rank vector bundles on smooth manifolds, let EX
F — X XY denote 7% E ® 7y F', i.e.; the tensor product of the vector bundles pulled
back along the projection maps 7x : X XY — X andny : X xY - Y.

Definition 11.2.2. — We write & ® % for the smooth sections of EX F and call it
the tensor product. Similarly, we write & ® F. for the compactly supported smooth|
sections of ERF, & @ F for the distributional sections of ERF, and &, ® F . for
the compactly supported distributional sections of EX F'.

It makes sense to ask for sections of EX F' that are distributional in the X-direction
but smooth in the Y-direction; and we write & ® % for this space.

Definition 11.2.3. — For a Z-graded vector bundle E — X, the algebra of functions
on & is

Sym(£Y) == PD((£.)®)s, .

n>0
The completed algebra of functions on & is

Sym(€Y) == [[((£)®™)s,.

n>0

In particular, an element f of the nth symmetric power Sym™ (&) can be identified
with a compactly supported distributional section of I'(X™, (E')®") that is invariant
under the natural permutation action of .S,,.
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Note that these definitions make it straightforward to express the Chevalley-
Eilenberg cochains of dg Lie algebras like Dg>, whose underlying graded vector
spaces are of the type described here.

11.3. The non-equivariant classical observables

We begin by defining the classical observables on a fixed source:

Definition 11.3.1. — The classical observables Obsfll(S) for the rank n formal By
system on the Riemann surface S is the completed algebra-of functions on the space

of fields
Q% (8)%" @ Q1+ (9)2" = (Dg3)[1]

equipped with the differential given by extending 0 as a derivation. Hence
Obs;, (S) = Clie(Dgy),

where the Chevalley-Filenberg cochains are constructed using the appropriate versions
of dual and tensor product.

Explicitly, the underlying graded algebra is
Sym(@,” ($)°"[1] ® Q" (5)°"[1)).
The differential can be understood explicitly as follows. For some n-fold tensor product
of linear functionals on the fields
a=01 Q- Q ay,
we have
9a)=(001)® - @an+ta1®001)®  Qay+--+a1 ® - (Oay).

This differential is equivariant with respect to the permutation action of the symmetric
group S, and hence induces-a differential on the nth symmetric power.

It is manifest that these observables are natural with respect to holomorphic em-
beddings. That is, given-a holomorphic embedding i : S — S’, there is a natural
extension map

ix : ObsZ(S) — Obsc(S")
that is naturally-induced by the restriction map of fields
i Dggl — Dg?.

Indeed, we have a factorization algebra on any Riemann surface by Theorem 5.2.1 of]
[16]. For the purpose of extracting the vertex algebra, it will suffice to focus on S = C
and not consider all Riemann surfaces at the same time.

Definition 11.3.2. — Let Obsz1 denote the factorization algebra on C of classical ob-
servables for the rank n formal B~ system.
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~

We remark that as GL,(C) acts naturally on C* & g,[1], it also acts naturally
on Obs®(S) for any Riemann surface S. This action manifestly respects the differen-
tial 0, which only depends on the source S and not on the target D™.

11.4. The non-equivariant quantum observables

The BV formalism suggests that the quantum observables onS should arise by
(a) tensoring the underlying graded vector space of ObsC with C[[A]] and
(b) modifying the differential to 9 + AA, where A is the BV Laplacian.

This suggestion does not work because A is not defined on all of the observables; the
naive formula involves an ill-defined pairing of distributions. There are two ways to
circumvent this difficulty. First, one can work with a smaller class of observables—such
as those arising from smooth functionals, not distributional ones—and this approach
is developed in detail for the free 87 system in Chapter 5, Section 3 of [16]. (We discuss
this approach in Section 11.7, where we also show the two approaches agree.) Second,
one can mollify A instead. This approach is developed in a very broad context in
Chapter 9 of [17], and we have encountered it already in the scale L BV Laplacians Ap,.
These two approaches provide quasi-isomorphic factorization algebras, as we show in
Proposition 11.7.2. The second approach is what we will explain here, as it is the one
that extends to the equivariant setting:

Before delving into the machinery necessary to define a factorization algebra of]
quantum observables, let us note that -we have a working description of the global
observables on C.

Definition 11.4.1. — The global scale L quantum observables for the rank n formal
B~ system has underlying graded vector space

— —1, n —0,* n
Sym(Q:(©)*" 1] & Q. (O A][[A]
with differential 0 + hAr. We denote it Obsd[L](C).

*

The quantum observables are isomorphic for any choice of length scale. In fact, the
RG flow provides an explicit isomorphism WX : Obs?[¢](C) — Obs?[L](C) as follows:
given an observable f at scale ¢, let WX(f) denote the observable such that

W(PL,8f) = sWE(f),

where W (PL, —)is the RG flow operation defined earlier on action functionals, §% = 0,
and |§] = —|f|. (In other words, this map arises by taking the “derivative of RG flow”
W (PE,-).)

The basic approach used here works in general, except that we will need to work
with a more flexible notion of “length scale”: we need to allow arbitrary parametrices
for 0. (Indeed, when interactions are included, the RG flow map W does not preserve
support, conditions on observables, because the heat kernel has support everywhere.)
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After reviewing this machinery, we use it to define the factorization algebra of quantum
observables.

11.4.1. Recap of parametrices and BV Laplacians. — We give here the specialization
to our situation of the general definition from Chapter 8, Section 2.4 of [17]. Recall
that we are working on C with its standard, Euclidean metric. Let 8" denote the
Hodge dual operator to 0 with respect to this metric. It is our choice of “gauge-fix,”
in the terminology of [14]. Let A = [0, ] denote the Hodge Laplacian on Dolbeault
forms.

We remark on our convention for integral kernels. Given a continuous linear en-
domorphism P of Q%*(C), we use Kp to denote the integral kernel for P: it is the

section of QO’*((C)@,rﬁi’*(C) such that

(Pa)(z) = / _{Epz ). a0,

where the BV pairing is along the w-direction. (We remark that Schwarz’s kernel
theorem tells us where the integral kernel lives depending upon the domain and range
of the continuous linear operator. Here Qi*((C) appears because the domain is the
continuous linear dual space Q%*(C).)

Definition 11.4.2. — A parametrix for 8 on Q%*(C) is a distributional section ®
of QV*(C x C) such that
1. ® has cohomological degree one,
2. ® is symmetric with respect to the Ss action,
3. ® has proper support with respect to the two projection maps from C? to C, and
4. (A ®id)® — Kiq is a smooth section of QV*(C x C), where Kiq is the integral
kernel for the identity operator with respect to the BV pairing.

Let Param denote the set of parametrices.

There is a natural partial ordering on Param by support: ¥ < & if supp(¥) C
supp(®).

We remark that the integral kernel ¥ = fOL K", using the analytic heat kernel
from Section 9.2, satisfies all these conditions except proper support. It is, in fact,
supported everywhere on C2. (It is thus an “almost-parametrix”.) One can easily
obtain a parametrix from ¥ as follows: pick a smooth function f on C? that is 1 in
a neighborhood of the diagonal and vanishes sufficiently far from the diagonal, and
consider fW. This construction will allow us to translate between results written in
terms of heat kernels (i.e., length scale) and those written in terms of parametrices.

Remark 11.4.3. — Above we only define parametrices for 0. Each ® € Param au-
tomatically determine a parametrix for the rank n formal (87 system by taking
® ® (idg, + idgy). Given this relationship, we will not overload the notation and
use @, with the implicit understanding that the algebraic factor is included in the
rank n case.
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We now define versions of the propagator and BV Laplacian for each parametrix
®, analogous to PX and Ay, from earlier. Note that for the rank n formal 8y system,

Definition 11.4.4. — Given a parametriz ®, the ®-propagator is the integral kernel
Py = %(5* ®id+id®d")®.
Let kg denote the integral kernel Kiq — (5 ®id+i1d® 5)Pq,.
The crucial point here is that the kernel x4 is smooth. Moreover, it is the analog

of the analytic heat kernel K; from earlier.
We are now in a position to define a mollified BV Laplacian.

Definition 11.4.5. — The ®-BV Laplacian Ag is the operator O.,. That is, it is the
endomorphism of (Obsf:((C))ﬁ—the underlying graded algebra of observables—given,
by contracting with Kg.

For clarity’s sake, let us describe this operator explicitly. Given a in the nth sym-
metric power of the observables, pick a lift @ to the nth tensor power. Then

(Orpa)(z) = a(kp @ T Q- - © 1),

where we insert n — 2 copies of x on the right hand side.

These definitions allow one to define effective field theories, but with length scale
replaced by a choice of parametrix. For a full treatment, see Section 8.2.9 of [17]. The
essential changes are that

— RG flow from ® to ¥ is given by W(Ps — Py, —), using the same Feynman
diagram expansion, and

— the same local functional should be recovered in the limit as the support of the
parametrices goes to the small diagonal.

We can obtain such an effective field theory from the length scale version by RG flow

to any parametrix from a fixed almost-parametrix for some length scale.

11.4.2. Observables. — We can now mimic the scale L definition of global observables.

Definition 11.4.6. — For a parametriz ®, the global ®-quantum observables for the
rank n formal By system has underlying graded vector space

— —=1,% n —0,* n
Sym(Q,” (C)*"[1)] © Q. (C)*"[1])[[]]
with differential 9 +hAg. We denote it Obsd[®](C).

Again, Lemma 9.3.1.2 of [17] shows that the quantum observables are isomorphic

for any choice of parametrix. The isomorphism is explicitly given by the “derivative
of the RG flow”: for f € Obs}[®](C), set

wE(f) = 2

= %(W(P\I/ — P3,0f))
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in Obs[P](C). Because our parametrices have proper support, though, they only
expand the support of an observable f by a controlled amount (essentially determined
by how the size of the parametrix’s support).

Definition 11.4.7. — Let Obs; (C) denote the cochain complez of quantum observables
up to isomorphism. That is, an observable f € Obs}(C) is a family of elements
{f1®]}ocparam for every parametriz ® such that the f[¥] = WE(f[®]) for any pair of
parametrices ¥ and ®.

Definition 11.4.8. — Let f be an observable in Obs}(C) and denote its Taylor expan-

sion by
F=> Wik
J,k=>0
with f;r in the kth symmetric power. We say that f has support in U C C if for
every (j, k), there is some compact subset C C UF and some parametrizc ® such
that supp(f;,,k[¥]) C C for all ¥ < ®.

By Lemma 9.4.0.2 of [17], the graded vector space-Obs;(U) of observables with
support in U is preserved by the differential d+hA and hence provides a sub-complex
of Obs}(C). The remainder of Chapter 9 of [17] shows that these naturally form a
factorization algebra.

Definition 11.4.9. — Let Obs; denote the factorization algebra on C of quantum ob-
servables for the rank n formal By system.

We remark again that GL,, (C) acts-naturally on C" = g,[1] and on its linear dual
so as to preserve the evaluation pairing. Hence GL,,(C) also acts naturally on Obs; (U)
for any open U C C. This action respects the differential +hAg, since d only depends
on the source U and not on the target D" and Ag depends on the target only through
the evaluation pairing.

11.5. The W, -equivariant classical observables

We discussed in Section '3 8.3 that diffeomorphisms on the target of the curved
(7 system naturally act on the fields by post-composition. In Section 3.3 we gave
an efficient description of this action for the formal g7y system via an L.,-action
of W,, on Dg¥ for any open U C C. This action then determines an L..-action of W,
on ObsZ(U) = Cf;(Dg¥) and hence a cochain complex Cf; (W,,Obs). In other
words, by the yoga of Koszul duality, this action can be encoded as a modification of]
the differential on the tensor product Cj; (W) ® ObsZ. By Lemma 8.4.2 we know
that {IV, —} provides this twisting of the differential. Since I'V is a local functional,
this modified differential is still local in the source manifold C and thus respects the
structure maps of the factorization algebra. The following definition gathers together
these observations.
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Definition 11.5.1. — The factorization algebra of W,,-equivariant classical observables
on C is
erbst1 = Cl;e(Wh, Obsfll).
The underlying graded vector space is
Sym(W,,"[~1]) @ Sym((@.")®" 1] @ (2.) " (1)
with differential dc; (w,) + o+ {1V, -}.

Note that in IV, the dependence on the vector field X € W,, is linear. Hence
Obstl has a strict Lie algebra action of W,,, not a complicated Ly-action. In light of]
the remarks following Definition 11.4.9, we see the following, which we record as a
lemma for use when applying Gelfand-Kazhdan descent in Section .

Lemma 11.5.2. — The classical observables ObsC are a representation of the Harish-
Chandra pair (W, GL,). In particular GL,, acts by (strict) automorphisms of the
factorization algebra, and W,, acts by (strict) derivations of the factorization algebra.
Via restriction along p : (Wn, GL,) — (W, GL,) the classical observables ObsS are
also a representation for the pair (Wn, GL,).

11.6. The Wn-equivariant quantum observables

The construction of the Wn—equivariant quantum observables is straightforward,
given the work we did in Section 9. The logic is analogous to the case of classical
observables: we encode the L,.-action of W,, on observables in the differential.

Definition 11.6.1. — The factorization algebra of Wn—equivariant quantum observ-
ables on C is .
eqObs}} = Cije (W, Obsyy) [[A].
The underlying graded vector space is
— =l o —0,%\ ayn
Sym(W, [=1]) ® Sym((Q,")*"[1] @ (2, ")*"[1])[[]]
with differential
3 W,0 W1
dcile(wn)+a+{l ’_}+hA+h{I +J,_},
to give an explicit description.

For clarity’s sake let us point out that this means that for each parametrix ®, we
have global observables

—0,*

Sym(WY[~1]) ® Sym(2, " (C)®"[1] @ Q. (C)®"[1])

with differential
de: ) O+ {IVO[®], = Yo + hAg + H{IV![®] + T[], —} .

These observables are isomorphic for all choices of parametrix, so that our notation in
the definition should be unambiguous. Moreover, we find that the notion of support for
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an observable is well-behaved and so we can talk about the observables with support
in a fixed open U, thus obtaining a factorization algebra.

Remark 11.6.2. — Working over the base ring Cf;,(W,) amounts to a version of the
background field method, where we view the quantum action functional (encoded in
the differential) as depending on a choice of vector field and closed 2-form, i.e., an
element of Wn In a sense we see that after quantizing, we obtain extended symmetries
of the theory which we have already seen coincide with those of the physical curved

(7 system.

By contrast to the classical case, the quantum observables Obs;} do not have a strict
Lie action of Wn The A-term IW>! is not linear in W,, and has contributions of every
even power. Thus we cannot apply strict Gelfand-Kazhdan descent for (Wm GL,,). We
have already observed that when restricted to linear vector fields gl,, — Wn that the
anomaly vanishes. Thus, the quantum observables Obs;} admit a strict action by gl,,.

11.7. An aside on the two versions of non-equivariant observables

As mentioned earlier, there is another approach to constructing the non-equivariant
factorization algebra of observables for the formal 8+ system, which is developed in
[16]. We sketch it briefly here and prove that it is quasi-isomorphic to the observables
described above.

Thus, the key idea is to work with observables built out of smooth or smeared
distributions. By contrast, the observables already introduced live in a completed
symmetric algebra of distributions (more precisely, the distributions dual to Dolbeault
forms), and the need for parametrices is due to inability to apply the BV Laplacian
to such distributions, since distributions do not always pair.

Here is a concrete example of replacing distributions with smeared versions. Con-
sider the delta-function

8o =y — v(0).
Now pick a compactly-supported smooth function f : (0,1) — R such that fR f®)dt=1.
Then a smeared version is

1
5oy — %/ / () dz f(r)dr,
T Jr=0 |z|=r z

which agrees with &g if v is holomorphic, by Cauchy’s theorem. In particular, in the
cochain complex ﬁi*((C) [1], these distributions &y and dy are cohomologous 0-cocycles.

Definition 11.7.1. — The smeared quantum observables for the rank n formal (7
system with support in the open U C C has underlying graded vector space

Sym(Qy* (V)" 1] @ Q2 (U)*" [1])|[A]
with_differential & + hA. We denote it Qbs®™ (U).
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As the observables are built out of smooth sections, the “naive” BV Laplacian
A = Ok,, is well-defined. We view this operator as the BV Laplacian “at scale zero,”
since K4 is the distributional limit of the K. Moreover, since A is fully local, these
smeared observables automatically form a factorization algebra, with no need to dis-
cuss support issues.

This construction raises the question of how the smeared observables compare to
the observables from Definition 11.4.9. They are, in fact, quasi-isomorphic factoriza-
tion algebras, but the quasi-isomorphism is built in two steps. First, on smeared
observables, the RG flow operator makes sense from “scale zero” to an arbitrary
parametrix ®:

W : Obs?™(C) — Obs?™[®](C);
where the target ®-observables consists of the same graded vector space of smeared
observables but with differential 0 4+ iAg. This map is an isomorphism of cochain
complexes with inverse W2. (It does affect support of observables, but we say an
observable f € Obs®™[®](C) is supported in an open set U if WQ(f) is supported
in U.) Second, consider the inclusion

i[®] : Obs*[](C) — Obsi[®](C),
arising from the inclusion of smooth sections into-distribution sectionals. This map
is a quasi-isomorphism: the spectral sequence arising from the A-filtration is an iso-
morphism on the first page. The composite i o WOCI> thus defines a quasi-isomorphism

of cochain complexes, and it intertwines support conditions, thus extending to a map
i : Obs?™ — Obs?. Hence we have proved the following.

Proposition 11.7.2. — The map 1 : Obsgb’fr — Obs;} is a quasi-isomorphism of factor-
ization algebras.
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CHAPTER 12

SEMI-STRICT GELFAND-KAZHDAN DESCENT

In Section 8, we have seen that there is a dg Lie algebra Dg> encoding the Sy
system with target the formal disk 13”, and we have seen that this dg Lie algebra has
a natural action of GL,, and has a natural L..-action of W,,. We might hope that the
curved (7 system with target a complex n-manifold X could be obtained by applying
Gelfand-Kazhdan descent to this dg Lie algebra. This hope is not misplaced, as we’ll
see, but it requires generalizing the formalism of Harish-Chandra descent to allow
for L.,-actions of the Lie algebra.

In this section we develop this formalism along the lines of our treatment of descent
in Part I, but we develop the minimum necessary to realize our primary goal and hence
leave untreated many interesting questions (such as allowing Harish-Chandra pairs
in which the Lie algebra is replaced by an L., algebra). Nonetheless, our techniques
should apply to a broad collection of situations, notably to constructing the pertur-
bative part of a nonlinear o-model using BV quantization. Indeed, much of what we
do is a re-articulation of the methods of Kontsevich, Cattaneo-Felder, and many oth-
ers, that is compatible with the machinery of [16, 17]. We finish by explaining how
our methods recover Costello’s-approach to the curved B~ system in [15]. (His use
of L..-spaces, however, allows for more exotic targets than just complex manifolds,
though.)

Remark 12.0.1. — As our particular examples are explicit, we are able to get away
with a modest and quite limited generalization of Gelfand-Kazhdan descent for derived
objects. There should 'be a full-fledged derived version. (Parts of [7] can be seen as a
giant step in that direction.)

12.1. Semi-strict modules

We continue to work with Harish-Chandra pairs (g, K), as in Part 1, so g is a Lie
algebra and K is a Lie group along with an action p of K on g and an inclusion of Lie
algebras ¢ : Lie(K) — g so that the Lie algebra action determined by i agrees with
the differential of the group action p.
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Definition 12.1.1. — A semi-strict Harish-Chandra module for the pair (g, K) is a dg
vector space (V,dy) equipped with

(i) a strict group action p{f of K, meaning a group map
pE. K — GL(VY)

for each degree d such that the product map [], p{fd : K. > [, GL(VY) com-
mutes with the differential dy ;

(ii) an Loo-action of g on V, i.e., a map of Loo-algebras p3, :'g ~» End(V), such
that the composite

C(p) o CH(1) : CL*(Lie(K) — C*(End(V)
equals the map
CYe(Dpy)  CL(Lie(K)) — CY%(End(V)).

Here Dp¥ : Lie(K) — End(V) is the differential of the strict K-action and
i : Lie(K) — g is part of the data of the Harish-Chandra pair (g, K).

We call this semi-strict because we allow an L..-action of g, but our other condi-
tions are quite strict. This definition, while ad hoc, is nonetheless well-suited to our
situation.

Definition 12.1.2. — A map of semi-strict Harish-Chandra modules

f=(V.ov, oY) = (W, oy, piy)
consists of
(i) a cochain map f¥ : V-— W that (strictly) intertwines the K-actions and

(ii) a map of CLi¢(g)-comodules
f2:CE% (g, V) — Cl%(g, W),
such that the composites
CH(Dpff) 0 CL*(fX) - O (Lie(K), V) — CH°(g, W)
and
790 CHe(Dp) : OHe(Lie(K), V) — L (g, W)

are_identical.
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12.2. Semi-strict descent

Fix a (g, K)-bundle P with flat connection, so that there is a Maurer-Cartan ele-
ment w in the dg Lie algebra Q*(P) ® g. Equivalently, there is a map of commutative
dg algebras

w" : Crie(g) — Q°(P)
determined by extending to an algebra map, the map w* : g%[-1] — Q*(P) on
generators encoded by w.

Let V be a semi-strict module for the pair (g, K). Hence there is’a map of commu-
tative dg algebras

P%/* : Cile(End(V)) - Ciie(g)7

which is the linear dual of the coalgebra map p}, : g ~~ End(V'). By composing, we
obtain a map of commutative dg algebras

pY 0w : Chi(Bnd(V)) —.0°(P),
which then corresponds to a Maurer-Cartan element
wy € Q*(P) @ End(V).

The operator
VAV = dyp +wy

then defines a flat “super-connection” on-the trivial bundle P x V' — P over P. (Here
“super” simply means that some terms-of wy may contain higher forms, and not just
one-forms.)

The following results straightforwardly from the definitions.

Lemma 12.2.1. — The operator V>V has the following properties:
(1) It preserves the sub-algebra of basic forms.
(2) If f € O(X) 2 O(P)K and o € (QF(P) @ V)pas = QF(X; Vx), then
VEY(f-a) = (dgrf) @ a+ f@VVa.

(3) It is square-zero.

Using this lemma, we define the cochain complex
(32) desc((P — X,w),V) = ((*(P) ® V)bas, V) .
It is a dg module over the commutative dg algebra Q*(X).
Definition 12.2.2. — The semi-strict descent functor
desc : Loc;?

fin
(9,K) X MOd(ng) — MOdQ*(X)

is given by the construction just described.
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Note that if V is strict HC-module, then (32) is just the de Rham complex of the
flat vector bundle desc((P — X,w),V) = (Vx, V") from Definition 1.3.4.

Semi-strict Gelfand-Kazhdan descent is simply semi-strict Harish-Chandra descent
applied to the pairs (W,,GL,) or (Wn,GLn) along X°° or )Z';Of’r, respectively.
Everything is parallel to what we did in Part 1. In particular, it is lax monoidal, via,
the argument from Lemma 2.4.2.

We now note an important relationship between strict and semi-strict descent,
which follows from a standard fact about L.,-representations: given an ordinary Lie
algebra g (i.e., concentrated in degree zero) and an L., representation V of g, the
cohomology H*(V) is a strict representation of g. Hence we.observe the following.

Lemma 12.2.3. — If (V,p¥,p},) is a semi-strict module for the pair (g,K), then
H*(V) naturally becomes a strict module for (g, K) with pg*(v) the induced action
of K on H*(V) (since it respects the differential on V') and p%*(v) the induced strict
action of g on H*(V).

12.3. Descent of the equivariant observables
We record the following immediate consequences of our work in Section 11.

Proposition 12.3.1. — For each open U C C,
1. the classical observables ObsS(U) is a strict module over (W, GL,), and

2. the quantum observables Obs}(U) is.a semi-strict module over (Wn, GL,).

The structure maps of Obs%1 are strictly-equivariant map for (W,,,GL,), i.e., maps
of strict (W, GL,,)-modules. The structure maps of Obs} are maps of semi-strict
(W, GLy,)-modules.

These assertions follow by reinterpreting, via Koszul duality, our descriptions of
the equivariant observables as dg modules over Cf, (W,) (in the classical case) or
C]’:ie(Wn) (in the quantum case).

We can thus apply semi-strict Gelfand-Kazhdan descent and obtain the following
result. Note that we are'working in the category of dg modules over the commu-
tative dg algebra Q*(X) in the category of differentiable vector spaces discussed in
Section 11.2.

Corollary 12.3.2. —, The strict Gelfand-Kazhdan descent of Obs‘,’l1 on an n-dimensional
complex manifold X is a.commutative factorization algebra in dg modules over Q*(X).
It depends on a choice of Gelfand-Kazhdan structure (Fr X, o), but every choice pro-
duces a naturally isomorphic factorization algebra.

If the n-dimensional complex manifold X has vanishing cho(Tx) € H?(X, Qzl’hOI),
then each extended Gelfand-Kazhdan structure (X, «,o,0qz2) where a is a choice of
trivialization of cha(Tx) and 0,002 are the auziliary sections needed to define de-
scent (whose choices do not change the descent object up to homotopy) the semi-strict
Gelfand-Kazhdan descent of Obs} is a factorization algebra in dg modules over Q*(X).
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Definition 12.3.3. — For X a complex n-manifold, let Obsﬁé denote the commutative
factorization algebra on C produced by strict Gelfand-Kazhdan descent of Obszl.

For X a complex n-manifold and oo € Q2(X) a trivialization of cha(Tx ), let Obs
denote the factorization algebra on C produced by semi-strict Gelfand-Kazhdan descent
of Obs;!.

By Lemma 12.2.3 we know that for each open U C C,

1. the cohomological classical observables H *Obsfbl(U) is\ a strict module
over (W,,GL,), and

2. the cohomological quantum observables H*Obsl(U) is a strict module
over (W,,GL,,).

Moreover, the structure maps of H *Obsﬁbl are strictly equivariant map for (W,,, GL,,),
i.e., maps of strict (W,,, GL,)-modules. Likewise, the structure maps of H*Obs} are
maps of strict (Wn, GL,)-modules. Thus we can also apply strict Gelfand-Kazhdan
descent to the cohomology of observables.

Corollary 12.3.4. — The strict Gelfand-Kazhdan descent of H*Obs‘;l1 on an n-dimen-
sional complex manifold X is a commutative factorization algebra. It depends on daf
choice of Gelfand-Kazhdan structure (Fr X, ), but every choice produces a naturally
isomorphic factorization algebra.

If the n-dimensional complex manifold X has vanishing chy(Tx) € H?(X, Qil’h’)l),
then for each choice of trivialization a of che(T'x) and each extended Gelfand-Kazhdan
structure the strict Gelfand-Kazhdan descent of H*Obsl is a factorization algebra.

In Section 13 below, we provide a description of these factorization algebras that
is humanly understandable, but-first we will swiftly relate our work to Costello’s
approach in [15].

12.4. Comparison with Costello’s work

In [15] Costello provided a BV quantization of the curved B~ system with target
a complex manifold X, and it was clear that the associated factorization algebra
ought to be chiral differential operators, based on the work in [55, 46]. Our work grew
out of attempts to verify that expectation. Here we explain how Gelfand-Kazhdan
descent recovers the L., spaces that Costello uses and why descent of our equivariant
quantization recovers the relevant cases of Costello’s quantizations. These results are
independent of the rest of the text, and hence the disinterested reader should skip
this section.

Our construction starts by encoding the formal n-disk as an L, algebra g,, and the
formal By system as Dg>. Costello’s approach is to write down a global analogue: for
each complex manifold X, he constructs a curved L., algebra gx in dg modules over
the de Rham complex Q*(X). His version of the classical curved (7 system is encoded
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in ]Dg}s(, whose Maurer-Cartan equation recover the equations of motion. (More pre-
cisely, this Maurer-Cartan equations describes formal deformations of constant maps
to holomorphic maps.) The factorization algebra of classical observables assigns to
an open set U C C, the cochain complex C}:ie(Dg%). The quantum observables are a
deformation thereof.

Let us explain his construction of gx. Consider the co-jet bundle J%°! for holomor-
phic functions, which has a canonical flat connection. The sheaf of horizontal sections
for this flat connection is exactly the sheaf Ox of holomorphic functions on X. In fact,
the de Rham complex of J}}Ol is quasi-isomorphic to Ox, where the quasi-isomorphism
sends a holomorphic function to its co-jet. By definition, g x-is the curved L., algebra,
encoded under Koszul duality by the commutative dg algebra

Cie(ax) = QF (X, Sym(Tx")) = (X, J5).

(Everything here is in modules over 2*(X).) The differential on the left hand side is

pulled back along an isomorphism of pro-vector bundles o : S/yEl(T)l(’O*) =R JEL This
isomorphism o is constructed by fixing a connection on the tangent bundle Tx and
using its associated exponential map at each point = to identify the formal neighbor-
hood of x in X with the formal neighborhood of the origin in 7, X. In this way, the
oo-jet of a function at x is identified with a formal power series in 7' X, which is the
desired isomorphism o.

But this procedure is precisely how Gelfand-Kazhdan descent works! Once we fix a,
formal exponential on the frame bundle of X—typically via a choice of connection—
we have an isomorphism o. Moreover, the descent of Cj, (g,) using this data is
exactly Q*(X, S/y?n(T)I(’O*)) equipped with the pullback of the Grothendieck connection
along 0. In other words, Gelfand-Kazhdan descent recovers Costello’s curved L,
algebra, once one applies the Koszul duality.

A parallel argument applies to Dg5. After fixing the isomorphism o, Gelfand-
Kazhdan descent of Dg? produces Cj, (Dg%) on the nose. Hence, under Koszul du-
ality, we recover Costello’s classical BV theory as encoded in the curved L., alge-
bra Dg5 .

A careful reading of [15] will show that his Feynman diagrammatic work is the
global version of ours: our analysis of the obstructions to quantization and construc-
tions of quantizations-given a trivialized obstruction is directly parallel and descends
to his.

Our discussion can be summarized as follows.

Proposition 12.4.1. — Under Gelfand-Kazhdan descent on a complexr manifold X, the
formal B~y system recovers the classical BV theory associated to X in [15]. Moreover,
the obstruction-deformation complex descends to that in [15], so that the obstruction
to BV quantization recovers the obstruction identified in [15]. Finally, given a trivi-
alization of this obstruction, descent recovers the quantized action functional in [15].
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The primary corollary of this is that the factorization algebra associated to
Costello’s quantization of the curved (G system with target X is isomorphic to the
factorization algebra Obs% , we have constructed via semi-strict Gelfand-Kazhdan

descent of the formal 57y system with target Dr.
Moreover, we recover the Witten class as originally obtained by Costello. That is,

we have already identified the equivariant scale oo interaction I"V{oco] on an elliptic
curve F with the Witten genus

p* log Wit (E,w) € c;;ie(Wn, GL,; ﬁ;*)
Consider the characteristic map defined by extended Gelfand-Kazhdan descent deter-
mined by a trivialization « of the second Chern character of X: It is given by

chy : Hiso (W, GLy; Q%) — H* (X;Q%%).
The image of p*Wit,, (E,w) under this map is the logarithmic Witten genus of the
complex manifold X

@ (B, w)choi (T,

IOgWit(X,E,w) = Z W

E>2

described using a holomorphic volume element on the elliptic curve F.
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CHAPTER 13

A CONCRETE DESCRIPTION OF THE OBSERVABLES

In this section we examine the factorization algebras Obsgé and Obsg(’a produced
by descent of the equivariant observables for the formal 7y system. Our goal is to
extract information from them that is easy to interpret, particularly from the phys-
ical point of view. For instance, we will give an explicit description of observables
with support at a point in the source C—and hence also for observables supported
at finitely many points—which is a bridge to ' Part III, where we show that the coho-
mological factorization algebras H* Obsgé and H *Obsc)l(’a recover the vertex algebras
GrCDOx and CDOx q, respectively. In short, we show that these point observables
admit explicit expressions in terms of natural geometric objects on the target mani-
fold, notably tensor bundles.

Throughout we use the tensor product and symmetric powers described in Sec-
tion 11.2.

13.1. Polynomials, power series, and the (W,,, GL,,)-decomposition of observables

We will provide a characterization of the formal tensor fields that constitute the
observables for the formal (v system. We will use this characterization in the next
section for the non-formal observables.

Before talking about the full algebras of observables, it is useful to understand the
space of linear observables, which are simply the dual space to the fields. It will help
to bear in mind some simple facts about smooth functions.

For any disk D,.(0).C C centered at the origin, there is a natural linear map

§:C®(D,(0) - Clz 7]

sending a function f to its Taylor series j(f) at the origin. (We use the coordinates z
and Z since we will eventually focus on holomorphic functions.) Borel’s lemma tells
us this map is surjective. There is also an inclusion

Clz,7] — C=(D,(0))

obtained by viewing a polynomial as a function on the disk, and the composite with
j_is the inclusion of polynomials into power series.
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The O operator makes sense on both polynomials and power series. Let Qg’o*ly denote
the cochain complex

Clz,7 S Clz,2]dz
and let Qgg‘w denote the version with power series. We have the following relationship.

Lemma 13.1.1. — There is a commuting diagram

Clz] ——— 0(D(0)) — C[2]]

Qs —— QO (D,(0) —» Q%

where the vertical maps are the inclusion of the cohomology, which is concentrated in|
degree zero.

Note that at the level of fields—rather, in terms-of the dg Lie algebras encoding
the formal B system—this result tells us that we have

8n[2] © (g112]d2)[=2] — g ®O(D;(0)) & (g @ Q" (D:(0)))[=2] — gal[2]] & (g [[2]]d2)[-2]

- Ee

Dggoly Dggr(o) J Dggow

where, for example, DgP°Y means the dg Lie algebra

1,%
poly

QO’*

poly

Qgn © QN @ gy [—2).

This relationship is convenient for analyzing observables.

Lemma 13.1.2. — The classical observables ObsS (D,.(0)) sit inside the commuting
diagram

Ctie(Dgh*™) —————— Obs}}(Dy(0)) ————— Ci;(Dgh™")

| J |

Cie(8nll2]] @ (g7[[21]d2)[2]) —— HObs}(Dy(0)) —— Cf;e(gnle] @ (g7 [21d2)[-2])
by applying the functor Cj ..

These maps naturally intertwine the Harish-Chandra action of (W,,, GL,,), so that
we obtain an analogous commuting diagram after Gelfand-Kazhdan descent. One must
verify that the vertical maps are quasi-isomorphisms, which we do below in Proposi-
tion 13.2.5. But first let us analyze in more detail which (W,,, GL,,)-representations
appear in the observables.
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Consider the case of Cj ;. (g,[[2]] ® (g [[ ]]dz)[—Q]), since it sits inside all the other
examples. Recall that C7,.(g9.) = 0, = C[[t1,...,t,]]. The Lie algebra g,[[z]] &
(9)[[2]]d2)[—2] can be viewed as an extension of g,, ~ g, - 2° by the representation

M = gnllz]]z @ (g, [[21]d2)[-2],

and hence

Crie(gnll2]] @ (07 [[2]]d2)[2]) = Cfio(gn, Sym(M Y[~ 1])).

We now show that this vector space (as it all sits in degree zero).is a direct product
of tensor fields.

Some notation will simplify the discussion. The appropriate linear dual of C[[#]] is
the direct sum @, ., C (s, where (. is the dual element to z*. Let (xdz" denote the
dual to z*dz. Then

MY[-1] = Poy ® G) -1 & Plon ® Gdz")[1].
o<k o<l
More succinctly, we have

MY [-1] = Pe"[-1] e P enll]

0<k o<l

Let ® denotes the completed tensor product, so that Sym(V & W) ~ S/yEl(V) ® Sym(W)
for any pair of vector spaces.

Then
Sym (MY][— ®Sym (g ]~ ®®Sym (gn[1
0<k 0<i
= colim, ® Sym(gy[-1))® Q) Sym(gnl1]),
0<k<K 0<I<L

where the (k,[)th tensor term is associated to {; and (;dz". (Recall that in the infinite
tensor product of unital algebras, a term a; ® a2 ® - -+ has a; = 1 for all but finitely
many j.) In summary we have the following.

Lemma 13.1.3. — As-a (W,, GL,)-modules, the commutative algebra Ci, (g,[[2]] ®
(8Y[[2]]d2)[—2]) decomposes as the infinite tensor product of formal tensor fields,

R Sm(@) 6 R Sym(Gh),

0<k 0<!

where &, denotes the formal vector fields viewed as an adjoint representation of W,
and &.* denotes the formal one-forms viewed as the coadjoint representation.

Since Gelfand-Kazhdan descent is monoidal, we obtain a useful corollary.
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Corollary 13.1.4. — For X a complex n-manifold, the Gelfand-Kazhdan descent
of Ciie(gn([2]] ® (g, [[2]]d2)[—2]) is isomorphic to the Ox -module

® Syine, (95) & @ Syine, (%),

0<k 0<!

where Jx denotes the sheaf of holomorphic vector fields and &5 -denotes the sheaf of
holomorphic one-forms.

Analogous results can be formulated for the polynomial situation and also
for C;,.(DgP°") and Cj, (Dgk°Y), which now involve powers of z and dzV as well.
By the same reasoning as we just use, we find the following. (Observe that due to

kk'

having monomials of the form 2"z | the indexing now is doubled.)

Lemma 13.1.5. — For the Lie algebra g, [z, Z]|®g,, [, Z]][—2]; the commutative algebra
Ctic(0nl[2,Z]] @ 9,2, Z]][—2]) decomposes as a (W,,, GL,)-module into

—

® Sym 5/“ * ® Sym

(k,k")EN2{(0,0)} (z 1")EN2
where (k, k') indezes 27" and likewise for (1,1").
A little more work provides us with this result.

Lemma 13.1.6. — The wunderlying graded vector space of commutative algebra
Ci,.(Dgbo™) decomposes as a (W, GL,,)-module into

— —
—~

R  Sm@n)e ® Sm@)e & Sym(,] ® Sym(&n1]),

(k,k")eN2{(0,0)} (L,1)eN? (m,m’)eN? (n n’)eN?

where (k, k') indezes 282" and likewise for the other double indices.

Proof. — The decomposition of the underlying graded (W,,GL,)-module of
Ci,.(Dgbo™) is also straightforward, given our work above, but it involves some
bookkeeping. The underlying graded vector space of DgP°¥ is

degree: 1 2
vector space: g,[[2,2]] ® 97 [[2,2]][-2] (gn[[2,Z] ® 9\ [[2,2]][-2]) ® dz

Thus, Cf;.(Dgb°") is concentrated in nonpositive degrees, and the preceding lemma
gives us the degree zero component, which we denote ¢#Z. The new contribution .3
comes from the degree two component of DgP°¥. It generates an algebra by linear
dual of this component placed in degree —1:

B := Sym (((ga[[2, 2] @ g}, [[2, 2]][-2]) ® dz) " [1]) .
We have
Chie(Dgh™)f = A ® B

as graded algebras. We thus need to have a succinct way to describe the algebra 3.
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Let ¢, ndz" denote the dual element to z2™2z"dz. Then

B=Sym| P o nndz’® P 80l2]Cnndz’

(k,k")EN2 (1,1")eN?
= & Sym@ e K Sym(@n[1).
(k,k’")eN? (1,I")eN?
Hence we obtain the claim. O

13.2. The classical observables supported at a point

The observables Cj ;. (Dgb°") have a natural field-theoretic interpretation: they are
the observables supported at the origin in the source manifold C. As we will explain
below, these observables map to the observables Obsle(U) supported on any open
U C C containing the origin, and so they provide a'rich source of easily-understood
measurements.

Recall that the distributions (i.e., continuous'linear functionals on smooth func-
tions) supported at the origin in C consist of finite linear combinations of the the
delta function §y supported at the origin and-its partial derivatives. In other words,
it consists of linear functionals that read off the Taylor coefficients of a smooth func-
tion. We introduce the notation (, , for the distribution 07"0%2d,. Hence, the smooth
distributions with support at the origin are the vector space

&CDO = @ (CCm,n = (C[[z7z]])v

(m,n)eN?

By our work above, we see that the linear dual of the power series Dolbeault com-

plex Q0% is the cochain complex

]V
Do dz” 2, Do
Cm,n dEV = Cm,n+1a

which is concentrated in degrees 0 and -1. We denote it by (Q%*)y. An analogous
complex (21*)Y encodes the distributional dual of the Dolbeault complex of 1-forms
with support at the origin.

Remark 13.2.1; — A nice feature of working with a holomorphic field theory, like the
(B~ system, is that using the linear observables supported at the origin, one can fully
identify any solution to the equations of motion. This fact is the linear dual to the
fact that O(C) — C[[2]], i.e., every holomorphic function is determined by its power
series expansion.

The linear observables—supported at the origin—of the rank n formal 8+ system
are then

(Q%)5 @ gul=1] @ (Q2")5 ® gn[1].
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For us, the algebra of classical observables is the completed symmetric algebra on
these linear observables. Let (Obsfll)o denote the cochain complex of observables with
support at the origin on the rank n formal 3+ system. Explicitly, we have

(Obsth) = Sym((2%*)Y @ g¥[~1] @ (QV*)§ @ ga[1])

with the differential by extending as a derivation the differential on the linear gener-
ators.

We record an immediate consequence of the fact the distributions with compact
support extend from smaller to larger open sets.

Lemma 13.2.2. — For any open set U C C containing the origin, there is a cochain
map

(Obs)g — ObsS (V)
extending the inclusion of the distributions supported at the origin to the distributions
with support in U.

This map is manifestly equivariant with respect to the (W,,, GL,,) action and hence
descends.

Corollary 13.2.3. — For any open set U C C containing the origin, there is a map of
dg Q*(X)-modules

(Obs$)o — Obs$ ()
extending the inclusion of the distributions supported at the origin to the distributions
with support in U.

Remark 13.2.4. — Formulating a version of this statement for the quantum observ-
ables would be more delicate, as one must work with parametrices and RG flow. As
we are working with a free theory here, however, one can instead use the “smoothed
observables”. See below for a discussion of quantum observables.

Note that the underlying graded vector space of (Obs$)o is
Symas ) (7)) © Tx) @ Q4(X, (Q7)f © Tx)),

as we are working over the base algebra Q*(X). Equivalently, one can express it as
the de Rham complex of a (gigantic!) dg vector bundle

X, Sym (%)Y ® Ty @ (V)Y ® Tx)).

The differential involves both 8 for the source manifold C and a connection V along
the target X.

We now turn to determining the cohomology of (Obsﬁé)o, which encodes the mea-
surements one can make at the origin of C of the fields v and 8 with target X.

Proposition 13.2.5. — There is a natural isomorphism

H*(Obs%t)o = H* | X, &) Symg, (75) & ) Symg, (I%) | »

0<k 0<1
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identifying the cohomological observables supported at the origin with Cf, (g,[[2]] ®
(g, [[2]]dz)[-2]).

Proof. — Before embarking on a spectral sequence, we note that the arguments for
Lemma 13.1.6 tell us that we obtain an infinite (completed) tensor product of ten-
sor bundles from Gelfand-Kazhdan descent, via the identification of (Obsﬁé)o with

.o (DgPo™), so that we view DgP™ as the “fields” (more accurately, jets of fields at
the origin).

The differential on (Obsfll)o has the form V + 0, where 9 denotes the extension of]
the differential on (2%*)Y and (Q'*)y and V denotes the connection along X arising
from Gelfand-Kazhdan descent. As V is a connection, it increases the de Rham form
degree in the X-direction, whereas O preserves this de Rham form degree in the
X-direction, since it only cares about the C-direction. Consider then the filtration
on (Obs®)y induced by the filtration Q2*(X) on Q*(X). The first page of the spectral

sequence is the cohomology with respect to 0:
QH(X, Sym(H*(Q%*)Y ® T & H*(QV*)Y ® Tx)).

These groups H*(Q%*)y and H*(Q1*)y are concentrated in cohomological degree 0
and are spanned by the linear functionals {¢n 0}, which give the holomorphic Taylor
coefficients. They do not vary along X, so

H Q") @Tx 2@ Tx and H*(Q")) @ Tx = @ Tx.
neN neN

The induced differential on the first-page of the spectral sequence is the induced
connection V on the bundle

Sym(H* Q") ® Ty @ H* Q") ® T),

so we need to unravel what, this' bundle means from the perspective of Gelfand-
Kazhdan descent. By Corollary 13.1.4 we know it is identified with the co-jet bundle

&) Sym(Tx*") & ) Sym(T").
0<k 0<1

(More precisely, it is-the jet bundle encoding holomorphic sections.) The induced
connection is the many-fold tensor product of the Grothendieck connection under
this identification; This induced connection V is the differential on the first page of]
the spectral sequence, which collapses on the second page. Thus, we see that the
second page is

a1 [ X, Syme, (7x) & R) Symg, (Ix) | »

o<k 0<i

the cohomology of the C-module from Lemma. 13.1.4. O
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13.3. The decomposition by conformal dimension: the rotation action on the source

The rotation action of U(1) on C—or any disk D,.(0)—induces a rotation action
on the fields of the curved 37 system and on the observables Obs$ (D,(0)). It is easy
to identify the subspaces of given conformal dimension in light of our work above. In
particular, we know that polynomials decompose according to conformal dimension
as

Clz,z] = GB Clz,z]w where C[z,Zz], = @ Czmz",
wEZL m—n=w

and so power series decompose as

Clz,z] = [] Clz, zlw-
weZ
Polynomials are dense in smooth functions, so we see that C'°°(C) has the same
subspaces, albeit it is some completion of the direct sum- of these subspaces. These
dimensional decompositions directly apply to the “fields” DgP°Y and DgPo™.

As observables are symmetric algebras on the linear observables, the dimensional
decomposition of the fields allows us to identify the observables’ dimensional decompo-
sition. A thorough description is straightforward but involves substantial notation, so
we will state the result only for the cohomological observables H* (Obsgé)o supported
at the origin, as this result is the only one we explicitly need.

Lemma 13.3.1. — The conformal dimension N component of H*(Obs$)o is
D Q) Symg; (%) © Q) Sym, (95%)-
a,beNY such that 0<k 0<i

20<k a’kk+20§l bil=N

Proof. — For example, the conformal dimension of an element of the symmetric power
Symg, (¥/x) associated to the monomial z* is ak. Hence the direct sum consists of con-
formal dimension N components, by summing all the relevant conformal dimensions.
In the other direction, note that an element of the infinite tensor product composing
H*(Obs$ )o must be the identity for all but finitely many of the indices k and I. A
term in this element must have a polynomial contribution from any given index, due
to the bound of N on the total conformal dimension. O

13.4. The quantum observables

The quantum observables exhibit the same behavior as the classical observables
with respect to the rotation action and the (Wm GL,,) action. The arguments must
be modified, however, to deal with the BV Laplacian, for example. Instead of working
with the observables supported at the origin, it is more convenient to work with the
global observables Obs;l(C) or Obs% (C).

Let us begin by discussing Obs! (C). There are two versions, depending on whether
one works with parametrices or the smoothed observables. We restrict our attention
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to parametrices associated with the heat kernel, as these are manifestly invariant for
the U(1) and (W,,GL,,) actions:

Obsd (C)[L] = (Sym(Q, " (C) ® gY[~1] ® Q0 (C) ® ga[1])[[A]], @ + hAL).
The smoothed observables are
Obs3f(C) = (Sym(24*(C) ® g [~1] ® Q27 (C) ® g 1) [}, + hA),

so that we take the symmetric algebra on the smooth distributions, such as Q1*(C) c

ﬁl’*(C), inside all distributions. The naive BV Laplacian-is well-defined on the

[+
smoothed observables. (See [16] for a discussion.) Ignoring the differentials momen-
tarily, one sees that the same decompositions from above apply; one can still use the
monomials z™Zz" to organize one’s thinking.

The new term in the differential is a BV Laplacian, either A; or A. Recall that
these are built out of the evaluation pairing between g, and g, and the wedge-and-
integrate pairing between Q%*(C) and Q1*(C). (At scale L the pairing on Dolbeault
forms is modified by a mollifying function that is U(1)-invariant.) Both pairings are
equivariant for the actions by U(1) and (Wn, GL,,), and we have constructed equiv-
ariant quantizations, so that BV Laplacians manifestly intertwine with these actions.
In particular, the dimensional decompositions are preserved by the differential.

Moreover, when one wants to focus on cohomology, one can exploit the A-filtration

Obsd D 0bs? > H20bsd O - -

to good effect. For instance, there is a spectral sequence associated to this filtration,
and it collapses on the first page, since -the cohomology with respect to 0 is concen-
trated in degree zero. Hence, as vector spaces,

H*Obs%(C) = H*ObsZ(C)[[R]].

By our discussion above, we see that we thus already know the decompositions
of H*Obs}}(C) with respect to the U(1) or (W, GL,,) actions.

Proposition 13.4.1. — The conformal dimension N component of H*(Obs}(C)) is
Cl[n)] ® b Q) Sym* (F,") ® X) Sym” (F,).

a;beNY such that 0<k 0<i
20<k a’kk+20§l bil=N

We obtain an immediate corollary by Gelfand-Kazhdan descent.

Corollary 13.4.2. — The conformal dimension N component of H*(Obs$, (C)) is
Cl[H)] ® P Q) Symg: (%) ® ) Symyp!, (Tx)-

a,beNY such that  0<k o<l
o<k akk+3 o< bil=N
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CHAPTER 14

CONFORMAL STRUCTURE ON OBSERVABLES

We have already discussed how a trivialization « of the second component of the
Chern character of the complex manifold X determines.a sheaf of factorization al-
gebras Obsg(’a, via semi-strict Gelfand-Kazhdan descent of the Wn—equivariant fac-
torization algebra Obsy. Equivalently, in Section 12.4, we showed that this is the
factorization algebra of quantum observables of the curved 37 system with target X
associated to the trivialization a.

In Section 8.6 we showed how the Lie algebra of holomorphic vector fields on the
source acts on the classical formal 8- system. Indeed, we constructed a Maurer-Cartan
element 19 € Cf (7°) ® Cf, (Dg?) implementing this symmetry. By Koszul duality,
this element thus defines a map of Lie‘algebras

Ig : 98 = Q()’*(S;T;”O) - CTOC(DG’E)[_I]’

where the the BV bracket {—,—} provides the Lie bracket on local functionals. A
local functional can be interpreted as-an observable, at least when S is compact, and
so our goal is to refine this map to a map of factorization algebras.

First, we need to replace & % by a local-to-global object. Holomorphic vector fields
on S admit a natural enhancement to a sheaf of dg Lie algebras: to an open set U C S,
we assign &/ U := Q0*(U, TV2U). But a sheaf is contravariant in opens on S, whereas
Obsfc,l is covariant in opens on .S. There is an easy fix: take holomorphic vector fields
with compact support. Let &.° denote this precosheaf of dg Lie algebras, which is
also a cosheaf of dg vector spaces. By Chapter 11 of [17], the map on global sections
refines to a map of precosheaves

T g5 Obs® 1]

of dg Lie algebras on S. Since C%S is a trivial W,,-module, we see that applying
Gelfand-Kazhdan descent yields a map of sheaves on X

U g% — Obsg[-1]

of precosheaves of dg Lie algebras on S, where Obsﬁ} is the classical observables ofi
the curved (v system with target X. The underline means that it is a constant sheaf
in the X-direction.
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This map ¥$ extends to a map of factorization algebras
(33) TS : Sym, (7.°[1]) — Obsk[-1],

since Sym(g[1]) is the enveloping Py algebra of a Lie algebra g and Obs® has a natural
P, algebra structure. (We note that the symmetric algebra of a cosheaf has a natural
factorization algebra structure.) This map should be viewed as a factorization algebra
refinement of the Noether theorem in classical physics: a symmetry determines an
operator (i.e., a current) in the observables of the classical theory. We now wish to
study the quantum counterpart to this map of factorization algebras.

The quantum version of the symmetry of holomorphic vector fields is a factoriza-
tion algebra depending on a central charge ¢ that we call the Virasoro factorization
algebra with charge ¢ and denote Vir.. On C, this holomorphic factorization algebra is
related to the Virasoro vertex algebra in a natural way, as shown in [51]. We already
know that the factorization algebra of quantum observables Obs;} carries an action of]
the extended Lie algebra Wn and hence determines a sheaf Obs% , on any complex
manifold X with trivial second Chern character. 7

The natural question is, then, how to construct. the quantum version of the map
(33). This question can also be understood as a problem of equivariant quantiza-
tion, by the Koszul-type duality between solutions of the equivariant quantum mas-
ter equation and maps of BD algebras. We have already computed the obstruction to
quantizing the symmetry of holomorphie vector fields on S = C in a way compatible
with the action of formal vector fields.on the target W,. Hence, the main result is
the following.

Proposition 14.0.1. — Let a be a trivialization of chy(Tx), and let Obsk , be the
resulting factorization algebra on C of observables for the curved B~y system with tar-
get X. If c1(T'x) = 0, then there is'a map of sheaves on X of holomorphic factorization
algebras on C

(34) \Ilg( : %CZQ’R - Obsg(,a

that, modulo h, agrees with the classical map of factorization algebras ¥ in Equa-
tion (33).

This claim will follow from obstruction calculations we have already done when
combined with the following quantum version of the Noether theorem for factorization
algebras.

Theorem 14.0.2([17], Theorem 12.1.0.2). — Let a local Lie algebra € defined on a
manifold S describe a classical BV theory and suppose €& has an action of a local
Lie algebra Z. Fix a L-dependent quantization {I*[L]}1>o as described in Section 9.1
such that the obstruction to solving the equivariant QME vanishes modulo functionals
depending solely on €. There is then an h-dependent cocycle n € Ci. (Z)[[1]] of degree
one, and a map of factorization algebras

4 clien(7,) — Obs?,
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where Cl;ie’"(ﬁzc) is the factorization algebra of n-twisted Chevalley-FEilenberg chains

of Z.
Explicitly, this cocycle  determines a central extension
0 C[-1] = L(U) = Z(U) = 0,
for each open set U C S. By definition, we set
LML) (V) = O (Z(U)),

which is a factorization algebra as shown in [17]. We now proceed to prove Proposi-
tion 14.0.1.

Proof. — We consider the Gelfand-Kazhdan descent of the classical formal 8y system.
As discussed in Section 12.4, the L, algebra Dg,sl becomes the curved L., algebra
ID)gff defined over Q% . The dg Lie algebra of holomorphic vector fields &/ S is classically
a trivial W,,-module, thus the action of & ° on the formal 3y system descends to an
action on the curved 37 system described by Dg5.. As usual, we work on S = C.

The obstruction calculation of Proposition 9.5 for the W,, x & € equivariant quan-
tization implies that the Dgg—dependent obstruction vanishes provided we choose a
trivialization « for chy(Tx) and a trivialization 8 for ¢; (Tx). Given such a quantiza-
tion, we see that the cocycle as in Theorem 14.0.2 is precisely given by n = 2nwSF.
That is, the part of the obstruction that is independent of the fields Dg%.

The resulting factorization algebra for the curved (7 system with choice of triv-
ialization « is given by Obsg(wa. Finally, the Virasoro factorization algebra of cen-

. GF
tral charge 2n is precisely the factorization algebra Uine—gy := C5'**™ (J.C). The
proposition follows. O
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CHAPTER 15

OVERVIEW

In this part, we finally relate the two stories we have told: we show that the Batalin-
Vilkovisky quantization of the curved (v system from Part IT produces the chiral
differential operators constructed in Part I. The key technical tool is a functor Vert
that extracts a vertex algebra from a factorization algebra on C satisfying a set of
natural conditions. This tool was introduced in-[16], where it was already shown
that the formal 8+ system recovers the correct vertex algebra and an isomorphism
was given from Vert(Obs}) to CDO,,. But it is'more subtle to identify that the
BV quantization recovers the correct equivariant vertex algebra. To show this, we
develop some general arguments that relate factorization algebra derivations with
vertex algebra derivations. From these ‘arguments we swiftly verify that Vert(Obs?}) is
naturally isomorphic to C/D\On as a (Wn, GL,,)-equivariant vertex algebra.

Thanks to the machinery of Gelfand-Kazhdan descent, we then deduce our main
result.

Theorem 15.0.1. — Let X be a complex n-manifold together with a trivialization
a of che(Tx) € HZ(X;le’hOI). Then the factorization algebra Obsk , obtained by
Gelfand-Kazhdan descent determines a sheaf of vertex algebras Vert(Obs}wa) on X.
Moreover, there is an isomorphism of sheaves of vertex algebras on X

$+CDOx o — Vert(Obs% )
that is natural in the choice of trivialization o.

Another goal of this paper is to show how physical arguments about the curved
(7 system are transformed into vertex algebra arguments. Thus, as a short coda, we
review the treatments by Witten [55] and Nekrasov [46], and we indicate how their
approaches are related to our methods.
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CHAPTER 16

FROM FACTORIZATION TO VERTEX ALGEBRAS

Our central challenge now is to relate the vertex algebra produced in Part I with the
factorization algebra produced in Part II. Although factorization algebras are more
flexible and general than vertex algebras—appearing in every dimension, for instance,
and not just on Riemann surfaces—there are recognition criteria that guarantee when
a factorization algebra on C recovers a vertex algebra. In essence, the vector space
of the vertex algebra is determined by the value of the factorization algebra on a
disk, and the vertex operators are determined by the structure map for two disjoint
disks sitting inside a larger disk (i.e., by a flattened pair of pants). Chapter 5 of]
[16] is devoted to a careful treatment of this relationship and constructs a functor
Vert from a certain category of “holomorphic” factorization algebras on C to the
category of vertex algebras. This chapter also includes a detailed examination of the
free Oy system and its associated vertex algebra. Here we will overview the main
theorem relating factorization and vertex algebras, which requires us to introduce
some terminology and machinery we need for our main goal.

Two kinds of technical issues appear in formulating the theorem:

— describing how the structure maps can “vary holomorphically” and
— pinning down various functional analytic aspects.

The first involves ideas essential to the goal of this paper, so we dwell a bit on it. The
second is resolved essentially automatically, given our context and the results from
[16], but we discuss it briefly.

16.1. Translation and derivations

We need to be able to talk about the structure maps in families in order to say
that they vary holomorphically. Our earlier definition of factorization algebras, how-
ever, works with the collection of opens in C as a set, with no topological—much
less complex-analytic—structure. It is straightforward to introduce variations of the
definitions with such structure and that manifestly contain the examples we’ve con-
structed here.
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Definition 16.1.1. — For U C C and z € C, let
U={weC:w-2zeU}

denote the translation of U by z. Then a factorization algebra of on C is (discretely)
translation-invariant if we have an isomorphism 1, : o (U) = F(r.U) for every
open U and every z € C satisfying

(1) for any z,2', T, 0Ty = Toy, and

(ii) for any disjoint open subsets Uy, ..., U in V, the diagram
FU) @ ®F(Up) —— F(r:U1) ® - & F(7:Uy)

| |

(V) = I (V)

commutes. (Here the vertical arrows are the structure maps of the factorization
algebra.)

Note that the sheaf of holomorphic functions (on C satisfies the sheaf-theoretic
version of this definition, as does the Dolbeault. complex. In consequence, the factor-
ization algebras Obsfl1 and Obs;} are translation-invariant.

We now turn to talking about families. Let ¢l(U) denote the closure of an open set
U c C. Given Uy, ...,U, disjoint opens'in V, let

Conf(Uy,...,Up|V)={(21,...,24) € C":
Vi # 3, cl(7.,Us) Ncl(r,,U;) = 0 and Vi, cl(r,,U;) C V}.

In other words, this open subset of C” parametrizes all the translations of the U;
that keep them in V and keep-their closures disjoint. (It will suffice to focus on
collections U; whose closures are disjoint.) This space Conf(Uy,...,U, |V) inherits
the structure of a complex manifold from C™.

Now let ¢ be a discretely translation-invariant factorization algebra. We can use
the isomorphisms to replace any appearance of 7 (7,U) with ¢/ (U). Hence for each
point (21,...,2,) € Conf(Uy,...,U,|V), we have a structure map

M rirzn) 2 F (U1) @ - @ F (Un) — F (V)

by the composite

C?(Ul)®®g(Un) _>C?(TZ1U1)®®C?(TZHU7L) _)C?(V)a

where the first map is the tensor product of translation maps 7,, and the second map
is the structure map of .

To talk about these structure maps varying smoothly over Conf(Uy,...,U, | V), we
need the factorization algebra to take values in vector spaces (or cochain complexes
thereof) in which one can talk about smooth families. We will work in the context
described in Section 11.2, where the topology (or bornology) provides a precise notion
of smooth families of linear maps.
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16.2. ROTATION AND DECOMPOSITION 169

Definition 16.1.2. — A translation-invariant factorization algebra &f on C is smoothly
translation-invariant if:

(i) For any collection of opens Uy, ..., U, in'V whose closures are pairwise disjoint,
the maps m, ... ., depend smoothly on (z1,...,2;) € Conf(Uy,...,U,|V).

(ii) The factorization algebra of is equipped with an action by derivations of the
abelian Lie algebra R? of translations. For v € R? and open U C C, we will

denote the corresponding derivation by d/dv : f (U) — of (U). This Lie algebra
action is viewed as an infinitesimal version of the global translation invariance.

(iii) This infinitesimal action is compatible with the global-translation invariance in
the following sense. Forv € R?, letv; € (R?)™ denote the vector (0,...,v,...,0),
with v placed in the i-slot and 0 in the other n— 1 slots. If a; € f (Us;), then we
require that

d

d
@mzl,...,zn (aly o 7an) =Mzy,.z, <a17 ) aaiy ceeyQp )

The translation Lie algebra is real. As of is defined over C, we can extend the action
to the complexified translation Lie algebra R%®p C. We will denote by 9, and 85 the
derivations on ¢f associated to the obvious vector fields on C. To be holomorphic, we
want the vector field 85 to act homotopically trivially on 7.

Definition 16.1.3. — A translation-invariant prefactorization algebra f on C is holo-
morphically translation-invariant if it is equipped with a derivation n : &f — & of
cohomological degree —1 such that

dn =9z, [n,n] =0, and [n, 9] = 0.
Here d refers to the differential on the dg Lie algebra Der(sf).

16.2. Rotation and decomposition

In practice, we are interested in of where the action by translation extends to an
action of orientation-preserving Euclidean transformations of C.

Definition 16.2.1. — A _holomorphically translation-invariant prefactorization alge-
bra ¢ on C with a compatible U(1) action is a smoothly U(1) x R%-invariant pref-
actorization algebra Sf together with an extension of the action of the complex Lie
algebra

Liec(U(1) x R?) = C{0, 0., 0z} ,
where Oy is a basis of Liec(U(1)), to an action of the dg Lie algebra
C {807 aza 8?} S2) (C{U},

where 1 is of cohomological degree —1 and the differential is dn = 0%. In this dg Lie
algebra, all commutators involving n vanish except for [Og,n] = —1.
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170 CHAPTER 16. FROM FACTORIZATION TO VERTEX ALGEBRAS

The theorem on vertex algebras requires a technical hypothesis regarding the
U(1)-action on the factorization algebra ¢7: we need this action to be tame, in the
following sense.

For any compact Lie group G, the space )(G) of distributions on G is an algebra
under convolution. The convolution product * is smooth in the sense that it varies
nicely in families, as per our approach to functional analysis, so _that the algebra
structure is smooth in families. There is a natural map § : G — Z)(G) sending an
element g to the -function at g. It is a smooth map and a homomorphism of monoids.

Definition 16.2.2. — A tame action of G on a vector space.V of the type discussed in|
Section 11.2 (e.g., convenient) is a smooth action of the algebra J)(G) on V. (Note
that this means G acts on 'V via composition G — J)(G)* sending g to 6,.) For V a
cochain complex of such vector spaces, a tame action commutes with the differential
on E.

The case G = U(1) is the only one relevant for us here. For each integer k, the
function py : € — €*? encodes an irreducible representation of U(1). It determines
a distribution pi df on U(1) that we will abusively call p as well. In J)(U(1)), the
element pj, is an idempotent.

Definition 16.2.3. — Let V be equipped with a tame action of U(1), which we will
denote by . Let Vi, denote the weight k- eigenspace for the U(1)-action on V. The
map pr * —: V. — V defines a projection from V onto Vj.

16.3. The theorem about Vert

We now turn to the main theorem from Chapter 5 of [16], which provides a func-
tor from a certain category of factorization algebras on C to the category of vertex
algebras.

Definition 16.3.1. — Let & be a tamely U(1)-equivariant holomorphically translation-
invariant factorization algebra on C. Let ¢/ (D, (0)) denote the subcomplex of weight
k eigenspaces in of (D:(0)), the value of 5 on a radius r disk around the origin. Then
of is amenably holomorphic if it satisfies the following conditions:

1. For every pair-of radii v < r’, the structure map
F(D(0, 7)) — F(D(0,7"))
is a quasi-isomorphism.
2. For k> 0, the vector space H* (/4 (D(0,7)) is zero.

3. For each k and r, we require that H*(c/%(D(0,7)) is isomorphic to a countable
sequential colimit of finite-dimensional graded vector spaces.
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16.3. THE THEOREM ABOUT Vert 171

Observe that for an amenably holomorphic factorization algebra ¢f, the vector
space H*(c#(D(0,7)) is independent of r by assumption. Let

Vy = P H* (S (D(0,7))

kEZ

be the direct sum of the weight spaces, and let

Vg = [[ B ((DO,r)
keZ
be the direct product of the weight spaces. Note that for-any disk D,.(0), there is
a map Vg — H*c¥(D,(0)) by the inclusion of the weight spaces. Likewise, there is
map H*s/ (D, (0)) — V g. The structure maps of ¢ thus determine a family of maps
m,: Vg @ Vg — Veo; given by the composition

Vg @ Vg — H*F (Dr(0)) ® H*F (Dr(2)) — H'F (Dr(0)) — Vg,

where the middle map is the structure map of H*g# with radii r and R such that
2r < |z| and |z| +r < R. By construction, these maps'm, vary holomorphically in the
parameter z € C — {0}.

Let FA“™ denote the category of amenably holomorphic factorization algebras
on C, where morphisms are maps of prefactorization algebras intertwining the actions
of C by translation and U(1) by rotation. Let VA denote the category of vertex
algebras.

Theorem 16.3.2 (Theorem 5.3.3, [16])..— There is a functor Vert : FA*™ — VA. For &f
amenably holomorphic, the underlying vector space of the vertex algebra is Vg, and
the vertex operator Yyert(g) is determined by the maps m. arising from the structure

maps of oF .

Remark 16.3.3. — As remarked in [16] immediately following the theorem, this con-
struction makes sense on a factorization algebra ¢f that is the inverse limit limy o%
of amenably holomorphic. factorization algebras, so that Vert(s¥) is the inverse limit
limy, Vert(cf) of the associated vertex algebras. This variant is needed by use to re-
cover the completed CDOs C/D\On from the (v observables where the target is the
formal n-disk.

Immediate consequences of this theorem include the following.
Lemma 16.3.4. — Let X € Der(¢f) be a derivation of of as an amenably holomor-
phic factorization algebra. In particular, we require that X commutes with translation,
[X,0.] =0, [X,05] =0, and [X,09] = 0. Then X induces a vertex algebra deriva-
tion Vx on Vert(of).

We call such derivations amenably holomorphic.

SOCIETE MATHEMATIQUE DE FRANCE 2020



172 CHAPTER 16. FROM FACTORIZATION TO VERTEX ALGEBRAS

Proof. — Let D, denote the disk of radius r centered at the origin. Let o/ (D)
denote the weight k subspace of &7 (D,.) with respect to the rotation action of S'. By
hypothesis, X preserves the weight spaces: 9y acts on ¢/ (D, ) by multiplication by k,
and since X commutes with 0y, it preserves each weight space. Hence X induces a
linear map Vx on Vg = @, H*(#(Dy)).

As X is a derivation, it intertwines with the structure maps of ¢¥. In particular,
for any two small disjoint disks D; and D, included into a larger disk Dy;,, we see
that

X Duig (mgi,;fz (v1,v2)) = mg;’f? (Xp,v1,v2) & mB;;fz (v1y X p,v2)-
Since the action of X equivariant with respect to affine transformations of C, we see
that this derivation property holds for the one-parameter family of “multiplication”
operations
mzpo: Vg X VC? — Vg[[z, Z_l]].
Hence the action of Vx on Vy is a derivation of the vertex operator map Y, which is
given by the Laurent expansion of m, q. O

By a similar but easier argument, we find the following.

Lemma 16.3.5. — Let ¢ : f — &F be an automorphism of an amenably holomorphical
factorization algebra of . Then ¢ induces an.automorphism of vertex algebras Vy :

Vg = V.

Note that in both these situations we require that the derivation or automorphism
commutes on the nose with all the equivariant structure on 5. Such a strict situation
is adequate for our purposes here. (The homotopical versions of these statements
should hold but will not be pursued.)

We now wish to apply these lemmas to the case where the factorization algebra has
an action of a pair (g, K). The data of a semi-strict (g, K)-structure on f involves
a group homomorphism p¥X : K — Aut(s#) together with an L.,-homomorphism
p? : g — Der(¢¥) that satisfy the compatibilities in Definition 12.1.1.

Corollary 16.3.6. — Let &7 :be an amenably holomorphic factorization algebra together
with the structure of a semi-strict (g, K)-module. where g acts by derivations and
K acts by automorphisms of the amenably holomorphic factorization algebra. Then
the Z>o-graded vertez algebra Vert(cf) has a strict action of the pair (g, K).
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OBSERVABLES FOR THE FORMAL 3~y SYSTEM

As an example of the relationship encoded in Vert, the free 8- system is examined
in depth in Chapter 5 of [16]. It is shown there that the factorization algebra Obsﬁf’q
of quantum observables for the free G system is amenably holomorphic, and it is also
shown that the associated vertex algebra is precisely the usual 8 vertex algebra.

Theorem 17.0.1 (Theorem 5.3.3.2, [16]). — . The factorization algebra Obsg’fr 18
amenably holomorphic. Moreover, there is an isomorphism of Z>o-graded vertex
algebras

®ff : CDO,, = Vert(Obs™)|

after specializing h = 2mwi. The map is GL,, -equivariant.

As noted in Remark 16.3.3, these results immediately imply the analogous results
about the completed case, where the free G system is replaced by having the target
be the formal n-disk. Hence, in/combination with Proposition 11.7.2, we obtain the
following result.

Corollary 17.0.2. — The factorization algebra Obsl is amenably holomorphic.
Moreover, there is a GLy-equivariant isomorphism of Zxo-graded verter algebras

®,, : CDO,, = Vert(Obs)|, , .

Remark 17.0.3. — The reader might (correctly) object that Obs; lives in modules
over C[[A]], and so oné cannot specialize /i to a nonzero value. We note, however,
that the differential on Obs]! has the form Dy + iD1, so that only a single power
of h appears. Hence the construction of the quantum observables is well-defined in
modules over C[A]; where one can specialize /i to a nonzero value, and we are using
that version of Obs} here.

Sectlon 18 tackles the much more subtle challenge of showmg the isomorphism
®,, is W -equivariant, and hence that we get an isomorphism of (VVm GL,,)-equivari-
ant vertex algebras. This property is crucial for applying Gelfand-Kazhdan descent
and hence recognizing that the BV quantization truly does recover chiral differential
operators.
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174 CHAPTER 17. OBSERVABLES FOR THE FORMAL B~ SYSTEM

In the remainder of this section, we review some aspects of the 8 system’s factor-
ization and vertex algebras that are useful for our central goal.

Remark 17.0.4. — An extensive and expository treatment of these aspects appears in
Chapter 6 of [24].

17.1. Some useful identifications

It will be useful to understand explicitly how to identify a representative in the
factorization algebra for an element in the vertex algebra. To be more precise, the
construction Vert ensures that given v € C/D\On, there is some cohomology class [O,]
in H*Obs}(D,(0). We would like to have a cochain representative O, in the disk
observables Obs (D,.(0)) as well. Similarly, given a Fourier mode v(,, we would like
to know a cochain representative O, in the annular observables Obs}(A,<r(0)).
Although the functor Vert ensures these wishes can be fulfilled, the formulas may be
quite complicated.

We now examine this issue, starting with the classical observables, where the situ-
ation is simpler, before turning to the quantum observables. To minimize the number
of indices, we restrict to n = 1; hence, we have elements b,, and ¢, with no upper
index. The extension to arbitrary n is straightforward: just reinsert the superscripts,
e.g., use ¢/, and not just cy,.

For the classical observables and. Gr @T)n, Cauchy’s formula provides explicit
integral expressions for the most important linear observables (i.e., distributions on
the fields v and ). For example, set

O, (viB) = ™ /| . 12 4,

211 1 Zm+1 '

This linear observable simply reads off the coefficient of 2™ in the power series expan-
sion of a holomorphic . The support of this distribution is the unit circle, so that we
can view O, as a cocycleiin Obs$'(A,<(0)) for any annulus with » < 1 < R. But
it also provides a cocycle in Obs{ (D(0)), and this cocycle is a representative of the

element ¢, in Gr C/D\Ol. Similarly, a cochain representative of b,, is

(=1 B(z)
0] Y = . 3
b_, (7, B) /|2|=1

2mi 2z

which reads off the coefficient of z!*! in the power series expansion of a holomorphic
one-form f.

It is thus easy to provide explicit representatives for monomials like b;, - - - b;, ¢, - - cj,. .
One simply takes the obvious product—in the symmetric algebra of distributions—of|
the representatives just given.

It is also straightforward to produce smeared versions of these observables, if one
wants (and we will want it shortly). Fix a bump function f(r) on some interval (a,b),
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17.1. SOME USEFUL IDENTIFICATIONS 175

with 0 < a, such that [ f(r)dr = 1. Then

O, 27m/ /|| zm‘H 2 fr)dr

is a smeared representative of c,,.

Note that if one is working with an annulus rather than disk, then negative powers
of n are allowed in the denominator. In this setting the cocycles O, and Oy, read off
Laurent coefficients. As observables on an annulus, they correspond to Fourier modes
from the point of view of vertex algebras. To be explicit, the zeroth Fourier mode
(¢m)(0) is represented by O.,, viewed as an observable on an annulus. Let us explain
why.

The vertex operator on Gr CDO admits a concrete interpretation in terms of “ob-
serving” coefficients of expansions. The element Y (¢,,;w) should be viewed as an
observable on the annulus: given v a holomorphic function on the annulus and w a
point on that annulus, Y (¢,,;w) measures the coefficient of (z — w)™ in the power
series expansion of v around w. If we know the Laurent expansion of v around 0, then
we can provide an expression for this coefficient.

For instance, if we know a Laurent expansion

= g o™

then

Y (co;w Zw C_m

In the first line, we view the c,, as numbers, providing the Laurent coefficients of ~,
but in the second line, we view the ¢, as operators, providing the Laurent coefficients
of 7. In consequence, we see that the mth Fourier mode (co)(—n,) has

0 (7.8) = 12 4,

27TZ |z|=1 Zm+1

as an explicit representative.
From the factorization algebra point of view, the vertex operator amounts to saying

that the observable
1 z
OCOv (77ﬂ) /| | fY( ) dZ,

27 . Z—w

which measures the value of v at w, is cohomologous to the observable

> wmo._, (v, 8)

mEeEZ

in Obs®(A,<r(0)) with for r < |w| < R and € sufficiently small.
We now turn to providing a tool for understanding how the quantum observables
and CDOQO,, relate.
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17.2. Quantizing observables

For the free By system on C, there is a natural cochain isomorphism

o

qu : Obs™™(U)[h] — Obs®™(U)

between the classical and quantum observables on any fixed open U. (Recall that
the superscript fr means the smooth or smeared observables. See Section 11.7.) This
isomorphism “promotes” a classical observable to a quantum observable. It does not
preserve, however, the structure maps of the factorization algebras, and so we view
the quantum observables as deforming the structure maps of Obs in an interesting,
h-dependent way: for U, U’ disjoint opens in V, the “quantized” structure map sends
observables F € Obs™™(U) and F’ € Obs®™(U") to

F«F' =qy' (qu(F) - qu (F)) € Obs(V)[71],

where - denotes the factorization product in Obs®™. We use x to emphasize that we
are “deformation-quantizing” the factorization product on the classical observables.

This description allows one to understand concretely how BV quantization affects
the factorization algebra, since the classical observables Obsd’fr(U) are very explicit
and simply amount to algebraic functions on the space of holomorphic functions O(U)
and holomorphic one-forms Q[ (U). Details of this construction can be found in
Section 6, Chapter 4 and Section 3, Chapter 5 of [16].

To construct the map q, we use the fact that on C, the operator 0 possesses a
natural choice of propagator (or Green’s function), namely

Ldz—i—dw

Pzyw),= 2mi z—w

This distributional one-form on C? satisfies (0 ® 1)P = 6a, where 6 is the delta-
current supported along the diagonal and providing the integral kernel for the identity.
One can view this one-form as a distributional section of the fields v and 3: for
example, for fixed w, the one-form dz/(z — w) is a B field in the z-variable as it is a
(1,0)-form, and dually for the other term in P.

This element P also defines a second-order differential operator dp on the commu-
tative algebra Obsd’fr(U). Let us recall the general algebraic context. For any sym-
metric algebras Sym(V*), an element v € V defines a vector field 9, via contraction:
given f € Sym™TH(V*), we set

Wfx1®@ - ®z,) =f(vR21® - Qxy),

by viewing f as an S,-invariant element of (V*)®". Similarly, given p € V®?2, we
define a second-order differential operator 0, by contraction. Recall that the classical
observables ObsCl’fr(U ) are a symmetric algebra, and let Op be the operator obtained
by contraction.
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Definition 17.2.1. — Define the promotion map
q: Obs®™™(U)[n] — Obs®™(U)
F — exp(hop)F.

In other words, one applies a version of Wick contraction to any classical observ-
able F, repeatedly contracting away two inputs with the propagator.

Remark 17.2.2. — In terms of the RG flow used in Part II, this map g-encodes flowing
to length scale L = oo. Because our theory is free and we restrict to smeared observ-
ables, this operation is well-defined. Effectively, it describes the relations between
observables after integrating out the nonzero modes.

17.3. An example

Consider the classical observable on the annulus A = {1/2 < |z| < 3/2} given by

F(v,B) = Zm/ll_lv/\ﬁ,

for v € C°(A) and B € QV0(A). (We say F vanishes if v is a (0,1)-form or if 3 is
a (1,1)-form.) Its cohomology class [F] in H2Obs"™(A) encodes a function on O(A)
and O ,(A), where for

v = Z c_pz" Jand. (= Z b_p,z"dz,
neZ ne”Z
we have
[Fl(v,8) = Y, cmbn
—m—n=—1
by Cauchy’s integral formula. As Fis not a smeared classical observable, we cannot
immediately apply g but first must replace it by a cohomologous smeared observ-
able F'. (If one tries to evaluate dp F, one finds it is ill-defined.)
Here is one approach to smearing among many. Note that the functional

Hv.8 (2mi)? /|Z_T/w| R jz—/\wﬂ( )’

with R > r, is cohomologous to F. (Simply plug in holomorphic v and S and use
Cauchy’s theorems.) This functional H, while distributional, is easier to “smear”
by letting r and R vary. Fix a compactly supported bump function f(r, R) on
B = (1/2,1) x (1,3/2) such that [, f(r, R) drdR = 1. Define

F(y,B) = P //|—r/w| RW jz_/\ﬁ( ) f(r,R) dr dR.

Then q(F) = F, since
OpF = F(P(z,w) / / / dz N dw G oy {(n R drdR =0.
(2mi)? tef=rdfroj=r (
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In fact, the smearing was not necessary here: the contraction dpH is already well-
defined.

Remark 17.3.1. — This approach works well for classical observables with simple
descriptions, like our F' above. The initial formula might involve integrating some
polynomial in v and 8 around a circle, but one can replace it, up to cohomology, by
an integral over a collection of disjoint circles, where each copy of v and § has its own
circle. Our H is constructed in such a fashion. Once the supports of these circles are
disjoint, one can apply g directly, without smearing.
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CHAPTER 18

LOCAL SYMMETRIES ACTING ON OBSERVABLES

Our goal here is to articulate how local symmetries of a field theory like the B~
system produce derivations of the associated vertex algebras. The core construction
makes sense for any BV theory but we will focus on a version applicable here. (These
manipulations are certainly well-known in the physics literature; our work just artic-
ulates them in the language of factorization algebras.)

18.1. General arguments

Every local functional L in a field theory provides both a derivation of the observ-
ables and an observable itself. We want to understand how these two manifestations
of L relate.

The derivations arise as “Hamiltonian vector fields”. Consider the map of dg Lie
algebras

Ham': (o [-1] — Der(Obs
L —  {L,—}.

(See Section 3, Chapter 5-of [14] for a discussion of this construction.) In other words,
a local functional can be viewed as a symmetry of the classical field theory. Note that
this map naturally extends to a map of graded Lie algebras into Der(Obs?.), but it
does not intertwine the differentials, which is an example of why classical symmetries
might not quantize.

We would like to view some of these symmetries as “inner,” i.e., realized as the
factorization product with an observable, just as an inner derivation of an associative
algebra means it is given by bracketing with an element of the algebra. To compare
derivations to factorization products, however, we need to be able to turn local func-
tionals into observables. A minor issue is that local functionals need not have compact
support and hence do not provide observables on fields with non-compact support.
This problem is easy to fix.
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Let L be a local functional, and let € denote the Lagrangian density such that
L = [Z. By this we mean that if v and 3 are fields with compact support, then

Ly, ) = /(c (3, 8).

Let K C C be a compact subset whose boundary 0K is a smooth submanifold. Set
Lk = [ K Z, so that one simply integrates over K rather than all.of C. As K is
compact, we see that Ly is a well-defined observable on all fields; not just those with
compact support.

In short, for U an open set containing the compact submanifold K, we have a
cochain map

(i : Ooc — ObsS(U)

This map extends to quantum observables but no longer respects the differentials.
A direct computation then gives a relationship between the factorization product
and the derivation.

Lemma 18.1.1. — Let F be a cocycle in Obs}(U) and K C U a compact submanifold.
Then

dq(LKF) = dq(LK)F + {LK,F},
where the notation L F', for instance, denotes the product in the completed symmetric
algebra underlying Obs}. Hence, if d9(Lk) has support in U \ K, then at the level of
cohomology
{Lx F} = —[d%(Lk)- F],
where - denotes the factorization product for the structure map Obsi(V \ U) ®
Obs7.(U) — Obs(V).

Remark 18.1.2. — This relationship between “local symmetries” (i.e., given by local
functionals aka local currents) and the operator product of observables is reminiscent,
of Ward identities. We will see below an explicit instantiation of this relationship,
but note here one simple consequence of the lemma: An observable that is killed
by {Lk,—} classically—and hence is fixed by that symmetry—may not be killed at
the quantum level.

We now restrict our attention to local functionals of a special form, which admit a
particularly useful application of this lemma. (The arguments we develop here apply
with minor changes to any free BV theory on C whose action is given by 9.)

Given a finite set of constant-coefficient holomorphic differential operators

Di,...,Dp € C[8/82],

consider the local functional

L(v,B) = /CDl(v)/\~-~/\Dm(7) AB.
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Note that one must take some care to properly interpret such a functional, as with
IW or J defined in Section 8.4. This functional vanishes except when working over
base dg algebras not concentrated in degree zero.

Definition 18.1.3. — A local functional L is constant-coefficient holomorphic, S-linear
if it is a sum of local functionals of the form above.

A nice property of such a local functional L is that the derivation {L,—} is
manifestly amenably holomorphic because the integrand is translation-invariant and
rotation-equivariant. Hence we see the following.

Lemma 18.1.4. — The factorization algebra derivation {L, —} induces a derivation Vi,
on the vertex algebra CDO,,.

We now wish to find an alternative description of that derivation. Recall that the
differential on ObsZ is denoted 8, as it is the extension of @ on the linear observables
to a derivation on the symmetric algebra.

Lemma 18.1.5. — For a local functional
L01.8) = [ Di3) A A Dn(2) AB,
with D1, ...,D,, € C[0/0z], there is an equality
OLK)(18) = [ D) A+ A D) 1B,

for any compact submanifold K of C.

Proof. — This claim follows from Stokes’ lemma. Compute

@Lk)1.0) = [ FD) A A D) A B)
:/K(d—a)(Dl('y)/\~-~/\Dm(’)’)/\ﬂ)
:/Kd(Dl(fy)/\---/\Dm(’Y)/\ﬂ)

= Di(y) A+ ADp(v) AB.
oK

The reason 0 annihilates the integrand is that 8 contributes a dz term already. [
Consider as well a/ closely related situation.

Definition 18.1.6. — A local functional L is constant-coefficient holomorphic, 8-free
if it is a sum of local functionals of the form

/CDlw)w--ADm(v)Adz,

where the D; are constant-coefficient holomorphic differential operators.
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Lemma 18.1.7. — For a constant-coefficient holomorphic, (-free local functional
L = [Z, there is an equality

0Lk = | <,
OK

for any compact submanifold K of C.

We now want to promote this relationship of classical observables to one between
quantum observables. We do this in two steps. First, recall that the smeared classical
observables are quasi-isomorphic to the (distributional) classical observables, by the
Atiyah-Bott lemma. (See Appendix D of [16] as well as Section 2, Chapter 4.) Hence
we replace Ly by a smeared observable L k that is cohomologous, and likewise for any
classical observable. Notationally, we will leave this replacement implicit and write
simply Lg. Second, every (smeared) classical observable F' can be promoted to a
quantum observable q(F') by the cochain isomorphism g, as discussed in Section 17.2.

As we want to identify elements of the vertex algebra from observables, we restrict
our attention to the following situation. Fix radii’0 < s < S < r < R and consider
the inclusion

AS<7‘(O) U DS(O) AN DR(O)

of an annulus and a small disk into a big disk. All are centered at the origin. We will
consider the factorization product

(35) Obsj (As<r(0)) ® Obs, (Ds(0)) — Obs; (Dr(0)).

At the level of vertex algebras, this map corresponds to the action of “fields” (which
live on annulus and thus depend on z and z~!) on “states” (which live on a disk and
hence in the state space).

Definition 18.1.8. — Let L be a constant-coefficient local functional that is B-linean
or B-free. Its disk observable Lgjsx is Ly|z1<ry- For the circle S} of radius r, its circle
observable Lgire s OLgisk.

The circle observable L. is an element of Obs{(A) where A is any annulus con-
taining the circle of radius 7. Note that a circle observable should be identifiable with
a Fourier mode of some field for the vertex algebra.

Lemma 18.1.9. — Let L be a constant-coefficient local functional that is (B-linear on
B-free. For any cocycle F € Obs(D;(0)), we have

h[{q(L)vF}] = [q(Lcirc) : F]

at the level of cohomology, where - denotes the factorization product in (35), and
where Leiyc 18 the circle observable supported on some circle contained in the annulus

AS<7‘(0)'
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Proof. — We compute
d?(q(Laisk) F') = d*(q(Laisk)) F £ q(Laisk)A"F + h{q(Laisk), £'}
= q(Leire) F' + M{q(Laisk), F'},

since q intertwines the classical differential O and quantum differential d9 and since
the support of F' is contained in the disk |z| < r, on which L and-Lgis are indistin-
guishable.

At the level of cohomology, we thus obtain

[q(LCirc) : F] = h[{q(L)7F}]

as claimed. O

Example 18.1.10. — Consider the local functional

L(v,B8) = ! / YA B.
Note that 1
L0 8) = 5z [ —anB,

is precisely the functional F' from Section 17.3."We showed there that L. is coho-
mologous to the functional

H(v, ) (2mi)? /|Z_T/w| R jz_/\wﬂ( )7

with R > r. This functional H is manifestly the zeroth Fourier mode of cyb_1, by the
discussion in Section 17.1.

The zeroth Fourier mode of cgb_; acts like a number operator or Euler vector field,

in the sense that

(cob-1)(0)f =pf
when f is a homogeneous polynomial of degree p in the variables ¢,,, b;, with m < 0
and [ < 0.

On the other hand, note that q(L) = L + C, where C is a constant, since L is
quadratic and hence only admits at most one nontrivial contraction with the prop-
agator P. Hence, the derivation {q(L),—} agrees with the derivation {L,—}. Direct
computation of this derivation shows that it also counts the number of incoming -~y
and [ legs into any observable; it is the number operator. At the level of the vertex
algebra, it thus recovers the zeroth Fourier mode of cyb_1, as claimed by the lemma.

Let us build on this example to get a general statement. As a matter of notation,
if Ag<,(0) — Dpg(0) denotes the inclusion of the annulus inside of the disk, denote
the resulting structure map of the factorization algebra by ¢ : Obs}(As<,(0)) —
Obs} (Dg(0)). In the language of vertex algebras, this map sends a field A to the
state A|0).

For an arbitrary constant-coefficient local functional, we then have the following
relation between the vertex algebra and in the factorization algebra.
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Lemma 18.1.11. — Let L be a local functional that is B-linear or B-free, and let - be
the factorization product (35). For each disk observable O € Obs® (D, (0))*),

[9(Leire) - O] = hle(d(Leire)))(0) [O]-

That is, L determines a vertex algebra derivation that is inner.

Proof. — For notational convenience, we assume n = 1. Moreover, it suffices to as-
sume that c is a linear observable, since the operations are derivations and one can
thus apply the Leibniz rule.

Let L be a functional of the form [P A 8. It follows that the circular observable
is given by

Leire = / 7Ap A 6
|z|=1
In the vertex algebra ﬁ)l, the element (cg)Pb_; corresponds to the cohomology

class of Lgirc.
Recall that a linear observable on the disk is a linear combination of observables

of the form
_m! v(2)
chm’)/yﬁ) = omi /|z|: g dZv
_ =1 (2)
Ob_z(77ﬁ) - 2i Zl )

lz|=
where m > 0, | > 0. We will compute the cohomology class of Lecirc + Oc_,,
in Obs?(Dg(0)) and demonstrate the claim explicitly in this case. We leave the case
of Op_, for the reader, as it follows a parallel treatment.

Note that q(Leirc) = Lecirc because both O._, and Oy_, involve a factor of dz. Also,
q(O._,,) = O._,, . Moreover, we have

m! v(2)"?

op (Lcirc : Oc_m) (77ﬂ) = o /| = omtl

211

Thus (Leire-O._,, )(7) = P le|= % On the other hand, the zeroth Fourier mode

2me

of cbb_1 applied to c_,, is computed as
(cfb-1)(0)(c=m) = (cb-1)(0) (T c0) = T™ ((ctb-1)(0)c0) = T™(cf),

which is precisely the cohomology class of the observable above.
The proof for local functionals that are (-free is completely analogous. O

18.2. The action of Wn

The preceding discussion was abstract but there are two local functionals that play
an important role for us: the local functionals IV and .J produced by equivariant BV
quantization. As discussed in Section 9.4 in Part II, the local functionals encode how
Wn acts on the rank n formal 3+ system. Specifically, we showed that this equivariant
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quantization equipped the the factorization algebra Obs;} with the structure of a semi-
strict (Wn, GL,,)-module. Moreover, we showed that this semi-strict action induces a
strict action of (Wm GL,) on the cohomology H*Obs;.

Our goal now is to use the tools we just introduced to describe the strict action
of Wn on (ﬁ)?)n determined by these local functionals. Recall that there exists a Lie
algebra map p : W,, — DerVA(C/D?)n), by Theorem 3.4.1 from Section 3.4. Explicitly,
viewing a pair (X,w) € W,, x ﬁfwl as an element of W,, as in Section 3.4, we have

p(£(£)95,0) = (f()b’1)0)

and
p(0,4(7(B)dt) = (FOT(S)) . -
(On a formal disk, every closed 2-form is exact, so it suffices to give the formula in
terms of a 1-form f(t)dt;.) These vertex algebra derivations are manifestly inner, i.e.,

come from elements of the state space of @T)n

Lemma 18.2.1. — For X € W, the local functional I} determines a derivation
{q(IY¥Y), =} of the factorization algebra Obs® whose associated vertex algebra deriva-
tion is p(X,0).

Proof. — Every formal vector field is a/linear combination of vector fields with mono-
mial coefficients, so we simply consider X = t7"* - - - t7" ;. The associated local func-
tional is

I;V(V(%ﬁ)=/(cvi’“ A Nyt A By,

which is constant-coefficient holomorphic and (-linear. By Lemma 18.1.9, we know
that we can understand the derivation {q(Iy’), —} through the factorization product
with (I}}{V)Circ, which should correspond to the Fourier mode of some element of (TD\On

By Lemma 18.1.11 we find that for X = ¢]"* -- -t~ 0;, the factorization product
by (I)V(y)cirC corresponds, at the level of the vertex algebra, to the zeroth Fourier mode
of (cd)™ ---(c)™ b’ |, as desired. Thus, we recover precisely the formula for p. [

Likewise, we have the following.

Lemma 18.2.2. — For w € ﬁfwl, the local functional J,, corresponds to the vertex
algebra deriwation p(0,w).

Proof. — Every closed 2-form w on the formal disk is the exterior derivative df of a
1-form 6. Moreover, every 1-form is a linear combination of 1-forms with monomial
coefficients, so we simply consider § = ¢]"* - - - ¢t7'~dt;. The associated local functional
is

Jao (7, B) Z/VIM A Ny A0y dz,
€

SOCIETE MATHEMATIQUE DE FRANCE 2020



186 CHAPTER 18. LOCAL SYMMETRIES ACTING ON _OBSERVABLES

which is constant-coefficient holomorphic and 3-free. The derivation {q(Jq¢), —} cor-
responds to the factorization product with the circle observable

(Ja6)circ (7, B) =/ YA Ay A Oy dz.

|z|=1
Moreover, this circle observable corresponds to the zeroth Fourier mode of
(cg)™ -+ (cp)™T(c)), by Lemma 18.1.11, as desired. O
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THE MAIN RESULT

In light of our arguments in the preceding sections; we obtain the following.

Theorem 19.0.1. — The isomorphism of Z>(-graded vertex algebras
@ : CDO,, — Vert(Obsg)

is equivariant with respect to the actions of (WmGLn). Moreover, it is compatible
with the O, -module structure.

Proof. — We proved thﬁ equivariance /assertion in the preceding sections. Thus it
remains to discuss the O,-module structure. This aspect, however, is the focus of]
Section 13, where we describe how ‘observables on a disk decompose according to
conformal dimension and then identify each subspace of fixed conformal dimension
with some type of formal tensor fields. At the level of cohomology—which provides
the decomposition for Vert(Obsi)-—these match with CDO,.. O

An immediate corollary, via Gelfand-Kazhdan descent and its variants, is our main
result.

Corollary 19.0.2. — Let X ‘be a complexr n-manifold together with a trivialization o
of chy(Tx) € H*(X; le’hc’l). Then the factorization algebra Obsk , obtained by
Gelfand-Kazhdan descent determines a sheaf of vertex algebras Vert(Obs% ) on X.
Moreover, there is an isomorphism of sheaves of vertex algebras on X 7

@ : CDOx, o — Vert(Obs% )

that is natural in the choice of trivialization a.

The naturality in the choice of trivialization can be phrased in a compelling way.
Recall from Section 8.4 that there is an obstruction-deformation complex for the
curved (v system on X, which is a sheaf of dg vector spaces encoding important
information about this BV theory. For instance, a degree one cocycle encodes a first-
order deformation of the classical action that satisfies the classical master equation and
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thus defines a well-posed classical BV theory. This complex is obtained by Gelfand-
Kazhdan descent, and it involves only local functionals that are invariant for the
action of C* x Aff(C) by scaling (of the § field) and affine transformations.

In particular, the obstruction to quantization is a degree two cocycle in this cochain

complex, which is identified with chy(Tx) by Lemma 9.3.1. Corollary 8.4.7 tells us
2,hol

- on X. Hence

that this sheaf of dg vector spaces is quasi-isomorphic to the sheaf
we deduce the following.

Corollary 19.0.3. — The map ® provides an isomorphism of gerbes from the gerbe
of BV quantizations of the curved By system (constructed via descent and invariant

under C* x Aff(C)) to the gerbe of CDOs.

19.1. Remark on conformal structure

With the identification of chiral differential operators with the observables of the
(7 system, our analysis in Part II immediately implies an observation about the
conformal symmetry of this sheaf of vertex algebras.

In Section 14 we showed that after fixing a trivialization « of chy(Tx), there is a
map of sheaves on X

U9 Vv, _gp = Obsg(’a
of factorization algebras on C, provided that c1(Tx) = 0. (In fact, we have such a map
for every trivialization of ¢; (Tx)).

The factorization algebra %ir. is amenably holomorphic, and it is shown in [51]
that its associated vertex algebra Vert(Usr.) is isomorphic to the Virasoro vertex
algebra Vir, of central charge c. By the functoriality of the functor Vert, we obtain the
following immediate corollary of the above analysis, which implies the aforementioned
Proposition 5.3.5 from Part I.

Corollary 19.1.1. — Let « be trivialization of cha(Tx) and let CDOx o be the associ-
ated sheaf of CDOs. Then for'each trivialization 8 of ¢1(Tx), the map of holomorphic
factorization algebras \Il% : Vi — Obs%, , determines a map of sheaves of vertex

—Zc=2n
algebras Vert(\Il%) : Vir —'CDOx 4.

c=2n
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DISCUSSION OF SOME PHYSICS LITERATURE

Our goal in this section is to relate our work to the perspectives offered by Witten
and Nekrasov on the curved 87 system. Both [55] and [46] undertake a similar analysis,
but we will focus on Witten’s. The format of our comparison is to remind the reader
about general aspects of og-models, to explain how Witten identifies the anomalies
to quantization and how his method relates to -ours, and to indicate how Witten
determines the patching rules for the chiral algebras and how this approach relates
to ours.

20.1. General comments about nonlinear c-models

We begin by sketching a general perspective that informs the problem.

Remark 20.1.1. — This perspective assumes that the path integral exists and exhibits
behavior analogous to finite-dimensional integrals. In a sense, we run the argument
sketched here backwards to construct the putative path integral measure.

Let X denote a source manifold and X a target manifold. A nonlinear o-model has,
as its space of fields, the infinite-dimensional manifold Maps(X, X). The equations of]
motion for the theory cut out a submanifold Sol of this mapping space as the space
of solutions, and typically a component of this space of solutions is given by a copy
of X viewed as the constant maps from ¥ to X. We will call this the perturbative
sector.

In trying to compute the path integral, one expects that for A very small, the
putative measure should be concentrated very close to Sol inside Maps(X, X). One
might then try to approximate the path integral by simply integrating over a small
tubular neighborhood around Sol. The perturbative contribution would then be the
integral over a small tubular neighborhood around X inside Maps(%, X). To orga-
nize the computation of this perturbative contribution, one can identify a tubular
neighborhood with the normal bundle to X inside Maps(3, X). Hence, one obtains
an infinite-dimensional vector bundle over X whose fiber over x € X is

N.Maps(¥, X) =2 T, Maps(¥, X) /T, X = Maps(¥, T, X) /T, X.
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One then computes the integral over the tubular neighborhood in two stages: first,
fiberwise integration over the normal bundle, and then integration over X. This fiber-
wise integral can be approached with Feynman diagrammatics, with the base X play-
ing the role of a “background field”. In this sense, the perturbative sector is local on
the target X

A better approximation to the full path integral would involve the other compo-
nents of Sol. They provide the “instanton corrections” to the perturbative compu-
tation. As a nonconstant solution is not concentrated at a single point in X—by
definition—these corrections are not local on X and require different techniques.

20.2. Anomalies and obstructions

Fix some method for perturbative computations. At each point z of X, we apply our
method to integrate over the normal bundle N,. This integral ought to take values
in a one-dimensional vector space, and hence the full fiberwise integral provides a
section in a line bundle over X. A priori we do not know which line bundle it is, since
the perturbative constructions are done locally-on X and then patched together.

As Witten notes in Section 2.3 of [55];-the Chern class of this line bundle is a
discrete invariant and hence should not depend on continuous parameters, such as the
coupling constants of the fiberwise perturbative field theories. Thus we can compute
it by fiberwise quantizing the family of free theories over X, scaling the interactions
to zero. In other words, one simply keeps the Hessian of the action functional at
each point z € X C Maps(X, X).-The free theory at each = corresponds to some
elliptic complex on X. Now, it is standard to identify the one-dimensional vector
space at £ € X with the determinant line of the cohomology of this elliptic complex.
(This identification can be recovered as a consequence of BV quantization, as shown
in [26].) Hence, one can use a families index theorem to compute the Chern class of]
the determinant line bundle.

In the case of the (7 system, this amounts to considering the trivial fiber bundle
7: % x X — X and letting the elliptic complex at a point x € X be Q%*(X) ® T, X.
In other words, we are considering & = Os ® &x as a sheaf on ¥ x X. We wish to
understand the pushforward m.¢# on X or, more accurately, the determinant line of]
its derived pushforward.

We assume now that ¥ is closed. The first Chern class of the determinant line agrees
with the first Chern class of the derived pushforward. The Grothendieck-Riemann-
Roch theorem then implies that the Chern character of the derived pushforward is
given by

o (eh(FITA(TR)) = ma((1+ ex(F) + 5 (e(F) —2ea()) + )1+ 51 (T5))

=m((1 +7%c1 (Fx) + 7n¥cha(Tx) + -+ )(1 + %CI(TE)))
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and the first Chern class is the component of cohomological degree 2, namely

(1 = g)e1(Ix) + cha(Ix),

where g denotes the genus of X. In short, one finds that the determinant line is trivial
if and only if both chy(Jx) = 0 and either ¢;(Jx) = 0 or ¥ is genus one.

These results correspond to ours, although our approach is, on its face, rather
different. We choose to work with the formal n-disk as target and then apply Gelfand-
Kazhdan descent to obtain (the perturbative sector of) the theory with any complex
n-manifold X as target. Our obstruction cocycle (or anomaly) thus lives in Gelfand-
Fuks cohomology and maps to de Rham cohomology of some. X by descent. As we
have seen in 9, the obstruction to BV quantization descends to cha(Jx) when the
source is C and we require equivariance with respect to

— translation and dilation on the source (which ensures we can descend to genus
one curves) and

— holomorphic diffeomorphisms of the formal n-disk as target.

It is a consequence of the calculations of Section 9.5 combined with Gelfand-Kazhdan
descent that requiring equivariance under all holomorphic diffeomorphisms of a source
disk requires c;(&x) = 0. Such equivariance ensures one can descend to higher genus
curves by considering them as quotients of the disk by Fuchsian groups.

Remark 20.2.1. — On the other hand, Witten’s global argument using Grothendieck-
Riemann-Roch applies in the BV context as well, because BV quantization of the free
B~ system on a Riemann surface ¥ but twisted by &x recovers the same determinant
line, up to some cohomological shift. A -benefit of our approach here is that we actually
construct the BV quantization for the full 5y system rather than merely identifying
the obstruction cohomologically.

As a further point of comparison, note that the obstruction-deformation complex
we compute in Section 8.4.4 recovers precisely the same information that Witten and
Nekrasov find. For instance, they find that first-order deformations of the theory are
given by H' (X, Q2). (See Section 2.2 of [55] or Section 2.6.3 of [46], although Nekrasov
keeps track of deformations of complex structure of the target too.) Similarly, one can
see that the local symmetries of the theory are H°(X,Q?), as Nekrasov notes in
Section 2.6.6. In other words, the BV formalism provides a systematic mechanism for
answering the questions that Witten and Nekrasov address.

20.3. Chiral algebras and observables

In Section 3 on [55], Witten explains how one can recover the sheaf of chiral differ-
ential operators by physical arguments. His approach might be summarized as follows:

1. since the perturbative theory is local on the target X, we fix a good cover {U,}
of X and try to patch the quantizations;
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2. a coordinatization ¢; : U; — C™ allows one to view the field theory as a restric-
tion of the Bv system with target C" to the open ¢;(U;);

3. one then constructs the chiral algebra of operators for the open ¢;(U;) as target
by restricting the chiral algebra for the free 3y system of rank n;

4. one tries to patch the chiral algebras on overlaps U; N U;.

The first two steps are built into this perturbative approach to general o-models. The
third step depends on two things: first, knowing the chiral algebra of the free 57y system
(which is a standard computation in physics and which we formalized in Part I), and
second, knowing the chiral algebra can be localized to smaller opens. (We remark that
chiral algebra here is synonymous with vertex algebra in the mathematics literature,
although physicists often (though not here) presume that a chiral algebra is invariant
under holomorphic changes of coordinates and hence what a mathematician might
call a vertex operator algebra.) This second result is a computation done in [45, 21],
and it requires one to show that the OPE for the free 57 system can be localized from
polynomials in the coordinates on the target C™ to-holomorphic functions in those
coordinates.

The final step is a bit involved, and Witten-explains it in Section 3.4 of [55]. He
wants to patch the chiral algebras for small opens in C", so he needs to identify the
automorphism group of the chiral algebra. In practice, he instead computes the Lie
algebra of this automorphism group or, more accurately, the infinitesimal automor-
phisms arising from the chiral algebra itself. Witten wants to find those elements of]
the chiral algebra whose zeroth Fourier mode acts on the chiral algebra as a deriva-
tion that preserves conformal dimension. In his terminology, such an element is a
“dimension one current” and its zeroth Fourier mode is called its “charge,” which is
the integral of the current along-a loop around the origin in the source manifold.
Witten uses g to denote the Lie algebra given by integrals of dimension one currents
modulo total derivatives.

Witten provides two natural types of symmetries. A holomorphic vector field
V = V?0; on the target determines the current Jy = —V3;, viewed as an element
of the chiral algebra. Similarly, a holomorphic 1-form B = B;dz' determines a cur-
rent Jg = B;07". The charge of a 1-form B vanishes if and only if it is exact (i.e.,
B = 0H), so that the collection of such charges is isomorphic to closed 2-forms (as
a vector space). The charges of distinct vector field are, by contrast, distinct. Let v
denote the Liejalgebra formed by the charges for vector fields V and let ¢ denote the
Lie algebra formed by the charges for one-forms B. Together they span g, according
to Witten.

A direct computation with the charges (or using OPE with these currents) shows
that there is an exact sequence of Lie algebras

0—=c—g—0v—0,

and this Lie algebra corresponds to the extension Wn that we construct.
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In our setting, a current can be defined as a local functional I such that {I,—} is a
cocycle in derivations of the observables. As discussed in Section 18, such a functional I
determines an element I4;s in the observables on the disk and hence an element of|
the vertex algebra. The associated charge is the element I ., which is an observable
on the annulus and hence corresponds to the zeroth Fourier mode of the element in
the vertex algebra.

Witten chooses to find the infinitesimal symmetries of the (54 system by doing
explicit computations in the chiral algebra after obtaining it from the free theory. By
contrast, we use the BV formalism to determine how to lift the classical symmetries
to quantum symmetries (at the cost of a Lie algebra extension).and then extract the
chiral algebra statements. In a sense, we do path integral manipulations to recover
chiral algebra, and Witten follows the reverse logic. The results naturally agree.

Remark 20.3.1. — Recent work [39] of Si Li provides another useful perspective on
this relationship. He considers free holomorphic BV theories on the complex line, and
he produces an identification between the obstruction-deformation complex of the
BV theory and the mode Lie algebra of its vertex algebra. His result, extended to
our equivariant context, then recovers Witten’s ‘computation. See Remark 9.0.2 for
an extended discussion of this point.

After determining the appropriate symmetries of the chiral algebra, Witten tries to
lift the patching of coordinates on the good cover to patching of the chiral algebras.
The coordinate patching can be seen'as living in the Lie algebra v (or rather its
assciated group), so the challenge is‘to lift.to g, which involves choices. Any choice
determines a Cech 2-cocycle with values in Qzl, and if the cocycle vanishes, the choices

determine a patching of the chiral algebras. The work of [21] showed that this cocycle
is indeed cha(7T'x). Our method provides another perspective.
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CHAPTER 21

THE (v SYSTEM AS AN INFINITE-VOLUME LIMIT

21.1. Introduction

This appendix gives an explanation for why one might be interested in the curved
(B~ system, that is, how one might discover this action functional by studying a limit
of a more familiar class of classical field theories: The idea is to modify the usual
two-dimensional sigma model with Hermitian target in two steps:

(1) we scale the metric on the target manifold until it becomes “infinitely big” (this
drastically simplifies the problem, as we’ll show), and

(2) we show that this infinite-volume theory “splits” into a holomorphic and anti-
holomorphic theory (physicists use “chiral and antichiral splitting”).

The chiral part is the curved (7 system.

The core aspects of this construction can be seen by having a complex vector
space (or formal disk) as the target manifold. After introducing the ingredients of]
our theory, we rework the usual action functional into a form better suited to our
purposes. This first-order formulation of the theory makes the infinite-volume limit
easy to understand and motivate. Finally, we exploit a special property of the theory—
arising from the interplay between the differential geometry of the source 2-manifold
and the target Hermitian manifold—to obtain the splitting.

Remark 21.1.1. — This approach is well-known to physicists. Essentially the same
construction is given in (56, 41, 46|, and a closely related argument for the half-twisted
o-model is given in [32]. Perhaps the main contribution here is the explicit discussion
of how to understand various manipulations within the BV formalism. The version
presented here unpacks and elaborates upon on a lecture by Kevin Costello at the
Northwestern CDO workshop in summer 2011.

21.2. The ingredients
The input data of our classical field theory is the following.
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— Let S be an oriented real 2-manifold with a metric g. (We will indicate as we
go along why everything only depends on the conformal class of g.) We denote
the associated volume form by dvol, and the dual inner product on Qf by gV.

— Let V be an even-dimensional real vector space, equipped with a complex struc-
ture by J (so we can view V as complex, when needed). It is equipped with a
hermitian inner product h, also written (—, —)y. (Recall this'means that A is a
an ordinary inner product on the real vector space V and that.J is an isometry.)

— Let VV denote the dual real vector space. We denote its dual complex structure
by JV. There is a canonical evaluation pairing ev : V ® V¥V — R, and we have

ev(Ju, ) = A(Jv) = ev(v, JYA)
by definition.
— Let Q&(V) denote the V-valued k-forms, i.e., Qf ®@g V.

Consider the Hodge star operator * on Qf arising from g. A computation in local
coordinates shows that
/ h® g"(a, B)dvol, = / h(xa A B),
s S
where the right hand side means “apply h to-the V-component but simply wedge the
1-form components”.

21.3. The first-order formulation of the sigma model

Let f: S — V be a smooth map: The usual action functional for the sigma model
is
Sso(f) = / h ® gV (df, df )dvol,.
s

The subscript SO stands for “second-order”.
There is an equivalent description of the same classical field theory where the fields
are f € Maps(S,V) and A € Q%(VV) and the action functional is

Sro(f A= [

s
The subscript F'O stands for “first-order”. This first-order action functional motivates
the action functional we finally work with.

ev(df/\A)—%/ShV(*A/\A).

Lemma 21.3.1./— The equations of motion for Spo are
df =*hVA and dA=0,

and so solutions are given by all f such that d(xdf) = 0. This space of solutions is
ezactly the same as solutions to the equation of motion

Agf = (xdx)df =0
for Sso.
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21.4. AN INVOLUTION ON THE SPACE OF FIELDS 199

Proof. — We obtain the equations of motion for Sgo first. We have

Sso(f) = /Sh(*df/\df) = —/Sh((d*df)/\f) = —/Sh(Agf, f)dvoly,

where we use integration by parts in the second step and the fact that % preserves
inner products in the last step. The usual variational procedure then recovers the
equation of motion.

Now we treat Spo. We obtain the equation dA = 0 by considering a variation
f — f+46f. On the other hand, a variation A — A+0 A has the following consequences
for the second term,

l/hv(*éA/\A)le/hv(*A/\dA)z/hV(*A/\(SA),
2Jg 2Js s

and so we need df — hY x A = 0.
Now observe that

df = *hVA & «df = —h¥ A,
so we need
d(xdf) =0,

to satisfy the equations of motion for Sso. O

21.4. An involution on the space of fields

We now explore a special property of the fields, arising from the fact that the source
2 _

is 2-dimensional and the target is Hermitian. Because ** = —1, it provides a natural
complex structure on Qg Thus, we obtain two involutions:

— on QL(V), there is 0 := * ® J, and

— on QL (VV), there is oV 1=+ @ JV.
By using this polarization of the fields, we will obtain eventually the desired chiral
decomposition.

Lemma 21.4.1. — The operator o gives an eigenspace decomposition
Qs(V) = Q5(V)+ @ Q5(V) -,
where Q5 (V)1 denotes the +1-eigenspace of o, and likewise for Q5(VV).

Proof. — Let TIy denote the endomorphism 1(1 + o) on Q(V). Then

1
% = Z(l + 20 4 0?) =11,
so I, is a projection operator (and likewise for IT_). As 1 =II; +II_, we obtain the
decomposition. O

Definition 21.4.2. — We define dx : Q%(V) — Q4(V)+ as Iy od.
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Consider the natural evaluation pairing
evs: QU(V)a5(VY) — R
VR A = Jgev(vAN).
Observe that

evg(ov,0V ) = / ev(xJu A *JY )
s

= / ev(Juv, JY))
s

= /Sev(J2v, A)

= —evg(v, A),

where in the second line we used the fact that xa A *8 = a A 8 for any a, 3 in Q.
Thus we obtain the following.

Lemma 21.4.3. — With respect to the pairing evs, QL(V) 4 is orthogonal to Q5 (V) 4,
and QL(V)_ is orthogonal to Q5(VY)_.

21.5. Replacing the first-order action functional

We introduce a new theory whose fields are f € CZ(V) and B € QL (VV)_. The
action functional is
S:(7.8) = |
s
It might seem like this action only sees half the information of Sso or Spo, but it
is actually equivalent. We begin with the heuristic argument before delving into a
careful proof in the BV formalism.

ev(d+f/\B)—%/ShV(*B/\B).

21.6. The heuristic argument

There is an illuminating “completing the square” maneuver. Consider the following
automorphism on the:space of fields:

ff and B B+ h(df).

(For v € V, hv.denotes the element h(v,—) € VV.) When we apply S, after this
transformation, our integrand is a sum of six terms:

ev(dy f A B) + ev(dsf Ah(dyf)) — %hv(*B AB)

— 5 (B (+h(dy ) A B) + B (+B AB(dy ) ~ L1 (sh(d f) A B(ds f)).

We can simplify this sum.
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First, note that the fourth and fifth terms (which are grouped together already)
are equivalent to

—% (ev(xdy f AB) +ev(xB Adyf)),

and thus together cancel the first term.

Second, note that the second term is equivalent to h(d4 fAdy f). This term vanishes
because for any one-form a, a A a = 0.

The last term is the most interesting: the last term recovers-the usual sigma model
action.

Lemma 21.6.1. — The last term
1
—ghv(*h(d+f) A h(d+ f))

is equivalent to —h(xdf A df)/4.

Proof. — Recall dy =1I,d = (1/2)(1 4 o)d. Thus

4h(xds f A di f) = h(x(1 + 0)df A (1+ 0)df)
= h(xdf A df) + h(*odf A df) + h(xdf A odf) + h(xodf A odf)
= h(xdf A df) — ih(df Ndf) + ih(xdf A +df) + h(df A *df)
= 2h(xdf A df).

The initial term arises just by canceling out the excess copies of h and h". O

All that remains to understand. is the third term —%hv(*B A B). From a heuristic
perspective, it’s irrelevant: for the classical theory, the only critical point is B = 0,
and for the quantum theory, it contributes nothing of interest (just an extra space of|
fields equipped with a Gaussian measure centered at zero).

To summarize, we have made an “upper-triangular” change of coordinates on the
space of fields. At the classical level, we recover the same equations of motion. At the
quantum level, the nonexistent Lebesgue measure is preserved and the weight e+
factors into e %3¢ times a Gaussian.

21.7. The BV argument

In fact, it is fairly straightforward to rephrase this heuristic argument into a rig-
orous statement in the BV formalism. Our model throughout is the case of pure
Yang-Mills theory (for which see Chapter 6, Section 3 of [14] or [8]).
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21.7.1. The ingredients. — Our fields are f € CP(V) and B € QL(VY)_, so we
introduce “antifields” fV € Q%(VV) and BY € QL(V);. As usual, the fields have
cohomological degree 0 and the antifields have cohomological degree 1, as below.

0 1
cev)  Qu(vY)
@ @

Qe(VY)- (V)4
(fields)  (antifields)

We equip this graded vector space & with the following symplectic pairing of coho-
mological degree —1:

s = [evtr)
<f7fv> _<fvaf>a
(B,B _/seV(B ABY,

)
(B,BY) = —(B”, B),

with all other pairings automatically zero (e.g., {f, B) = 0). This is simply the shifted
antisymmetrization of evg.

We thus obtain a free BV theory (in the sense of Costello) as the following elliptic
complex,

d
CE(vV). = (V)4

Qyvv)- L zwY),

where we simply extracted the quadratic part of S, .
In particular, let ® = (f, Y, B, BY) denote an element of &. Then the free BV
theory has action functional

Sfree((I)) = _%<®aQ(I)>
= _%<(f, fY,B,BY),(0,dB,0,df))
_ _% ((f,dB) + (B, d+ f))

= ;(/Sev(f,dB)—/Sev(dJFf/\B)>
:/Sev(dJrf/\B).

Thus we recover the free part of S.
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In full, we have

S, (@) = —%@, Qa) + %<B, BY (+B)).

21.7.2. Equivalence at the classical level. — In the classical BV formalism, two dif-
ferent action functionals S and S’ give equivalent classical theories if they are coho-
mologous in the cochain complex (Ooc(&), {S, —1}). (Here we assume S satisfies the
classical master equation {S,S} = 0.) Using more geometric language, we say that S
and S’ live in the same orbit of the gauge group of symplectomorphisms acting on
the space of fields & (and hence on the space of action funetionals Oy,.(&)).

Remark 21.7.1. — To relate these two assertions, note that the cochain complex, once
shifted, is a dg Lie algebra that describes the formal neighborhood of S in the moduli
space of classical field theories on &. Thus, if they are cohomologous, we can construct
a Hamiltonian flow moving from S to S’.

In fact, this setting lets us dress up the heuristic picture, as follows. We replace
the change of coordinates by modifying S, by a boundary in (¢, {S+, —})-

Lemma 21.7.2. — Let H denote the local functional of cohomological degree —1 where
H(®) = (+h(dy f), BY).

Then
{S—HH} < SSO - Sfree7

so S is cohomologous to

SSO ~— %<B, hv(*B)>

n (ﬁlocv {S+a _})
Proof. — Observe
{Stree, H} = £(xh(d4 f),ds f) = £Ss0.

In the first equality, we use that the shifted Poisson bracket {—, —} is dual to (—, —).
In the second equality, we use Lemma 21.6.1.

A parallel computation shows that {I, H}, where I denotes the “interaction term”
of S, recovers £ Sgee- O

The action functional Sso =+ I thus defines a classical BV theory equivalent to S, .
Note, however, that this action functional completely decouples f and B. The term
Sso only depends on f, and the term I only depends on B. Moreover, the critical
point of I is {B = 0}, so the equations of motion pick out the same solutions as Sso
on its own.
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21.7.3. Equivalence at the quantum level. — In our setting of a linear target with
linear metric, we have shown that the classical BV theory specified by S is equivalent
to a free BV theory, given by the elliptic complex

oz (v) " 2(v)

Id
Q5(VY)- — Q5(VY)-,

once one writes down a suitable pairing (—, —). (We chose to change the pairing so that
the elliptic complex is simple. Alternatively, we could have retained the same pairing
but written a complicated-looking elliptic complex.) As the second line is acyclic, we
see it is irrelevant to both the classical and quantum theories: In particular, as the
theory is free, we can quantize immediately and show. that the quantum observables
are homotopy-equivalent to the quantum observables constructed just from the first
line.

This argument is another way of saying “we can integrate out the B fields and they
do not affect any observables” (cf. the discussion of Yang-Mills theory in Chapter 6
of [14]).

Remark 21.7.3. — This argument is the only piece that does not port immediately
to the case of a curved target. In that case, we need to verify we can construct a
quantization. Nonetheless, it is plausible that we could quantize while maintaining
the complete decoupling of the f and B fields, in which case we could work with just
the subcomplex depending on the f fields.

21.8. The infinite volume limit

As S, is equivalent to Sso, we hereafter focus on S,. Our goal is to study a
degenerate limit of S, where the situation drastically simplifies.

The idea is quite simple: if we scale the metric hY to thY, then as t goes to zero,
we scale away the dependence on h" in S.. The limit theory is then independent of]
the hermitian inner product on V. Note that on V, the limit ¢ — 0 is equivalent to
scaling h to h/t, so that the volume of any cube grows toward infinity.

Definition 21.8:1. — The infinite volume limit is the action functional
SIVL(f7B) = / ev(d+f/\B),
S
with f € CL (V) and B € QL(V)-—.

The equations of motion are d f =0 and dB = 0.

ASTERISQUE 419



21.9. THE CHIRAL SPLITTING 205

21.9. The chiral splitting

The operator d, interacts nicely with the complexifications of our spaces of fields,
and thus we will be able to massage our theory into another, appealing form.
Consider the decompositions

QL er C=05" 00!
and
VerC=V10qg Vol

We have the respective projection operators
1
1,0 .
bs = 5(1 - 7’*)7
00 1 ,
pS - 5(1 + Z*)7
1
1,0 .
Py = 5(1 - ZJ)?

1 ;
by = 5(1 +iJ).

By an explicit computation, we see
et @py’ = i(l +i% —iJ 4+ *J)
and
PEO @YY L 11— ix4id +5J),
SO
ps' ®py° + 5" @py = %(1 ++J) =1L,

where we’ve extended scalars on II; so that it works on the complexified Q% (V).

The following result is an immediate consequence.

Lemma 21.9.1. — On Q%(V)C, we have
dy = Oy1.0 + Oyor.
Proof. — Note that
(V)%= (24)° Bc v
& LO(V10) g QLO(VO1) @ QO (V1) @ Q0L (VO

We thus need simply to unravel the relevant projections.
Recall that 0 means “project the image of d onto the —i-eigenspace of (Q!)
Hence, as an example, dy1.0 : Q%(V10) — Q%' (V1) is precisely the operator

C»»

(pgil od) ® ly1.0.

Plugging in all the relevant operators, we obtain the desired result. OJ
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We write the elliptic complex of fields, once the fields are complexified, using the
decomposition of dy given above. This specifies a free BV theory:

g1 T ogl(vho)
@ SY

g (o) T oo
& ©®

Q}S,’O(VVO’I) B‘LO)’I leg,l(v\/ 0,1)
S¥) S

Qos’l(VV 1,0) B\Ll;o Q}g’l(V\/ 1,0)_

We can separate this into a direct sum of two theories, one holomorphic (the pieces
involving d) and one antiholomorphic (the pieces involving 9). Equivalently, we view
this as working with one complex structure and its conjugate.

Lemma 21.9.2. — On the complezified fields,
Srvi(f,wf, B,wB) = / ev(0f NB) + / ev(0wf NwB).
s s
When restricted to the real points, it recovers the infinite volume limit action.
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The curved B system is a nonlinear o-model with a Riemann surface
as the source and a complex manifold X as the target. Its classical
solutions pick out the holomorphic maps from the Riemann surface
into X. Physical arguments identify its algebra of operators with a
vertex algebra known as the chiral differential operators (CDO) of X.
We verify these claims mathematically by constructing and quantizing
rigorously this system using machinery developed by Kevin Costello
and the second author, which combine renormalization, the Batalin-
Vilkovisky formalism, and factorization algebras. Furthermore, we find
that the factorization algebra of quantum observables of the curved
B~ system encodes the sheaf of chiral differential operators. In this
sense our approach provides deformation quantization for vertex alge-
bras. As in many approaches to deformation quantization, a key role is
played by Gelfand-Kazhdan formal geometry. We begin by construct-
ing a quantization of the (v system with an n-dimensional formal
disk as the target. There is an obstruction to quantizing equivariantly
with respect to the action of formal vector fields W,, on the target
disk, and it is naturally identified with the first Pontryagin class in
Gelfand-Fuks cohomology. Any trivialization of the obstruction cocy-
cle thus yields an equivariant quantization with respect to an extension
of W,, by ﬁgl, the closed 2-forms on the disk. By machinery mentioned
above, we then naturally obtain a factorization algebra of quantum
observables, which has an associated vertex algebra easily identified
with the formal (v vertex algebra. Next, we introduce a version of
Gelfand-Kazhdan formal geometry suitable for factorization algebras,
and we verify that for a complex manifold X with trivialized first Pon-
tryagin class, the associated factorization algebra recovers the vertex
algebra of CDOs of X.
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