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ABSTRACT
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Graduate Department of Mathematics
University of Toronto

2024

In this thesis, we investigate mathematical constructions related to
holography principle from physics, organized into three main parts. Firstly,
we introduce the concept of quadratic duality for chiral algebras, extending
the construction from associative algebras. We establish its relationship
with the Maurer-Cartan equation, bridging it with physical intuition.
Secondly, we define the notion of a vertex operator algebra (VOA) in a
(pseudo)-tensor category. Specifically, we study a By VOA in the Deligne
category. This construction provides a rigorous mathematical definition
for the large N vertex algebra relevant to holography. Thirdly, we analyze
the structure of the higher dimensional Laurent series, which are analog
of the 1d Laurent series C((z)). Here, the derived structure becomes
crucial, distinguishing it from the 1d case. We compute the A, structure
on the cohomology and explore various variations of this model. These
A/ Lo algebraic structures can define certain (vertex) Poisson algebra.
As a consequence of the holography conjecture, the vertex Poisson algebra
is isomorphic to the one constructed from the B system in the Deligne

Category. We provide several checks of this conjecture.
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INTRODUCTION

The holography principle, initially proposed by "t Hooft [tH93] and elabo-
rated by Susskind [Susgs], asserts that within a quantum gravity frame-
work, "given any closed surface, we can represent all that happens inside it
by degrees of freedom on this surface itself."[tH93] This insightful concept
implies that all information contained in some region of space can be
represented as a "Hologram’ - a theory which lives on the boundary of
that region.

Despite appearing mysterious and difficult to conceive at first glance,
physicist have accumulated increasing evidence about the holographic
principle. The AdS/CFT correspondence, first discovered by Maldacena
[Malg8], is perhaps the most successful realization of the holographic
principle. Generally speaking, it is a conjectured relationship between
two kinds of theories. On one side of the correspondence are quantum
gravity theories in anti-de Sitter spaces (AdS) formulated in terms of
string theory or M-theory. On the other side are conformal quantum
field theories originated as the world volume theories on D branes. Since
its discovery, the AdS/CFT correspondence has significantly influenced
numerous branches of theoretical physics, extending far beyond the realm
of string theory.

However, a bridge between the AdS/CFT correspondence and math-
ematics had been missing due to the rather mysterious nature of this
duality, and the lack of mathematical formulation of the theories on both
sides. Simplification is needed if we wish to extract any mathematical
meaningful statement out of the AdS/CFT duality.

A procedure known as "twisting" is an ideal tool to perform such simpli-
fication for supersymmetric gauge theories. Since its introduction by Witten
[Wit88a], this technique has been widely explored and has had a profound
impact on quantum field theory and on related areas of mathematics. Clas-
sical examples includes A and B model topological string [Wit88b] in 24,
Rozansky-Witten theory [RWg7] in 3d, Donaldson-Witten theory[Wit88a],
Vafa-Witten theory[VWg4] and Kapustin-Witten theory[KWo7] in 4d. On
the one hand, twisted theories have particularly nice properties that often
admit mathematical rigorous formulation and exact computations. On
the other hand, they know about information of certain BPS sector in the
original physical theories. Though the twisting techniques has been suc-
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cessfully applied to a variety of supersymmetric field theories, the original
construction does not apply to supergravity. Only until recently the proper
definition of twisted supergravity is proposed, in [CL16]. In that paper,
Costello and Li also proposed a twisted form of AdS/CFT correspondence.
This program throws light upon the mathematical structure hidden behind
(part of) the AdS/CFT correspondence.

The notion of Koszul duality is shown to play a crucial part in this story.
In [Cos17], Costello formulated the following twisted form of holography
principle (or conjecture):

Conjecture 1.1. Consider a stack of branes in twisted string theory or M-theory.
We can consider the following two algebras

* The algebras A of local operators of the twisted supersymmetric gauge
theory living on a stack of N branes, after sending N — 0.

* The algebra B of local operators of the twisted supergravity restricted along
the location of the branes.

Then, these two algebras are Koszul dual:
lim Ay = B'. (1.1)
N—oo

In this direction, there has been a surge of recent works exploring
different aspects of twisted supergravity and twisted holography. Various
twisted holography models are proposed [I[FMZ20, CG18, CP21]. More
examples of twisted supergravity are found [EH21, RSW21]. Operators that
create D-branes with non-trivial geometrical shapes called giant graviton
in twisted holography are studied in [BG21].

While the twisting procedure has significantly simplified the physi-
cal theories, the conjecture above is still a few steps away from being
a mathematical conjecture. In this thesis, we aim to bridge this gap as
much as possible, and try to make some mathematical rigorous state-
ment/conjecture of holography.

1.1 KOSZUL DUALITY IN QUANTUM FIELD THEORY

We first briefly review the central concept that appears in the twisted ver-
sion of holography, which is Koszul duality. Koszul duality is a ubiquitous
concept in homological algebra, which has also found many applica-
tions in representation theory, algebraic geometry, and topology (see, e.g.,
[BGS96, BGG78, GK9g4, GKMg7]). In this introduction, we mainly focus on
the interaction between Koszul duality and quantum field theory. In fact,
the concept of Koszul duality, though quite new to physicists, is plentiful
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in the structure of quantum field theory, especially in the study of defects
and boundaries [PW21]. In this introduction, we briefly review two main
sources of Koszul duality in field theory.

One important aspect of Koszul duality in quantum field theory arises
from defects. Given a field theory 7 on some manifold M, one can consider
coupling some other system along a submanifold S C M. In the simplest
case, we consider one dimensional defect, so that the algebra alone the de-
fect is given by (dg) associative algebra. Suppose the algebra of the original
field theory and the defect theory are given by A and B respectively. Then
the uncoupled theory has the algebra A ® B. A coupling between the two
theories can be understood as an element &« € A ® B which satisfies the
Maurer-Cartan equation. Then we identify the space of coupling between
the two systems as the Maurer-Cartan elements MC(A ® B). Among all
possible defect couplings, we are particularly interested in the universal
one. The universal defect, if exist, is defined as an algebra A together with
a Maurer-Cartan element a,,; € MC(A ® A') that satisfy the universal
property: For any other algebra B and a coupling « € MC(A ® B), there
exist a unique morphism ¢ : A' — B such that & = ¢(a,,;). We have

MC(A ® B) =2 Hom(A', B), for any B, (1.2)

We see that this is the well known properties satisfied by the Koszul
duality for associative algebra. In this thesis, we will also study this
property for a version of Koszul duality for chiral algebra [GLZ22]. This
give us the interpretation of the algebra of the universal defect that we can
couple to the theory 7 as the Koszul dual to the algebra of the theory T
along S. We refer to [CP21, PW21] for more examples of Koszul duality
from universal defect in quantum field theory.

Another perspective of Koszul duality comes from considering the
boundary. For simplification, we consider boundary condition of two
dimensional topological field theory, which consist of a dg category C.
Consider two generators B, B' of the category. The significance of the
condition of being a generator is that the category C is equivalent to the
(derived) category of modules of the algebra A := End¢(B). The algebra
Ay (resp. Ag := End¢(B")) is also called the boundary algebra associated
with the boundary condition B (resp. B'). Now suppose that the two
boundary conditions B, B! are transversal to each other, which means that

Hom¢(B,B') ~ C. (1.3)

Physically, this correspond to the following situation. We consider the
theory to be placed on [0,1] x N satisfying boundary conditions B and
B' on the two sides of the interval respectively. Then the condition 1.3 is
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equivalent to the bulk theory on [0,1] x C being cohomologically trivial.
More explicitly, if we try to solve the equation of motion on the interval
with the corresponding boundary condition, then there is a unique solution
modulo gauge transformation.

The condition that B, B' are generators guarantees that the two algebras
Ay, Al generate the whole commutant of each other. More explicitly, we
use the equivalence of categories C — Ay — mod. This functor sends B' to
Hom(B, B') = C. Computing Hom in the two equivalent categories leads
to

Al = Hom(B', B') 2 REnd 4, (C) (1.4)

This turns out to be one definition of Koszul duality for associative algebra.
We refer to [PW21, Zen21] for more examples of Koszul duality in quantum
field theory from boundary algebra.

1.2 KOSZUL DUALITY AND OPEN CLOSED COUPLING

As mentioned earlier, Koszul duality can emerge in quantum field theory
through universal defects. An important question arises: how can we find
or construct examples of universal defects? While constructing a defect in
a quantum field theory is straightforward, such as Wilson line, identifying
a universal one can be challenging. String theory offers abundant examples
of bulk/defect systems — branes are defect objects in string theory. In fact,
the holography conjecture 1.1 predicts that a stack of N branes becomes a
universal defect system in the limit as N — oo.

The relationship between closed and open strings have been a central
problem in string theory [KRo4]. A string world sheet with boundaries
may typically be read in two different ways as either a closed string or
an open string scattering process. For example, a cylinder worldsheet
stretching between two D-brane can represent either as an open string
with ends on both branes going around a 1-loop vacuum diagram or a
closed string emitted from one of the branes and absorbed by the other.
The fact that string scattering amplitude should be the same for the two
perspectives exhibits the so called open-closed duality. In the TCFT setup,
it is shown in [Coso7] that an open closed TCFT is fully encoded in the
Calabi-Yau A, category of its boundary conditions (D branes).

The relationship between open closed coupling and Koszul duality
becomes more transparent if we look at the space-time string field theory
of topological string. The open-string field theory for the topological
B-model is the Holomorphic Chern-Simons, and the closed string field
theory is the BCOV theory. It was proved in [CL15] that there exists
a unique perturbative quantization for the coupled open-closed theory.
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Furthermore, according to the well-known Loday-Quillen-Tsygan theorem
[Qui8y, Tsy83], the large N algebra of the open string theory is represented
by cyclic cohomology, which is dual to the closed string states. Therefore,
these consideration naturally lead to conjecture that open-closed coupling
is an instance of Koszul duality.

1.3 LARGE N ALGEBRA VIA DELIGNE CATEGORY

As we have introduced, on one side of the duality we consider the algebra
An of local operators on the stack of N branes, after sending N — oo.
In fact, it is a mathematical nontrivial task to make sense of the limit
limy_,0 An, and part of this thesis is devoted to solve this problem.

A twisted field theory that correspond to a stack of N branes is typically
described by a (dg) Lie algebra of the form [Witgs, CS15]

gly(A) =gly® A (1.5)

for some (dg) associative algebra or an A« algebra A. At the tree level, the
space of local operators can be computed via the Lie algebra cohomology
of gly(A). In the limit when N goes to infinity, we consider the sequence
of inclusion

gl (A) = gh(A) = - = gly(A) — ... (1.6)
which gives rise to a sequence of the Lie algebra cohomology
H'(gh(A)) < H'(gh(A)) ... H'(gly(A)) < ... (1.7)

Then the space of local operators in the large N limit can be defined as the
limit of the above diagram. One can then use the Loday-Quillen-Tsygan
theorem to simplify the results.

However, the above definition has a major draw back that the space
of local operators is not just a graded vector space, but also inherits
some algebraic structures from field theory computation. The morphisms
induced by the inclusions gly(A) — gly.1(A) does not preserve the
algebraic structure of local operators in general. Therefore, the sequence
1.6 does not provide us a definition of the algebra of local operators in
many cases.

To address this issue, let’s revisit how we compute the large N algebra in
practice. Essentially, physicists compute the algebra as if the fields reside in
a "space" resembling matrices of rank N, treated as an arbitrary parameter.
Furthermore, no additional trace relations are imposed on these matrices,
unlike in the case of finite N matrices.
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Deligne category, defined in [Deloy, DMO™82], is the mathematical
gadget that rigorously realize the desired properties. It is a category that
consists of objects that are sums and summands of V*" @ (V*)®, where V
is regarded as the fundamental representation of the general linear group.
There isn’t any further relation among those objects, and we set Tr(1) = N
by hand with N an arbitrary parameter.

Our strategy to define the large N algebra is to define the algebra or
vertex algebra in Deligne category first. In fact, we go further and define
the notion of vertex algebra in more general symmetric monoidal category.
To obtain the large N vertex algebra as a vertex algebra in vector space,
we apply the functor Hom(1, —). This also allows us to define a family of
vertex algebra as we vary N. Certain specialization of the parameter will
also be of interest to us.

1.4 DIMENSIONAL REDUCTION AND DERIVED LAURENT SERIES

Koszul duality possesses the property that it returns us to the original
algebra when applied twice. In the setup of quantum field theory, this
results in a nontrivial isomorphism if we can realize Koszul duality in two
distinct ways within a single system. In the string theory context, Koszul
duality can be realized as the algebra on a stack of N branes in the limit as
N tends to infinity. Alternatively, one can incorporate the other definition
of Koszul duality, as the transversal boundary conditions. This can be
achieved in a general setup by transforming a bulk-defect system into a
bulk-boundary system."

Dimension

- Reduction

Suppose we are considering a d dimensional defect S = R? x {0} in
R? x R"~. We are interested in the algebra of operators restricted along
S. Instead of studying the algebra directly, we first remove the defect locus
and perform dimensional reduction on the unit sphere of R"~% normal to
the defect. Namely, we consider the projection

75" RY x (R\{0}) — R x R, (1.8)
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where we send (x,y) to (x,7 = |y|).

After this dimensional reduction, we get a theory on R? x R~. Since
we have removed the defect locus, fields of this theory correspond to fields
of the original theory with arbitrary poles at r = 0. Now, we can add
a boundary condition to this theory at R? x {r = 0}. There is a natural
candidate for the boundary condition, given by requiring that fields of the
original theory have no pole at r — 0. We find that this requirement leads
to a valid boundary condition in most examples. Moreover, we expect that
the boundary algebra after imposing this boundary condition is the same
as the algebra of the original theory restricted along the defect locus.

Then both pictures of Koszul duality enter this field theory construction.
On the one hand, we can consider the algebra on a stack of N branes
in N — oo, which is conjectured to be the universal defect algebra. On
the other hand, we consider the boundary algebra with the boundary
condition transversal to the one we mentioned. Both are Koszul dual to
the same algebra, so they should be isomorphic.

As is often the case, the transversal boundary condition can also be
realized as the boundary condition that requires fields of the original
theory to have no pole at r — oo. Therefore, we can add one more piece of
ingredient to the twisted holography conjecture

* The boundary algebra A; of the theory obtained by performing KK
compactification of the twisted supergravity along the unit sphere of
the normal direction to the defect. The boundary condition is chosen
so that fields have no pole at r — oo.

Then the twisted holography conjecture predicts that

lim Ay =2 A,. (1.9)
N—ro0
In this thesis, we will be considering a special class of quantum field
theory called holomorphic theory. After dimensional reduction, these the-
ories have an algebraic model closely related to the (higher dimensional)
Laurent series. For example, a 2d CFT can be considered as a 2d holomor-
phic theory. The associated mode algebra can be considered as the algebra
after dimensional reduction along the unit circle. The description of such
mode algebra is typically related to the formal Laurent series C((z)). For
example, the mode algebra of Kac Moody VOA is given by the universal
enveloping algebra of some central extension of g((z)).
Higher dimensional analog of Laurent series exist, but with some es-
sential difference. For d > 2, Hartogs’ theorem implies that the space of



1.4 DIMENSIONAL REDUCTION AND DERIVED LAURENT SERIES

holomorphic functions on the punctured affine space is the same as the
space of holomorphic functions on the affine space

O(AY) = O(AY) 2 k[zy,. ..,z (1.10)

Instead, we should replace the "classical" algebra of functions O(A9) =
H°(A?, O) by the derived space of functions RT'(A4, O)

klzq,...,z4, i=0,
H'(AY0) =z 2z Y2, i=d—1, (1.11)
0, otherwise.

We see that the singular data is restored, but in different cohomological
degree.

Still, the cohomology 1.11 forgets the information about the dg algebra
structure on the derived space of functions RT(A?, O). To restore this
part of information, we need to work with a proper dg algebra model for
RF(A"I, ). Such a model is introduced in [FHK19] called the Jouanolou
model. By the homotopy transfer theorem, the dg algebra of R[(A?, O)
induces an A, algebra structure on the cohomology H*(A%, ©). In this
thesis, we will analyze this A structure in detail.

In this thesis, we mainly focus on the case when d = 2. Later we will see
that the A structure on H*(A2, ©) and its many variants define a class of
(vertex) Poisson algebra structures. These (vertex) Poisson algebras can be
regarded as certain semi classical limit of the algebra A;. From "corollary"
1.9 of the Holography conjecture, we propose the main conjectures of this
thesis. We conjecture that the (vertex) Poisson algebra defined through
the derived Laurent series H*(A?, ©) are isomorphic to the semi classical
limit of certain large N algebra Ay defined through Deligne category.



KOSZUL DUALITY

The notion of Koszul duality is ubiquitous in mathematics. It is a simple,
yet powerful principle that has found many applications in representation
theory, algebraic geometry, homological algebra, and topology (see, e.g.,
[BGS96, BGG78, GKo94, GKMg7]).
Given an augmented associative algebra A, we can construct a new
algebra
A' = RHomy (k, k)

equipped with the Yoneda product. Under certain conditions, performing
this construction twice bring us back to the original algebra A. If this is
the case, we call such an algebra A Koszul and the functor A — A' Koszul
duality. While simple in its definition, this construction yields significant
implications, including the equivalence of certain derived categories of
modules. Its deep connection with quantum field theory is also discussed
in the introduction.

For associative algebra that admits a presentation as a quadratic algebra,
its Koszul dual has particularly nice construction. In this chapter, we first
review the classical construction of quadratic Koszul duality for associative
algebra.

Our goal in this chapter is to generalize this construction to chiral
algebra. We also discuss generalization to the quadratic-linear-scalar case.
Finally we present some simple example that parallel the well-know
examples of associative algebra.

2.1 BAR CONSTRUCTION AND TWISTING MORPHISM

We first introduce the bar and cobar functor for algebra and coalgebra. We
follow the discussion in [LV12]. Let (A,da, pta) be an differential graded
algebra with an augmentation ¢ : A — k. We denote A = kerg, then
A = k@ A. We define the bar construction of A to be the following
differential graded coalgebra

BA := (T°(sA),dpa = dy + da), (2.1)
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where T¢(sA) is the cofree coalgebra generated by sA. The differential d;
is induced by the differential d4 and the differential d, is the Hochschild
differential induced by the product p 4.

Similarly, given a differential graded coalgebra (C,dc, A) with a coaug-
mentation C = k & C. We define the cobar construction of C to be the
following differential graded algebra

OC := (T(s71C),dac = dy,dy) (2.2)

where T(s7°C) is the free algebra generated by s~!C. The differential d;
is induced by the differential dc- and the differential d; is induced by the
coproduct Ac.

Given a dg algebra A and a dg coalgebra C, we can equip the space
Hom(C, A) a dg algebra structure (Hom(C, A),d, ). The differential is
naturally induced from the differential of A and C. The product is given
by the convolution product

frg=po(f®g)oA (2.3)

One can check by definition that the differential 0 is indeed a derivation
with respect to the convolution product *.

Definition 2.1. A twisting morphism is a degree —1 map a : C — A that
satisfy the Maurer-Cartan equation

da+axa=0 (2.4)

We denote Tw(C, A) the space of twisting morphism from C to A.

Using the space of twisting morphism, we can show that the bar and
cobar construction form a pair o adjoint functors

Q) : {conil. dg coalgebras} = {aug. dg algebras} : B (2.5)

Theorem 2.2. For every augmented dg algebra A and every conilpotent dg
coalgebra C, there exist natural bijections

Homdg_Alg(QC,A) = TW(C,A) = Homdg—coAIg(CI BA) (26)

Given the bar and cobar construction, we can construct the standard bar
resolution as a twisted tensor product complex. We first define the twisted

10
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tensor product of a coalgebra C and a algebra A. Amap a : C — A also
induces a derivation d, on C ® A, which is defined by

g CoA ™ cocoa ™™ cogana ™ coa ()

Direct calculation shows that

Lemma 2.3. The coderivation dy := dcga + dl, satisfy
di = dgoc+oc*oc (2'8)
As a result, when o € Tw(C, A), we obtain a chain complex
CR,A:=(C®A,d) (2.9)

which is called the twisted tensor product.

From the identity map on BA we obtain the universal twisting map
7 : BA — A. Explicitly, this map is given by 7 : BA — sA — A — A.
We consider the corresponding twisted tensor product BA ®, A. We see
that this is the (reduced) bar resolution of A, which is an acyclic complex.
Similarly, we have the universal twisting map ¢ : C — QC, given by
1:C— C —s71C — QC. It gives rise to a acyclic complex C ®, QC.

2.2 KOSZUL DUALITY FOR QUADRATIC ALGEBRA

First we introduce the notion of quadratic data. A quadratic data (V, R)
is a graded vector space V together with a graded subspace R C V¥2. A
morphism of quadratic data f : (V,R) — (W, S) is a graded linear map
f:V — Wsuch that (f® f)(R) C S.

The quadratic algebra A(V,R) is defined by the quotient of free as-
sociative (tensor) algebra T (V) by the two sided ideal (R) generated by
R.

A(V,R)=T(V)/(R) (2.10)

Since (R) is a homogeneous ideal, A(V, R) is graded and we call this de-
gree weight. By definition, an element 4 in the image of V" — T(V)/(R)
has weight degree w(a) = n. Explicitly, A(V, R) is given by

A(V,R):k@V@(V®2/R)@---®<V®”/ ) V®i®R®V®f>@---
i+j=n-2
(2.11)

11
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It has the universal property that for any associative algebra A with
a algebra map T(V) — A such that (R) maps to 0, then there exists a
unique morphism A(V, R) — A which makes the diagram commutes

T(V) A

S / (2.12)

A(V,R)

Similarly, we define the quadratic coalgebra C(V, R) as the sub-coalgebra
of the cofree coassociative coalgebra T¢(V), cogenerated by R. Explicitly,
C(V,R) is given by

C(V,R)=k®V@®R® - & ( N V®i®R®V®f> O (2.13)
i+j=n-2

It has the universal property that for any coalgebra C with coalgebra maps

C — T¢(V) such that the composition with the projection T¢(V) — V®2/R

is 0, then there exist a coalgebra map C — C(V, R) such that the following

diagram commute

C(V,R)
PN
C (V)

Let (V,R) be a quadratic data (V, R),. By definition the Koszul dual
coalgebra of the quadratic algebra A(V, R) is the coalgebra

Ai = C(sV,s’R) (2.14)

where s2R is the image of R in (sV)®2.
We define the Koszul dual algebra of the quadratic algebra as the linear
dual of Al. Dualizing the exact sequence

0—+R—-V®2 5 V®2/R =0 (2.15)
gives us the exact sequence
0— R = (VH)®2 5 R* =0 (2.16)

where R* is the image of (V®2/R)* in (V*)®2. In other words, R* is the
subspace of (V*)®? that consists of elements f that vanish on R, f(R) = 0.

12



2.2 KOSZUL DUALITY FOR QUADRATIC ALGEBRA

Therefore, we find that the linear dual of C(V,R) is given by
A= A(s71V*,s72RY) (2.17)

Now we consider the bar construction for a quadratic algebra. There are
two natural gradings on BA for A = A(V, R): a homological degree and a
weight degree. An element say ® - - - ® sa, € (sA)" is of homological degree
n and weight degree w(a1) + - - - + w(a, ). We define a syzygy degree to be
the weight degree minus the homological degree. For example, the syzygy
degree of sa1 ® - - - ®sa, € (sA)"is w(ay) + - - - + w(a,) — n. The complex
BA is now bigraded by syzygy degree and the weight, and the differential
raises the syzygy degree by 1. The syzygy degree d component of BA is
denoted B?A, and the weight n component of of BA is denoted (BA)™,
We illustrate this bi-grading in the following diagram

(4)

®3 @2 -
0 V®1¥+R®V — (VT @V)e (Ve %) «— y®s (3)
®2
0 — VR - V2 2)
0 — 14 (1)
k (0)
3 2 1 0

We indicate the syzygy degrees on the bottom row and weight degrees are
indicated on the rightmost column.

We see that the syzygy degree 0 column forms the cofree coalgebra
T¢(sV). Therefore the Koszul dual coalgebra Ai = C(sV,s?R) is a subspace
of this column, and we get an inclusion map

i: Al — BA (2.18)

which factors through the syzygy degree 0 component B’ A. Moreover, we
can show that this inclusion is an isomorphism to the degree 0 component
of the homology.

Proposition 2.4. The natural coalgebra inclusion i : Al — BA induces an
isomorphism of graded coalgebras

i: Ai~ H(B"A) (2.19)

13



2.3 CHIRAL AND FACTORIZATION ALGEBRA

Under the inclusion i, the universal twisting morphism 77 : BA — A
becomes the following map

k:C(sV,s’R) — sV =V — A(V,R) (2.20)

Lemma 2.5. We have k € Tw(Ai, A).

We see that the Koszul dual coalgebra Al is a good candidate to replace
the very big bar coalgebra BA. The main theorem of (quadratic) Koszul
duality theory is the following criterion that characterize this property.

Theorem 2.6. (Koszul criterion). Let (V,R) be a quadratic data. Let A =
A(V,R) the associated quadratic algebra and Ai = C(sV,s*R) its quadratic
dual coalgebra. Then the following assertions are equivalent

1. The right Koszul complex At ®, A is acyclic.

2. The inclusion i : Al — BA is a quasi-isomorphism.

Let A = A(V,R) be a finitely generated quadratic algebra. For A a
Koszul algebra, we can use the Koszul complex to compute the derived
Ext functor by

Exta(k, k) = H (Homy (A @« Al,k)) (2.21)

Corollary 2.7. If A = A(V, R) be a finitely generated quadratic algebra and is
Koszul, we have an isomorphism

Exta(k k) = A’ (2.22)

In the finitely generated case, we can also identify the space of twisting
morphism as the space of solutions to the Maurer-Cartan equation. We
can reformulate Theorem 2.2 using the Koszul dual algebra

Corollary 2.8. Let A be a finitely generated Koszul algebra. Then we have a
quasi isomorphism
MC(A ® B) = Hom(A', B) (2.23)

2.3 CHIRAL AND FACTORIZATION ALGEBRA

Before we consider the quadratic duality theory for chiral algebra, we first
give a brief review of some basic definitions of chiral algebras and factor-
ization algebras. For more details, see [BDoyg, FBZo4, Gaig8]. Throughout
this section, X stands for a smooth curve over C.

14



2.3 CHIRAL AND FACTORIZATION ALGEBRA 15

Definition 2.9. Let A be a Z-graded Dx-module. A chiral algebra structure
on A is a degree 0 Dy2-module map [BDog4]:

i jfARA — A(A),

where A : X — X2 is the diagonal embedding and j : U = X?> — A — X?
is the open embedding.
The map u satisfies the following two conditions:

¢ Antisymmetry:
If f(z1,2z2) -aXb is a local section of j.j* AX A, then

H(f(z1,22) -a®b) = —(=1) Vo (f(z2,21) - b W), (2.24)
where 071, acts on A,.A by permuting two factors of X2.

¢ Jacobi identity:

If a®bXc- f(z1,2,23) is a local section of j,j*A® where j is the
open embedding of the complement of the big diagonal in X?. Then

u(p(f(z1,22,23)-aX¥b)Kc) + (—1)|“‘(|b‘+|c‘)01,2,3y(y(f(zz,Z3,zl) bR c)Xa)+
(_1)\C|(|ﬂ\+\b|)gl—/2llay(y(f(z3,21,22) -cXa)Xb) =0,

here 07153 denotes the cyclic permutation action on AX~X’ A and
AX=X* . X 5 X3 is the diagonal embedding.

Now we give the definition of the factorization algebra. Later we will
discuss the relationship between chiral algebras and factorization algebras.

We use the following conventions in the definition. For a surjective map
7t : ] — I between two finite sets [ and ], let jU/I] - Ul < XJ be the
complement to all the diagonals that are transversal to AU/D : XT < XJ.
Therefore one has

ub/n — {(xj) c X . X, # Xj, if t(j1) # ”(]2)}

Definition 2.10. A factorization algebra on X consists of the following
datum:

(1) A graded quasicoherent sheaf By over X! for any finite set I, which
has no non-zero local sections supported at the union of all partial diago-
nals.

(2) Isomorphisms of graded quasicoherent sheaves

v = U/ AU B 55 By
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for every surjection 7 : | — I and compatible with the composition of the
m's.

(3) (factorization) For every surjection | — I, there is an isomorphism of
Ou[[/]] -modules

i/ 1]'[]/“*(% By) = jU/ 1% By,

We require that ¢’s are mutually compatible: for K — | the isomorphism
¢k, coincides with the composition c(g, 1](.&1C[Ki /1:])- And ¢ should be
1€

compatible with v: for every | — J' — I one has
1/U/])AU”/)*(C[J/ID = C[]’/I}(ilv(]i/m)'
(4)(unit) There exists a global section 1 of Bx such that for every f € Bx
one has 1X f € By» C j.j*B%* and A*(1X f) = f.

There is an equivalence between the category of factorization algebras
and that of chiral algebras [BDo4]. More precisely, we can obtain a chiral
algebra from a factorization algebra B as follows. For each surjection | — I
we have a natural isomorphism of left D—modules

AU/D*By; = By,
We can rewrite it as an isomorphism of right Dy ;-modules
AR @0, By = A (W @0, Bx).
In particular for A : X — X2, we have
Awx ®o, Bxe = Av(wx ®oy Bx)-
Then we have

jof B = jijfwX? ®0,, Bxe = Awwx ®o, By = Av(wx ®o, B) = AB'.

(2.25)

One can verify that the above binary operation makes the right Dx-module
B into a chiral algebra.

Now we explain the inverse direction. Suppose we have a chiral algebra

A, then we define Fyi = AL, := Ay ®0,, wyi on X!. Here Ay is the

intersections of the kernels of all the chiral operations on j,j*A®!. Then

we have
AV D*Fyy o Fy

and F is a factorization algebra. See [BDog4, Section 3.4] for more details.

16



2.4 CHIRAL QUADRATIC DUALITY

2.4 CHIRAL QUADRATIC DUALITY

We would like to generalize the previous construction of Koszul duality
to the world of chiral algebra. On the one hand, possible construction
of chiral algebra is limited due to the axiom of locality. For example,
there is no chiral counterpart of tensor algebra. On the other hand, we
still have the chiral analog of quadratic algebra, and a proper quadratic
relation is required for locality to hold. There is also a vertex algebra
version of this construction [Roio1]. We use the chiral algebra language as
it is more convenient to prove some theorem. We use this construction to
formulate the chiral quadratic duality and extend it to non-homogeneous
cases [GLZ22].

Throughout this section, X denotes a smooth complex algebraic curve
and j : U — X x X denotes the complement of the diagonal.

Quadratic constructions

We first introduce the chiral algebra freely generated by a given non-empty
set of sections subject to quadratic relations, constructed in [BDo4, Section

3.4.14,pp184].

Definition 2.11. A chiral quadratic datum is a pair (N,P) where N is a
locally free Z-graded Ox-module of finite rank and P C j,j*NX N is a
locally free Ox x-submodule such that P|y; = N X N|y;.

Remark 2.12. In the original construction [BDog], N can be any quasi-
coherent Ox-module and P can be any quasi-coherent submodule of
j«j*N X N. Here for simplicity, we will only consider the case when both
N and P are locally free.

Remark 2.13. The condition P|; = N X N|; is the main difference from
the quadratic algebra case. It corresponds to the locality axiom in the
definition of vertex algebras. This simply means that for every local section
aXb e NX N, we can find an integer n >> 0 sufficiently large such that
(z1 —z2)"a® b € P where z1,z; are local coordinates on X2. It translates
to the locality axiom: for every pair of generators (a,b) of a vertex algebra,
we have
a(n)b:O, n>>0,

here —,)— is the standard n-th product notation in vertex algebras.

Suppose we have a chiral quadratic datum (N, P). We present the uni-
versal property satisfied by the quadratic chiral algebra that correspond
to (N, P). This is simply a generalization of the universal property of
quadratic algebra 2.12.

17



2.4 CHIRAL QUADRATIC DUALITY

Consider a functor on the category of chiral algebras C.A(X) which
assigns to a chiral algebra A the set of all Ox-linear morphisms

such that the chiral product yi 4 annihilates the submodule ¢*2(P ®0,,
wyx2) C j«j* A¥2. Beilinson and Drinfeld prove that this functor is repre-
sentable. They refer to the corresponding universal chiral algebra as the
chiral algebra freely generated by (N, P). We will denote this chiral algebra
by A(N, P).

Definition 2.14. The quadratic chiral algebra associated to a chiral quadratic
datum (N, P) is defined to be A(N, P).

We do not present the detail of the construction of A(N, P) here. The
reader can refer to [BDog, 3.4.14,pp184] for detail.

Motivated by the construction of the quadratic duality for quadratic
associated algebra

A=A(V,R) — A' = A(s"1v*,s72p1), (2.26)
we introduce the quadratic dual relation P+ as follows.

Definition 2.15. Let (N, P) be a chiral quadratic datum. Define a Ox x-
submodule P of j., j*slex,l X sleZ,l as follows. Consider the following
sequence of maps

C o — - (=~D k=2

jij’s 1NZ,1 X s 1Nx,1 ~——"p Homg_, (P, jij"s 2cqul) (2.27)
— I‘IOI’I‘I()X2 (P, SfZAIw)O,

where the first map is given by the restriction of the natural pairing
(= =) (' NBIN) @0, (juf's Nt RsTING ) = fuf*s 2wy

to P. Let P* be the kernel of the composition. In other words, we have pt
is the sheaf of sections whose pairing with P is regular. We have

Pty = {t|Vp € Ply, (t,p) € s 2wy v}
for any open subset V of X x X.

In general, the pair (slex,l, P1) is not a chiral quadratic datum. For
example, we can take P to be j,j*N X N itself. Then P+ will be the zero
sheaf and does not satisfy the condition P|y; = N X N|;. This leads to the
following definition.

18



2.4 CHIRAL QUADRATIC DUALITY

Definition 2.16. A chiral quadratic datum (N, P) is called dualizable if
Py =s'N/,Ks N |u.

From the following proposition, we can obtain a dual chiral quadratic
datum from a dualizable chiral quadratic datum.

Proposition 2.17. If a chiral quadratic datum (N, P) is dualizable, then
Pt ~s72pY ®0,, w;(zl,

here PV = Homo,, (P, Ox2) is the dual of P. This implies that P+ is also locally
free and (N _,, P+) is a dualizable chiral quadratic datum.

Proof. Assume that rank(N) = r. We first show that there exists a positive
integer k > 0 such that
P C NXIN(kA).

We prove this by contradiction. Suppose that for any positive integer
k > 0, P is not contained in N X N(kA). Then we can find an open subset
V C X such that N and N V,l can be trivialized on V (and we denote a
basis of N|y by {e;j}1-1 and a sequence of sections

.....

{ Z fgei@e]-}nzl, Z f[;ei &6]' € F(V X V,P|va)

1<i,j<r 1<i,j<r

which satisfies that
1<i,j<
{orda(f) }=1™
is unbounded below. Here the notation ordy means the pole order along
the diagonal. This means that we can find (ip, jo) € {1,...,r} x {1,...r}

and n; < np < n3z < --- such that {ordA(f"" )}i>1 is unbounded below.

'ReYd
Then we conclude that for k € Z, M

= é T(V xV, PL’VXv) This
implies that P is not dualizable, we get a contrad1ct1on
We conclude that P is a locally free sheaf of rank 2. Then the obvious
map

1 —2pV -1

P~ — s “P ®0,, Wy
is an isomorphism. In fact, we can construct an inverse as follows. We
work locally as above, suppose {e; Me;} (resp. {pi}) is a local basis of

N X N (resp. P). We can find local functions { i’;}, { fz]_1 k1 regular away
from the diagonal such that

2
k -1k
Z fz-]-ei X 6]‘, €; X ej = Z fl] Pk-
k=1

1<i,j<r

19



2.4 CHIRAL QUADRATIC DUALITY

Define
v —1k,V v
py E fi el Wef.
1<i,j<r

This defines the desired inverse s 2P ®o,, w;@l — pt, O

Now we are ready to introduce the notion of quadratic dual chiral
algebra.

Definition 2.18. Let A(N, P) be a quadratic chiral algebra associated to a
dualizable quadratic datum (N, P). We define A' to be

A(s7INY_,, Ph).

We call A' the quadratic dual chiral algebra of A.

Since P is locally free, we have PV = P which implies that (A')' = A.

This explains the name of "quadratic dual chiral algebra".

Non-homogeneous constructions

In this subsection, we modify the construction in the previous discussion to
study the non-homogeneous cases. Namely, we introduce a duality notion
that can be viewed as a chiral analogue of non-homogeneous quadratic
duality for associative algebras [LV12, Posg3].

Let 1° ~ Ox be a copy of the trivial line bundle.

Definition 2.19. A chiral quadratic-linear-scalar (QLS) datum is a chiral
quadratic datum in the form of (N @ 1°, P°), such that

i INR1P@1°RIN3G1°K1°)NP° = NK1°G1° KN @ 1° K 1°

The QLS chiral algebra associated to a QLS datum (N & 1°, P°) is defined
to be
AN @ 1°,P°)

A(N,P°)qrs == 15 —1.,)

where 1, = wx is the unit and (1, — 1,,) is the ideal generated by 1, — 1,,.

For a chiral quadratic datum (N & 1°, P°), we denote qP° C j,j*NX N
to be the image of

P’ i, (IN®1°) R (N®1°) — j.j*NKN,

where the first arrow is the inclusion and the second arrow is the projection.

Using the fact that (qP°)+ C P°*, we have the following lemma.
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2.4 CHIRAL QUADRATIC DUALITY

Lemma 2.20. Assume that the chiral quadratic datum (N @ 1°, P°) is dualizable.
Then the identity map id : s7'N_, — s~'NY_, induces a injective morphism of
chiral algebras

it A(sTINY, (qP°)F) — A(sINY @sTi10 L, PO,

Retain the same notations, we introduce the notion of dualizable chiral
QLS datum.

Definition 2.21. We call a chiral QLS datum (N & 1°, P°) dualizable if
(N &1°, P°) is dualizable as a chiral quadratic datum and
1) The inner derivation

d:=pu(s11°X ) :

A INY  @s 112, PH) = ALA(STINY L @sT110 L, POY)
preserves Im(i). More precisely, d(a) is in the image of A.i if a is in the
image of i;

2) The element p(s~'1° Ks7'1°) € A, A(s7'NY_, @s7'1° ,,P°F) is in
the image of A.i.

Here, the notation s 11° means the identity global section s711° €
['(X,s 10x).

We introduce the notion of twisted pair which later will serve as the
"dual chiral algebra" of a QLS chiral algebra.

Definition 2.22. A twisted pair is a triple (B, B°,S), where B° is a graded
chiral algebra and B C B° is a subalgebra. And S € I'(X, B°) is a global
section of degree -1 such that

1) the map (hXid)u(S® —) : B° — B° preserves the subalgebra B.
Here (M) := M ®p, Ox denotes the de Rham sheaf for any right Dx-
module M,

2) the element (S X' S) belongs to A.B.

The following proposition is just a reformulation of previous definitions.

Proposition 2.23. Let (N @ 1°, P°) be a dualizable chiral QLS datum. Then the
triple

(A(S_lefl, (qPO)J‘),A(S_lNZ,l D S—llo PoJ_),S—llo)

w1
is a twisted pair.

We define the quadratic dual of the chiral QLS algebra A(N, P°)qLs to
be the above twisted pair.
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We now introduce the notion of chiral CDG-algebra (curved DG-algebra)
which will appear in Section 2.6.

Definition 2.24. A chiral CDG-algebra is a triple (B,d,t), where B is a
graded chiral algebra, d : B — B is a derivation of B of degree —1, that is,
d satisfies

d(u(aX b)) = u(da®b) + u(aXdb).

And 1 € T(X, B) is a global section of degree -2 which is called curving. It
satisfies the following

D d(—) = (NRid)(1E ),

2)d(1) = 0.

We can obtain a chiral CDG-algebra from a twisted pair.

Proposition 2.25. Let (B, B°,S) be a twisted pair. Define
d:=(hXid)uy(SX—): B— B,
1= (hRid)u(SKS) € [(X, B),

then (B,d, 1) is a CDG chiral algebra.

Proof. 1t follows directly from the definition. O

Remark 2.26. In the case of associated algebra, Positselski [Posg3] defines
the dual of a QLS algebra to be a CDG algebra constructed from the QLS
data. However, in the context of chiral algebras, passing from the twisted
pair to the CDG-algebra loses information. Also, the twisted pair is more
suitable to construct the curved chiral chain complex which serves as the
chiral analogue of the curved Hochschild chain complex in [Posg3].

2.5 MAURER-CARTAN EQUATION AND QUADRATIC DUALITY

In this section, we study the relationship between chiral quadratic duality
and the Maurer-Cartan equations. In the associative algebra case, we have
shown that if an algebra A is Koszul, then the space MC(A ® B) := {a €
A ® Blla,a] =0, |a] =1} of solutions of the Maurer-Cartan equation has
a one-to-one correspondence with the space Hom(A', B) of algebra homo-
morphisms. We study similar correspondence for chiral algebras. However,
it not clear to us how to define the Koszulness for chiral algebras at this
stage. Nevertheless, we establish the chiral analogue of this connection for
some special cases.
We first introduce the Maurer-Cartan equation for chiral algebras.
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Definition 2.27. Let A be a graded chiral algebra. The Maurer-Cartan
equation is defined to be

ua®a)=0, acIl(X A), |a| =1

The set of the solutions is denoted by MC(A).

Remark 2.28. Sometimes, one encounters a weaker form of the Maurer-
Cartan equation. It has the form of h(p(a X a)) = 0, where h(—) = — ®p,
Ox is the de Rham sheaf. For example, in [Li23] the author established
an correspondence between renormalized quantum master equations and
this form of Maurer Cartan equations of vertex algebras. In the language
of vertex algebras (suppose that X = C), a constant section vdz satisfies
the equation in Definition 2.27 is equivalent to v(,)v = 0 for n > 0. While
the latter equation is equivalent to v()v = 0.

We recall the definition of tensor products of chiral algebras. Suppose
that .4; and A, are chiral algebras. We denote the corresponding factor-
ization algebras by F(.A;),i = 1,2. Then

Fxi = F(A1)xi Qo F(A2)xi

is also a factorization algebra. The tensor product A; ® A; is defined to
be the chiral algebra that corresponds to F.

Remark 2.29. Suppose X is the complex plane and A; = X x (V;)w,i = 1,2,
where V; are vertex algebras. Then the above tensor product is the same as
the usual vertex algebra tensor product.

In the context of quadratic associative algebras, the tensor product of a
quadratic algebra and its dual contains a canonical element that satisfies
the usual Maurer-Cartan equation. Here we have the chiral algebra version
of this.

Proposition 2.30. If we take A to be A(N,P) and A’ to be A(s"'NY_,, P+)
then the canonical element ¢p(s~'1d) € T(X,p(s !NV ®p, N)) C (X, A'®
A) is a solution to the Maurer-Cartan equation. Here ¢ : s 'NY ®p, N —
A' @ A is the natural map.

Proof. Suppose that rank(N) = r. To simplify the notation, we omit the
symbol ¢ and pretend that s 'N" @ N is a submodule of A' @ A. We can
cover X X X by open subsets, such that we can find a collection of sections

{Pf’é}azl,...,rzlplx € P‘V;

and
{Pot/}azl,..,,rzfpv\c/ € PL ®(9Xz wX2|V/
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such that

72
s "MdXs 'Id|y = } P/ ® P, (2.28)
=1
for each open subset V' that belongs to the covering. By the definition of
the tensor product of chiral algebras, we have

pt ®o,, P®o,, wx2 Ckerp gig 4.

This implies that y(s~!1d Xs~!1d)|y = 0 for every V. Therefore (s ' I1d X
s7Id) = 0.
U

Parallel to the quadratic associative algebra case, we can characterize
morphisms from a quadratic chiral algebra A = A(N, P) to an arbitrary
graded chiral algebra B as solutions of the Maurer-Cartan equations for
A'® B, i.e., the tensor product of the chiral quadratic dual and the target
chiral algebra.

Theorem 2.31. Let B be a graded chiral algebra. There exists an injective map
Hom(A(N, P), B) < MC(A(s 'N’.,, P+) ® B).

Proof. Suppose that we have a morphism ¢ : A(N, P) — B. We claim that
the element

(id® ¢)(s_'1d) € T(X, A(s 'N"_,, P*) ® B)

is a solution of the Maurer-Cartan equation. This claim follows from
Proposition 2.30 and the fact thatid ® ¢ : A' ® A — A' ® B is a morphism
of chiral algebras. The injectivity follows from the construction — (id ®
¢)(s~'1d) is a zero section if and only if ¢ = 0. O

We can show that the above injective map is bijective if we put more
conditions. We introduce the notion of effective chiral quadratic datum.

Definition 2.32. A chiral quadratic datum (N, P) is called effective if the
natural map ¢ : N, — A(N, P) is injective and (for simplicity of notation,
we will omit the symbol ¢)

Remark 2.33. It is easy to find effective chiral quadratic datum. We can
start from an arbitrary chiral quadratic datum (N, P). If P! ®p, wx> =
jxj* New B Ny Nker pi 4 py is locally free, then we can take (N, P') to be our
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new chiral quadratic datum. From the construction in [BDogy, 3.4.14,pp184],
we have A(N,P) = A(N,P’) and (N, ) is effective.

Theorem 2.34. Let BB be a graded chiral algebra which concentrated in degree o.
Assume that N is in degree 0 and (s 'N_,, P+) is effective, then there exists a
bijection

Hom(A(N, P),B) 2 MC(A(s"'N”_,, P+) ® B).

Proof. We omit the symbol ¢ as before. We use the notation A = A(N, P), A' =

A(s~'NY_,,P+). Suppose that we have « € A' ® B, |a| = 1 satisfies the
Maurer-Cartan equation. Since we assume that both B and N are in degree
0, we have

a€sINY, ®o, BC A ®B.

Then « defines a morphism of Ox modules
¢ : No — B,

Pa(—) = (sa, —).
Note that we have
(id ® ¢ ) (s~'1Id) = a.

We can cover X? by open subsets UV;. We can find {P.}, {P} " }such that
the equation 2.28 holds on V;. Now take V = V;, we have

0=p(aBa)ly = p((i[dRid) @ (¢ B ¢y)(s—1d Bs~1d))|v

= u((idRid) ® (¢a K a)(Y_ PY @ Pu)) v

wEeS

= ]/l(ZP;/ ® (¢a X o) (Pu))|v-

®ES

We have

(X P @ (¢ B a)(Po))lv =} P/ ® Qs Qu € ker(pp)lv

wEeS wEeS

since we assume that (s"'N"_,, P*) is effective. This implies that

1B((pu M) (Po))|lv = up(Qa) =0, a €S.
O

We can generalize the notion of Maurer-Cartan equation to twisted pairs.
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Definition 2.35. Let A be a graded chiral algebra and (5, B°,S) be a
twisted pair. The Maurer-Cartan equation is defined to be

u(S+a)X(S+a)) =0, acl (X, ARB), |a| =1.
The set of the solutions is denoted by MC((B, B°,S) ® A)

Proposition 2.36. If we take A to be % and (B, B°,S) to be

(A(sINY4, (qP°)F), A(sINY  @s 112, P°H),5711°) (2.29)

w17

the canonical element s~11d € T(X,s NV ®o, N) C T(X, B® A) is a solu-
tion to the Maurer-Cartan equation.

Proof. The identity element s—'1d° € I'(X, (s7INY, @511 ) @0, (N &
1°) ®p, wx) satisfies the usual Maurer-Cartan equation in B° @ A(N @
1°,P°)

u(s~1d" Xs~'1d”) = 0.

Note that s 'Id° = s Id+ S € I'(X, B°® .A), the proposition follows. [

Theorem 2.37. Let C be a graded chiral algebra and (B, B°,S) be the twisted
pair (2.29). Then there is a injection
A(N & 1°,P°)

Hom( 15— 1,9

,C) = MC((B,B°,S) ®C).

Proof. Suppose there is a morphism of chiral algebras

P 1)

Note that ¢ is induced by the following morphism

— C.

§: ANN®1°,P°) = C
such that ¢|n, = ¢|n, and P|1s = 1 = wx. Then
w=@(sId’) — S = p(s~'Id)

is the solution of the Maurer-Cartan equation.

Similarly, we have the following theorem.
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Theorem 2.38. Let C be a graded chiral algebra concentrated in degree o and
(B, B°,S) be the twisted pair (2.29). Assume that N is degree 0 and (s"'N_, &

5*112],1, P°L) is effective. Then there is a bijection

AN @1°,P°)

Hom( 15— 1.9

,C) = MC((B,B°,8) ®C).

Proof. Suppose we have a solution « of the Maurer-Cartan equation. We
can define a map ¢, : N, © 12, — C such that

a = (id ® o, ) (s—'1d),

and ¢ul1e 1 15, = C is equal to the unit map wx — C. Then repeat the
proof in Theorem 2.31, we have a morphism of chiral algebras

$o: AINS1°,P°) = C,

and it factors through the ideal (1, — 1,,) by construction. Thus, we have
a morphism
~A(N®1°,P°)

OPu s, —1,) — C.

The proof is complete.

2.6 EXAMPLES

There are some classical examples of Koszul duality for associative algebra.
The most famous example of Koszul dual algebras are the symmetric
algebra S(V) and the exterior algebra AV". In the non-homogeneous case,
we have the Koszul duality between the universal enveloping algebra U(g)
and the Chevalley-Eilenberg algebra CE(g). In this section we discuss
examples of quadratic duality for chiral algebra that parallel the cases of
associative algebra.

Commutative chiral algebra

First, we consider the simplest quadratic datum (N,P = N X N), with
N locally free of finite rank. We have A(N, P) = Sym(Np), which is the
commutative chiral algebra generated by Np := N ®o, Dx.

The dual quadratic datum is given by (slex,l, pl = slex,l X sleLX,1 ).

It automatically satisfies P1|; = s_le,l X s‘lNZ,l |u, so this quadratic
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2.6 EXAMPLES

datum is dualizable. We have A(s'NY_,, P*) = Sym((s"'N"_,)p), which
is the graded commutative chiral algebra generated by (s™'N"_,)p.

Another pure quadratic example

Let N be the free Ox-module N = @?_; Ox. We denote the corresponding
basis by {¢;}i—1 4. We define P to be the Ox» module with basis

i X ¢;, {i,j} # {1,2},
1 X o — ! 3 X by,

Z1 — 22

1
X 5.
P—— P4 X p3

¢ Xy +

For the dual datum, we have slex,l = @}, s lwy'. We denote the
corresponding basis by {¢; = s71¢,"}i_1_4. Then P! has the following

basis o
vy, {i,j} # {3,4},

1
P3 Xy + P Xy,
Z1 — 22

1
Z1 — ZQl/JZ X 1/71~

Pa W ps —

P+ defined above satisfies P1|;; = 5*1N¥,1 X slex,l |u, so this quadratic
datum is dualizable.

Affine Kac-Moody chiral algebra

Let g be a finite dimensional Lie algebra with an invariant pairing x. We
take a basis {x, }1<<n of g. Let N = g @ wy'. We let P° C j,j*(N@®1°) K
(N @& 1°) to be the Ox2-module defined by the following basis

1°K1°,
1°Nx, x,X1° 1<a<nmn,
X, X —li(i)(f&x FaR1) - 0 1°K1°,;1 < a,b<n
a ]/b 2 = Zl o Zz [ c (Zl . 22)2 77 —= Yy = ’
(2.30)
where x,; = k(Xg, Xp).
As a more familiar construction, we consider the affine Kac-Moody
Lie* algebra g}, = gp @ wx. It gives rise to the twisted chiral enveloping
algebra U(gp)* [BDog, Section 3.7.25, pp227].
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2.6 EXAMPLES 29

Proposition 2.39. We have an isomorphism of chiral algebras

AN @ 1°,P°)

<1ZJ — 1w> = u(gD)K'

Proof. On the one hand, we have a map N, ® 12, — g5, — U(gp)~. By the
universal property, we get a map of chiral algebra A(N & 1°,P) — U(gp)*.
By construction, 1¢, is mapped to the unit of U(gp)”*. Therefore we have a

map of chiral algebra W — U(gp)*~.

On the other hand, we consider the map N, ® 1, — w, which

<12)_1w>
extends to a Dy-module map g}, — “%N@fllj) Using the relation 2.30,

we find that the image of this map has the same Lie* bracket as g,.

Therefore we get a map of Lie* algebra g}, — % By the universal

property of (twisted) chiral envelope, we have a map of chiral algebra

A(Ne1°,P°
U(gp)" — Elwfh:))
The composition g}, — ANy qp

(12;_1w>
U(gp)*. Therefore the composition U(gp)* —

(gp)"* is the canonical map g, —

ANSP?) U(gp)" is the

<127_1w)
ANe1P) g A(N@1°,P°)

identity. Similarly the composition e T (gp)* — =
also gives the identity.

Now we analyze the quadratic dual datum. We find that P°* is given
by the following basis

_ _ K _ _
s 112,1 X s 112],1 + %s LY ®s1xy,
1<a,b<n (Zl - 22)
_ _ 1 & _
s 112]_1@5 1x;/+§ Z _Jab g 1x}{&s lx;,/, 1<c<mn,
1<a,b<n 21— 22
a _ 1 £ _ _
s lx) Xs 112},14—5 ) b s~lyV sy, 1<c<n,
1<a,b<n 21— 22

s_lxg @s_lxiy, 1<ab<n.

We see that (N @ 1°, P°) is dualizable as qudratic datum. The quadratic
projection (qP°)* is given by the following basis

sy Ms lxy, 1<ab<n.

Therefore, the chiral algebra B = A(s'NY_,, (qP°)*) = Sym((s"'N"_,)p)
is the graded commutative chiral algebra generated by s 'N”_,.

We denote B° = .A(s_lN;)/,1 @5_112},], P°t). To prove that (B, B°,s~!1°)
is indeed a twisted pair, we analyze the differential and the curving ele-
ment.



2.6 EXAMPLES

Proposition 2.40. The differential defined by d = (hXid)u(s~11° X —) pre-
serves 3. Moreover, the DG chiral algebra (1,d) is isomorphic to the Chevalley
DG algebra (C(gp),dcg) for the Lie* algebra gp (see [BDog, Section 4.7, pp348]
for details, where they use the name “de Rham-Chevalley algebra” as the construc-
tion is for general Lie* algebroids).

Proof. B is a commutative chiral algebra, which coincides with C(gp) as
plain graded chiral algebra. The corresponding left D-module B' is a
commutative Dx-algebra.

We denote the image of s~!x) under slex,l — B! by the same symbol
s~!xY. Using the dual relation we can compute d restricted to slex,l ®
wy as follows

d(s1x)dz) = (hRid)u(s11° K 1x)dz)

C
_1 Y (hX id)pu(—2%—s1xVdz s~ 1x)/dzy).
2 | <apsn 212
The chiral map u restricted to B is given by the commutative product on
B'. We can simplify the above map as follows
d(s x)dz) = % Yo (s s )dz.

1<a,b<n

Since d is a D-module map, the above result extend toamap d : (s"'N" ,)p
B. We see that d restricted to (sleaV],l)p is given by the composition

(sINY)p 5 (5TINY ) ® (s7INY L )p — Sym3((s~'NY.,)p), which
coincide with dcg.
The Jacobi identity of chiral map implies that d satisfies Leibniz rule
with respect to the chiral map. We thus complete the proof.
O

The final ingredient is the curving. Using the dual relation we find that
it is given by

1= (hRid)u(s 11 Xs 1)

=— i _ Kab -1,V Y
= 1§§§n(h&1d)y((21 _Zz)zs X, dzy Ws™ x;)dzo).

We see that (hXid)u( (Zl'ﬁ‘zz)zs‘lx;/dzl X s~1x)dz;) is indeed an element
of B. Therefore the triple (B, B°, s~11° ) is a twisted pair and serves as the
quadratic dual of U(gp)*.

From the vertex algebra point of view, the vertex algebra corresponding
to the twisted chiral envelope U(gp)* is the affine Kac-Moody VOA Vi (g).
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2.6 EXAMPLES 31

The quadratic dual vertex algebra can be identified with the graded com-
mutative vertex algebra VCE(g) := CE(Lg) equipped with the Chevalley-
Eilenberg differential and a curving. Explicitly, we denote

{]a Z ]u - 71}1§a§n

nezZ

the set of generating fields of Vi(g). The quadratic dual vertex algebra
VCE(g) is generated by fields {c¢?(z) = ¥ Cly =11 <4<n- The differen-

nez
tial can be expressed as follows

sy =—3 ¥ L (7)o,

1<b,c<nr+s=m

where we define 9"c® = 9"¢”(0)|0). Using VOA axiom, 9"¢? can also be
identified with T"c?. The curving element can be identified with

t=— Y kwp(0c")c

1<a,b<n

The canonical element s~'Id € T'(X,s 'N ®oy, N) corresponds to the
following element in the vertex algebra Vi (g) ® V<E(g)

n
I = Z ]a ® Ca.
a=1

We can verify the corresponding Maurer-Cartan equation using vertex
algebra operation. Note that I ) = }_ Y Jan We find the

1<a<nl+m=-1
following

Igl= Y foleeccd+ Y |0) ®xup(dc")c”

1<ab,c<n 1<a,b<n

We also have 1
dI — _E Z fgC]pI@CbCC.

1<a,b,c<n

Therefore, the following Maurer-Cartan equation is satisfied

1 1
al + EI(O)I + Sl = 0. (2.31)
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Wecanusel,,) = Y Y Jaa) ®cfy to check that the stronger form
1<a<nl+k=m—1 (k)
of Maurer-Cartan equation (see the Remark 2.28) is also satisfied

Iyl =0, form > 1. (2.32)

As a consequence, for any vertex algebra V and a homomorphism
¢ Vi(g) =V, (p ®id)(I) satisfies the Maurer-Cartan equation. On the
other hand, for any vertex algebra V concentrated in degree 0, a degree 1
element of VCE(g) ® V takes the following form

n
a=)Y c"®Yas ya€V.
a=1

For the (strong form of) Maurer-Cartan equation 2.31,2.32 to hold for «,
we must have

Ya,)Ys = Y farYes
c=0

Ya,(1)Yo = Kap|0),
Ya,m¥p =0, form > 2.

Using Borcherds identities [FBZo4], we find

[ya,(l)l yb,(m)] = Zf;bya,(l+m) + KapOn,—m-
c=1

This implies that the following map
Jo = Yo, 1<a<n,

defined a homomorphism of vertex algebra Vi (g) — V.

By system

Let L = @ L* be a finite dimensional Q(conformal weight)-graded su-
xeQ
perspace. Suppose that L is equipped with an even symplectic pairing of

conformal weight —1

(—, =) :L*oL™* = C.
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We define N = @ L* ® wy *. Let {x, }1<4<x be a basis of L. We consider
weQ
P° C j,j* (N ®1°) X (N @ 1°) defined by the following basis
1°K1°,
1°Nx, x,X1° 1<a<mn,

QO
xa M yp — - _’Zb221°®1°, 1<a,b<n.

where O, = (X, Xp).

Proposition 2.41. The chiral algebra % defined as above is isomorphic
to the chiral Weyl algebra W(L, (—, —)) defined in [BDog, Section 3.8.1, pp228].

The corresponding vertex algebra is the By — bc system.
Proof. This is a corollary of Proposition 2.39 O

We assume that the symplectic pairing is non-degenerate. Then the dual
relation P! is given by the following basis

Q
1 1 ab 1.V -1,V
s L KsTIe ) — sy WsT g,

1<a,b<n 21— 22
-1 Y “1,V g o—1
s sy, sTx, WsT1) 4, 1<a<n,

sy Rslx)/, 1<ab<n,
The quadratic projection (qP°)* is given by the following basis
s lxY Ms 1ty
We get the graded commutative chiral algebra A(s™'NY_,, (qP°)*) =

Sym((s"'N_,)p). The differential d is zero. The curving element is given
as follows

1= (hRid)u(s11° Ks™11°)

=— ) (n &id)y(is_lxuvdzl X s 1x)dz).
1<a,b<n

21 — 22

By identifying the chiral map with the commutative product of Sym((s !N ;)p)’
as in the proof of 2.40, we see that the curving ¢ is an element of Sym((s"'N"_,)p).
Moreover, ¢ is given by

- ) Qup(s1x) -s71x))dz

1<a,b<n



VERTEX ALGEBRA IN
DELIGNE CATEGORY

3.1 (PSEUDO-)TENSOR CATEGORY
Symmetric monoidal category

In this section, we briefly review the definitions related to symmetric
monoidal category. For more detail, see [EGNO15]
Definition 3.1. A monoidal category is a category C equipped with
1. A functor ® : C x C — C, called the tensor product functor;
2. A distinguished object 1 called the unit object;
3. A natural isomorphisma : (- ® —)® —) = (— ® (— ® —)), with
components:

axyz: (XQY)®Z S5 X®(Y®Z) (3.1)

called the associativity isomorphism;
4. Two natural isomorphisms /: (1® —) = (=), r: (—=®1) = (—),

such that the following two identity holds

Xx1,Y

(X1)®Y X®(1®Y)

1. triangle identity: @m A |
rx®idy 1dx by
X®Y

2. pentagon identity:

axXY,7 ®Ridw

(XRY)RZ2) W == (X (YR 2Z2) W

Dfxw,zw/ \"‘):,Y@Z,w

(X0Y)® (ZoW) X®(Y®Z)®W)

“Xm m&z,w

X®(Y®(ZOW))
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3.1 (PSEUDO-)TENSOR CATEGORY

Definition 3.2. Let (C,®¢,1¢), (D, ®p,1p) be two monoidal categories.

A (lax) monoidal functor between C and D is a triple (F, J,€), where F
is a functor F : C — D, Jxy : F(X) ®p F(Y) = F(X ®c¢ D) is a natural
isomorphism and € : 1p — F(l¢) is an isomorphism. These data are
required to satisfy the following conditions

1. associativity:

«D

(F(X) ®p F(Y)) ®p F(Z) ™5 "F(X) ®p (F(Y) ®p F(Z))
l]x,yéﬁpidnz) lidnx)@zvhf,z
F(X®cY)®pF(Z) F(X)®p F(Y ®¢ Z)
ymcy,z lfx,)@ﬂ
F(a$y z)

F(X®cY)®cZ) ——2 5 F(X®¢ (Y ®c Z))

2. unitality:

Ip ®p F(X) ) P (1) @p F(X)

ll?(X) l]]lc,X

idF(X)®€
F(X) ®plp —— F(X) @p F(l¢)

lr}?( X) l] X,]lc

F(X) +———— F(X®c1c)
F(r%)
Given an object X in C, an object X* is called a left dual of X if there
exist morphisms evy : X* ® X — 1 and coevy : 1 = X ® X*, called the
evaluation and coevaluation maps, such that the compositions

X coevx®1dx (X® X*) ® X &}x X ® (X* ® X) 1dx®evx X
. (3-2)

% 1dx*®coevx X, x, x* evx®1dx* x*

X X'®XeX) — (X'oX)eX*

are the identity morphisms.
Similarly, we have the notion of right dual *X of an object X.

Proposition 3.3. If an object X has a left (respectively, right) dual object, then it
is unique up to a unique isomorphism.

Definition 3.4. 1. An object X in C is called rigid if it has both a left
dual and a right dual.

2. A monoidal category C is called rigid if every object of C is rigid.

35



3.1 (PSEUDO-)TENSOR CATEGORY

Then we define the notions of braided monoidal category and symmetric
monoidal category.

Definition 3.5. A braided monoidal category is a monoidal category C
equipped with a natural isomorphism

UX’y1X®Y—>Y®X (33)
called the braiding, such that the following two hexagonal diagrams

commute

Xe(Y®Z) 2% (vyoz)®X

(XQY)®Z Y®(Z®X)

U’X,Ym %@UX,Z

YOX)®Z (> YR (X®Z)

and
XeY)0Z 2% 70 (X®Y)
X®(Y®Z) (ZeX)®Y

idxm /(/*Z,X{X)idy

X®(ZY) — (X®Z)®Y
Xy x,z
Definition 3.6. Let C, D be two braided monoidal categories. A monoidal
functor (F, ], €) between C and D is called braided if the following diagram
commutes

D
X),F(Y)

F(X) @p F(Y) 28 F(Y) 2p F(X)

lf XY J/] Y, X
E C

(UX/Y)
F(X®cY) ——— F(Y®¢ X)

Definition 3.7. A symmetric monoidal category is a braided monoidal
category for which the braiding satisfy the condition

oy, x 0 0xy = idxgy (3-4)
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3.1 (PSEUDO-)TENSOR CATEGORY

Karoubian category

In this section, we briefly review definitions of the Karoubian category,
also called the pseudo-abelian category.
Given a category C, an idempotent of C is an endomorphism e : X — X,
such that
eoe=e

An idempotent e is said to split if there is an object Y and morphisms
p:X—=Y,i:Y — Xsuchthate=iopandidy = poi.

Definition 3.8. A category C is called Karoubian if every idempotent splits.

Definition 3.9. A Karoubi envelope of a category C is a tuple (C", 1)
where C*" is Karoubian and ¢ : C — C*" is a fully-faithful functor such
that for any Karoubian category D, the restriction function

Fun(C*", D) — Fun(C, D) (3-5)
is an equivalence of categories.

Given a category, one can always construct its Karoubi envelope C¥*" as
follows. The objects of C¥*" are pairs (X, e) where X is an object in C and
e : X — X is an idempotent. The morphisms between (X, ¢) and (X', ¢’) is
given by

Hom((X,e), (X,¢)) = {f € Hom(X,X')[foe=¢'of}  (3.6)
We use the following terminology in our paper.

Definition 3.10. 1. A pseudo-abelian category is a additive Karoubian
category.

2. A pseudo-tensor category over a field k is a pseudo-abelian, rigid,
symmetric monoidal category over k.

3. A tensor category over a field k is an abelian, rigid, symmetric

monoidal category over k.

Ind completion and compact objects

Definition 3.11. A category I is filtered if it is nonempty and satisfies

1. For every two objects j,j’ in I, there exists an object k and two
morphisms j — k and j/ — k.

37



3.1 (PSEUDO-)TENSOR CATEGORY

2. For every two parallel morphisms f, g : j — k, there exists an object
I and a morphism h : k — [ such that ho f =hog.

A filtered colimit in a category C is the colimit of a diagram F : I — C,
where [ is filtered. Such a diagram is also called an ind object in C.

Example 3.12. Colimits in Set are easy to describe. We have

colimF (i) = (HF(Z)) / ~ (3.7)

i€l iel

where ~ is the equivalence relation identifying a € F(i) ~ b € F(j) if
for the object k with morphisms f :i — k, g : j — k, we have F(f)(a) =

F(g)(b).

Ind objects in C form a category Ind(C) called the ind completion of C.
Given two ind objects X : I — C and Y : | — C, the space of morphisms
from X to Y is defined to be

Homy,g(c) (X, Y) = lim colimHom(X;, ;) (3.8)
icl jej
Definition 3.13. An object X in a locally small category C is called compact

if the functor
Hom¢ (X, —) : C — Set (3.9)

preserves filtered colimits.
We denote C° the sub-category of compact objects in C.

Definition 3.14. A category C is compactly generated if C = Ind(C°).

By definition, objects in C are compact in Ind(C). The converse is not
necessarily true in general. However, in this paper, we will focus on the
case when C is Karoubian. In this case, compact objects in Ind(C) are all
isomorphic to objects in C.

Proposition 3.15. The functor C — (Ind(C))* is an equivalence of category if
and only if C is Karoubian.

Proof. First, we show that A € Ind(C) is a compact object of Ind(C) if
and only if there exists an object X € C and morphisms i : A — X and
p: X — Asuchthat poi=idyu.

For A € Ind(C), let A = C(Z)gImAi. Since A is compact, we have

Hom(A, A) = cqlilm Hom(A, A;)
1S
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Therefore, there exist an object X = A; € C for some i € [ with morphisms
i: A — Xsuchthatidy =poi.

On the other hand, if there exist an object X € C and morphisms
i:A— Xand p: X — A such that poi = id4. For any filtered colimit
Y = colim;Y;, we have a map

Hom(A,Y) — Hom(X,Y) 5 colim;Hom(X, Y;) — colim;Hom(4, Y;)

We can check that this map is an isomorphism. Therefore A is compact.
C — (Ind(C))° induces an equivalence of categories if and only if any
compact object A of Ind(C) is isomorphic to an object A’ € C. We have
shown that this condition is equivalent to the condition that C being
Karoubian. O

Corollary 3.16. Let C = Ind(C) be the Ind completion of a Karoubian category.
Then the tensor product preserves compact objects of C.

3.2 ENVELOPING ALGEBRA IN PSEUDO-TENSOR CATEGORY

The usual notion of Lie algebra and associative algebra extend to any
symmetric monoidal category C

Definition 3.17. A Lie algebra object in C is an object g in C together with
a morphism

[—-l:s®9—09 (3.10)
We require the following axioms

1. (Skew-symmetry)

[—, —]o(idg*+0) =0 (3.11)

2. (Jacobi identity)
[— [— ] o (id5® + (idg ® o) o (¢ ®idy) + (¢ @idg) 0 (idg ® 7)) = 0
where we denote [—, [—, —]] = [, ] o (idy ® [—, ]). o

Definition 3.18. An associative algebra object in C is an object A in C
together with a morphism m : A ® A — A, such that

mo(m®idy) =mo (idy @ m) (3-13)

A unital algebra in C is an associative algebra (A, m) together with a
map 1 : 1 — A called unit, such that

mo(n®idg) =1x, mo(ida®n)=ra (3.14)
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A commutative algebra in C is an associative algebra (A, m) such that
m=moo (3.15)

An important construction related to a Lie algebra g in vector space is
its universal enveloping algebra U(g). It is defined by the quotient

U(g) =T(g)/1 (3.16)

where [ is the ideal given by

I=(x@y—y®x—[xy]|xycqg) (3.17)

This construction extend naturally to Lie algebra in a tensor category.
However, if C is only a pseudo-tensor category, i.e. without arbitrary
quotient, the existence of the universal enveloping algebra is not obvious.
In this section, we present a construction of universal enveloping algebra
as a deformation of the symmetric algebra.

For any object X in C, the tensor algebra T(X) is defined as

T(X) = P THX) = P x** (3.18)

k>0 k>0

It has a natural associative product given by the tensor product T¢(X) ®
TH(X) — TH!(X). The symmetric group Sy acts on TF(X). We have an
idempotent

1
esym = 7 YT THX) = TH(X)
TES, (3-19)
egym = €Sym

Since C is Karoubian, we get the symmetric tensor S¥(X) as an object in C.
Then we define

S(V) =P skx). (3.20)

k>0

S(V) inherit an product m from the tensor algebra T(X), defined as
m:S(V)@S(V) B T(V)2 T(V) 3 T(V) 5 S(V) (3.21)

Lemma 3.19. For any object X and Z, the Hom space Hom¢(Z, T"X) is natu-
rally a S, module. We have

Hom¢(Z,5"X) = Home (Z, T"X)® (3.22)
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Proof. By definition, Hom¢(Z,S"X) = {f € Hom¢(Z, T"X)lesym o f = f}.

For any such f, we have 0o f = cgoesymof = esymo f = f for any
o0 € Su. On the other hand, suppose f € Hom¢(Z, T"X) that satisfy
cgof = f forany 0 € S,. Clearly esym o f = f. Thus we have proved
Hom¢(Z,5"X) = {f € Hom¢(Z,T"X)|oo f = f, forany o € S, }. O

Weyl algebra and Weyl quantization

Before we present the construction of universal enveloping algebra, it will
be helpful to look at the easier example of Weyl algebra.
We assume that X is equipped with a antisymmetric two form

w: XX =1 ( )
2
woo=-0 323
w extends to a series of maps
wij: TNX) @ T(X) = TH(X) @ T~(X) (3.24)

by applying w to the i-th and j-th X and identities on the others. Explicitly,
we can write wj; as the composition

Tk k—1,...1) BT (1,2,....) idFlenwidy !

TH(X) @ T (X) TH(X) ® TH(X)

(3.25)
where 0 x_1,.;) is the braiding map that correspond to the permutation

(kk—1,...,0).
We define w : TH(X) ® TH(X) — TF1(X) @ T~1(X) by

!

w = 2 Y wij (3.26)

k
i=1j=1

It induces a map on the symmetric tensor, that we also denoted w
w:S(X)®S(X) = S(X)®S(X) (3.27)

We define the Weyl algebra as the Moyal-Weyl deformation of the
symmetric algebra.

Definition 3.20. The Weyl algebra W(X, w) associated to (X, w) is the
associative algebra (S(V'), x), where * is given by

— % — :moexp(%)(—@)—) (3-28)

T (X) T (X)
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We can pictorially represent the map w by a digram

AN

Then the x product can be pictorially represented by the following

n
/—/H

Beod YO\

In fact, the star product has the property that shifting the antisymmetric
map w by a symmetric map a : S?(X) — 1 leads to an isomorphic star
product. We first extend a to a map S(X) — S(X). Then The isomorphism
is given by exponentiate «

exp(}luc) :S(X) — S(X) (3-29)

Proposition 3.21. Let « : X ® X — 1 be a symmetric two form, i.e. x 0 0 = a.
Denote «, the star product defined by w and x4, the star product defined by
w + «. Then we have the following commutative diagram

S(x) ® S(x 20 (%) @ 5 (x)
l*w l*wa (330)
s(x) — 2P0 gy

Shifting by a symmetric form « is related to the choice of ordering in the

identification of symmetric algebra and the non-commutative Weyl algebra.

The standard Moyal-Weyl product *, is associated with the symmetric
ordering. Sometimes a different ordering, called normal ordering, is also
used. This ordering is more convenient in defining the module associated
with a polarization.

We call a polarization of (X, w) a decomposition X = L & L_, so that
the symplectic form also decomposes as w = w4 + w—_, where

wy € Hom(L_ ® L4,1), w— € Hom(Ly ® L_,1) (3.31)

and w; = —w_ o 0. Given a polarization, we can consider the star product
associated with the two form 2w_

*0 = exp(w-) € Hom(5(X) ® S(X),1) (3.32)
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This product corresponds to the so called normal ordering. It differs from
the standard star product by the symmetric two form a« = wy — w-_.
The advantage of %y, is that we can naturally define a (S(X), 2, ) left
module structure on S(L_). The module map is given by the same formula
as %y, , composed with 71y, where 717 is the natural projection

VL9 S(L+ ©® L,) — S(Lf) (333)

Using the isomorphism 3.29, we obtain a left W(X, w) module structure
on S(L_), which we denote by *;:

* :W(X,w) ®S(L-) = S(L-) (3-34)
This map can be written as follows:
Wy —wW-—

—x— =7 _omoexp(w_)o (exp(T) -®-) (3:35)

Universal enveloping algebra

Now we can move on to define the universal enveloping algebra of a Lie
algebra g in C. The Lie structure is given by a map

- —]:g®g—g

Such a map extend by Leibniz rule to a map on the symmetric algebra

S(9)
S(g) ®S(g) — S(g) (3.36)

We construct the universal enveloping algebra U(g) as the deformation
of S(g) equipped with the (CBH) star product. Recall that the Campbell-
Baker-Hausdorff (CBH) formula provides us with an expression for the
exponential of two Lie algebra elements X, Y

exp(X)exp(Y) =exp(X+Y+CBH(X,Y))

The first few terms in CBH(X, Y') reads

CBH(X,Y) = 5[X, Y]+ 15 (IX, [X, Y]] + [[X, Y], Y]) + ..

For any Lie words of length n + 1 that appears in the CBH formula, we
attach a directed graph I, so that

1. I has n 4+ 2 nodes denoted {1,2,...,n} U{L,R};
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2. T has 2n edges. For each node k € {1,2,...,n}, there are two edges
start from k;

3. There is no self loop edge of the form (k, k).

The graph I' is constructed as follows. Recall that any Lie words of two
symbol X, Y can be represented as a binary rooted tree with leaves label
by X or Y. For each internal node (a node that is not a leaf), we associate a
node of the graph, and the leaves labeled by X is associated with node L
and the leaves labeled by Y is associated with the node R. Then edges of I’
are associated with edges of the tree, with the same orientation as from
root to leaves.

Note that the same set of graphs is used by Kontsevich [Kono3] in his
construction of general star product. In the same way, we further assign
amap Br: S(g) ® S(g) — S(g) to each graph I'. For example, for the Lie
word [X, Y] we attach the graph

[X,Y]: /\

The corresponding map on S(g) is the map 3.36. As another example, for
[X, [X, Y]] we attach the graph

P FENEZN

The corresponding map on S(g) can be constructed by symmetrizing the
following composition of maps

. 1@k—1 i1
idy" @[, ~]@idy

T (g) ® T'(g) T (g) @ g® T'"(g)

id§k—2®i;}®id;1 (5:37)

T 2(g)@g® T '(g) = T ?(g)

Suppose that we can write the CBH formula as

exp(X) exp(Y) = exp(X+ Y +CBH(X,Y)) =exp(X+Y +)_crT)
T

Then we define the universal enveloping algebra U(g) as the following
CBH quantization of the symmetric algebra S(g)

* = exp()_crBr) (3-38)
T
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3.3 VERTEX ALGEBRA IN PSEUDO TENSOR CATEGORY
Basic definitions

First, we recall the definition of a vertex algebra. A vertex algebra consist
of a vector space V together wih the following data:

1. The vacum vector: |0) € V.
2. The translation map: T: V — V.

3. An infinite collection of bilinear maps: -, : V®V — V forn € Z.
We require that for any u,v € V, there exist an integer N such that
u-,v=0foranyn> N.

We usually collect these maps into a power series and write Y (u,z)v =
Ypezthnvz "L

These data satisfy the following axioms
1. Vacuum. Y(|0),z)u = u, and Y(u,z)|0) € u 4+ zV|[z]] for any u € V.
2. Translation. T|0) = 0. Further more, [T, Y (u,z)] = 9;Y (1, 2)

3. Locality. For any u, v € V, there exist an integer N such that
(z = w) ¥ (,2), Y(0,w)] = 0 (3:39)

We observe that most part of the definition applies seamlessly to any
braided monoidal category, requiring no modification. The aspect demand-
ing particular attention arises when we must consider specific elements
in V, as we cannot talk about elements in an object of an arbitrary cate-
gory. The essence of this problem lies in recognizing that such structures
concern the compact objects within the category. Hence, in our definition,
we consider a compactly generated symmetric monoidal category C. To
work in a setup where we have a reasonable notion of vertex algebra, in
this and the following sections, we consider symmetric monoidal category
C that satisfies the following conditions

1. C is compactly generated. Le. C = Ind(Cp) for some symmetric
monoidal category Cy.

2. Cp is a pseudo tensor category, i.e. a rigid symmetric monoidal
category and is idempotent complete.

3. Q C Hom¢(1,1)
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As we have seen, such a category has the nice properties that compact ob-
jects are closed under the monoidal structure, and the universal enveloping
construction works.

We define vertex algebra in C as follows:

Definition 3.22. A vertex algebra in C consist of the data of an object V' in
C together with morphisms

1. The vacum vector: |0) € Hom¢ (1, V).
2. The "translation" map: T € Hom¢(V, V).

3. An infinite collection of maps: -, € Hom¢(V® V,V) for n € Z.
We usually collect these maps together and get a map Y(z) =
Yuez n z "1 € Hom(V @ V,V)[[z,z71]]. We also require that for
any compact object X in C and «, 8 € Hom¢ (X, V), there exist an
integer N such that

wo(a®pB)=0 (3-40)
for any n > N.
These data satisfy the following axioms

1. Vacuum. Y(z) o (|0) ® idy) = ly. Further more, Y(z) o (idy ® |0)) €
Hom¢(V @1, V)|[[z]], so that Y(z) o (idy ® |0))|,—0 = rv.

2. Translation. T|0) = 0. Further more, To Y(z) = Y(z)o (idy ® T) =
9.Y(2)

3. Locality. For any compact object X and «, B € Hom¢ (X, V), we can
find a integer N such that

(z—w)N(Y(w)o (idv ® Y(z)) o (a ® B®idy)
—Y(z)o (idy ® Y(w)) o (c ®idy) o (a ® pRidy)) =0
(3.41)
Remark 3.23. Since we have assumed that our category C is compactly
generated by a pseudo tensor category, tensor product of compact objects

is still compact. We can show that the collection of maps Y (z) satisfying
condition 3.40 is equivalent to say that it is an elements in

Hom(V®V,V((2))) (3-42)

To see this, welet V = CQliII’nVi for V; compact. To simplify the discussion,
1€

we focus on the singular part of Y(z). By definition, we have

Home(V®V,Vzlz71]) = lim colimHome(V; ® Vi, ok vz i h
(i,j)eIxI keZ

(3-43)
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This gives us, for each i,j € [ X I, an integer N; ; and maps y;j, : V;® V; —
Vz=""! for n < Nj;. These maps are compatible in the obvious way. So
we get a series of maps yy,, and on each V; ® Vj, y,, vanishes for n > N; ;.
This is equivalent to the condition we give in our definition, because any
map X — V from a compact object X must factor through a map X — V;
for some i. Our definition has the advantage of being independent of the
presentation of V' as a colimit,

Remark 3.24. Compact objects in Vect, are finite dimensional vector spaces.
Therefore, for C = Vect, the above definition gives us the usual definition
of vertex operator algebra. Moreover, we can let C = VectZ (or Vect‘kZZ),
then the above construction gives us the usual notion of graded (or super)
vertex algebra

The following statement is a simple corollary of the vacuum and trans-
lation axioms.

Lemma 3.25. We have the following identity
Y(z)o (idy ®0)) =T ory

in Home (V @1, V)|[[z]].
Proof. By the translation axiom, we have

9:Y(z) o (idy ® [0)) = To Y(z) o (idy ® |0))
This implies, by induction, that

97Y(z) o (idy ®|0)) = T" o Y(z) o (idy ® |0))
By the vacuum axiom, we have

7Y (z) o (idy ® |0))|,=0 = T" o1y

Since Y (z) o (id. ® |0)) € Hom¢(V, V)[[z]], we have

o n

Y(z)o (idy ©10) = ) —32Y(0) o (idy ® [0)) = T o1y
n=0 """

O

Remark 3.26. There are several equivalent formulations of the locality axiom
for vertex algebra in Vect;. An often used one is the so called Borcherds
identity. We discuss these equivalent definition in C in the next section.
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Associativity

In section, we study associativity property of vertex algebra in C and
different formulation of the locality axiom. Most part of this section follows
from the same results as vertex algebra in vector space.

Lemma 3.27. We have the following identity
e“ToY(z)o(idy ®e ®T) = Y(z 4+ w)
in Home (V@ V, V) [z, w®!]].

Proof. By the translation axiom, we have

[oe]

e“ToY(z)o (idy ®e ) = )
n=0

wi’l

LY (2) = Y(z + )

O]

Proposition 3.28. (skew-symmetry) For any compact object X and morphisms
a, b € Home (X, V), the following identity hold

Y(z)o(a®p) =T oY(~z) 000 (a®p) (3.44)
in Home (X ® X, V)((2))
Proof. We apply the Locality axiom and find
(z =) (Y(w) o (idv & Y(2)) o (¢ @ B |0))
~Y(z) o (idy @ Y(®)) o (¢ @idy) o (@ p210))) =0
for large enough N. Using Lemma 3.25, we find
(z = @)V (Y(w) o (idy @ &T) = ¥(2) 0 (idy @ e"T) 0) 0 (x @ B) = 0
Then we apply Lemma 3.27 and find
(z—w)NY(w) o (idy ®e*T) o (a®B) = (z—w)Ne*ToY(z —w)oco(a®p) =0

We can choose N large enough so that the right hand side does not contain
any negative power of (z — w). Then we set z = 0 and the identity becomes
wNY(w)o (a®@p) = wNe“ToY(—w)ooo(a®B) = 0. We divide both side
by wN, which gives the formula 3.44. O
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Theorem 3.29. For any compact object X and morphisms «, B,y € Hom¢ (X, V),
the three expansions

Y(z) o (idy @ Y(w)) o (a @ p &) € Home (X, V)((2))((w))
Y(w)o (idy ® Y(z)) o (c®idy) o (a@BRy) € Home (X®3, V) ((w))((2))
Y(w) o (Y(z—w) ®idy) o (¢ ® p©7) € Home (X, V) ((w))((z — w))

(3-45)
are the expansion of the same element of

Home (X2, V)[[z, w]][z7}, w ™, (z — w) ] (3.46)

Proof. By the locality axiom, Y(z) o (idy ® Y(w)) o (a @ B® ) and Y (w) o
(idy ® Y(z)) o (c ® idy) o (x ® B ® 7y) are the expansions of the same
element. Therefore we only need to prove that the first and last expression
are the expansions of the same element.

By the skew symmetry property, we have the following identity

Y(z) o (idv @ Y(w)) o (¢ @ B2 7)

=Y(z)o (idy ®e“ToY(~w)or)o(a @B D7) (3.47)
Then we use Lemma 3.27 and find
Y(z) o (idy @ Y(w)) o (¢ @ B 7)
(3-48)

=eToY(z—w)o(idy@Y(~w)ocr)o(a®B @)

On the other hand, Y(z —w) o (¢ ® B) = Yez(z —w) "1 -, o(a ® B) by
definition. The composition -, o (¢ ® B) is still a map from a compact object
X®2. Therefore we can apply the skew symmetry property to Y(w) o (-, o
(0 ® B) ® y), which gives us

Y(w)o (Y(z —w) ®idv) o (¢ © &)

:eWTOY(_w)O‘TO(Y(Z—ZU)@)idV)o(,x@lB@,},) (3-49)

By applying the locality axiom again, we find that Y(z) o (idy ® Y(w)) o
(a®@p®y)and Y(w)o (Y(z—w) ®idy) o (0 ® B ® ) are expansions of
the same elements. O
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Theorem 3.30. (Borcherds identity) For any compact object X and morphisms
a, B,y € Home (X, V'), we have the following identity

D <m> miken ©(np ®@idy) o (a @B Y) =

n>0 n

)3 <Z> (_1)j( ‘mi—j o(idL ® k) — (3.50)

=0
(1) k1 o(idy @ -pyj) 0 (0 @ idv)> o(x®BRY)
for any integers m, k, 1.

Proof. By Theorem 3.29, the three expressions Y (z) o (idy ® Y(w))(a ®
BRy), Y(w)o (idy ® Y(z)) o (¢ ®idy)(a ® B® ) and Y(w) o (Y(z —
w) ®idy)(x ® B ® 7) are the expansion of the same elements X(z, w) in
Hom¢ (X®3,V)[[z,w]][z7!,w™}, (z — w)!]. Let f(z,w) be a rational func-
tion which has polesonly atz =0,w =0andz =w.Let R >p >r >0,
we consider the contour integral

72 7{@ Y(z) o (idv ® Y(w))(a ® B @) f(z, w)dzdw

(3.51)
- ]ip ]{ Y(w) o (idy @ Y(z)) o (¢ @idy)(x ® p®7)f(z, w)dzdw

This contour integral can be written as fcﬁ, $erx_cr X(z,w) f(z, w)dzdw. We

can further replace CR — C! by a circle CS(w) of radius § < p around w.
In this region, X(z, w) is expanded as Y (w) o (Y(z — w) ® idy ) (a @ B @ 7).
We find that 3.51 is equal to

fc p 7{@( Y(@)o (Y —w) @idv) (@ peg)fzw)dde (52
If we choose f(z,w) = z"wk(z — w)!, the above identity gives us 3.50. [

OPE and normally ordered product

Given a compact object X, we call a collection of maps A(z) =¥, A,z "1

A XV >V (3-53)
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a field labeled by X if for any compact object X’ and morphism g : X' — V,
there exist an integer N such that A, o (idx ® ) = 0 for all n > N. In
other words, a field A(z) labeled by X is a morphism

A(z) € Home(X®@ V,V((2))) (3.54)

By construction, for any morphism a : X — V, the map Y (z)(a ® idy)
is a field labeled by X.

Theorem 3.31. (Goddard’s uniqueness theorem) Let V be a vertex algebra in C,
A(z) a field on V labeled by X. Suppose there exist a map « : X — V such that

A(z) o (idx ©0)) = Y(z) o (« ©10)) (3-55)

and A(z) is local with respect to the field Y(z) o (B ® idx:) forany p: X' — V.
Then A(z) = Y(z) o (a ®idy).

Proof. Let V = colilrnW for V; compact, and denote s; : V; — V the
1c

inclusion map. By the locality, we have, for large enough N

(z—w)NA(z) o (idx®(Y(w) o (s; ® |0)))
= (z—w)"Y(w) o (s ® A(2)) 0 (ox,x ©0))
(3.56)
Since A(z)(idx ® |0)) = Y(z) o (« ® |0)), we further have

(z = w)NA(z) o (idx ® (Y(w) o (5:®[0))))

=(z—w)"Y
=(z—w)NY(2) 0o (idx ® Y(w)) o (¢ ®s; ® |0))

(3.57)
By the vacuum axiom, both sides of the above equation are well-defined

atw =0, and Y(w) o (s; ® |0)) = s;. Setting w = 0, and divide both sides
by zN, we obtain

A(z)(idx ®si) =Y(z) o (a ®s)) (3.58)

This equation hold for any i € I, therefore we have
A(z) = Y(z) o (¢ @idy) (3-59)
O

Corollary 3.32. We have the identity

Y(z) o (T®idy) = 9,Y(z) (3.60)

(
(z=w)VY(w) o (si®Y(z)) o (a®0)) o (ox,x @ idy)
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Proof. Let V = CQliIl’nVi for V; compact, and denote s; : V; — V the
1€

inclusion map. We define the field A(z) = 9,Y(z) o (s; ® idy ). Since Y(z) o

(si ®idy) satisfies the locality condition with any other Y(z) o (B ® idy),

A(z) also satisfy the locality condition with any other Y(z) o (B ®idy). We

also have

By the Goddard’s uniqueness theorem, we have 9,Y(z) o (s; ® idy) =
Y(z) o (Ts; ® idy). This holds for any i € I, which implies Y(z) o (T ®
idy) = 0;Y(z). O

We define the notion of normally ordered product

Definition 3.33. Let X, X, be two compact objects, and A(z) = ¥, A,z "},
B(z) = ¥, B,z7"~! two fields labeled X; and X, respectively. The normally
ordered product : A(z)B(w) : is defined as the formal power series

Y ( Y Ao (idx ®By)z ™!
neZ \m<0 (3.62)
=+ Z Bn (@) (ldX/ X Am) [e) (0'® idV)ZM1> winil

m>0

as an element in Hom¢ (X ® X' ® V, V)[[z*F, w®]]. Equivalently, we have

: A(z)B(w) := A(z)4 o (idx ® B(w)) + B(w) o (idx ® A(z)_) o (¢ ®idy)
(3.63)

Lemma 3.34. The specialization of : A(z)B(w) : at w = z is a well defined field
labeled by X ® X'. Moreover,

: A(w)B(w) := Res;—o(d(z —w)_A(z) o (idx ® B(w))
+(z—w)+B(w) o (idy ® A(z)) o (c ®idy))
(3.64)

Proof. Let us denote C(z) =: A(z)B(z) :. As a formal expression, C(z) =
Y ez Cuz "1 with

Ci= ), A1 ,0(idx®By)+ ), Buo(idx ® A1 ,) o (0c®idy)

n>l—1 n<l-1
(3.65)
To show that each C; is a well defined map Hom¢(X @ X' ® V, V), we
write V = cqéiImVi. We show that each C; o (idxgx ® s;) is well defined.
1
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Since both A(z),B(w) are fields, we can find an integer N such that

A,(idx ®s;) =0, B, (idy ®s;) = 0 for n > N. Therefore,
N
Co (idX®Xl X Si) = Z Aj_1_,0 (idx ® By o (idX/ & Sl')>
=1
R (3.66)
+ ), Buo(idxw®Ai 1 4)o(0®s;)
n=I-1-N

which is a well-defined finite sum.

For | > N, the summation in the first line vanishes. For the second
line, we find that each A,, o (idx ® ;) is a map from the compact object
X ® V; to V. We can further find another integer N, such that B,, o (idx ®
Ay o (idx ®s;)) =0 for n > Ny,. If we take N = max{N, }o<m<n, we find
that B, o (idxy ® Aj_1_,) 0 (¢ ®s;) = 0 for n > N in the summation range
I—1—N <n<I-1.Asaresult, we find that C; o (idxgx ®s;) = 0 for
I > N + N + 1. This prove that C(z) is a field.

The last identity is a simple computation

Res:_0d(z — w)- A(2) o (idx ® B(w)) = A(w) o (idx © B(w))  (3.67)
Similarly
Res._0d(z — )+ B(w) o (idx ® A(2)) = B(w) o (idx ® A(z)-)  (3.68)
O]
Corollary 3.35. We have the identity
B A(w)B(w) = 9y A(w)B(w) : +: A()duBw):  (3.60)

An important result that allows us to construct vertex algebra from
generators is the Dong’s lemma.

Lemma 3.36. (Dong’s Lemma) If A(z), B(z), C(z) are mutually local fields, then
: A(z)B(z) : and C(z) are also mutually local.

Proof. The proof is the same as the Dong’s Lemma for ordinary vertex
algebra [FBZo4]. O

Basic examples

In this section we consider some basic examples of vertex algebra in C.

53



3.3 VERTEX ALGEBRA IN PSEUDO TENSOR CATEGORY

COMMUTATIVE VERTEX ALGEBRA The easiest example of a vertex
algebra is the commutative vertex algebra.

Definition 3.37. A vertex algebra (V,|0),T,Y) in C is called commutative
if the morphisms -, : V® V — V vanish for all n > 0.

Definition 3.38. A differential algebra in C is a commutative algebra (A, m)
equipped with a derivation T, i.e.amap T : A — A that satisfy the Leibniz
rule Tom=mo (T®id+id®T).

Proposition 3.39. There is a one to one correspondence between commutative
vertex algebra in C and unital differential algebra in C.

Proof. Given a commutative vertex algebra (V,|0), T, Y), we define a unital

commutative algebra structure on V. We definem = -1 : V@V — V.

Let V = colimV; for V; compact, and denote s; : V; — V the canonical

i€l
inclusion map. By the skew symmetry property 3.44, we have
mo (s @sj) = moco (5, ©s)) (370)
for any i,j € I. Notice that the map m is defined as a element in

m € Home (V@ V,V) = ’ 1)11111 IHOH\C(Vi ®V;,V) (3.71)
ij)elx

Therefore, m o (s; ® s]-) for all i,j € I determines m. We have m = mo¢.
By the Borcherds identity, we have

mo (m®idy)o(s;®s;®sk) =mo (idy @ m) o (s; ® s; @ s) (3.72)

for any i, j, k € I. This implies the associativity of m. Therefore, m defines a
commutative algebra structure on V. |0) is a unit follows from the vacuum
axiom.

On the other hand, given a unital commutative algebra (V,|0),m)
equipped with a derivation T. We define the vertex algebra structure
by

Y(z) = mo (T ®idy) (3.73)

Then we can check that all axioms of vertex algebra are satisfied. O

Given a compact object X in C, we explicitly construct the commutative
vertex algebra "generated" by X.

First we define L_X = @, o Xt" and define a operator T : L_X —
L_X by —d/9¢. More precisely, L_X = colim@;_, X_;_1, where each

HEZZO
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X_p—1 = Xis a copy of X. The operator T by definition is an element in
[ThoHom(X_,_1, X_,_2), which is given by

T

((l’l + 1) ’ 1dX € Hom(X*ﬂfll X—?’l—Z))HGZZQ (374)

Then we consider the symmetric algebra S(L_X) and extend T to
S(L_X) by Leibniz rule. More precisely, we first define T : T*(L_X) —
TF(L_X) by

k—1 ) )
Yidf y @ Tidf ™ (LoX)®F — (L_X)®* (3.75)

i=0

We also define T to be 0 for k = 0. By abuse of notation we used the same
symbol T here. It is easy to check that T commute with the symmetric
idempotent esym 3.19, esym © T = T = T 0 esym. Therefore, T defines an map
S(L_X) — S(L_X) and it is a derivation with respect to the commutative
product.

We have constructed (S(L-X),-,T) as a unital commutative algebra
with a derivation T, which is equivalent to a commutative vertex algebra
structure.

SYMPLECTIC BOSON Next, we consider a class of vertex algebra called
symplectic boson, which is also called the chiral Weyl algebra. We start
with a compact symplectic object X, i.e. a compact object equipped with a
symplectic form

O:XeX—=1 (3.76)
Qoo =-0 >7
We define LX = X[t*] := Colzim @} _,_1 Xi, where as before each Xt" =
nes>q

X, = X is a copy of X. We can equip LX with a symplectic form, given by
O —m-1Q € Hom(X,, @ Xy, 1) (3.77)

We can use the construction in Section 3.3 and define the Weyl algebra
W(LX) = (S(LX), ). The Lagrangian decomposition LX = Ly X & L_X
induces a left WW(LX) module structure on S(L_X).

As a object in C we set V = S(L_X) and define the map T in a same
way as 3.74, 3.75. The vacuum is the natural map |0) : 1 — S(L_X). The
only nontrivial part is to define the vertex algebra map Y (z). By definition,
it suffice to construct a series of map

Yi(z) : SY(L_X) ® V — V((z)) for any k > 0 (3.78)
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For k = 0, we define it by the vacuum axiom Yy(z) = idy € Hom(1 ®
v, V).

For k = 1, we can define it as a collection of fields Y (X,,z) € Hom(X, ®
V,V((z))) for n < —1. We denote X(z) := Y(X_1,z) € Hom(X_1 ®
V,V((2))). Let t* = idx € Hom(X,, X,,.«) be the identity map that only
shift the index by k. We define X(z) as follows

X(z) = Z 27" g o(" 1 ®@idy) € Hom(X_1 ®@ V,V((2))) (3.79)

nez

where %, is the module map defined in 3.34. To check that X(z) is in-
deed an element in Hom(X_; ® V,V((z))), we notice that ; restricted
to Hom(X,, ® SK(@"™ _,,_; X;), V) vanish when k,m is fixed and n large
enough. Then we define the fields Y(X_,_1,z) by

Y(X_p1,2) = %EQX(Z) o (" ®idy) € Hom(X_, 1 ® V,V((2))) (3.80)

For higher k, we first define a collection of fields

Y(X_p—1... Xp—1,2) EHom(X 1,1 ® - @ X_p, 1 ®V,V((2)))

(3.81)
by normally ordered product. Namely, we set

1
(X1 Xopypo1,2) = ——— 1 071X (2) ... 92 X(2) (3.82)
nis...ng.
Such collection of fields defines a map T*(L_X) ® V — V((z)). We use the
inclusion S*(L_X) — T*(L_X) and find a map SK(L_X)® V — V((2)).

Proposition 3.40. The data (V,|0), T,Y) defined above is a vertex algebra in C.

Proof. First we check the vacuum axiom. Y(z) o (|0) ® idy) = idy holds
by definition. For the remaining part Y(z) o (idy ® |0))|,=0 = idy, we
check this on each S*(L_X). For k = 1, we find by definition of X(z)
3.79 that X(z) o (idx_, ® |0))|.=0 is well defined and gives idx_,. Simi-
larly, Y(X_y-1,2) o (idx_, , ®|0))|,=0 = idx_, ,. Then we can prove by
induction that

Y(X_nl_l s X_nk_l’z) © (idX7n171®~~~X7nk71 ® |0>)|Z = idX—nl—1®~--X—nk—1
(3.83)
Then we check the translation axiom. T o |0) = 0 by definition. For the
remaining part of the translation axiom, we also check it on each S¥(L_X).
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Notice that T|x, =0,s0 Tomr = moT. Also T is a derivation of the Weyl
algebra W(LX). For k = 1, we find

ToX(z) = X(z)o(idx ,®T) = Yz " ' xo(Tot" ! @idy)

nez
= Z —nz "y o(Tot"®idy) (3.84)
nez

Similarly, we can check that To Y(X_,_1,2z) — Y(X_,_1,2z) o (idx_,_, ®
T) = 0;Y(X_,_1,2). We prove by induction and that 9, satisfy the Leibniz
rule with respect to the normally ordered product.

Finally, we check the locality axiom. As implied by the Dong’s lemma,
we only need to check that the field X(z) is local with respect to itself. We
compute

X(z)o(idx , ®@X(w)) = Y z " tw ™y o(t" @0 (" @idy))

nme#Z
— Z anflwfmfl X o(* o (tn+1 ® tm+1) ® idv)
nme#Z
(3.85)
Therefore, the commutator is given by
X(z) o (idx , ® X(w)) — X(w) o (idx_, ® X(z)) o (c ®idy)
_ Z Z gyl o([=,—]uo (tn-H ® tm-H) ®idy) (3.86)

nmez
where [—, —], = * — x o 0. We have, by definition,

[—, —]io ("1 @ ") = 6, 1w € Hom(X_1 ® X_1,1) (3.87)

This implies
X(z) o (idx_, ® X(w)) — X(w) o (idx_, ® X(z)) o (c ®idy) (3.88)
—5(z — w)ly o (w @ idy) 3
Hence X(z) is local with respect to itself. O

Remark 3.41. From 3.85 we can easily check that

1
zZ—w

X(z) o (idx_, ® X(w)) = lyo(w®idy)+ : X(z)X(w):  (3.89)

The singular part ~1-1y o (w ® idy) is also called the OPE between the

Z—w

fields X(z) and X(w).
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Vertex Lie algebra and universal enveloping construction

An important method to construct vertex algebra is through the universal
envelope of vertex Lie algebra. Firstly, we define the notion of vertex Lie
algebra in C.

Definition 3.42. A vertex Lie algebra in C is an object L € C equipped
with a map T € Hom¢ (L, L) and maps

Y_(z) =) z" ' e Home(L® L, L) ® 2 1C[[z71]] (3.90)

n>0

We require that for any compact object X € C and &, € Hom¢(X, L),
there exist an integer N such that -, (¢ ® p) = 0 for n > N.
These structures are required satisfy the following axioms

1. Translation. Y_(z) o (T®idy) = 9,Y_(z).

2. Skew-symmetry. For any compact object X € C and «, B € Hom¢ (X, L),
Y (z)o(a®pB)=(e*ToY_(—2)o0)_o(a®pB).

3. Commutator. For any compact object X in C and &, 8, ¥ € Hom¢ (X, L),

we have
r;) <1:> ‘m4n—k O(‘n ®idL) o (Dé ®ﬁ ® r)/) —
mo(ldL @ ¢)o(a®@BRY) — ko (idL® p) o (c®idL)(a @ B® )

(3-91)

A vertex Poisson algebra is a commutative vertex algebra together with
a compatible vertex Lie algebra structure.

Definition 3.43. A vertex Poisson algebra in C is a unital commutative
algebra in C with a derivation (V,|0), m, T), together with a vertex Lie
algebra structure (V, |0), Y_) such that

Y (z)o(id®m)=mo (Y_(z) ®id) +mo (id®Y_(z)) o (c ®id)

Given a vertex algebra (V,]0), T,Y) in C, we can construct a vertex Lie
algebra simply by forgetting the operations -, for n < 0.

Lemma 3.44. Let (V,|0), T,Y) be a vertex algebra in C. Then Vi;e = (V, T, Y_)
is a vertex Lie algebra in C, where

Y (z) =) ozt (3-92)
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Proof. The translation axiom follows from the translation axiom of the
vertex algebra V. The skew-symmetry axiom is a consequence of 3.44. The
commutator axiom follows from the Borcherds identity 3.50. O

This construction defines a functor from the category of vertex algebra
to the category of vertex Lie algebra. This functor actually have an left
adjoint functor, whose image is called the enveloping vertex algebra.

Theorem 3.45. Given a vertex Lie algebra L in C, there is a vertex algebra U (L),
such that for any vertex algebra V, there is a canonical isomorphism

Hom(U (L), V) = Hom(L, Vi) (3.93)

Some other constructions

In this section, we analyze how the notion of vertex algebra behaves under
symmetric monoidal functor. We show that the image of a vertex algebra
is still a vertex algebra if the functor is braided monoidal and preserve
filtered colimit, i.e.

F(colimX;) = colimF(X;)

i€l i€l
Example 3.46. Let C and D two categories as per our requirements, i.e.
C = Ind(Cy), D = Ind(Dy) and Cy, Dy are pseudo tensor category. Let
(Fo, ], €) be a braided monoidal functor between Cy and D. Then, Fy has
an extension

F:Ind(Cy) — D (3.94)
that preserve filtered colimmit.

Proposition 3.47. Let (F,],€) : C — D be a braided monoidal functor that
preserve filtered colimit. Given a vertex algebra (V,|0), T, Y (z)) in C, we define

1. V= F(V).
2. [0) = F(|0)) oe.
3. T = F(T).
4. Y(2) = Luez 2 "F(n) 0 Juy.
Then (V,]0),T,Y(z)) is a vertex algebra in D.

Proof. First we show that Y (z) is indeed a map to the formal Laurent series.
LetV = colilrn\/i with V; € Cy and denote s; : V; — V the inclusion map.
1€

Take any compact object X in D and «, B € Homp (X, F(V)). We have
Homyp (X, F(V)) = HomD(X,cqliImP(Vi)) = CQIiImHomD(X,F(Vi))
[AS [AS
(3.95)
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As a result, we can always find ai € I and a map &’ € Homp (X, F(V}))
such that « = F(s;) o «’. Similarly we can find a j € [ and a map B’ €
Homyp (X, F(V;)) such that B = F(s;) o B’. Therefore, to check that F(-) o
Jvv o (a® pB) = 0 for large enough 1, we only need to check that F(-,) o
Jv,v o (F(si) ® F(s;j)) = 0 for large enough n.

Since ] is a natural transformation, we have Jy,v o (F(s;) ® F(s;)) =
F(s; ®s;j) o Jv,v;- Therefore F(-n) o Jy,v o (F(s;) ® F(sj)) = F(-n o (si ®s;j)) o
Jv, v which vanish for large enough 7.

Next, we check the vacuum axiom. By abuse of notation, we write
Y(z) = F(Y(z)) o Jy,y. We have

Y(z) o (|0) ®idy) = F((2)) o Jvv o (F(|0)) o e ®idy)
(Y(2) 0 (|0) ®idy)) o Jay o (e @ idy)
(Iy)oivo(e® id*‘;)

F

.96
v (3.96)
I

Vv

Similarly, Y(z) o (idy ® @) = F(Y(z) o (idy ® |0))) o Jya o (idy ® €),
which has no pole and specialize to F(ry) o Jyjo (idy ® €) = ry; at z = 0.

Then we check the translation axiom. T o @ = F(To0))oe = 0. By
definition, T o Y(z) = F(T 0 Y(z)) o Jy v. On the other hand,

Y(z)o(idy ® T) = F(Y(z)) o Jy,v o (idy ® F(T))

— F(Y(z) o (idy ® T)) o Jy.v (3.97)

Therefore, T o @ —Y(z)o (idy ® T) = F(3,Y(2)) o Jyv = 3,Y(z).
Finally, we check the locality axiom. As before, it suffice to check the
locality for maps F(s;), F(sj). We have

Y(w) o (idy ® Y(z)) o (F(s;) ® F(s)) ®idy)

=F(Y(w)) o Jvyo (idy ® F(Y(z)) o Jy,v) o (F(s;) ® F(sj) ® idy)

=F(Y(w)) o Jv,yo (F(si) ® F(Y(z) o (sj ®idy)) o (idrvy @ Jv,v)
(Y(

F(Y ZU) e} (ldv & Y(Z)) e} (Si ®S] ®ldv))) ]V V®V ¢) (ldF ®]V V)
.98)

Similarly,

Y(z) o (idy ® Y(w)) o (c ®idy) o (F(s;) ® F(s;) ® idy)
=F(Y(w) o (idy ® Y(z)) o (s; ® s; ®idv))) © Jv,y,ev o (idpv) @ Jv,v) o (¢ ®idy)
:F(Y(ZU) o <1dV X Y(Z)) o (S] X8 & ldv))) o ]V]-®Vi,V o (]V],V, X ldv) o <0’ X ldv)
(3.99)
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Since F is braided, Jy,v, 00 = F(0) o Jy,v,. Moreover, Jy.ev,v o (F(0) ®
F(ldv)) = F(O' & ldv) o ]Vi®Vj,V' We find

Y(z) o (idy ® Y(w)) o (¢ ®idy) o (F(s;) ® F(s;) ® idy)
:F(Y(w) o (idv ® Y(Z)) o (S]' ® s ® idv) o (U@idv)) o ]Vi,V]@V o (idF(Vi) ® ]V},V)

- (3.100)
In summary, [...] = F([...]) o Jy,vev © (idrw,) ® Jv,v), which vanish
when we multiply it by (z — w)N for N large enough. O

For a category C = Ind(Cp) as above, and suppose that R = End¢(1) is
a commutative ring. The functor

Hom¢ (1, —) : C - R—mod (3.101)

extend to a braided monoidal functor. The natural isomorphism Jxy :
Hom¢ (1, X) ®r Home (1, Y) — Home (1, X ® Y) is given by tensor of the
two maps & ® B composed with the isomorphism 1 = 1 ® 1. It commute
with the permutation ¢ by construction.

As a corollary, we have an easy way to construct a vertex algebra over
the ring R from a vertex algebra in C.

Corollary 3.48. Let (V,]0),T,Y) be a vertex algebra in C. Suppose End¢ (1) =
R for some commutative ring R. Then V := Homc (1, V') have the structure of
vertex algebra over R, defined as follows

1. The vacuum vector is simply |0) € V.

2. The translation operator T : V — V is constructed as composition with T:
forany « € V, Ta is the composite map 1 = V L.

3. Y(2) : V@V — V((2)) is constructed as composition with Y (z): for any

&, €V, -, pis the composite map 1 “Pveovsv.

It turns out that we also have a family of vertex algebra modules over V
labeled by compact objects of C.

Proposition 3.49. The functor Home(—,V) : (C°)°? — R — mod factor
through the forgetful functor V. — mod — R — mod.

Proof. For any compact object X in C, we denote Mx = Hom¢ (X, V). We
construct a V module structure Yy : V® Mx — Mx((z)) on Mx. For any
« € V and v € My, we define « -, »; v as the composition

a-n,MU:X§1®X“§>UV®V4V (3.102)
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And we set Yyi(a,2)v = Y, cza -nm vz "L Since X is a compact object,
for any a € V and v € My, we can find a N such that & -, ;v = 0 for
n > N. Therefore, Yp(a,z)v is indeed a Laurent series.

By the identity axiom for V, we have |0) -,y v = 6, —10. This implies
Ym(]0),z)v = v for any v € Mx.

Notice that in the Borcherds identity 3.50 for V, we can choose «, 3, ¢
to be maps from different compact objects to V' (as finite sum of compact
objects is compact). It immediately implies the Jacobi identity for Y.

For any two compact object X1, X, and a morphism f € Hom¢ (X, Xp).
We can check that the map f* : Mx, — Mx,, defined by f*(v) = vo f,
intertwine with the module map, i.e. a -z, f*(v) = f*(& M, 0)-

O

Given a vertex algebra V in C, we calla map D : V — V a derivation of
the vertex algebra if D satisfy

DoY(z) =Y(z)o(D®idy) + Y(z) o (idy ® D) (3.103)

By definition and Corollary 3.32. T is a derivation for the vertex algebra V.

Proposition 3.50. Forany map o : 1 — V, the map a g := 9o (a ®@idy) o l;l :
V=1®V = Visa derivation.

It becomes a differential, i.e. "‘%0) = 0ifand only if o(a ® &) = 0.

Proof. By the Borcherds identity, we have
&(0) © k © (s ®5j) = k0 (a() ©5; ®sj) + -k © (s ®a(g) ©5j) (3.104)

where s; : V; = V is the inclusion. This identity hold for any s;, s;, which
implies that «(g) is a derivation. ]

3.4 DELIGNE CATEGORY
Basic construction

In this section, we review the definition of the Deligne category Rep;(GL;).
We refer to [CW12, Eti16] for more detail. The Deligne category is con-
structed out of a "skeleton category" Rep,(GL;) and then followed by
additive envelope and Karoubi envelope. We describe Rep,(GL;) first.

We fix 6 € k. Objects of Rep,(GL;) consist of (possibly empty) words w
of two symbols e, 0. We denote 1 the empty word.

Given two words w, w’, a (w, w') diagram is a graph with two rows of
vertices where we set w as the first row of vertices and w’ as the second
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row of vertices. We require that each vertices is connected to exactly one
edge. An edge is connected to both a e and a o vertices if and only if the
two vertices are in the same row. We define the Morphism space between
two words w, w’ to be the k-linear space on basis {(w, w') — diagrams}.

Example 3.51. We have the following two (eo, o) diagrams.

N
! VR

7

We have the following two (e o eo,1) diagram

N A

4

There are six (e o @0, e0) diagrams

/o /o NN

"
ﬁ/\\o,mm

Given a (w,w') diagram X and a (w’,w”) diagram Y. We let Y x X be
the graph obtained by stacking Y atop X, and Y - X the graph obtained
from Y * X by forgetting the middle row of vertices. Thus Y - X is a (w, w")-
diagram. We denote (X, Y) the number of cycles in the graph Y * X. Then
composition of morphism in Rep,(GL;) is defined by

Hom(w', w") x Hom(w,w") — Hom(w, w")

(Y, X) — 51(X’Y)Y X (3105)

Example 3.52. Let X = X , we compute X?

N
< =
'R
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Therefore, if we let e = , then €2 = e.

190
s
As another example, we let Y7 = A\. . Then X - Y7 is given by

N
_ N
/\ VY
AN
«5

If weletY, = T then X - Y is given by

N

O == A
TN

Remark 3.53. It is easy to check that two words w, w’ are isomorphic if and
only if they have the same number of e and o. Therefore, each object in
Rep,,(GL;) is isomorphic to an object of the form

[r,s] :=we,...,00,...,0 (3.106)

Remark 3.54. End([r,s]) = B, () is the walled Brauer algebra.

Now we equip Rep,(GL;) with the structure of a rigid symmetric
monoidal category. The tensor functor — ® — is defined as follows. On
objects, w1 ® wp = wjwy is simply concatenation of words. The ten-
sor product of morphisms X; ® X, is simply the diagram obtained by
placing the diagram X; to the left of the diagram X,. The braiding
Twpw, & W1 @ Wy — Wy @wy is the (wywy, wow;) diagram that connect
each letter of w; in the first row to the same letter of w; in the second row.

It is easy to check that the above definitions gives Rep,(GL;) the struc-
ture of symmetric monoidal category.

Next, we show that Rep,(GLs) is rigid. For any word w, we define
w* the word obtained from w by replacing all e with o and vice versa.
We define the morphism evy, : w* ® w — 1 the (w*w,1) diagram that
connect the i-th letter in w* with the i-th letter in w. Similarly, we define
coevy : 1 — w@w* the (1, ww*) the (1, ww*) diagram that connect the
i-th letter in w with the i-th letter in w*.

Example 3.55. For w = @0 e, eve.e and coev,c. are given by
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7

Finally, we can define the Deligne category Rep;(GLj)

Definition 3.56. For ¢ € k, the Deligne category Rep;(GL;) is the Karoubi
envelope of the additive envelope of the category Rep,(GL;). The tensor
structure Rep,(GL;) extend to Rep(GL;) in the natrual way.

The most important properties of Rep;(GL;) are listed below:

Proposition 3.57. (i) For 6 ¢ Z, the category Rep(GLs) is a semisimple abelian
category.

(ii) If 6 € Z and if p,q are nonnegative integers with p —q = J, then the
category Rep(GL;) (which is not abelian) admits a non-faithful symmetric tensor
functor Rep¢(GL;s) — Repy(GLy,) to the (finite dimensional) representation
category of the supergroup GL, ., which sends [1,0] to the supervector space
V =kl

(iii) The category Rep;(GL;) has the following universal property: if D is a
rigid symmetric monoidal category then isomorphism classes of (possibly non-
faithful) symmetric tensor functors Rep;(GLs) — D are in bijection with iso-
morphism classes of objects X in D of dimension 6, via F — F([1,0]).

pla’

Some variants

In this paper, we mostly work with the ind completion of the Deligne
category Rep(GL;). We denote Rep(GL;) = Ind(Rep,(GLys)).

We would also like to work with a category where ¢4 is not a number,
but an indeterminate formal parameter.

Definition 3.58. We define Rep(GLyy),) the k[[d]]-linear category, whose
objects are still given by words w of symbols e, o. The space of morphisms
between two words w, w’ is the space of k[[d]]-linear span of (w,w’) dia-
grams. The composition of morphisms is defined as before, except that a
loop now contribute a factor of 4.

We define Rep;(GLy;) as the Karoubi envelope of additive envelope of
Rep, (GLy5])- We also define Rep(GLy5;) = Ind(Rep;(GL15)))-

Similarly, we define the k((¢))-linear version of the Deligne category
Rep¢(GL((5))), Rep(GL(s)))-
Remark 3.59. Although the construction for Repf(GLH(;”) is basically the
same as Rep¢(GLs), Rep((GLj5))) has far fewer objects than Rep(GLy).

As a simple example, we have seen that 1 — 3 X is an idempotent.
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1%

Therefore <oo, 1—+

P
Rep(GL{5)))-
However, Rep(GLys),) is still compactly generated by pseudo tensor
category by construction, and it make sense to define vertex algebra in it.
It also satisfy the following universal property

> is an object in Rep;(GL;) but not an object in

Proposition 3.60. The category Rep;(GL;) has the following universal property:
if D is a rigid symmetric monoidal category over the ring k[[6]], then isomorphism
classes of (possibly non-faithful) symmetric tensor functors Rep(GLs) — D
are in bijection with isomorphism classes of objects X in D of dimension J, via
F — F([1,0)).

We also define the Z graded version of the Deligne category RepZ(GLs)
(or Rep? (GL{j))))- Objects of Rep?(GLs) are given by direct sum of objects
in Deligne category X = @, cz X,. The tensor product is defined so that
(X®Y)n = @psg—n Xp ® Yg. The braiding follows the Koszul sign rule,
where 0, », pick up a sign (—1)P for w; in degree p and w; in degree .

3.5 VERTEX ALGEBRA IN DELIGNE CATEGORY
Motivation

In the remarkable work [BLL " 15], Beem, Lemos, Liendo, Peelaers, Rastelli,
and van Rees have constructed a map

V :{4d N =2 SCFTs} — {Vertex algebras}

called 4d/2d duality. The vertex algebra V(7 ) can be understood as a
protected sub-sector of the corresponding 4d N = 2 superconformal field
theory 7. It contains a wealth of information and invariant of the theory
T . For example, the character of the vertex algebra V(7") coincides with
the Schur index of 7. Another important conjecture is that the associated
variety Xy (7 is isomorphic to the Higgs branch Higgs(7').

Given a 4d N' = 2 SCFT 7¢ g with vector multiplets in a gauge group G
and hypermultiplets transforming in the representation R of G, the vertex
algebra V(7 r) can be constructed as a BRST reduction of a 7y bc system.
Roughly speaking, it is given by a By system valued in R together with a
bc system valued in the adjoint g, subject to the BRST reduction. In this
thesis, we focus on the case of N’ = 4 SYM theory with gauge group G,
which is the same as a N = 2 theory with hypermultiplets transforming
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in the adjoint representation g, SYMy; = 7¢ 4. The corresponding VOA
V(SYMy) consists of a By system

b ﬂab
Z1(z)Z5(0) ~ =

and a bc system

b (2)e" (0) ~ -

The corresponding BRST operator is given by

QBRST - %dzfabc : bachcc : (Z) +fabc : CuZi)ZE : (Z) (3'107)

When we take g = gly, such a vertex algebra has another interpretation as
the algebra of local operators on a stack of N D1 branes in the B model
topological string.

While offering a comprehensive definition of the VOA, this description
poses practical challenges due to the inherent difficulty of computing
the BRST cohomology in general. Only a few examples can be explicitly
computed. In this thesis, we consider a simplification by considering the
"large N limit" of the VOA V(SYMj,, ) and its generalization. As discussed
earlier in the introduction, defining the "large N limit" straightforwardly
as a limit in N is not feasible. It is also straightforward to illustrate why
this is the case. First we see that the two field Tr Z;(z), i = 1,2, are both in
the BRST cohomology. If we compute their OPE we find

Tr Z1(2) Tr Za(0) ~ g (3.108)

Therefore, the map Ax — An41 cannot be a morphism of vertex algebra.
Instead, we define the corresponding VOA in the Deligne category and
then apply the functor Hom(1, —). We’ll demonstrate that the generator
of the BRST cohomology can be explicitly described using cyclic homol-
ogy, and the corresponding OPE possess a rich structure related to the
topological string.

Main example

In this section, we use Deligne category to construct the large N vertex
algebra that correspond to the N' = 4 SYM with gauge group GLy. We
work with the Z graded version of the Deligne category. It doesn’t matter
whether we use RepZ(GLHNH) or Rep?(GLy) as our construction works
in both cases.
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Through a slight abuse of notation, we denote ¢, Z1, Z,, b as four copies
of the object [1, 1], in degrees —1, 0, 0, 1 respectively. We define a symplectic
form on the sum X = ¢ ® Z; © Z, © b by (anti-)symmetrizing the following

pairing on [1,1]
./o/_\o\o € Hom([1,1] ® [1,1],1)

Using our previous construction, we define the chiral Weyl algebra
W(X) in the Deligne category Rep(GLy). The corresponding vertex al-
gebra Homgp, (1, W(X)) is our main object of studides. Recall from Sec-
tion 3.3 that W(X) can be identified with the object S(B,,-o(cy & Z1, &
Zyn @ by)). Using the same notation as in Section Section 3.3, we de-
note ¢(z) € Hom(c_1 ® W(X), W(X)(z)) the field that correspond to the
inclusion c_; — W(X). Similarly, we define the field b(z), Z(z), Z>(z).

As in 3.107, we define the BRST charge as follows

(3-109)

Q= %dzTr(: b(z)c(z)e(z) @) + Tr(: ¢(2)Z1(2) Z2(z2) ) (3.110)

Remark 3.61. In the above expression, Tr(... ) should be understood as the
morphism w in Hom(1,...).

Proposition 3.62. For Q given as above, we have Q* = 0.

Proof. Let us denote J(z) = Tr(: b(z)c(z)c(z) 1) + Tr(: ¢(2)Z1(2)Za2(2) 2).
To prove Q% = 0, it suffice to show that the OPE between ](z) and itself
vanish. As an illustration, we compute, in a diagrammatic way, the OPE
between Tr(: b(z)c(z)c(z) :) and itself. This is done by considering all
possible Wick contractions, and each Wick contraction is represented by
the diagram 3.109.

For example, the Wick contraction Tr(: bee : (z)) Tr(: bee = (w)) gives us

T 1 s

Z—w

_ ! - Tr(: beee = (w))
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We can check that the sum of all possible single Wick contractions cancel
each other and gives us 0. There are also contributions from double Wick

[ ﬁ
contractions. For example, Tr(: bee : (z)) Tr(: bee : (w)) gives us

T ,
On the other hand, Tr(: bee : (z)) Tr(: bee : (w)) gives us

(Gasr w1 L

= “—wp 1 Tr(c(z)) Tr(c(w)) :

Summing all contribution together, we find

NTr(: c(z)c(w) :)— : Tr(e(z)) Tr(e(w)) :
(z—w)?

Tr(: bee : (z)) Te(: bee : (w)) ~ 2

Similarly, we can compute

Tr(: c[Z1, 23] : (2)) Tr(: ¢[Z1, Zs] = (w))
NTr(: c(z)c(w) :)— : Tr(e(z)) Tr(e(w)) :
(z —w)?

~—2

Tr(: cc[Z1, Z2] : (2))
(z—w)

Te(: bee = (z)) Te(: ¢[Zy, Zo] = (w)) ~
It follows that different contribution cancel, and we have J(z)](w) ~ 0. O

As a consequence, Q defines a differential on Hom(1, WW(X)). Our vertex
algebra is then defined as the BRST cohomology, (Hom(1, W(X)), Q). We
will explore this vertex algebra in more detail in the following sections.

An important extension of the above construction is to add a By system
valued in the (anti-)fundamental representation. We denote I = [0,1] ®
CKIK which is K + K copies of o = [0, 1] with K of them in degree 0 and
K of them in degree 1. Similarly, we define | = [1,0] ® (CKIK)* as K + K
copies of @ = [1,0] with K of them in degree 0 and K of them in degree —1.
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We define a symplectic form on I @ | by (anti-)symmetrizing the following
morphism

&% c Hom([0,1] ® [1,0],1)

Then we consider the corresponding chiral Weyl algebra W(X & 1@ J).

For the new system, we add the following element to the BRST charge
Qm = fdzTrp(: I(z)c(2)](z) 1)

Here Trr(...) denote the morphism < 2”* in Hom(1,...), composed
with the natural pairing (CXIK) @ (CKIK)* — C.

Proposition 3.63. We have (Q + Qp)? = 0.

A more general construction

In this section, we consider a generalization of the construction in the last
section. Construction in this section follows a unpublished work with D.
Gaiotto, A. Lopez and H. Silverans.

Let A be a compact 2d Calabi Yau algebra. Due to [KSo6], we take A to
be a unital cyclic A algebra, i.e. an A algebra (A, mq,my,...) equipped
with a symmetric and non degenerate pairing (—,—) : A® A — C[2],
such that the expression (ag, my, (a1, ...,a,)) is cyclically symmetric in the
graded sense.

We denote the inverse of the pairing by 7 € A ® A. We can choose a
basis {ay,...,a,} of A and express 17 as }_#/a; ® a;. By definition, we have

(aa;)y'a; = a

This element also defines a symmetric pairing on the linear dual A*, which
is given by
(f.8) = (f@g)n)

If we choose the dual basis B = {f1,..., f"} of A*, then (f, f/) = 'l. We
define the following object in Rep(GLHNH)

Xa =P ¢ (3.111)

f,‘EB

where each ¢’ is a copy of [1,1] = eo in degree |f;| — 1. X4 is equipped
with a symplectic form

Q= ZQlj € (P Hom(¢' ® ¢/, 1) (3.112)

ij ij
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given by
Qi =" ‘C/_\'\ (3-113)

Then one can use our general construction to define the symplectic boson
system V(X 4-) generated by the object X 4-.

Lemma 3.64. We have an isomorphism
Hom(1, W(X4-)) = Sym(CC; (A[[H])[1]) (3.114)

Proof. Recall that we can identify W (X4) = S([1,1] ® t 1 A*[t"!]). Using
Lemma 3.19 we have

Hom(1, W(X4)) = @(Hom(1, T"([1,1] @ t TA*[¢71]))5"
n>0

- @(k[sn] ® (t‘lA*[t—l])@@n)sn

n>0

= @(k[sn] ® Hom(A[[t]]Q?”, C))Sn

n>0

The rest of the proof follows from the proof of Loday-Quillen-Tsygan
Theorem [Qui84, Tsy83]. O

Under the above isomorphism, a cyclic cochain f : A[[]]®" — C of the
form fit=5 @ f2t=k @ ... fint=kn is mapped to the element

U b . (] (@] ) )
€ Hom(1, qbl,lk1 Q... 4’:"1%)

We denote A(A) = Hom(1, W(X4-)) the corresponding vertex algebra.
To define the BRST reduction, we specify an element Q € Hom(1, W(X4+)).
By the previous lemma, we can define it as an element in CC; (A[[t]]). We
consider the following maps

1

,;<a0(t> Ra(t) Q- - Ray(t) = m(ao(O),mn(m(O),...an(O))))

The corresponding BRST charges can be written as follows

Q=X iy f 420 m i 0,) T 40(2) 47 (2) )

n>1 i[),...,in

(3-115)

Remark 3.65. We can let A = C[ey, €3], with both ¢€; in degree 1. Then A is
a 2d Calabi-Yau algebra with the map (—) : A — C given by (e162) =1
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and 0 otherwise. It is easy to check that the construction in this section for
A = Cley, €2] reproduces the example introduced in the last section.

We can also add (anti)-fundamental representation into this construc-
tion. Let M (resp. M) be a finite dimensional left (resp. right) A module.
Suppose we have a non-degenerate pairing

(—,—):M®M — C.

Using this non-degenerate pairing, we can identify M as the dual M* of
M and vice versa. We also assume that the identification is as A-module.
This means that

(i, mM(ay, ..., an,m)) = (MM, a1,...,a,),m) (3.116)

where m and mﬁz are the A module map on M and M respectively. We
can choose a basis {m;} = By of M and the dual basis {m/} of M. Then
the pairing becomes (m',m;) = &;.

We define the following objects in the Deligne category

Xu= P ey

I’VleBM

where each I; is a copy of [0,1] in degree |m;| and [/ is a copy of [1,0] in
degree |m;|. We can define symplectic form on Xy as follows

y 6l &% ¢ Hom(I ® i, 1),

Given this symplectic structure, we define the symplectic boson system
W(Xar @& Xpm).

Lemma 3.66. We have an isomorphism (as a graded vector space)

Hom (1, W(Xa+ ® X)) = Sym(CCy (A[[H]])[1] @ B*(MI[¢]], A[[]], M[]])7)
(3.117)
Under the above isomorphism, a element in (M[[t]] ® A[[t]]®" @ M[[t]])

of the form m]-t*kfJ ® fitf @ ... firt~F @ mit—*+1 is mapped to the ele-
ment

L R AU P cHom(L L g @ ¢, ©... ¢ @],

n+1)
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We also add a new term Q) into the BRST differential. By the previous

lemma, we can define it as an element in B*(M][[t]], A[[t]], M[[t]])*. We
consider the following collection of maps for n > 1

m(t) @ay(t) - @ an(t) @m(t) — %(ﬁ?(o),mnM(ﬂl(O)/ +-an(0),m(0)))

The corresponding BRST charges can be written as follows

(3.118)

36 VERTEX POISSON ALGEBRA STRUCTURES

In this thesis, we will consider various vertex Poisson structures as different
classical limits of the algebra (A(A), Q). First, we consider the easiest one,
which corresponds to the tree level planar limit in physics terminology.

First, we add a formal parameter /s and consider the version of Weyl alge-
bra Wy (X4) with symplectic form fiw. We denote Ay, = Hom (1, Wy (X4)).
In this section, we consider the classical limit with i — 0:

Wh=0(Xa) = Wh(Xa)/EW,(Xa)

And similarly define Ay_o.

Since the i1 — 0 limit of the Weyl algebra is simply the commutative
algebra, W;_o(X4) is a commutative vertex algebra. Then by [FBZo4],
Wh—o(Xa) acquires the structure of vertex Poisson algebra (in Deligne
category). As a result, A;_ has the structure of Poisson vertex algebra.
Denote Q) the differential on Aj_( induced by Q. We have the following
proposition that improves the results of 3.64

Proposition 3.67. 1. Q3 =0.

2. We have an isomorphism of chain complexes

(An=0, Qo) = (Sym(CC;(A[[z][1]), ) (3-119)

where b is the Hochschild differential on CC5 (A[[z]]) that computes+ the
cyclic cohomology.
Proof. Denote J(z) = Y1 Lij,...i, ﬁ(aio,mn(ail,. c,;))) Te(z o ... i
(z)). To prove that Q3 = 0 we only need to prove that a single Wick con-
traction between J(z) and itself vanishes. It is easy to check that computing
the Wick contraction gives us the A relation on m,,. O
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We proceed to consider a more complicated classical limit. We define
a three parameter family version A, n(A) of the algebra. We work with
the Deligne category Rep(GLny)), this gives us the parameters 7 and N.
We consider the following Rees construction

NI=

Aunn(A) = @d¥sym" (CCi(A[[z]])[1]) € Sym(CC3(A[lz]]) [1])[[42]]

n>0
(3.120)
Then we consider the following re-parametrization
Ay = Ad,h:d%/N:Md% (3.121)
Proposition 3.68. A; , lifts to a module over C[[d, A]]. Moreover,
Aj—op = Agr/dAg (3-122)

is a commutative vertex algebra.

Proof. For the first statement to hold, we need to show that the OPE
coefficients for the algebra A;; ny(A) has the following form

Ry NG (3.123)
where all 4, b, ¢ are all integers and satisfy the conditions

c>0,
b—c>0, (3.124)

a+ b — c is a positive even integer

We prove this by induction on the number of Wick contractions. When
there is a single Wick contraction, it only connects two single trace oper-
ators and produce one single trace operator. Thus the OPE coefficient is
dzh, which satisfy the above conditions.

Now suppose we already have n wick contraction and the coefficient
take the form 3.123. Now we add one more Wick contraction, which always
add an extra 7 factor. It might also introduce another factor of N or d 2,
which we now discuss.

When this new Wick contraction is adjacent to a previous one, we have
an extra factor of N, but the number of output trace is not changed. In this
case, the coefficient becomes

d% hb+1 NC+1

which satisfy the conditions 3.124.
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When the new Wick contraction is not adjacent to any previous one, it
will not add a extra factor of N. But in this case, we either have one more
trace or one less trace in the output. Then the coefficient becomes

a+1

dThbJrlNc or d% hbJrl N¢
which also satisfy the condition 3.124. O

As a result, A;_g, has the structure of vertex Poisson algebra. In fact,
the specialization A = 0 of the Poisson vertex algebra A;_  is the same
as the A;_ we defined earlier. We will study the vertex Poisson algebra
Ai—o ) in more detail for A = C[ey, €;] later.
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DERIVED LAURENT SERIES

The Laurent polynomial O(A') = k[z,z '] is a fundamental object in the
local structures of chiral algebra/conformal field theory over curves. For
d > 2, Hartogs’ theorem implies that the space of holomorphic functions
on a punctured affine space is the same as the space of holomorphic
functions on affine space

O(AY) = O(AY) 2 k[zy,. ..,z (4.1)

Naively, information about the singular behavior when points collide
is lost in dimension d > 2. To overcome this problem, we replace the
"classical" algebra of functions O(A?) = H°(A9, O) by the derived space
of functions RT'(A9, ©). We have the following well known answer

k[Zl,...,Zd], i:(),
H'(AY,0) = z7 27Kz 2, i=d -1, (4-2)
0, otherwise.

We see that the singular data is restored, but in different cohomological
degree.

As we learn from homological algebra, instead of the cohomology, we
should keep track of the actual complex that gives rise to the cohomology,
up to quasi-isomorphism. Indeed, the cohomology 4.2 forgets the infor-
mation about the dg algebra structure on the derived space of functions
RF(A"I, O). To restore this part of information, we either need to work
with a proper dg algebra model for RT(A9, ©), or consider the A« algebra
structure on the cohomology H*(A4, 0).

In this chapter, we introduce the dg algebra model for RT[(A4, ©) called
the Jouanolou model following [FHK19]. We also compute explicitly the
A algebra structure on the cohomology H*(A%, ©) for d = 2 using
representation theory. The latter structure can be used to construct the
minimal model of the higher Kac-Moody algebra R['(A4, O @ g). These
structure, and many of their variants, are used to define certain Poisson
algebra and vertex Poisson algebra structures that are important in the
twisted holography context.
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4.1 THE JOUANOLOU MODEL

In this section, we introduce a dg algebra model for RT['(A4, ©), which is
called the Jouanolou model. We follow the discussion in [FHK19]. First we

introduce another copy of A? and denote its coordinates by (z},...,z}).

We write

2z = Zziz;‘ (4-3)

Let ] denote the closed subscheme of A% cut out by the equation zz* = 1.

J={(zi,2) € A* | 22" =1} (4-4)
The affine scheme ] is called the Jouanolou torsor of A

Lemma 4.1. The projection onto the first factor
m:] — Af (4-5)

is Zariski locally trivial with fibers isomorphic to A1,

Proof. We have an affine open cover {D(z;) = Speck[z1,...,24]z }i of A%

For each D(z;), we have

1 (D(z)) = Spec (k(z1,...,2z4,2],...,25) /22" — 1)
>~ Speck|zy, ..., zdl; ® k25, ..., 25, ..., z]] (4.6)
= D(z;) x A"

O]

For any quasi-coherent sheaf E on A? we consider the global relative de
Rham complex

Aig(E) =T(J, ) 4s ® T'E) (4-7)

Proposition 4.2. (a) Al (E) is a model for RT (A%, E).
(b) If E is a commutative O 4, algebra, AI Pl (E) is a commutative dg algebra.

Proof. (a) Since ] is affine, we have a quasi-isomorphism
Ajg(E) = RT(J, Q) 4 @ 7°E) =2 RF(A,RN*(Q}\ AMOTE)) (48

Moreover, since 7t is Zariski locally trivial with fibers isomorphic to AT
the map

E— Rn*(Q}\N ® T°E) (4-9)
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is a quasi-isomorphism of complexes of sheaves. The statement follows
immediately. O
We can give a explicit description of the Jouanolou model A[ g =
[d](Od ). Let k[z,z*| = k[z1,...,24,2],...,2]] be the algebra of regular

function on A%, Let
k[z,2*][(22") 7] (4.10)

be the localization of the polynomial algebra k[z, z*| with respect to zz* =

d
Li1ZiZ; -

Proposition 4.3. The m-th graded component A[ f is identified with the space of
differential forms

w = Zﬁl/“'/im (Z’ Z*)dz?; tet dz;km (4.11)

where the coefficients f;, i (z,z*) € k(z,z*][(zz*) 1] satisfy the following two
conditions

1. The coefficients f;, . ;. (z,z*) has degree —m with respect to the z* variables.
2. The contraction 1z(w) with the Euler vector field { = }; z} 82* vanishes.

Under the above identification, the de Rham differential is given by

d
=) b5 (312

Another useful presentation of the algebra Ay is through the tangen-
tial Cauchy-Riemann (CR) complex Qp*(S**~1) of 52~1. We adopt the
definition using the embedding of 5**~1 into C?? (defined by the equa-
tion r = 1)[Foly2]. We define (2)*(S2*~1) as the quotient of Q% (C?¥)[g
by the ideal I(dr) generated by dr. By choosing a metric (—, —) on C*,
the CR complex Qg"(SZd—l) can also be identified with the orthogonal
complement of I(dr) in Q% (C??)|g2-1.

The CR differential d can be defined as follows. Let f € C*(S*~1) be
a function on $**~1, and f’ be an extension of f to C??. Then 9f is the
restriction to §24-1 of o

{9f',9r) 5

of' — Gr.n) or. (4.13)

Notice that we have a map of dg algebra from AI 4 to the Dolbeault
complex Q% (C% — {0}) , given by

Zﬁllm (z, 2*)de1 sz o= fi (z,2)dz;, ...dz;, (4.14)
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By the construction of the CR complex, we have a map of dg algebra

Q% (C? - {0}) — QY*(5*~1). Thus we have a map Ay — QY (821,

This map identifies AI 4 as the space of polynomial sections of Qg" (%1,

Proposition 4.4. The image of A[ ] under the above map is dense in the Lp
completion of QO)* (S2*~1).

Finally, we define a higher dimensional analogue of the residue map.

First we denote

Afd’}' = Ay ® QZi\d (4.15)
Explicitly, we can write
AE&'] = Al [dz1,...,dz4] (4.16)
The map Ay — Q% (C? — {0}) extent to a map AE&'] — Q7 (C? - {0}).
We define the residue map Res : A‘fﬂ_l as
_(d-1)!
Res(w) = ) /Szd_l w (4.17)

This residue is normalized so that the Bochner-Martinelli kernel

B Zle(—l)d“z;fdz’{ A d/z\;k A ANdz)

(@)
’ (z27)1

(4.18)

has residue 1
Res(Qpdzy ...dzg) =1 (4.19)

In this and the following sections, we also consider the d dimensional
formal disk ID? = k[[zy,...,24]] and formal punctured disk D¢ = D7 —
{0}. We denote A}, the Jouanolou model for RT (ID4, Op, ). The cohomology
of (A}, 0) gives

k[[z1,...,z4]], i=0,
H (DY, 0) = itz kz Lz, i=d -1, (4.20)
0, otherwise.

This is the higher dimensional analogue of the formal Laurent series

C((2)).
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4.2 REPRESENTATION THEORETIC ANALYSIS

In this and the following sections, we focus on the case when d = 2. In
this case, the SL; (and GL,) group acts on A? and D?, which induces an
action on the Jouanolou torsor so that zz* is GL, invariant. Therefore, the
dg algebras Afz] and A} inherit an action of SL; (and GL,).

It will be convenient to introduce another set of coordinates

Wi =2z, W= __
Izt (4.21)
gi=—

zz*

Then we can identify

A([)Z] = C[wl»,a‘;i]/(ww = 1),

(4-22)
1 ~ 0
A[Z] == A[Z]QB,

where Q)3 is the class in A%z] generated by the Bochner-Martinelli kernel

* * * *
zidzy — z3dz]

Qp =
zz*

= W15 — WGy (4.23)

Recall that A([)2] can be identified as the space of polynomial functions on

S3, therefore we have the following harmonic decomposition

Ay = D Wy (4-24)
ji€3Z >0
where
Harmonic polynomials that are homogeneous
H' = P . _ _
z of degree 2j in (w1, w;) and degree 2j in (01, 07) elze
7, 2 &>

(4.25)
Our labeling of the space H; ; using half integers instead of integers seems
unnatural. We chose this labeling to be compatible with the usual quantum
mechanical notation of spin. In fact, ;7 is a spin j + j representation of
SL,.
The residue map introduced in the last section gives us an SL; invariant
pairing (1‘1([)2])®2 — C:

(a, B) — Res(apQpdzidzy) (4.26)
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We can check that this pairing is non-degenerate. It will be convenient to
use an orthonormal basis for each space ”H]-’]T. Under the SL, action, there
is a canonical choice of basis generated by the highest weight vector. For
the space H o, we choose the orthonormal basis to be

with e](j )=, /2] + 1w%j the highest weight vector. For the space ) ;, we
choose the orthonormal basis to be

: H | . S i}
{éf,—? = \/ . 2 +]—1 ' .ZD];m(—wl)]_m | -j<m< ]} (4.28)

For H;; with j, j # 0, we denote the corresponding orthonormal basis by

{W [ =G+D<m<j+}. (4-29)

we choose the highest weight vector to be

G) _ Q27+ o o
Cil; = 2/)1(2))! wy Wy, . (4.30)

Other elements of this basis are uniquely determined by the SL, action.

Later we will write down explicitly this orthonormal basis in terms of
harmonic polynomials.
An important structure of Afz] is its commutative product. We want to

understand how this product behaves under the decomposition A([)z} =
EB]-,]TG% 7., M- Note that harmonic polynomials are just polynomials of
the variable w; and @;. The product in the subalgebra C|w;] and C[w;]
respectively is easy and is the commutative product of polynomial. The
only difficult part is the product between C[w;| and C[w;] after harmonic
decomposition. Therefore, we first compute the product M restricted to

%]',O & %0,]7:

M H]',() X HO,]T — H]’]_ SV H]',%,]T,%

Hi =g j>7
{ SR B
Hojj 157
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4.2 REPRESENTATION THEORETIC ANALYSIS

Denote 71; = H;o. Note that {7} jelz., enumerates all irreducible repre-

sentations of SLy. We have an isomorphism

Pij+ ey = Hyg (4:32)
as SL, representation. Using the orthogonal basis of 77; and #,; ; defined
earlier, we have e%’D = 4>].j(e,§{+’7 ).

Note that we have the well known tensor product rule of SL, represen-
tations

CG: 7Tj®7'[]7§ i O M1 D B m_j (4-33)

The matrix elements of the above isomorphism in the orthogonal basis are

given by the SL, (SU(2)) Clebsch-Gordan coefficients CJ/%7.,,... Then we
consider the map

MoCG™!:

Hio J>] .
Hojj 17
(4-34)
Since both M and CG intertwine the SL; action, by Schur’s lemma M o
CG~! must be a constant multiple of identity on each irreducible subspace.

Therefore, we have the following diagram

T @M ;1@ D7m_j — /Hj,]?@ij—%,f—% DD {

Hj,O &® 7’[0,]*
y %‘
, Ao
Tj+] = Hif
S5) A S5)
i1 ]
i1 ———— Hj 17
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4.2 REPRESENTATION THEORETIC ANALYSIS

We see that the map M is completely characterized by the constant A

To compute each constant A, 7, it suffices to compute the map Mo CG~ !
on each highest weight vector. We have

. i
(j+i=k)y _ Jlij+]—k ()
MoCG™ ( ik )—m:ZjC] m,j—k+mj+j— kej m‘f] k4+m
‘ _ (4-35)
_ (1 (2j +1)1(2] +1)! li=27—3)
KU(2j+2] —k+ 1)1 Tk
Therefore,
2j+1)1(2 +1)!
Ao — (—1)k (2j - . .
ik =(=1) \/k!(2j+2j—k+1)! (39

This gives us the following

Proposition 4.5. The product map M on the subspace H;o @ H, 5 is computed
by the following formula

min(2},2f)

M( 7(7][)/6—(]_))_ Z A C]]]+] k (] }%1]_ %)

j,j kS m,mmA-m Cm+ (437)
In fact, we should understand the product M as an identity in the ring
Clw;, @;]/ (w1@1 + waw, — 1), that expresses a monomial of w;, @; as a
linear combination of harmonic polynomials. As a result, the inverse of M

onH;r
M Her = Mg @ Hy; (4-38)

should be understood as an identity that expresses the orthonormal basis
of H;; as a polynomial of w;, ;. Since the Clebsch-Gordan coefficients
are real and form a unitary matrix, we can easily write down the matrix
elements of M~!. This leads us to the following

Proposition 4.6. The orthonormal basis of the space of harmonic polynomials

H; 7 can be written as follows

JD Z/\Hocmﬂ e menp

1—m,m;l

Yy \/(2]+2]+1 JRNCNGHTHDG+HT=1)  (4.39)
& (T =m)t(j =1 +m)!(f— m)!(j + m)!

jHl—m_ j—l4+m__j—m__j+m
X wy w, wy Wy .

Given the above results, one can compute the product M of any two
harmonic polynomials. First, we write the harmonic polynomials into

Jijk:
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4.3 A SPECIAL DEFORMATION RETRACT

polynomials of w;, @; using the above formula. Then we can perform the
product in the polynomial ring Cw;, @;]. Finally, we use M| e, to
decompose the polynomial into harmonic polynomials, which gives us the
desired product map. Following this idea, we show in Appendix B.1 that
the product of two arbitrary harmonic polynomials is given by

. . .
M (Gujt) LG22y _ ]Tl ]Tz ]Tl ]72
(eml emz )_ Z ]1 B ]2 _ ]1 _l_]2 )
K1+ pt+p iththti—k

< /(271 + 1) 212+ D@7 + 12 + )21 +2]1 +1) (22 + 22 + 1)

-1 31 4 Ch+]Tlr]:2+]72;]'1+]'2+]71+]72*k (h+i2—5h+2—%)
171,07 2,2, 07 Tt T2 jr ki ma;my my 1y ’
(4-40)
v j2 s
where < js j5 je o is the Wigner 9j symbol.
J7 78 Jo

4.3 A SPECIAL DEFORMATION RETRACT

In this section, we start to analyze the cohomology of Jouanolou model
for d = 2. We would like to compute the A algebra structure on the
cohomology H* (A2, 0). To do this we first construct a special deformation
retract on Ay, and then apply the homotopy transfer theorem.

The easiest way to construct such a deformation retract is to utilize the
SL, representation studied in previous section. We need to understand
how the differential d of the Jouanolou model behaves under the harmonic
decomposition. The operator 0 commute with SL, action. By Schur’s
lemma, on each SL; irreducible subspace, 0 is either zero or a scalar
multiple of the identity onto an irreducible subspace of the same SL,
representation. Therefore, it suffices to look at the action of 0 on the highest
weight vector on each irreducible subspace. Using the reparametrization
in 4.21, we have

5/ 2j 2] 2j _2f 2j+1 2]
d(wwy)) = 2fwwy) & = 2fwi M wd T Q. (4.41)
We find that
5. 7‘[]0 —0
: ’H —>7—t ) o (4-42)

Under the orthonormal basis, the differential d is given by the following
constant

A, >, 2j(2j +1). (4-43)

j+50p /7—
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4.3 A SPECIAL DEFORMATION RETRACT

Given this knowledge about 9, it is easy to reproduce the known result
4.20
H°(A?,0) = @ Hjo,
j€1Zso
HY (A*0)= @ HyiQs.

j€3Z0

(4-44)

We define the homotopy operator h : A[lz} — A?z] by "inverse" of d as
follows
) HO,]TQB —0

: = , (4.45)
/Hj,]?QB — Hj—%,ﬂ

N|—

so that & acts on the highest weight vector by

2j 27 1 2j—1 _2j+1
h(w)' ;' Qp) = 27+ 1w1] w2]+ : (4-46)

Under the orthonormal basis 4.30, & is given by the following constant
h.::=h . (4-47)
AT LB S \/-7 : :
/ 2j(2j+1)

We can verify that
iop—1=0doh+hoo, (4.48)

where i and p are the standard inclusion and projection between Apy and
H' (A%, 0).
We can also verify that

hoi=0, poh=0, hoh=0. (4-49)

As a result, we have constructed a special deformation retract (SDR)

n( () = (1(4,0),0) (450

We give more details about the definition of SDR in Appendix A, where
we also provide its connection with homotopy transfer theorem.
It is important to note that the SDR we constructed is compatible with

the pairing on Ajy)- One easily check that Res(d?zh(a)b) = Res(d?zah(b)).

Under this extra condition, it is shown in [Kajo7] that the transferred
A structure on the cohomology is also a cyclic A algebra. The bilinear
pairing on the cohomology is simply given by the restriction of the original
bilinear pairing.
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4.4 Asw STRUCTURE ON THE COHOMOLOGY: mp AND ms3

In this and the next section, we analyze the algebraic structure on the

cohomology

H'(A? 0) (4.51)
induced from the dg algebra structure on Apy- We first look at the induced
product structure m, on H*(A2, O). For the degree 0 part, the product
on HY(A2,0) = Clwy, w,)] is simply the commutative product of the

polynomial algebra. By degree reason, the only other nonzero product is
H(A?,0) ® H' (A%, 0) — H°(A? O), which is given by

0 ifj > 7,
my=poM: Hiog®H,:Qp — i .52
2=P j.0 0,/ “B {%o,ijB ifj<7 (4-52)
Using the formula for M from the last section, we find that
p g (r+s+1)! C(rs—p—q+D)! o sy
my (w7 ws, R wiw5Q0p) = = )5 =) w; "w, 'Qp.
(4.53)

Remark 4.7. Alternatively, we can identify H' (A2, O) = C[®1,w,)Qp with
the (degree shifted) dual of HO(AZ, O) = Clwy, wy] via the residue pairing
4.26. Then the commutative product of C[w;, w>] induces a dual map

m : H'(A?,0) @ H'(A?,0) — H'(A?, 0), (4-54)

which is defined by m}(f,§Qs)(h) = (f - h,gQp) for f,h € H'(A? 0)
and ¢Qp € H'(A2,0).

The fact that m) and m; are the same is a consequence of the cyclic prop-
erty of my: (h,my(f,gQp)) = (§Qp, ma(f, h)). This fact will be particularly
useful when we consider the higher products m, on the cohomology.

Now we can proceed to consider the higher structure on the cohomology
H* (A2, 0).

Proposition 4.8. There exist a nontrivial A« structure (actually a Coo structure)
{myYn>2 on H'(A?,0), such that the Aw algebra (H*(A2,0), {my,}n>2) is
Aco quasi-isomorphic to the dg commutative algebra (AIZ},E_), )

The existence of this A structure is a corollary of the homotopy transfer
theorem. Since (Af2]'é' -) is a dg commutative algebra, the transferred
structure is also a C, algebra [ZGo6]. The fact that this A structure is
nontrivial is shown in [Polo3] in a more general context.
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4.4 Asw STRUCTURE ON THE COHOMOLOGY: My AND m3

The A« operation m,, can be construed as follows

my, =Y (£)mr. (4.55)
TEPBT,
Here the summation is taken over all rooted planar binary trees T with n
leaves. The map mr is construed by assigning the product map M on the
vertices, /1 on the internal edges, i on the leaves and p on the roots.
In this section, we warm up by computing the product m3 on H*(A2, 0).
It is given by the following trees

Explicitly, we have
mz(a,b,c) = pM(a,hM(b,c)) — pM(hM(a,b),c), (4.56)

where we omit the inclusion i for simplicity.

Since H*(A2, ©) is concentrated in degree 0 and 1, and m3 is of degree
—1 by definition, we have that mj3 is non zero only in the following
subspace of H*(A2, )3

P H(A? 0) @ H'(A% 0) @ H'(A% 0),
perm
P H(A%0) @ H'(A?, 0) ® H'(A% 0),

perm

(4.57)

where we sum over all permutations of the tensor factors. Due to the cyclic
structure, m3 on the different subspaces are related by

(ao, m3(a1,30Qp, 31Q)) = —(81Qp, m3(ag, a1,302p)) (4.58)

Therefore it suffices to only compute 3 on Pperm HY(A?,0)® H' (A%, 0)®
H'(A?,0).

First we consider mj3 restricted on H;, 0 ® Hj, 0 ® H7(2p. Because h =
0 restricted on H°(A2,©), pM(hM(a,b),c) = 0 for a,b € HO(A? 0O).
Therefore, ms is given by pM(a, hM(b,c)) in this case.
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4.4 Acw STRUCTURE ON THE COHOMOLOGY: M) AND m3 88

If j < jo, pM(—,hM(—, —)) is given by the following composition of
maps

1M
Hjo ©Hjpo @ HoOp = Mo @ (Hy, Qs OH;, 17 108D - OH,_700p)
12h
= Hjo @ My 15 O H, Qs @ BHy, 511 Op)
M
— Hjj, 710

(4.59)

If j > jo, the formula for computing mj takes the same form. However,
there is a slight difference in the last summand

M

IRE

1
Hio@Hjo® ’HO,]TQB Hjo® (szleB &5, Hj

17 1
2202

Qp@ - BHy; ;,Op).

(4.60)
Note that #,;_; is sent to 0 after we apply .

We compute m3(e,(1{'i),e,(£),é,g-? Q) following these steps. According to

the above formula, we first need to compute hM (e,(,Z), é,(,f? Qp). We have

min(2},2j—1)

(72) 5(/) _ _chgbti—i (=)
h(M(em, , 27 QB)) = Z h]‘zf%,]lz')‘jz,j,icmz,m,m2+memz+m .
i=0
S (4.61)
TO com t h d M (]1) (]Z_M/]_%) Ak f
pute the product pM ey, + €yt ), we can use a variation o
il 5 il
the formula 4.39 of M~! to write eE,Z o =7 as a polynomial
(o575 1 kit D)
Pzt A1 7y O mma ot Gyt (4:62)
m
Then we find that
M), U #-) _yCppip 22(2j1 +1)(2/ +2)
Ty ~ =3+ 2j1 + 2
y Cjz—%,f+%;jz+f—i jl,jz—%;]'1+]'z—%Cj1+fz—%rf+%;jl+fz—f—1 (it+j2—j-1)
m! ;my+m—m' ;my+m " my,m my +m’ my+m’ my+1m—m' ;my +mp 4 My +my+m

—(~ERIAT 22+ 1)+ 2) (2 + 2 - 20+ 1)
1 { Ja— %_ j+ % jatj—i } e(]'1+]'2—]7—_1)
j1+j2_j_1 ]'1 ]'1_|_]'2_% mi+mp+m

(4.63)

Jo+i—i i1t —j—
X Cm2+rﬁ,m1;m1+m2+m

where {]1 J2 ]3} is the Wigner 6j-Symbol.
J& J5 Je



4.4 Asw STRUCTURE ON THE COHOMOLOGY: My AND m3

Combining the above results, we find that m3(e,(#1), e%), f;]? Qp) is given

by

m3 (eml 7 emz 7 em -

i min(2j,2j—1)
(1) ,(j2) —(DQB)_ Z (—1)2ir+22—i+1

. 1 - 1 . - .
x{ 2—73 Jt+3 ]2+]_11} jdijatj =i ot —j-1
]1_|_]2_]_1 ]1 ]1+]2_§ Mo, 1M, My 11"~ My~+1,mq;my+my-+1m"

o [ @ D20(20 +1) (22 +2] = 20 +1) Gi+p—j-)
(25— D)2 —i+1) -t

(4.64)
In fact, the above result is sufficient to determine all values of m3. We

have

m3 (@00, e, ey = —ms (el e, 2V ), (4.65)
ma(ell), e g, el2)) = ma (e, e, eV 0ag) — ms(el), 6B, V) ap).
(4.66)

Then we use the cyclic property:

(0 Qp,ma(elt e e ) ) = (el ma(ell) e 2,802 C0p) )
(4.67)

This determines the value of m3 on HY (A2, 0) @ H' (A2, 0) @ H' (A2, 0).

For our later application, it will be more convenient to use the value of
m3 in a different basis. We make the following change of variable

p=j+m r=jp+mp Uy =1 — 1 Uy = o — 1My
012]'1—7711’ Sij—mz’ o1 =f1+ig vy = oty

(4.68)
with the constraint that
upt+uy=p+r—1, v1+vp=qg+s—-1 (4.69)
This constraint is equivalent to j; + jo = j1 +j2 — 1, 1y + 1y = —(my +my).
Then we define the constant (mg)ﬁlqulsuz 0, by the following
(=)™ N(jr, m1)N (ja, m2) (
(s = NG N ) (o sl e 20, 00)).
(4.70)
where N(j,m) = U(@# This expression is non zero given the

constraint 4.69.
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The constant (m3)}7 5,0, can be regarded as the value of m3 in a

unnormalized basis. We have

1S
1) uq!vq! Wy wglﬂB) = (m3)51701;u2,02w?2w12;2' (471)

]
m3(wy w,, wiws3,

Using the relation 4.65 and the cyclic property, we find that the constant

(m3)ﬁ’ﬂg1’fu2,1,2 satisfy the following relation

(m3)5’1731,;suz,02 - = (m3):4,;f5£?u1/01' (4.72)

4.5 As STRUCTURE ON THE COHOMOLOGY: my

In this section, we analyze all the higher products m,, on the cohomology
H*(AZ% O). First, by degree reason, the n-th product is only non zero on
the following subspace of H*(A2, 0)®"

@ HO(A2, O)®2 ® H! (AZ, O)@n—Z’
perm
@ HO(AZ, O) ® Hl <A2, O)@nfl‘

perm

(4.73)

The fact that H*(A2, O) is concentrated in degree 0,1 and the homotopy
operator /1 decreases the degree by 1 strongly restricts possible trees that
contribute to the higher product m,. A tree that contains the following
vertex must be zero

As a result, for any tree that gives a non-zero map, all vertices must be
directly connected to a leaf or the root. Moreover, the product map is zero
on (A%Z])‘@Z. Therefore, for n > 3, a tree that gives a non-zero map must
only consist of the following vertices:

HY H! H!
i i i
h h\ /h
Yoo oV
p

Only a few trees survive under this condition.
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First we consider the map m, on H'(A?, 0) @ H' (A%, 0)®"~1. In this
case, only one tree contribute, which is given by

my(ag, 31Qp, ..., d,—1Qp)

— pM(M(.... hM(hM (a0, 1:05), ), o 7y 1 Q) 7Y
for ay € HO(A2, 0) and 41Qgp, ... ,ljn_lang (Az, O)

We emphasize that the order of input elements does matter in a higher
operation m,. Therefore, the above formula does not directly apply to
other cases when we insert a9 € H°(A2, ©) in a different slot of the map
m,. However, since since (H*(A2, O), {n,},>2) is a C, algebra, all other
cases can be derived from the result of m,(ag, 31Qp, . .., 3,-1Qp). We have
the following

My (318, - - ., k4108, 20,310, - . ., 5 p)
= Z (i)mn(ao, 0_1071(1)03,. . .,0_1071(7[_1)03), (475)
ceSh(kn—1—k)

where Sh(k,n — 1 — k) the subset of (k,n — 1 — k)-shuffles in S,,_.
For n > 3, let us denote

Un ([ZO; [’_ZlQB/ sy 6_171_103)

.76
= M(l’lM( .. hM(hM(ﬂo,ﬁlQB>,a_203),. . .,ﬁn,lQB)). (4.76)

Then my,(ag, 31Q5B, ..., 8,-1Qp) = pun(ao, 31, - .., 4,—1Qp). The purpose
of defining y, is that it can be computed iteratively as follows

tn(ao; 31Q8, ..., 3y—1Q8) = M(hpy—1(ao; 310, ..., 8,—208), 4,—10p).

(477)
Computation of y, is similar to the computation of m3 in the last section.

First we compute y3(e£no),e,(n])QB,e£n2)QB) Using B.7, we have

]43(6,(110),8,(111)0 enﬁ Qp) =Y h_ 4. 4 ]o]m)‘;{,l

- -3 -} Vi3 o= 3 it ot 3ot
111

— — — - 1 1 . s
\/(2j1+2)(2j2+1)(2jo+2j1—2i1+1){. ity joa jotn l}}

Jo+tn+tp—1 J2 Jtpt;

« Cloduioth=i ~joth—ivjijotjitja—io (o—3 -3 fit+h+i- *)Q
mo,my;mo~+mq = my-+my,mo;mo-+my+my Cmo+my+mo B-

(4.78)
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In general, py, (a9, @1Qp, . .., 4,-1Qp) takes the following form

.. n—2 -
(o) (i) S(jn-1) _ Jorj1--rjn—1 Ji—ivjivt iy =i
Hn (em[) + Criy Qp, . -Gy QB) o Z (I/ln)ill---rin—l CMIrmZ+1/MI+1

01,01 1=0

(]07g e 1j1171+n77271n271)0
Mn 1 B,

(4.79)
where iy = 0 and we define

Ji=jo+h+-+j 1>0,
=TJ—j. 1>1, (4.80)
My=mo+---+my, 1>0.

Using the recursion relation 4.77 and the formula B.7, we find that
Jooteeerfn—
()i,

=TIk ooy e i @I+ D@+ D)@ — 20 +1)

=2 Jo— 73 — 3 /]l—l 2~ 2
n—
-1
X . 1 7 1 . _ . 9 = .
H )\]0_%/ l+%;ll)\j0—l, ]—Q—%;l’] A]O_nTzf]n—l“"nTz;ln—l

1
y T+ Y g —_1%1 Jiia =i |
Ji—1 Ji i+ 5

(4.81)
The above expression simplifies to

(2jo — 1 43)(2j; + 1) (2];_1 — 211 + 1)
Jodteen-1 _ (2jo ] -1 -1
(‘un)O]l 1 _A]'O_i]n 1+1 Zln 1H

reerin -t (2jo—14+2—i—1) 211 +1 =1 —ij_q)
{]_11 +5 o —_151 i1 — 111} .
Ji—1i Ji i+ 5
(4.82)

We have the following formula for mn(e,(flg), e,(qﬁ)QB, .. .E,(,z:j)ﬂ B)

", (3%3)13%)031 67(14: II)QB) _ Z (u )]:oljluyfnfl

i1, —1
n—2 J—i - I X
1= 141J141 — U4
X
] OCleml+ler+1

Here, the range of summation is taken to be

i]r-v-rin—z

_ .8
r-intn-2y (4.83)
. n—1
ip=0;
[ :Zjo —n+2

0<i <min{2jo—12];+1—1}, forl=1,...n—2. (4.84)
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However, the actual range of summation is much smaller due to the

constraint of the Wigner 6j symbol and the Clebsch—-Gordan coefficients.

For example, the summand is nonzero only when
ip>i_q, forl=2,...n—1. (4.85)

Using the cyclic structure, the above result is sufficient to determine the
whole m,,. For example, we have the following

(e ma(ell) i) s, .. e ) ) 56
4.
= (e,(éﬁ VO, ma (e, el e g, .2l §>QB))

This determines the value of 2, on H'(A? 0)®? @ H' (A%, 0)®"2, We
can use the Co, property to determine all the remaining values of m,,.
It will be convenient to define the constant

(mn)zlquls Mn—1,0n-1

—~ (u; +v;+1
(H ﬂ; .;+ ) > (wiwd, my(wiw}, ®' @3 Qp, . .., @03 Qp))
1-Y1-

2 G Am)Gr—m)' (5~ (27 +1)!
(1 ) (1 o )

X (e?(nl)lmn(ef(/nz)legéi)QBl‘ (]n 1)QB))

mMy—1

(4.87)
The variables p, q,7,s,u;,v; and j;, m;, j;, i; are related as follows
P:]:1+m1, 7’2]:24-7712/ ui:]:i_r?i‘ (4.88)
g=n—m S=J2—mz v = i +m

We also have the constraint u; +...u,_1 =p+r—n+2,01+...0,1 =
g + s —n + 2 on the variable, which is equivalent to

j1+j2+...+fn_l:]'1+j2—n—|—2, My + 1 + .. .1, = —(my + my).
(4.89)

46 A NON-COMMUTATIVE DEFORMATION

In this section, we consider the Moyal deformation of the structure sheaf
O 4. with respect to the standard Poisson bivector

IT =0, N0y, (4-90)
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46 A NON-COMMUTATIVE DEFORMATION

We denote O 4, . the non-commutative deformation (O 4.[[c]], *c), where
c is the formal deformation parameter and the star product *, can be
expressed by

f*cgzmoe%f@g)

(4-91)
= fg + ez]a fazj (2) 611]1612]28211 azlzfazh azlz

This non-commutative deformation induces a non-commutative defor-
mation to the Jouanolou model. We denote Ay = Al (Op2,)- Asadg
associative algebra, Afz], . has the same underlying dg vector space as
Aly [[c]], but equipped with a deformed product M, given by the same
formula 4.91. In the remainder of this section, we analyze the deformed
A structure on the cohomology H* (A2, O A2e)-

As a first step, we analyze the deformed product M, under the Harmonic
decomposition. In the easiest case, we consider MC‘H]',()@H]‘/,O

1 k k
M (wiw], wiws) = 2(2) k'Rk(p’ q,7,5)w; e q+5 (4-92)
k>0

where the constant Ri(p, g,7,s) is defined as

k
Relponr,9) = L0 (§) el o)

We also use the descending Pochhammer symbol [a], = (=]
We can also write it using the orthonormal basis

Me(ef), ey = ¥

+i—k : ;
(c/Z)kC{;l]Zn{; m]12+m2 121 4+ k41272 + 1 QUi+ k)
=0 (21 +2j2 — 2k +1)

kU[2j1 +2jp — 2Ky ™2

. (4.94)
To obtain the full A structure on H*(A2, O; A2c), We need more in-
formation about the product M. For example, we also need to com-

ute M, (e( ) e(f )Q ). Recall that e ﬂ)(z dzy — z3dzy).
p my s B my ~“B (2121 +2272) 2211 1442 2441
Therefore
VA (7 2j+1 _
€ijazi€£r]zi)azj€7(fﬁ)03 = m(zzam - ZlaZz)(er(zﬁ))e%z)QB (4.95)

We can define an operator 1 : H;; — H, by the formula 1 =
Ji

17 1
j=3d=2
W0y, — W10y,. The action of 7 on A [[ ]] is completely determined by
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its action on the highest weight vector. We have q(w%j w? ) = ijfj 71@?}? 1,
Therefore,

)

Nl—=

(el = \/(2) 27+ 1)el] 27" (4.96)
Then we can simplify Mc(e,%ll), e‘,%)ﬂ ) as follows
N (n c(2i, +1 (G
Mo, 2P 0p) = Y (CEEDyiprordi 8Bap) (407)

k>0 2

More generally, we have

M. (6%1{]?1)’ é(jz)QB) _ Z(C(Z]Z +1) )kM(ﬂke,%]l']Tl),é(jz)QB)

) m2
k>0 2

c(2a+1 7 1—5n+s) G
= LD iz + e, e )

k>0 2

(4.98)
- kT k -
while the M(eg,ﬁ 2hta) ,E%?QB) can be computed by the formula B.7.
Then we can, in principle, use these formula to compute the A structure
{m,m, ... yon H'(AZ, 0.).

4.7 MINIMAL MODEL FOR HIGHER KAC-MOODY ALGEBRA

Given a Lie algebra g, the formal current algebra g((z)) and its central
extension plays a fundamental role in the study of Kac-Moody vertex
algebra. The generalization of g((z)) to higher dimension is developed in
[FHK19], where the authors considered the current algebra

g = g® A, (4.99)

and its central extension. g} is a dg Lie algebra, and its natural to con-
sider its minimal model. Namely, we consider the transferred L., algebra
structure on the cohomology

H'(A2,g® 0) (4.100)

One way to obtain the L, structure on the cohomology is to directly
apply the homotopy transfer theorem to the dg Lie algebra g;;. However, as
we have already computed the Co structure on H ‘(Aoz, 0), it would save
us a lot of work if we can construct the Lo, structure by considering the
tensor product. This lead us to the more general question of the existence
of L, algebra structure on the tensor product between a Lie algebra and a
Ceo algebra.
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This is proved in [Rob17] with a more general statement. Let ¥ : P — L
be a morphism between two dg operad. Suppose P is augmented and
Koszul, and each P(n) is finite dimensional, then the main theorem in
[Rob17] state that there is a morphism of operad

Lieow — L @ P (4.101)

where P, is the resolution of the Koszul dual operad of P. Moreover, such
construction is compatible with the homotopy transfer theorem.

If we let £ =P = Lie and Y the identity morphism of Lie operad. This
result implies that there is a canonical L« structure on the tensor product
between a Lie algebra and a C, algebra.

In our cases, an explicit formula can be easily obtained by thinking
about the homotopy transfer of the Lie algebra A @8 The homotopy
transfer from a Lie algebra to a L, algebra is similar to the homotopy
transfer of associative algebra, except that we consider all (not necessarily
planar) binary rooted trees and we replace the product map with the
Lie bracket on each vertex. In our cases, the condition on non zero trees
discussed in the last section still hold. Therefore, up to a permutation of
the leaves, the trees that contribute to the L, operations are the same as in
the last section. As a result, we have the following formula for the higher
bracket I, restricted on (H'(A2,0) ® g) ® S"1(H(A2,0) ® g)

In(a0 ® x0, 8108 ® X1, .., Ap—100 @ Xp_1)
= Y mu(a0,3e(1) B, s Ar(n—1)B) [+ [[X0, Xo(1) ], Xo2))) s Xo(n—1) s
0€S,_1
(4.102)
where ap € H(A2,0),a,05 € H' (A2 0) and x; € g. We have that
|Sy—1| = (n — 1)! = dim Lie(n). In fact, the set of elements

{[-1lx0, xo )] X)) s Xon-1)], 0 € Snr}

form a basis of the Lie operad Lie(n) and are called Dynkin elements.
Similar construction applies if we replace A} by its non commutative
generalization Aé/c. However, since Aé,c is no longer commutative, we
cannot choose arbitrary Lie algebra g in the tensor product A3 . ® g. In this
case, we can only choose g to be glg, which comes from the associative
algebra Maty k. We apply 4.101 to L = P = Ass and ¥ the identity. Since
Ass' = Ass, 4.101 implies that there is an Lo, structure on tensor product
between an associative algebra and a A, algebra. Let us denote m¢, the A
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structure map on H‘(Ailc), then the L., structure on H'(Ai/c) ® Matgxx
can be written as follows

15, (a0 ® X0, 81 @ X1, +e0y A1 @ Xp—1)
= Z m;(aaq(o),ar](l), ey A1 (nfl)) & (xrl(o)xrl(l) e Xp-1 (nfl))
gEeS,

(4.103)
where a; € H*(Aj ) and x; € glg

48 POLYVECTOR FIELDS

Another important construction is the algebra of polyvector fields on A?

Pvfd']‘ = Al (ANPTaa), PVE = A3 (AP Tp) (4.104)

Explicitly, we have

PV’[”d’]' = Ajyl0z, ..., 0z,], PV = A3[0.,,...,0;,] (4.105)

with 9;, in degree (1,0).

One can equip the dg algebra PV!; (and PV/") a dg BV algebra structure.

4]
To do this we choose a holomorphic volume form () 4, which is typically

chosen as the standard one () 3, = dz; ...dz,. Then we can identify PV][;]
with A?d? " via contraction with Q Ad:
ji o~ gd—ji
Pv[d] - A[d} (4.106)

ucn—mc\/QN

The differential o : A][;i] — A{;}Li then induce a differential on PV][Z} via the
above isomorphism

9 Pvf[';'] — Pvf[' d‘]” (4.107)

Explicitly, given the identification 4.105, d can be expressed as follows

B—i o 9 (4.108)
~ L9500, oz +

1

The 0 operator on polyvector fields is not a derivation with respect to
the product structure. The failure of it being a derivation can be measured
by a bracket

{08} = (A ) — () AB— (~D)Ia A (3B),  (4100)
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which coincides with the Schouten-Nijenhuis bracket on polyvector fields
(up to a sign). Explicitly, this bracket is given by the following expression

4 9x 9 o 9
{a, B} Z a azﬁ, )“aza(aﬁ) (4.110)

:1

The fundamental algebraic structures of polyvector fields on Calabi-Yau ge-
ometry can be summarized by saying that the tuple {PV[ 49 9,N,0,{— —}}
defines a differential graded Batalin-Vilkovisky algebra.

Using the isomorphism 4.106, it is easy to find that the cohomology
H*(PV, d) is given as follows

kiz1,...,24][0z,...,92,], i=0,
H'(PVi3,0) = {zp 'z Kz Yz [0y,000,02], i=d—1,
0, otherwise.

(4.111)
In the original formulation, the classical Kodaira-Spencer theory is

related to the dg Lie algebra (kerd,d, {—, —}). In the case when d = 2,
the Lo, structure on the cohomology H*(kerd,d) is analyzed in [Zen24].
In [CL12], a different formulation of Kodaira-Spencer theory, called BCOV
theory, is proposed, where the constraint di = 0 is imposed homologically.
The derived version of the kernel of d is the homotopy fixed points for the
corresponding action of C[1]

PV @ C (4.112)
In our case, we consider the complex
PV [[ul], @ — ud) (4.113)

equipped with the bracket {—, —}. It induces an Lo structure on the
cohomology H*(PVy;[[u]], 0 — ud).

We can couple the Kodaira-Spencer theory with the Holomorphic Chern-
Simons theory. For the coupled theory, we consider the complex

PViul] o Ay g (4-114)

where we take g = glg or glgx. The coupling between polyvector fields
and holomorphic Chern-Simons theory in the classical theory is encoded
by a L, map

PV [[u]] = (Dpoly (A7) (4.115)
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which is a cyclic version [Wil11] of the Kontsevich’s formality map [Kono3].

This defines a Lo structure on the complex 4.115, and induces an L
structure on the cohomology.

49 Lo ALGEBRA AND POISSON STRUCTURE
Poisson structure

In all of our above examples, we obtain a cyclic L algebra L with the
decomposition
L=L;®L_[-1] (4.116)

Under this decomposition, the cyclic pairing becomes a non-degenerate
pairing L, ® L_ — C and induces an isomorphism L_ = L% . The L
structure {I, : L®" — L[n — 2]},>2 can be reduced to maps:

L :S" YL )®L, = L_

A1
L : S 2(L) @ A2Ly — Ly (4-117)

Using the cyclic pairing, we observe that the above two maps comes from
the same elements in S"}(L*) @ A?(L* ). Collecting them together, we
find that the Lo, structure Ly & L_[—1] is the same as an element in

O(L-) ® A’L_

This is the same as the bivector field on L_. In fact, the Lo, condition
guarantees that this bivector is a Poisson bivector.

Lemma 4.9. Let L = Ly & L_[—1] equipped with a non-degenerate pairing
L, ® L_, then we have an bijection between the set of cyclic Lo structures on L
with the paring and the set of Poisson structures on O(L_)

Proof. Given a bivector 7 € O(L_) ® A%L_, the corresponding bracket
{—, —} satisfies the Jacobi identity if and only if 7t satisfies [, r] = 0,
with respect to the Schouten—Nijenhuis bracket. Then its easy to check that
this condition translates to the Lo, condition as in (26) of [ASZKgy]. [

Therefore, we obtained various Poisson algebra O(L_) which corre-
spond to the various L. algebras that come from the derived Laurent
series.
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Promoting to vertex Poisson structure

We wish to promote the above Poisson algebra into a vertex Poisson
algebra. The easiest way is to consider the associated infinite jet space

JeoL— = L[]

Then according to [AM21], there is a Poisson vertex algebra structure on
O(JoL-).

In most of our situations, the Poisson vertex algebra is a deformation of
L_[[t]], which comes from a deformation of the L, structure of L[[¢]].

Lemma 4.10. For L as in Lemma 4.9. Then there is a bijection between the set
of Lo structure on LI[[t]], ..., and the set of Poisson vertex algebra structures on
O(JooL-).

As a example, we consider a deformation of Jo,(H*(D? g ® 0)) =
H*(ID x ID?, g® O) constructed as follows. Recall that the Jouanolou model
for H*(ID x ID?, g ® ) is given by

At e

equipped with the differential 0 4.12 and Lie bracket [—, —|. In the context
of twisted holography, we introduce a deformed differential

0 + AQpo; (4.118)

Then there will be a new Lo structure on the cohomology H*(A5[[t]] ®
9,0 + AQpd;). This new L, structure can be computed via homological
perturbation lemma and the homotopy transfer. Recall that we have the
following special deformation retract (SDR) from Aj to H*(ID?, O)

i

hC(Aautn,e‘» & (H(D x D2, 0),0). (4119)

After adding AQpo; to the differential, we can apply the homological
perturbation lemma and find the following new SDR

W C(A;[[t]],é + A0, L (H'(D x D2, 0), D). (4.120)

Z‘/
The new differential D is given by

D = p(1 — AQposh) AQpdsi = p(AQpd; + A2QpdhQpd; + ... )i (4.121)
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The other maps ', p/, i in the SDR are given by

p' = p+p(l—AQpdh) AQpdh = p + pAQpdh + ...
i =i+ h(1—AQpoh) T AQRdsi = i +hAQRdsi+ ... (4.122)
W =h+4h(1—AQpdh) AQpdih = h + hAQpdh + ...

Given this new SDR, we obtain a new A structure on H*(ID x D%, 0) =
]ooH'(]f)Z, O). It can be computed by the same method as in Section 4.5,
but with the new maps i, p/, I'.

As an example, we compute the new product n, on H*(ID?, O)[[t]]. Tt
will be convenient to introduce a degree 0 map 1 : Ay — As:

0
T (4-123)

N - 1 . -
h( 2j _2]) wZ] 171)2]—&-1.

= 27+ 1 1 2 (4.124)

Using /1, we can simplify the expression for i, p/, i’ and D. We have

D= Z pQpAFIF 10k (4.125)
k>1
and .
p=p+ ) pAROf 4
k>1
" =i+ ) Al 4 (4.126)
k>1
W =Y Afikoth
k>0

The new product m/), can be computed as m)(—, —) = p’M(i'—,i'—). We
focus on m) on HY(ID?, ©)[[t]]¥2. In this case, m}, simplifies to

my(fim, o) = Y AMR@) )@ f)pM(R N an, H2ay),  (4.127)
k1,k2>0

for fi, f» € C[[t]] and ay,a, € H(ID?, ©). To simplify the notation, we
denote the maps mékl’kZ) (a1,a,) = pM(l*1ay, i*2a;), then we can write m)

as m(fiar, f202) = Y, k0 A2 @ f1) (3 fo) m$*) (a1, a2).

In order to compute the maps mékl’kZ), one can employ the formula

4.40 for the product of arbitrary two harmonic polynomial. Here, we
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provide a different method based on SL, representation. Note that mékl’kZ)

is compatible with the SL; action and send H;, 0 ® H},0 t0 Hj, 1j,—k;—,,0-
Therefore the corresponding matrix elements must be proportional to the
Clebsch-Gordan coefficients in the orthonormal basis. To determine the
constant of proportionality it suffices to compute one non-zero value of

mgkl’kZ). Using the definition 4.124 of /1, we find that

= 2k en . (4.128)

) = [ E =R =55

The easiest case of a non-zero product is the product between the highest
weight vector and the lowest weight vector. We have

mgkl'kZ)(e(jl) (jz)) _ \/(Zjl - kl)!(sz - kZ)!m (e(h*%l/k?l) (jz*k%rkiz))

i k1 1ka1(271)!(20)! i €
_ (—1)k V21 +1)2)2 +1)(2j1 — k1)!(2j2 — k2)!
k1!k2!(2j1 +2jp — k1 —ky+ 1)'
o 2142 =2k =2k + 1)1 Gitjpki-k)
(Zjl —ky —kz)!(ij—kl —kz)! = )

,€

(4.120)
This implies

mgklsz) ( (1) (jz))

eml 7 ei’l’lz

—(-1)k (271 +1)(2j2 + 1) (2j1 + 2j2 — 2k — 2k3)!
(271 + 22 — k1 — k2 + 1)1(2j1)1(2/2)1(2/1 — k1 — k2)!(2j2 — k1 — k2)!

(Zjl — kl)!(sz — kZ)! Jujoitja—ki—ka (ji+j2—ki—k2)
kl !k2! My, Mo, my+1my my+my :

(4.130)
We can also rewrite this result into the unnormalized basis { wf wll (see
formula (2.18) in [PRSgo]). We have
+r—k_ g+s—k
(kika) o P q v s\ _ (_1)k2Rk(}7/ q, rzs)wf ' wg °
my " (wyw,, wiws) = RPN %
k! [p+qli, [r + sl [p +q+7+5s —k+ 1),
(4.131)

where k = kq + k».

Later, we will observe that the holography conjecture predicts that the
Poisson vertex algebra structures constructed in this section are isomor-
phic to the Poisson vertex algebra constructed from the Deligne category.
Various tests of this conjecture will be conducted in the next chapter.



HOLOGRAPHY IN
QUANTUM FIELD THEORY

5.1 KOSZUL DUALITY IN QUANTUM FIELD THEORY

In this section, we explore in examples the relationship between Koszul
duality and quantum field theory. As discussed in the introduction, Koszul
duality in quantum field theory arises primarily from two sources: univer-
sal defects and transversal boundary conditions. We illustrate these two
points with explicit examples.

UNIVERSAL DEFECT Let us explain how universal defect relates to
Koszul duality in the simplest example: that of Chern-Simons theory with
Lie algebra g. Fields of Chern Simons theory consist of the gauge field
A € O}(X) ® g. The action functional is

2
CS(A) = /Tr(AdA +54%), (5.1)
which is invariant under the gauge transformation

SA =dc+[c, Al (5.2)

The local operators of Chern-Simons theory are entirely generated by the
ghost, given by the Chevalley-Eilenberg (CE) dg algebra CE’(g). When cou-
pling Chern-Simons theory with topological quantum mechanics along the
R; axis, we demonstrate that the universal defect produces the universal
enveloping algebra U(g), which is Koszul dual to CE’(g).

The most general coupling we can have involves coupling the Chern-
Simons gauge field A{ to local operators in the algebra, which we denote
pa- The action functional of the coupled system take the form

CS(4) +Pexp( [ Afpd) + Su 5:3)
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We ask the action functional to be gauge invariant under the gauge trans-
formation 6 A" = dc® + f} ¢, Ac. We find that the path ordered exponential
transforms as follows

»y| A ()p(t) - (i + Fiey () Ac(i)) . AP ()

n>1i=17 <<ty
(5.4)
Integrating by parts the terms with d;c picks up boundary terms, which
comes from t; colliding with other points. We find that the boundary
contribution of the term with d;c is given by

Yy AP )p(1) .. (~c Aspupe + cE ASpepy) - AT (1)

n>1i=17 << <ty

(55)
We find that the path-ordered exponential is gauge invariant if we require

PbPc — PcPy = fpePa (5.6)

This defines the universal enveloping algebra U(g).

TRANSVERSAL BOUNDARY CONDITION  We consider the transversal
boundary conditions in the Poisson sigma model [Kono3, CFo1]. For dif-
ferent types of Poisson tensor, we can reproduce many classical examples
of pairs of Koszul dual algebras 2.2.

In the BV formalism, the space of fields of Poisson sigma model is given
by

(X m;) € (B) @ T*[1}V (57)

The vector space V is equipped with a Poisson structure & = a’/(x)d; A 9j,
satisfying [&, «] = 0 under the Schouten-Nijenhuis bracket. The BV action
functional is given as follows

1 .
5= / m;dX + 5 (X)m1; (58)

The BV-BRST differential can be defined by bracketing with the BV action
Q ={S,—}. We have
QX' = dX' + 'l (X)y;
10a/k (5.9)
Qu; = dn; + EW(X)’Iﬂk
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In the AKSZ formalism, this BV theory can be formulated as the following
mapping space
Maps(Eqr, T [1]V) (5.10)

It is equipped with the symplectic structure induced from the Poisson
structure «.

A boundary condition is defined to be a Lagrangian of the phase space
of the theory on the boundary. We mainly consider two types of boundary
conditions, Dirichlet and Neumann boundary conditions. The Dirichlet
boundary condition is given by setting #, = 0. It corresponds to the La-
grangian Maps(M!y, V) C Maps(MYg, T*[1]V). The Neumann boundary
condition is given by setting X' = 0. It correspond to the Lagrangian
Maps(M}g, V*[1]) C Maps(My, T*(1]V)

Now we discuss the boundary algebras for different types of Poisson
tensor:

¢ For vanishing Poisson tensor, we get a free theory. Choosing Dirichlet
boundary condition set #; = 0. The boundary algebra is generated
by the fields X’ with boundary BRST differential

X' = ax’ (5.11)

By passing to the cohomology, we see that the boundary algebra is
generated by the lowest component x' of X'. There is no boundary
OPE and the boundary algebra is the commutative algebra Sym(V).
Choosing Neumann boundary condition set X' = 0. We find that the
boundary algebra is given by Sym(V*[1]), which is Koszul dual to
Sym(V).

e For a linear Poisson structure a'/(x) = fx¥, the condition [, a] = 0
is equivalent to the Jacobi identity of the structure constants f,’. It
therefore defines a Lie algebra that we denote as g. For the Dirichlet
boundary condition, the boundary algebra is generated by x'. The
boundary algebra in this case is essentially the deformation quantiza-
tion of the Poisson algebra (Sym(g), [—, —]), which is the universal
enveloping algebra U(g) [Kono3].

For the Neumann boundary condition, the boundary algebra is
generated by #;. There is no OPE but the algebra is equipped with a
boundary differential

1 i
dn = Efkjﬂiﬂk (5.12)

We see that this boundary algebra is the Chevalley-Eilenberg algebra
C*(g). This is another classical examples of Koszul duality pair.
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* We can also consider a constant Poisson tensor. First we discuss the
Dirichlet boundary condition. The boundary algebra is the defor-
mation quantization of the Poisson algebra (Sym(V),«), and in this
case gives us the Weyl algebra.

For the Neumann boundary condition, we can observe the following
boundary anomaly

(8,5} = { [ max, o} = |

’Xijdﬂi’ij = / (“ijﬂiﬂj)(l) (5.13)
RxR-g R

It is generally inconsistent to quantize a theory when the system
exhibit an anomaly. However, at least in this example, we can define
a consistent boundary algebra because there is no possible nontrivial
OPE at all. The boundary algebra is simply the exterior algebra C|;],
and we need to "remember" the distinguished element a'/1;7;; as the
anomaly.

Recall that the anomaly measures the failure of the quantum master
equation to hold. This naturally lead us to the definition of curved
algebra, in which the Maurer-Cartan equation is modified to incor-
porate the curved element. In fact, the curved algebra (C[y;],d =
0,c=all 1i1;) is exactly the Koszul dual of the Weyl algebra.

* For a quadratic Poisson tensor, we get two quadratic algebras for both
Dirichlet and Neumann boundary conditions. Their Koszul duality
has being studied in [Sho1o]. We can also study Koszul duality
of boundary algebras for more general Poisson tensors. We expect
the Dirichlet boundary condition to give rise to the Kontsevich’s
deformation quantization. However, the Neumann boundary will
lead to A« algebra in general.

5.2 TWISTED HOLOGRAPHY: EXAMPLE OF B MODEL ON C3

In this thesis, we study the example of twisted holography proposed in
[CG18]. This model studies the B model topological string on C3. We put
a stack of N branes at C x {0} C C® and consider the open string theory
on the brane and closed string theory on the target C°.

The open string theory on the stack of N branes lead to the vertex
algebra of gauged By system defined in Section 3.5. Let us recall that it is
defined by the symplectic boson Wsy, in the Deligne category generated
by four felds ¢(z), Z1(z), Z2(z), b(z). The BRST charge is defined as

Q= j{dz Te(: b(z)e(z)e(z) :) + Tr(: ¢(z)Z1(2) Za(z2) 2) (5.14)
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The vertex algebra in Deligne category produces for us a (dg) vertex
algebra in vector space, defined as (A = Hom(1, Wsym), Q).

On the other hand, the B model topological string on a Calabi-Yau
threefold can be formulated as a quantum field theory called Kodaira-
Spencer gravity [BCOVo94]. This theory is further studied in [CL12], where
the authors used a slight variant of this theory called BCOV theory. As
in [GV99], adding a stack of N branes wrapping C C C° leads to a
gravitational backreaction. A non-trivial Beltrami differential is turned on,
deforming C® into the deformed conifold SL,(C). This is the reason we
study the deformation 4.118 in Section 4.9. Perturbative quantization of
BCOV theory is studied in [CL12, CL15]. In principle, we can define the
factorization algebra (in the sense of [CG17]) that correspond to the BCOV
theory Obsgcov.

The twisted holography conjecture predicts that the chiral algebra that
corresponds to the theory on the brane A is "Koszul dual" to the factoriza-
tion algebra of the BCOV theory Obspcoy restricted to C

A = (Obsgcov|c)’ (5.15)

However, the above “conjecture’ still has some issues. Although we at-
tempt to define Koszul duality for chiral algebras in Section 2 ([GLZ22]),
our definition only applies to a small class of chiral algebras called
quadratic (or quadratic-linear-scalar). It is challenging for us to understand
what the Koszul dual would be for a chiral algebra as complicated as A.
On the BCOV theory side, although in principle there exists a factorization
algebra that corresponds to the perturbative quantization of BCOV theory,
it will be very difficult to study it. An even more challenging problem is
that we need to translate the factorization algebra structure in the sense of
[CG17] to the factorization algebra in the sense of [BDo4] to connect with
the chiral algebra structure of A.

To formulate a rigorous and testable conjecture, we make the following
simplifications. First, we transform the statement about Koszul duality into
a statement of isomorphism. This is achieved by applying "Koszul duality"
again to the factorization algebra of BCOV theory. As we have introduced,
by realizing the algebra along C as a boundary algebra, its Koszul dual
is given by the boundary algebra of the transversal boundary condition.
As a result, we conjecture that the large N chiral algebra is isomorphic
to this boundary algebra of the transversal boundary condition. Second,
instead of studying the full quantum theory, we consider the semiclassical
limit. This reduces the factorization algebra/chiral algebra structure on
both sides to the much more tractable vertex Poisson algebra structures.
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Recall from section 3.6 that we also defined a three parameters family
Agnn version of the vertex algebra. After a parametrization, we defined a
Poisson vertex algebra A;_( ,. This is the Poisson vertex algebra on the
one side of the duality.

We also constructed various Poisson vertex algebra structure obtained
from the various construction related to the derived Laurent series. The
phase space for the BCOV theory on C?\C is given by

PVZ[[t, 0¢]] [[w] (5.16)

This complex is equipped with the differential 0 + ud before the back-
reaction. After the back reaction, the differential deforms to d + ud +
{AQp0d;, —}. The structure of the classical field theory is encoded in the Lo
structure on it. By homotopy transfer theorem, we obtain an L., structure
on the cohomology H*(PV3'[[t,0]][[u]], Q). By the construction in Section
4.9, the L structure on the cohomology induces a vertex Poisson structure
on L C H'(PV3'[[t,0¢]][[u]], Q). As we have discussed in 4.8, we can
identify the dual of L_ as the cyclic cohomology HC*(Cley, €, t]).

Conjecture 5.1. The Poisson vertex algebra Az ) defined in 3.6 is isomorphic
to the Poisson vertex algebra structure on HC*(C|e1, €2, t]) defined by the Lo
structure on the cohomology of PV [[t, 0¢]][[u]].

One can generalize the construction to include space filling branes in
this setup. To cancel the anomaly, we add K space filling branes and K anti
branes. On the large N chiral algebra side, we consider the new gauged
By system defined in Section 3.5. Recall that we have new fields I(z), J(z)
valued in CKIK ® [1,0] and its dual. A new term is added to the BRST
differential

Qwm = j{dzTrp(: 1(2)e(2)](2) 3)

The string field theory of the K|K space filling brane on C? is given by
the holomorphic Chern Simons theory valued in the Lie algebra gl k. The
phase space for the holomorphic Chern-Simons theory on C3\C is given
by

A3 [[t]] ® glkik
We consider the BCOV theory coupled with the holomorphic Chern-
Simons theory. The coupled theory is given by the L., algebra

PV([E, o]l [ul] @ A3[[H] @ ik

By the construction in Section 4.9, we obtain a vertex Poisson algebra
structure on the degree 1 part of it cohomology.
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5.3 TEST OF THE CONJECTURE

Then the twisted holography conjecture predicts that the above two
vertex Poisson algebra are isomorphic.

5.3 TEST OF THE CONJECTURE
Poisson vertex algebra from derived Laurent series

In this section, we outline the process of deriving the Poisson vertex algebra
structure from the L. structure defined in Section 4.7. We focus on the
case of H*(ID?, g ® ). Recall that we denoted L_[1] = HY(ID?%, g® 0)) =
g[w1, W] Qp. First, we consider Lo, algebra before the deformation 4.118
and the Poisson structure on O(L_). We denote {B,[n, m]} a basis of L*

dual to the basis {! ”erﬂ ! pagpnapm ),

As a first step, we con51der the Lie bracket [—, —] on H*(D?,g® O).

Composing with the cyclic pairing we find a map
NL,®L_—C (5.17)

given by

(p+r+q+s+1)! 0 p+r q+s
(p+1)Hg+s)!
Using the dual pairing between L and L_, we find that the above map

gives us a linear two form (L_)* ® A2L_. This two form lead to the
following Poisson bracket

(tawfwg, tywiws,

)_>fab

{Balp,ql, Bolr,s]} = fapBelp +4q,7 + 5] (5.18)

This Poisson structure on O(L_ ) induces a Poisson vertex algebra structure

on O(JoL_) = C[9"B,[p,q] | n > 0,p,q > 0]. Using the prescription in
[Ara12], we have

Ba[p, 4] (n)Bolr, s] = nofapBelp +q, 7+ 5] (5.19)

Remark 5.2. We can also write the above structure in terms of the map
Y_:O(Lo)®O(L-) = O(L-)z 1z Y

Y (Balpa),2)Bulr,s] = LfBelp +4,7 +5] (5.20)
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5.3 TEST OF THE CONJECTURE

We can proceed to consider the higher bracket /,,. By composing with
the cyclic pairing we obtain a map

AL, ®S"%(L_) = C (5.21)

Recall that we define the constant ()}, ., . | as follows

(mn)Zqurls Un—1,0n—-1
n—1
ui+v;+1)! -
= (H (lu.;|)> (wfwg/mn(wlwwwl @5 Qp, ..., )"y Q)
i=1 20

(5.22)
By the prescription 4.102 in Section 4.7 on the L, structure on the tensor

product H*(ID?, O) ® g, we find the following expression for the maps 5.21

(p+r+qg+s+1)! o _pir_g+s
TEDICEDI )
1

p q r,S
- (n _ 1)1 E Z Z Z (m”)ua(l) Vo (1)5+- Mo (n—1) Yo (n—1)

YO oty =p+r—n+2C1,..Cn-1 0ES, 1
U1+ U1 =g+s—n+2

K(ta, [.[[ty, to0], @], ... ten1])

(taw}fwg, tywiws,

(5.23)
This correspond to a two form S"~1(L_)* ® A2L_, and gives us the follow-

ing vertex Poisson structure

Ba[p, 4l (m)Bolr, 5]

Om,0 pATS
= (n T 1)[ 2 Z Z Z (mn) oc(1)/Yo(1)7-+Uo(n—1)Yo(n—1)

0 upty =pH+r—n+2C1,..,Cn-1 0€S, 1
U1+ U1 =g+s—n+2

K(ta, [...[[fb, fc”(l)], tc"(z)], t o(n—1) ])Bcl [I/ll, Ul]BC2 [uz, Uz] Bc,,,] [Mnfl, Unfl].
(5.24)
We consider the special case when n = 3, which gives

Ba[p/ Q](M)Bb [7’, S] = 5m,0 E Z Kfc
u+uy=p+r—1cde,f

v1+v2=4+s5—1 (5.25)
X <(m3)ulqulsfbffae — (m3)uy, 51qfufffe) Bc[u1,01] B4 [z, va].

where we used the shorthand (113)}3" := (m3)512i;’ir_1-u,q+s-1_v- Though
the above formula is for general Lie algebra, in the holographic setting we
need to use the Lie algebra gl(K|K) or gl(K). Strictly speaking, the bulk
anomaly of the open-closed coupled theory cancels only for the super Lie

algebra gl(K|K). Here we works with gl(K) for simplicity. The result can be
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5.3 TEST OF THE CONJECTURE

easily generalized to gl(K|K) by taking care of the + sign. Note that gl(K)
has a canonical basis given by the elementary matrices {E;,a, }1<a;,0,<K-
Therefore we replace the indices a by a;4; in the above formula. The Killing
form K21t js given by

Ka1a2}b]b2 = 5a1bz(5azb1‘ (526)
The structure constant can be extracted from the commutation relation

[Ell11121 Ehlbz] = 5a2h1 Eﬂlbz - (salszbla2~ (5'27)

Then the formula 5.24 can be expanded as

Bﬂlﬂz [p’ ‘1] (m) Bblbz [7’, S]

=0mo Y, ((ma)iy5" — (m3)i5° ) Bayw, [u1, 1) Bpyay [12,02) (0)

u1+u2:p+771
v1+v=g+s—1

+ Y ((m3) 5757 64,6, Boye 1, 01] Beay 112, 02]
c

- (m3):[15551’q511251 Bﬂlc [ulf vl]BCbz [“2/ 02]) .
(5.28)
By computing m3 using 4.64, we find that (m3) (1):8;0’1 = —% and (m3)8:5;1'0 =
% . We find the following
Ba,a, [11 O] (Wl)Bblbz [0' 1] = Om,0 (Bﬂlbz [0, O] Bp,a, [O, 0] (O)
(5.29)

1
5 X Gty Basc[0, O] B, [0, 0](0) — Gy, By [0, O] Beny [0, 0 (0)).
C

As a more nontrivial example, we can use the formula 4.64 to compute
the following value of m;3

_rlstut+o+Dir+s—u—v—1)!

(s 10 = |
' (r+s+Dutol(r—u)!(s—ov—1)! (5.30)

()50 = rist(u+v)!(r+s—u—o)! 53
u,o

o (rts+Dwol(r—u)!(s—ov—1)
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5.3 TEST OF THE CONJECTURE

We obtain the following

Ba1a2 [1’ 0] (m) Bblbz [1’, S]

-1
Z r+s u+o\/(r+s—u—v-—1
o r u r—u

(Bale[u U]Bblﬂz[r_uls_v_l](o) (531)
r+s—u—ov
_72 T’—I—S—i—l 5”251B111C[”rv]Bcb2[7’—M,S—U—l](O)
c
u+v+1
_,Z PR aleBblc[u,v]Bmz[r—u,s—v—l](o)).

Next, we consider the Poisson vertex algebra structure that correspond
to the deformed A structure on A5[[t]] defined in Section 4.9. The whole
collection of A maps is deformed starting from the differential. Recall that
the new differential is given by D = Y- pQpN¥ik~19%i on H*(ID?, O)[[t]].
By composing with the cyclic pairing we obtain a map

Li[[f)] @ Ly [[H]] = €[[¢] (532)
Using 4.128, we find that the above map is given by

(wy wgt" wywit" Z N5 p+9+107,905, p()Jtnak(tm) (5.33)
=1 kl(k —1)!

This correspond to the following Poisson vertex algebra structure

Iq!
Balp, 4l (m)Bv[9, Pl = Om,p+q+1Kap(—1)TNP ”“(ppfq)!, (5.34)

Remark 5.3. We can also write the above structure in terms of the map Y_,
we have

K, Iq!
Y- (Balp ) 2)Blrs) = i (C)INP B (539)

We also computed the deformation to the product structure: m}(fia1, foa,) =

Zk1,k220 Nkl ke (all‘(lfl) (a]t(zfz)ﬂék]'kz) (Ll1, 612), with

p+r—k q+s k

k
(kika) o p g (=D Ri(p,q,1,5)wy
o Ay ) = e+ g+ Sl p+  F 45—k 1

(5.36)
where k = kq + k».
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5.3 TEST OF THE CONJECTURE

To obtain the corresponding Poisson vertex algebra structure, we com-
pute the following summation

k| Z Rk(p/ q/ r/S>
'k1+k2:k ki'ko![p + qli, [r + sl [p+q+71+s—k+ 1], (5.37)
_ _Relp.grs)
[P+ qlilr + sl

where we used the formula B.17 derived in the Appendix. We also have

k-Dt Y (’?)k'k' R(p,q,7,5) -
ki +ko=k 1: 2'[p+‘7]k1[7’+5]k2[}7+¢7+7’+5— + 1]k (5.58)
Ri(p,q,7,9)
Np+ql[r+shlp+q+r+s—2k+1+1]

The above results give us

Ba[p, q] m)Bolr, 5]

— 7 i(s o NF Re(p,4,7,5) X O:Belp +r—k,q+s—Kk(©0) (539
W M qlalrFshlp+g+r+s—2k+14+1];

OPE from large N chiral algebra

In this section, we analyze the OPE from the large N chiral algebra de-
fined via the Deligne category. We focus on the part of the algebra that
correspond to C[t] ®c¢je, e, 4 C[t] = C[x1, x2,t] according to 3.66. We can
choose the following BRST representative:

EPA)(z) :=: 12z . ZW]:(2), p,q€Zso

1% q
. . ~— /—/R . . . .
where iy, ..., i, = {1,...,1,2,...,2}. It is convenient to organize this tower
of fields into generating function. Let

Z(A;z) = ZY(2) A + Z2(2) A,

We define
EM(A;z) = 1Z(A)'] : (2) (5-40)
It has the expansion
EMW(Nz) = ) (”) EPA) () AVAL. (5.41)
p+g=n \P
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5.3 TEST OF THE CONJECTURE

We consider different terms in the OPE between E(")(z) and E(")(z').

Firstly, we consider the constant term in the OPE. This correspond to the
full wick contraction depicted as follows

Counting loops and pole, we find that the above contraction gives the
following OPE

: N1 AN]

EO(,2)E) (1, 0) ~ 8, L (542)
where we denote [AA/] = AqA) — AA). Expanding E(™(A,z) into the
symmetrized operator E(P4), we find

E(PA) (2)E@P) (0) ~ (—1)INPHIH] p'q! 1

CETIEGGE (5-43)

Then we consider the linear terms in the OPE. We wish to organize the
results into a series of N. The first term, which is of zeroth order in N,
corresponds to a wick contraction of a single I — | pair. For example,

1

(I1Zh ... N (z)(1Z'...])(0) = =1Z" ... Z) ... ]. (5.44)

oz

r 1

Remark 5.4. We also have the contraction (I1Z ...])(IZ ...]). However,
this term gives us the same combinatorial factors and poles and should be
attributed to the Lie algebra factor that we omitted.

Thus the corresponding OPE is

1
P (z)EC2)(0) ~ ZEVTT(0) 4. (5.45)

This OPE can also be written as

! /' !
EM(A;2)EM)(A;0) ~ i(n:l-;a/)!()‘ S)"EMTT(A0) 4 ... (5.46)
where A -9y = }\18/\/1 + )Lza/\é.

We emphasize that there are secretly other terms in this contraction.
In fact, after the I, ] contraction of the symmetrized operators, we obtain
1z, 7z . Zi"]. This is, in general, not the symmetrized operator
1z 7Zizh .. 7" ] However, we can always manipulate the final ex-
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5.3 TEST OF THE CONJECTURE

pression into a sum of the symmetrized operator 1Z(1 ... ZinzZi . . Zin]
and other operators in the BRST representative.

For example, an I,] contraction of IZ'] and IZ?] is 1Z'Z?], which
is not symmetrized. Using the BRST relation, we find that I[Z!, Z?]] is
cohomologous to I]I]. Therefore the term [Z'Z?] is cohomologous to
127271 + %I J1]. The remaining terms like I]JI] are also important, and
correspond to the quadratic terms in the OPE that we will analyze later.

We also expect to find linear OPE’s of higher order in N. The part of
k-th order should correspond to a single I — | contraction together with k
adjacent Z — Z contractions.

P ey

Such a contraction produce a N¥ factor and a pole z’% We have

N* :
Tl (@Z(42)" T Z(V50) 74 (0). (547)

By symmetrizing the Z operators, we can rewrite this OPE as follows

NK[AATE (0 —k)!
K1 (n+n' —2k)!

EM(A;2)EM)(A;0) ~

(5.48)
where we omitted terms with derivatives of E. Expanding the operators
into E(P4), we can compute the constant coefficient by

k (_1)1(11()(p;i?k)(rti:k) _ Ri(pg,r19)
» GOIGS " lpaldr sl (549)

which follows from the definition 4.93 of the constant Ri(p,q,7,s). This
matches the leading term of 5.39. To obtain the coefficients of the derivative
terms, we use the planar three point function

(EM (A, 2)EM) (AN, 2YEM) (A", 2))
Nn+n/2+n// +1 [)\/\,] n+n/27n// [/\/AN] nl+r£”7n [)\AN] n+n/2/—n/ (550)

! 4

(z—2) B 4 (z/ —2") wenfon’ 4 (z—2z") ntnl—n’ | q

(A-0p)"KEMH =261 (A" 0) . ..
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5.3 TEST OF THE CONJECTURE

which is computed via full planar wick contraction. Expanding this three

point function we find that
(E™(A,2)EM(A,2)EC) (A", 2"))
Nn+n;+n” +1 [/\/\,] n+11’27n” [/\//\//] n’+ré”7n [

= (Z . Zl) n+n’2—n”+1

XZ n+n—n —|—l)( 1)[ z— l 1
5 n+n”fn’)|l, zl ! (Z’ _ Z//)n”+2 (5‘51)

- E) (z— Z/)i’“*"’;””flﬂ [n" + 1+ 1]n"

n )1 VI // a] 1
ntn’ —n’ 17 /
A N T e T

] n+n ' !

)L/\//

Nn+n2+n +1 [A)\I] n+n’27n// [n+n£/7n/ + l]l(n,+g”7n)!

x (A-dy)

Using the two-point function, we can extract from the above expression
the following OPE

, K NF[AAE [ — k+ 1, (1’ — K)!
EM (A; 2)EM) (A 0) ~ l :
(Az) (A;0) E k=141 n4n! —2k+1+1];(n +n' — 2k)!

> (/\‘a/\,)n k?'zE(n—i-n 2k)(/\/ 0)

(5.52)
We can check that this matches exactly with 5.39.

In the rest of this section, we consider the quadratic terms in the OPE.

Naively, we expect these terms can be produced by a wick contraction of a
single Z — Z pair

(I..Z"%..])(z)(I..Z"...])(0)

1, (5:53)
= E(IZH...Z”*Z’k“...])(O)(IZ”...ZZk*IZ”“Zh...])(O).
However, as we have mentioned in the last section, after a single I — |
contraction, we need to manipulate the final expression into a BRST
representative. In this process, we can trade the commutator [Z!, Z!] with
Y Jolo. Therefore, OPE of the form (I...])(z)(I...])(0) ~ X(I...])(I...])
can also be generated in the single I — | wick contraction studied in the
last section.

It is a tedious work to analyze the combinatorial factor of the wick
contractions in the general situation. To simplify the discussion, we study

some special cases.
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5.3 TEST OF THE CONJECTURE

The simplest example we can look at is the OPE of I,,Z'],, and I, Z?],,.

A single Z — Z contraction gives us

(Iﬂlzljaz> (Z) (Ibl szbz) (0) ~ %(Lﬁ]bz) (Ib1 ]az)(o)' (5-54)

A single I — | contraction gives us

(10 Z']2y) (2) (1, Z2122) (0) + (10, Z' ) (2) 16, Z2]1,) (0)
~ —% Z(fsazbl (Ialjc)(lc]bZ)(O) + 5a1b2(1b1]c) ([CLZZ))/

c

(5-55)

where we omitted the operator 1Z(1Z2)] that is analyzed in the last section.
More generally, we consider the OPE between E(1) and E("). A wick
contraction of a single Z — Z pair gives us

n' AA n—n" —
E§}32(A;2)Eglbi(A’,0)NZ[ Z] EV (AL 0ES I (V,0). (5.56)

n//

Expanding the above formula with 5.41, we find

-1
(1,0) (r,s) 1 r+s u+o\[(r+s—u—v—1
Eaay (Z)Bblbz(o)wzz< r ) < u >< r—u (5.57)

u,0
, —us—0v-1
x ELVE 0 (),

This matches with the first term of the boundary OPE of 5.31. To match the
remaining terms, we consider the single I — | contraction. As in previous
discussion, we use the BRST relation and find that I...[Z(A),Z(A)]...]
is cohomologous to [AN|I...]I...]. Therefore, after dropping the sym-
metrized operator that we have discussed, we find the following OPE

En(A;2) ) (1,0

AA’ ZZ<

n/l C

1
ﬂzblElglc)(/\/ O)E(n - )(/\/’ 0) (5.58)

n"” +1 gt
T n+1 5”1szl() c)(/\, O)Eggz ! 1)(/\,/0)> ’
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Expanding this formula, we find

-1
10 rs 1 r+s uto\(r+s—u—v-1
Egluz) (Z)Bl(zlbz) (0) ~ T ZZ < r > ( > < )

il u r—u
r+s—u—v ’ —us—v—1
X< r+s+1 5“2b1E£‘?CU)B£ZzuS ’ )(0>
u+v+1 , —us—v—1

(5.59)
This gives the remaining terms of the boundary OPE of 5.31.

As we have discussed, the deformed geometry will introduce deforma-
tion to the higher operations and gives us deformed interaction vertices.
We expect that the deformed quartic action 1(03 ) corresponds to the wick
contraction of k + 1 adjacent Z — Z fields, and also the wick contraction of
a single I — | together with k adjacent Z — Z fields. It will be interesting
to explore these OPE.
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HOMOTOPY ALGEBRA AND
HOMOTOPY TRANSFER

Since this paper heavily uses techniques from homotopy algebra. We
briefly review this topic in this appendix. We recommend the survey
[Val14] for a detailed review.

Convention and Koszul sign rule

First, we fix the convention for our discussion. We work with Z-graded
C-vector space

V=@ V. (A.1)

nez

The grading n is related to the ghost number in physics. The degree
of an element v € V), is denoted by |v| = n, and such a v is called a
homogeneous element.

For V and W two graded vector spaces, the tensor product V ® W and
the Hom space Hom(V, W) has the following grading

(VW), = @ V:®W;, Hom(V,W), = @Hom(Vi,WiJrn).
i+j=n i

We denote the Koszul sign braiding on tensor products to be

TV,WZV®W—>W®V,

v@w — (—1)P*ly @ v,

The above sign rule induces naturally a sign rule for the action of the
symmetric group S, on the n-th tensor product V"

C: 1@ @y — €(0,0)V5(1) @ Ug(2) @ - -+ Vg(n),

where €(c, v) is called the Koszul sign.
For V a Z graded vector space, we denote V[n] the degree n-shifted
space such that
Vinlm := Vism. (A.2)
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We also use the notation of suspension sV and desuspension s~'V as
follows
sV:=V[], s V:=V[-1]. (A.3)

We can also regard s as a degree —1 linear map s : V — V/[1]. For a
homogeneous a € V, we have sa € V[1] and |sa| = |a| — 1. Similarly, s~!
can be regarded as a degree 1 linear map, such that s~ !s = ss7! = 1.

Homotopy algebra

In this appendix, we review the definition of various homotopy algebras
including A, Co and L, algebras.

Ao ALGEBRA

Definition A.1. An A, algebra is a graded vector space A = {A, },ez
with a collection of multi-linear operations

my, : A" — A of degree n — 2 forall n > 1, (A.g)

which satisfy the following relations:
n n—k ) ) . )
Y Y () g, o (idY @ my @id®TTTF) =0, (Aus)
k=1 j=0

Let’s demonstrate the above relations for small values of n:

1. n = 1. We have m; o m; = 0, which means that m; is a differential
on A. We also denote d = m;.

2. n = 2. We have
dmy(x1,x2) = ma(dxy, x2) + (—1)|x1|m2(x1,dx2). (A.6)

This relation implies m; is a derivation with respect to the binary
product m;.

3. n = 3. The relation yields

mQ(mz(x1,x2),x3) - mz(x1,m2(xz, x3)) =

dms(x1, X2, x3) + m3z(dxq, x2, x3) + mz(xq,dxp, x3) + m3(x1, x2,dx3).

(A7)

An A algebra with my = 0 for k > 3 is also called a differential graded
associative (dga) algebra. For example, the tangential Cauchy-Riemann
complex (02”(53), dp,-) is a dga algebra
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There is an equivalent definition of A« algebra in terms of coderivation.
We introduce the reduced tensor coalgebra

T(v) =€ v, (A.8)

n>1

with comultiplication given by

|
-

n

A1 @@ Qv,) =Y (N® - ®0) R (Vi1 ® - Rvy). (A9)

Il
—_

Recall that a coderivation on a coalgebra (C,A) isamap L : C — C such
that A\oL =(L®1+1®L)A.

For the (reduced) tensor coalgebra T¢(V), a coderivation on it is com-
pletely determined by its projection py oL : T¢(V) — T(V) — V.
To see this, we first notice that py o L is given by a set of maps Ly €
Hom(V®, V), k > 1. Given this set of maps, the coderivation is uniquely
given by

n n—i
L=Y Y 19®L ol (A.10)
i>1j=0
The structure of an A algebra on A can be compactly organized into the
structure of a square zero coderivation on T¢(sA).

Proposition A.2. The following data are equivalent

e A collection of linear maps my. : A®% — A of degree 2 — k satisfying Ae
relation.

o A degree 1 coderivation b on T°(A[1]) satisfying b*> = 0.

Proof. We only sketch the proof here and refer to [G] " 9o] for more details.
Given linear maps my : A% — A, we define maps by : (sA)®f — sA by

by =somyo (s~ )&k, (A.11)

The maps by further define a coderivation b on T¢(A[1]) through A.10. One
can check that the requirement b?> = 0 is equivalent to the A relations
A5, O

Ceo ALGEBRA In this paper, the dga algebras that we studied satisfy
additional properties of being graded commutative.

my(a,b) = (=1)1"1lmy (b, a). (A.12)
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Such algebras are called differential graded commutative (dgc) algebra.

The homotopy version of dgc algebra is called C,, algebra, which we now
define.
A (p, q)-shuffle is a permutation ¢ € S, such that

c(l) <o) <---<o(p), ocp+1)<o(p+2)<---<o(p+9q).

(A.13)
We denote by Sh(p, q) the subset of (p, g)-shuffles in S, ;.

We have introduced the reduced tensor coalgebra T°(V) = @, V®".

It becomes a Hopf algebra when equipped with the multiplication map
called shuffle product

122

sh((al,...,ap)®(ap+1,...ap+q)) = Z 6(0’,&1)(&10—1(1),&0—1(2),...ag—l(p+q)).

oeSh(p.q) (A )
14

Definition A.3. A Ce-algebra structure on a graded vector space A =
{Ay}nez is an A structure (A, {m, },>1) such that the set of maps {by =
somgo (s71)®F k > 1} vanish on the image of the shuffle product sh :
T(sA) @ T°(sA) — T°(sA).

For example, the element sa ® sb + (—1)4+D(!+1)sh @ sa is in the
image of the shuffle product. Vanishing of b, on this element is the same
as the graded commutativity of m,.

Lo ALGEBRA  We also introduce the notion of L., algebra.

Definition A.4. Let g = {g" },cz be a graded vector space. An Lo, structure
on g is a collection of multi-linear maps

ly:g%" — g of degree n — 2 for all n > 1, (A.15)
that are graded skew-symmetric:

Ln(Xg1(1y, - Xg1(my) = (=1)7€(0, X)u(x1, ..., %), forallo € Sy,

(A.16)
and satisfy the following relations:
n
YD Y (-1)%(ox)
k=1 oeSh(kn—Fk) (A.17)

lnfkfl(lk(xa—l(l)z NN ,x0—1(k)),x0—1(k+1), NN ,xg_l(n)) =0.

Let us analyze the defining relations for small values of n:

1. n = 1. The relation is [; o [; = 0, which means that /; is a differential
on g.
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2. n = 2. We have

ll (lz(xl,xz)) = Zz(l](xl),xZ) + (—1)|x1|lz(x1,ll (xz)) (A.IS)

which says that [ is a derivation with respect to the binary map /.

3. n = 3. The relations yields

I (I (x1, x2), x3) 4+ (—1)Fl+RDIslL, (1 (x5, x7), x2)
+ (—1)(|x2|+|x3|)|xl‘lz(lz(x2, x3),x1) = lil3(x1,x2, x3) + I3(11(x1), X2, X3)

+ (—1)|x1|13(xl,11(X2),X3) —+ (—1)|x1|+|x2|l3(x1,x2, ll(x3)).
(A.19)

which says that [, satisfies Jacobi identities up to homotopy given by
I5.

There is a similar characterization of L, algebra in terms of a coderiva-
tion. Instead of the tensor coalgebra, we consider the reduced symmetric
coalgebra 5¢(V) where

(V) = D Sym™ (V).

n>1
The coproduct A : S¢(V) — S°(V) ® S°(V) is defined by

A(vy-0y...0p)

Then we have
Proposition A.5. The following data are equivalent

e A collection of linear maps Iy : g®F — g of degree 2 — k satisfying Lo
relation.

o A degree 1 coderivation Q on S¢(g[1]) satisfying Q* = 0.
Homological perturbation lemma
We introduce an important technical tool called the homological perturba-

tion lemma. We refer to [Crao4] for a more detailed discussion.
Let us first consider the following homotopy data of chain complexes.
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Definition A.6. A special deformation retract (SDR) from a cochain com-
plex (A,da) to (H,dy) consists of the following data

h C(A, da) = (H,dy), (A1)

where i, p are cochain maps and / is a degree —1 map on A, such that
iop—14=dpsoh+hody, poi=1y, (A.22)

and
hoi=0, poh=0,hoh=0. (A.23)

Consider a perturbation ¢ to the differential on A:
W=da+6, df=0 (A.24)
The perturbation is called small if (1 — dh) is invertible.

Lemma A.7. (Homological perturbation lemma) Given a SDR data as A.25 and
a small perturbation, there is a new SDR:

hC(A,dio = (H,dy) (A25)

where the maps above are defined by

diy = dg + p(1 — 5h)~16i,
W =h+h(1—5h)"1oh,
p' = p+p(1—oh)~ton,
i' =i+ h(1—5h)~16i.

(A.26)

The homological perturbation lemma can be regarded as a substitution
of the spectral sequence techniques, which provides explicit formulae.

Homotopy transfer

Given a dga algebra (or an A, algebra in general) and a chain com-
plex quasi-isomorphic to it, homotopy transfer theorem [Kad8o] gives
the complex an A structure. In particular, one gets an A, structure on
the cohomology of a dga algebra. We emphasize that there are different
approaches to construct this A structure. In this appendix, we take the
approach using homological perturbation lemma [Ber14].
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Given a dga algebra (A, d, -). Suppose we can find a SDR to its cohomol-

ogy H = H'(A)
hC(A,d) & (H,dy =0). (A27)

Recall that the dga algebra structure on A is equivalent to a differential b
on T¢(sA). Therefore, we first extend the above SDR to the corresponding
tensor coalgebra

Proposition A.8. The following is a SDR

The C(T“(SA), Td) & (T¢(sH),0), (A.28)

Tis

where the differential Td® is defined by Td* = ¥,-1 Y g 1 ® (sodos ) ®
1", The projection and inclusion maps are defined by Tp® = ¥_,>1(sopo
sV and Ti* = ¥,,51(s 0 i o s™1)®™. The deformation retract is defined as

n—1 ) )
T =Y Y 19 ®(sohos ') ®(soiopos 1) 71

n>1i=0

The product - on the dga algebra A defined a map by : (sA)®? — sA
and extend to a map 6 : T°(sA) — T¢(sA). Together with the differential
Td®, the sum b = Td®* + 6 : T°(sA) — T°(sA) encode the dga algebra
structure A in the sense of Proposition A.2. Now we can regard J as a
perturbation to the differential and apply the homological perturbation
lemma. We have the following new SDR

_ P

" C(TC(SA), Td +5) = (T¢(sH), 1), (A.29)
1‘/

The homological perturbation lemma provides us a formula for all the

maps h', p',i’. However, only the differential by matter to us as it encodes

the transferred A« structure on the cohomology H. We have

V=Tp o(1-060Th) 'ooTi =) Tp°o(50Th)" 05oT. (A30)

n>0

If we further expand the above formula into components, we find the
usual tree description of the transferred A structure on H. Let PBT,
be the set of planar binary rooted trees with n leaves. We consider the
following construction that assigns each T' € PBT,, an n array operation
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mr on H. The operation mr is obtained by putting i on the leaves, m on
the vertices, h on the internal edges and p on the root. Then we consider

My = E (£)mr, (A.31)
TePBT,

where the (£) sign can be tracked by a careful analysis of the Koszul sign
rule in A 30.

Theorem A.9. The operations {my },>» defined on H by the formulae A.31 form
an Ae-algebra structure on H.

Moreover, the transferred As-algebra (H,{my}n>2) is A quasi-isomorphic
to the dg algebra (A,dg, ).

In the example of our study, the tangential Cauchy-Riemann complex
(Qg" (S%),0y, ) is graded commutative. We are interested in the transferred
structure for dgc algebra. This scenario is analyzed in [ZGo6]. For (A, d, )
a dgc algebra, if we regard it as a dga algebra, the A, structure constructed
by A.31 actually defines a Co, structure.

For homotopy transfer of dg Lie algebra and L. algebra, a similar
result can be established. We start with a dg Lie algebra (L,d, [—, —]) and
consider the transferred structure on its cohomology g = H*(L). Suppose
we are given the following SDR

hC(L, d) 2 (H,dy = 0). (A32)

The tensor trick can be extended to the symmetric case

- 5p

(L) 80 2 (5 60)0), (A3
sis

where the differential Sd® is defined by Sd* = ¥, Y/ 1/ ® (sodo

s71) ® 1"~'~1. The projection and inclusion maps are defined by Sp° =

Yusi(sopos)® and Si* =Y, o (s0ios 1)®" The deformation retract

is defined as

1 n—1 ) '
ShS = E Tl Z o1 (Z 1 ® (sohos )@ (soio pos—1)®n—z—1> -
n>1""" oes, i=0

The Lie bracket [—, —] on L defined a map Q, : (sL)®? — sL and extend
to a map & : S°(sL) — T°(sL). We add this differential to the above SDR
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as a perturbation. Then we have a new SDR, with a new differential on
S¢(sg) given by the following

Q =Sp’o(1-60Sh) tosoSi® = Y Sp°o(60Sh*)" 0505, (A.34)

n>0

We can expand the above formula into components. This gives us the usual
tree description of the transferred Lo structure on g. Let BT, be the set of
binary rooted trees with 1 leaves. In this case, we need to consider trees not
necessarily planar, which means edges can cross each other. We consider
the following construction that assigns each T € BT, an n array operation
I7 on H. The operation It is obtained by putting i on the leaves, [—, —] on
the vertices, h on the internal edges and p on the root. We consider

Lh=Y_ (¥)lr. (A.35)
TeBT,

Then the operations {I, },>» defined an L-algebra structure on g. More-
over, the Ly algebra (g,12,13,...) is Le quasi-isomorphic to the dg Lie
algebra (L, d, [—, —]).
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SOME COMPUTATIONS

B.1 PRODUCT OF 53 HARMONIC POLYNOMIALS

In this section, we compute the product of two arbitrary S> harmonics. We
first recall the formula 4.39 that decomposes a harmonic polynomial into
sum of monomials

i, ifij+ ) o
el = ZA]OC;”ZZ,” el 2, (B.1)
where
2+ 1)1(2f +1)!
A= (—1)F [ E D . B.
ik = )\/k!(2j+2j—k+1)! (B-2)

Then we can write

(j2) e—(fz))‘

M( (i) (]2]2)) _ Z/\fl AL Ch Juith C]z]z]z+]z M(e(jl) e—(fl),e

eml emZ j1,j1/ 0 j2,j2/ 0 " my—Iy,ly;my —my—Ip,lh;my my—l my—Ily Ip
1,42
. (B.3)
To compute M(e 5"1) llel(lh) eEZ) lzel(”)) we consider the product e( ) llefﬁ) L

and el(l )el(z 2) separately. We find

1817 Cmy 181, (2j1 +2j2+1)(2j1 +2/» +1)

J1.J2;j1+]2 duh+i (j1+j2) _(h+72)
xcml Iy,my—lp,my+my—l1—Ip "1, 1211+12M(EM1+H12 L=l "I+ )

M) o) i) ol _ \/ (21 + D25 +1)(2h +1)(2 +1)

(21422 +1)(21 4+ 22 +1)

J1 212 Tujshth ~i ittt h =k (it —5h+R=5)
my—l,my—ly;my+my—Ily—1lp 71,1+l Tmymy—1 =1 Iy o my Hmy T Myt :
(B.4)

v __\/(2;1+1><z;z+1><z;1+1><z;z+1>
_Z itk

x C
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Therefore

M, )y = Y Y 2h+1)22+1)(2h +1)(22+1)
X Il (21 +2p+1)(21+2/2+1)

= i Y ci JUPER ldi T Cclvizitiz
07 2 07 it 2t ok S my =1y Ly my my =l by~ my =l my — Loy +my — 1 —1

XC]11211+12 htih itttk (=5 atRh—%)
Iyl +1 S my+my—l b, +1p; mﬁ-mz my+my

1 J2 it
_Z ]1]10 ]2]20 ]1+1211+]2k ' n - ]27 _ .]1 _i—]Z 3
h+pn o+ it+jp+pn+p—k
X \/(21'1 +1) (272 +1)(271 +1)(2f2 + 1) (21 +2/1 + 1) (22 + 22 + 1)

Xc]1+]1 Jetiuitithti—k (itji2— j1+1727§)

My,Mp;my -+ my—+my 4
S (B.5)
v J2 J3
where < js j5 je o is the Wigner 9 — j symbol.
7 J8 Jo

In our study of the higher product on the CR cohomology, a constantly

(ja z]l 2) (]2))‘

appearing computation is the product of the form M(e;;, » @y
One can use the above general formula to compute this. Here, we derive
an alternative formula that is more succinct. The key is that we use a

variation of 4.39 to expand the harmonics polynomial e(] 1=31-3)
(1=2h=2) _ Y =1 chiuiehiiy () o)
Eim P _ZAﬁ,f],iCmrl,l;ml o161 (B.6)

Using this, we find

(h—ih-4) i +1)(2p+1)
M(€m1 emz Z ]1]11 2]1+2]2_|_1)

% Che JuhHh— lC]l ]2]1+12M( () (]1+]2))

mq1—1,1;m I,my;l+myp ml—l’ el+m
2h+1)(22+1)
- E 2 i ]1 J1+iik T T
ST ]] (271 +2/2+1)
« v th=i chuifit2 ciuit itk (h=5h+R-%)
my—1,1;m Lmy;l+my —my—1,my+1;my+my ~my+my
k 1 - - . - .
= k;) 2(ith+2) )\]1 7 1/\]1,]T1+]72;k\/(2]1 +1)(22+1)(2j1 +2j1 —2i+1)
" o i =i ik S )
h+h+i—k o jh+h i e .

(B.7)
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Though we write the summation range as k > 0, the Wigner 6j symbol
actually constraint it such that k > i and k < min{2j;,2; + 2j2}.

B.2 SOME IDENTITIES INVOLVING POCHHAMMER SYMBOLS

In this appendix, we review some identities involving Pochhammer sym-
bols that are used in the calculation of holography chiral algebra. In the
main text, we introduced the descending Pochhammer symbols

[a]p:=a(a—1)...(a—n+1) = (a)! % (B.8)

We also introduce the ascending Pochhammer symbol

(a+n—1)!
(a—1)!

The descending and ascending Pochhammer symbols are related to one
another by

()™ :=a(a+1)...(a+n—-1) = (B.9)

()™ = [a4+n—1],. (B.10)

The hypergeometric function ,F; is defined as a power series using the
ascending Pochhammer symbol

,Fi(a,b,c,z) = Z Z'. (B.11)

The series terminates if either a or b is a nonpositive integer, in which case
the function reduces to a polynomial:

k , (@
2F1(=k,b,c,z) = Z(—l)’(k> (b)(. z'. (B.12)

The following result is important in obtaining various generalizations of
the Chu—Vandermonde’s identity.

Proposition B.1 ([FPW12]). Forany k > 1, x,y € Ry, and a,b > 0, we have
Y I R ) X
Z i x'y" ' (a)'"(b) =y (a+b) 2F1(—k,a,a+b,1—?). (B.13)
i=0

Taking x,y = 1 in the above formula we obtain the Chu-Vandermonde’s
identity

k n ; .
3 (1) @00) ) = (a+0)®. B1g)
i=0
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131
Corollary B.2.

g G) <zl<> (a) (b)) = <’<> (a+b)®

0
) @rno @ (B-15)

Proof. Letting x — 1+ x,y — 1 in the formula B.13, we obtain the follow-
ing

k
Y (’f) (14 x)(a)D(0)*) = (a+b)® ,F(—=n,a,a+b,—x).  (B.16)
i=0

Expanding both side into a series of x we obtain the formula B.15.

O
Corollary B.3. We have the following identity
S (k)1 a+b—k+1
ig(:) <1> [l | +[a]k[b]:— k. (B.17)
Proof.
% () e
= \i) lali]

&R\ (a—k4k—i)(b—k+1i)!

b]k—i - zg(:) <l> alb!
&R (a—k+ D)% D (@ — k)b —k+1)0 (b —k)!
_;)(i) a'b!
:(a+b—2k+2)(k)<”_k2151<f.’_k)!

_ [ﬂ+b—k+1]k

[allbl

(B.18)
where we used the Chu-Vandermonde’s identity B.14 in the third line. [
Corollary B.4. We have the following identity

i(;) Cj)[“][}?]k _ <k> o la+b—k+1];

I et b—2k+1<1), P19
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<i> (a—k+1)%D(a—k)(b—k+1)D(b—k)!

a'b!

(KN @=K)!(b—k)! (a+b—2k+2)"
B <l> a'b! (a+b—2k+2)1) (a—k+1)"
_<k> [a+b—k+ 1]k
-\ |l [blela+b—2k+1+1];
(B.20)
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