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Abstract

Twisted holography is a duality between a twisted supergravity, and a twisted supersym-
metric gauge theory living on the D-branes in the supergravity. The main objectives of
this duality is the comparison between the algebra of observables in the bulk twisted su-
pergravity and the algebra of observables in the boundary twisted supersymmetric gauge
theory.

In this thesis, two example of the twisted holography duality are explored. The bulk
theory for the first example is the 4d topological-holomorphic Chern-Simons theory, which
is expected to be dual to 2d BF theory with line defects. The algebra of observables in the
2d BF theory is computed by two methods: perturbation theory (Feynman diagrams), and
phase space quantization. By holography duality this algebra is expected to be isomorphic
to the algebra of bulk-boundary scattering process, and the latter is computed in this thesis
using perturbative method.

The bulk theory for the second example is the 5d topological-holomorphic Chern-Simons
theory, which is expected to be dual to the large-N limit of a family of 1d quantum
mechanics built from the ADHM quivers. The generators and relations of the large-INV
limit algebra of observables in the 1d quantum mechanics are studied from algebraic point
view. By holography duality, this algebra is expected to be the algebra of observables on the
universal line defect coupled to the 5d Chern-Simons theory, and some nontrivial relations
of the latter algebra are computed in this thesis using perturbative method. The surface
defects and various fusion process between line and surface defects are also explored.
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Chapter 1

Introduction

1.1 Holographic duality

Holography is one of the main active area of research in finding a theory of quantum gravity
[154, 153]. The prime example of this concept is The AdS/CFT Correspondence [1158]. In
general, holography is a duality between two theories, referred to as a bulk theory and a
boundary theory[l15, 90, |. A familiar manifestation of the duality is an equality of
the partition function of the two theories - the boundary partition function as a function
of sources, and the bulk partition function as a function of boundary values of fields. This
in turns implies that correlation functions of operators in the boundary theory can also
be computed in the bulk theory by varying boundary values of its fields [90, ]. This
dictionary has been extended to include expectations values of non-local operators as well
[117, , , 82]. This is a strong-weak duality, relating a strongly coupled boundary
theory to a weakly coupled bulk theory. As is usual in strong-weak dualities, precise
mathematical formulations and exact computations on both sides of the duality are hard
in general.

Recently, a twisted version of The AdS/CFT Correspondence has been formulated by
Costello and Li [28, 29], which makes the mathematical formulation of the duality possible.
In their setup, the twisted holography relates the bulk twisted supergravity to the boundary
twisted supersymmetric gauge theory. The bulk twisted supergravity, denoted by Ty, is
supergravity in a background where the bosonic ghost field takes some non-zero value
[34, 35]. The boundary twisted supersymmetric gauge theory, denoted by Tpq, arises from
D-branes in the twisted supergravity, considered as defects in the bulk theory. The main
objectives considered in the twisted holography setting are

1



(1) The algebras of operators A°P(Tpq) of the twisted supersymmetric gauge theory living
on stack of N D-branes, after sending N — oo.

(2) The algebra of operators A%P(Tyy) in perturbative twisted supergravity living on the
location of the defect given by the stack of D-branes.

A particular nice feature of the twisted setup is that, the theories are usually drastically
simplified, though still quite nontrivial. The theories can be furthermore simplified with the
presence of Omega background [131, , , 161]. With the help of these simplifications,
the exact computations becomes possible in some interesting examples [37, , , 84,

, 28].

The main proposal of the twisted holography is the comparison between algebras of pro-
tected sub-sectors of observables of the bulk/boundary theories, which can be summarized
as follows.

Conjecture 1.1.1 (Costello-Li, [29]). AP(Typq) is Koszul dual to A°P(Tyy).

Before explaining the reason why Koszul duality is expected, we should mention that
the Conjecture 1.1.1 is only expected to hold in the case that the brane sources no flux in
the supergravity theory. In general, a deformation of the Koszul duality between A°P(Tyq)
and A°P(Tyi) is expected, and this should be related to the curved Koszul duality in math
literature [95], examples of this more general situation is explored in [31, 37, 38, 39]. The
examples considered in this thesis (4d and 5d Chern-Simons theories) have the feature that
branes source no flux in the supergravity background.

For the record of literature in this area, see [20] for an earlier example and also [98, 31,

, , , 37, , 65, , , , 20, 67, 35, 36, 40] for follow-up and related works.

For a recent and very readable review of Koszul duality aimed at physicists, we refer the
reader to [112].

1.2 Why Koszul duality?

In this section we explain why in the first place we expect the Koszul duality between
operator algebras of the bulk theory and the large N limit of the boundary theory. The
discussion in this section is broadly general and somewhat impressionism, the aim of this
section is to serve as a motivation behind the investigation into specific models in the body
of this thesis.



Let us first briefly recall the notion of Koszul dual algebra in mathematical terminology
[111]. Let A be a differential-graded algebra, i.e. an algebra

A= @A“ such that Az : Aj C Ai+j7 (11)
>0
together with
d: A; — Aiyq, such that d(a-b) = d(a) - b+ (—1)%8@q . d(b). (1.2)

We furthermore assume that Ay = C, so there exists a differential-graded algebra homo-
morphism

p:A—C, (1.3)
p is called the augmentation map. Define the Koszul dual algebra A' by
A' = RHomy(C, C). (1.4)

The algebra structure on A' is induced from the standard one on Hom. A presentation of
A" in terms of bar-construction can be found in [114].

Let us go back to the holography, and lets us assume that the differential graded algebra
A is the algebra of observables of some twisted supergravity theory 7 on R, x R for d > 2
such that 7 is topological along R;. Consider a line defect on R; x {0}, which comes from
certain stack of N D-brane in the string-theory lift of 7 and taking N — oo. Then we
remove this line defect and include the gravitational flux sourced by this defect, this will
result in the back-reacted geometry with underlying topological space

R, x (RA\{0}) 2 R, x R,5o x S 22 AdS, x S47. (1.5)

In the physics holography language, the line defect is called a black brane, and the limit
r — 0 is called the near-horizon limit.

In the back-reacted geometry, we compactify the theory along S?! while keeping all
the KK-modes, and assume that the compactified theory is topological on the remaining
spacetime R; x R,~o. Note that this assumption is satisfied for the examples that are
considered in this thesis (4d and 5d Chern-Simons theories).

Next we put boundary conditions at » = 0 and r = oo respectively. In the 2d topological
field theory [5], the boundary conditions at r = 0 form the category of right A-modules
mod-A, and the boundary conditions at » = co form the category of left A-modules A-mod.

3



To see this physically, we can choose a boundary condition and bring local operators in
the bulk towards the boundary, this operation is associative, and the identity operator in
the bulk becomes the identity on the boundary, therefore the boundary condition is a left
or right A-module, depending on the direction of operator action.

After fixing a boundary condition M in A-mod or mod-A, the algebra of boundary
observables is

RHom (M, M), (1.6)

where the multiplication is induced from Hom.

The specific boundary conditions that are considered in the holography correspondence
are the following.

e At r = 0, we put Dirichlet boundary conditions, i.e. the right A-module A.

e At 7 = 0o, we put Neumann boundary conditions, i.e. the left A-module C (via the
augmentation A — C).

Therefore the algebra of local operators at » = 0 is A itself, and the algebra of local
operators at r = oo is the Koszul dual algebra A'. The boundary theory at r = oo with
the Neumann boundary condition is the theory 7y,q that is considered in the holography,
hence we expect that

AP (Tpa) 2= A% (To)', (1.7)

given that various assumptions that we made along the way are satisfied.

1.2.1 Universal line defect

An important property of the Koszul dual algebra A' is the following fact [114]: there is
an isomorphism between functors

Homdg,alg(A!, —) = MC(— & A) (18)

Here MC(B ® A) denotes the set of solutions to the Maurer-Cartan equation:

1
d:v+§[$,x] =0, z€(B®A) (1.9)



in the differential-graded algebra B ® A. In other words, the Koszul dual algebra A'
represents the functor MC(— ® A), this can be used as the definition of the Koszul dual
algebra.

From the physics perspective, lets us still assume that the differential graded algebra
A is the algebra of observables of the twisted supergravity 7 on R, x R?, such that T is
topological along R;. By the topological property, there exists a charge ¢ in the theory T
of ghost number —1 such that

{Q.0} =0, (1.10)

where @ is the differential (BRST charge) on A. Then we put a line defect on R; x {0},
and look for one-dimensional topological quantum mechanics that can be coupled to the
theory T along the line defect.

The general process of coupling a topological quantum mechanics to a bulk theory 7
along a line defect can be described as follows. Let B be the algebra of observables of the
topological quantum mechanics, then a general coupling is constructed from topological
descent

Sint = Pexp [ dxdt = Z/ dx(ty) - - ox(ty), (1.11)
t

R¢ n>1 Y <<t

where x is an operator in B ® A with ghost number one (so that the coupling is of ghost
number zero). A physical coupling must be anomaly-free, i.e. @Sy = 0. We can compute
the BRST variation

QSint = Z Z 6x(t1) -+ (Opr — 0Q)(t;) - - - 6x(ty)

n>1 i=1 Yh<Stn

= ZZ dx(ty) - (=0Qx — dx -+ - dx)(t;) - - - 0x(ty,) (1.12)

n>1 i=1 Y11 < Stn

=SS et @+ a6 u(t).

n>1 i=1 t1<<tn

The BRST variation of interaction term Si, vanishes if x satisfies the Maurer-Cartan
equation:

Qx—l—%[m,x] =0. (1.13)

The above argument shows that A' is the algebra of observables of a universal line defect
that can be coupled to 7.



Our speculation of Koszul duality rephrased in the twisted holography setup is that
Toa is the universal theory that can be coupled to the bulk theory Ty along the defect.

Although the above discussion is only for the 1d defect, one should interpret that the
universal defect is the “right” definition of Koszul duality and try to formulate the Koszul
duality for higher dimensional defect. This is not the goal of this thesis. For discussion on
Koszul dual chiral algebras, see [31, 37, 38, 39].

1.3 Relationship with Witten’s prescription of holog-
raphy

In the seminal works of holography correspondence [90, |, two theories, Tpq and Tpk
were considered on two manifolds M; and My respectively, with the property that M,
was conformally equivalent to the boundary of Ms. The theory T5q was considered with
background sources, schematically represented by ¢. The theory Ty was such that the
values of its fields at the boundary dM, can be coupled to the fields of Tpq, then Ty was
quantized with the fields ¢ as the fixed profile of its fields at the boundary 0M,. These
two theories were considered to be holographic dual when their partition functions were
equal:

Zna(@) = Zpk(9) - (1.14)
This is the main identity in Witten’s prescription of holography.

This equality leads to an isomorphism of two algebras constructed from the two theories,
as follows. Consider local operators O; in T4 with corresponding sources ¢‘. The partition
function Zpq(¢) with these sources has the form:

Zpa(¢) = /DX exp <—%de + ZOi¢i> ; (1.15)

where X schematically represents all the dynamical fields in Tp,q4. Correlation functions of
the operators O; can be computed from the partition function by taking derivatives with
respect to the sources:

1 ) )

" Zoa(0) 361 (p1) 00" (pa)

We can consider the algebra generated by the operators O; using operator product expan-
sion (OPE). However, this algebra is generally of singular nature, due to its dependence

(O1(p1) -+ - On(pn))

Zva(0) (1.16)

d=¢0
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on the location of the operators and the possibility of bringing two operators too close to
each other. In specific twisted supersymmetric gauge theories, we can consider protected
sub-sectors of the operator spectrum that can generate algebras free from such contact
singularity, so that a position independent algebra can be defined. This is the algebra
ACP(Tpq) that was introduced in the very beginning. Suppose the structure constants of
the algebra A°P(Tyq) are

0,0; = CLO,. (1.17)
In terms of the partition function and the sources the relation (1.17) becomes:
) J
——7 =Ck —Z : 1.18
S50 = O il (L1

The statement of duality (1.14) then tells us that the above equation must hold if we
replace Zpq by Zpy:

o 0
-—— 7
55 55 bk (©)
This gives us a realization of the operator algebra A°P(Tnq) in the dual theory Ty. This
motivates us to define another algebra by taking functional derivatives of the partition

function of Ty with respect to ¢, as in (1.19). Let’s call this algebra the scattering algebra,
ASC(,]I)k)-

From the above discussions, Witten’s prescription of holography duality implies the
following isomorphism:

)
=Cf Wzbk(éf?)

(1.19)

¢=0 ¢=%o0

AOP(Trg) =2 A5 (Thy) . (1.20)

Together with the previous Koszul duality isomorphism, the twisted holography gives two
equivalent description of the algebra of boundary observables AP (T;q) in terms of bulk
theory Tpy:

(1) The algebra of observables on universally coupled defect, which can be computed by
the anomaly-cancellation using Feynman diagrams.

(2) The algebra of bulk-boundary scatterings, which can be computed using Witten
diagrams introduced in [158].

On the other hand, A°P(Tyq) is defined as the large-N limit of algebra of observables of the
world-volume theory on the stack of N D-branes supported at the defect. Therefore a com-
parison of A°P(Tyq) between large-N limit presentation and one of the bulk presentation
(i.e. AS(Tyk) or A°P(Tix)') would be a check of holography in the twisted setup.

7



1.4 Organization of the thesis

This thesis is dedicated to two examples of the twisted holography, whose bulk theories
are 4d and 5d topological-holomorphic Chern-Simons theories. As we explained above, the
main objectives are the comparison of the algebra of observable on the boundary A5¢(Tpq)
in the large- N limit presentation versus the bulk presentation A%(7Tyy) or A% (Tyy)'. Along
the way some additional features of the algebra A5¢(Tyq) (e.g. coproduct) are also explored.

Chapters §2 and §2 are closely related. In chapter §2, we start from a brane setup
involving N D2 branes and K D4 branes in a 6d topological string theory and describe
the two theories that we claim to be holographic dual to each other. The world-volume
theory on D4 branes is the 4d topological-holomorphic Chern-Simons theory with gauge
group GLg, and the world-volume theory on D2 branes is the 2d BF theory with gauge
group GLy. Next, in the section §2.3 we compute the local operator algebra of the world-
volume theory on the stack of N D2 brane, using the Feynman diagram approach. This
algebra is the Yangian Y;(glk) in the limit N — oco. In the section §2.4 we show that
the same algebra can be computed using Witten diagrams in the D4 brane theory. Some
of technical computations in §2.3 and §2.4 are presented in appendix §A. In the section
§2.5, we propose a string theory realization of the duality, and we show that the model of
twisted holography that we have constructed in this chapter is a protected subsector of the
more familiar model of holographic duality involving N' = 4 super Yang-Mills theory with
defects. We identify the supersymmetric twists and Q-deformation that reduce the N' = 4
duality setup to the topological setup presented in the earlier sections.

Chapter §3 views the 2d BF theory from a different perspective. Namely we investigate
the geometry of the phase space of the 2d GL BF theory coupled to a quantum-mechanical
system with GLg flavour symmetry along a defect, and study the algebra of functions
in this phase space. In §3.2 we show that the phase space M(N, K) can be embedded
into the based loop group L~ (GLg x GL;) as a Poisson subvariety, and in §3.3 we show
that the large-N limit of the M(N, K) is isomorphic to L~ (GLg x GLy). In §3.4 we
compute Hilbert series of C[M(N, K)] as well as Hilbert series of certain modules of it.
The techniques of this computation is presented in appendix §B. In §3.5 we show that
the quantization C;[M (N, K)] is a truncation of Yangian. The idea of the proof is to
compare the defining ideal of C,[M(N, K)| in Y;(glx @ gl;) with the defining ideal of the
Coulomb-branch presentation of truncated Yangian [15].

In chapter §4 we switch gears to the 5d topological-holomorphic Chern-Simons theory.
We start with reviewing the 11 dimensional twisted supergravity background

(Rg X Taub'NUT)topological X (C2)holomorphic



in section §4.1. In the limit of Taub-NUT circle shrink to zero radius, the theory reduces
to 10 dimensional type ITA supergravity with D6 brane supported at the tip of Taub-
NUT. After turning on the Q-background, the effective theory on D6 brane becomes the
5d topological-holomorphic Chern-Simons theory. If we add M2 and M5 branes into the
11d supergravity, they become line and surface defects in 5d Chern-Simons theory after
reduction to type ITA and turning on Q-background. The algebra A of local observables
on the M2 brane is the large- N limit of the quantized ring of functions on Nakajima quiver
varieties associated to the ADHM quivers, and the algebra of local observables on the
M5 brane is the mode algebra W,, of the W-infinity chiral algebra. Fusion of several
M2 and M5 branes can be interpreted as coproduct between these algebras, see §4.1.10.
We compute certain commutation relations of the algebra of universal defect coupled to
5d Chern-Simons along the M2 brane in §4.2; using Feynman diagrams, and show that
they agree with the large- N limit presentation of A. Some of the technical computation of
integrals are presented in the appendix §D. We also compute the coproduct A 4 4, Ay ..,
and A 4y, in §4.3, using Feynman diagrams, and show that they agree with the expected
formulae derived using free-field realization in [73].

In chapter §5, we study the algebra A of observables on the M2 brane from a purely
algebraic point of view. A is the large-/NV limit of the quantized ring of functions on
Nakajima quiver varieties associated to the ADHM quivers, we review the quantization for
general Nakajiam quiver varieties in the appendix §C. We write down the generators and
relations of A in §5.1, partly using the Calogero representation (a free-field realization)
of A worked out in §5.2. Note that they match with the presentation of the deformed
double current algebra in the literature [39, 59, 60], and this answers a question of Costello
[29, 2.1]. We also observe a simple relation between the Yangian of gl and A in §5.5,
and we use this observation to prove a conjecture of Costello [29, 2.3]. We mention the
relation between cA and the Kac-Moody algebra of gl, in §5.6. And in the last section we
write down the coproduct formula for A and show that it gives rise to a vertex coalgebra
structure on A.

The chapters of this thesis are technically independent of each other and they can be
read independently.



Chapter 2

4d Chern-Simons Theory

In this chapter, we study a toy model for holographic duality. The model is constructed by
embedding a stack of N D2-branes and K D4-branes (with one dimensional intersection)
in a 6D topological string theory. The world-volume theory on the D2-branes (resp. D4-
branes) is 2D BF theory (resp. 4D Chern-Simons theory) with GLy (resp. GLg) gauge
group. We propose that in the large N limit the BF theory on R? is dual to the closed
string theory on R? x R, x S3 with the Chern-Simons defect on R x R, x S%. As a
check for the duality we compute the operator algebra in the BF theory, along the D2-D4
intersection — the algebra is the Yangian of gl,. We then compute the same algebra, in
the guise of a scattering algebra, using Witten diagrams in the Chern-Simons theory. Our
computations of the algebras are exact (valid at all loops).

2.1 Introduction and Summary

Holography is a duality between two theories, referred to as a bulk theory and a boundary
theory, in two different space-time dimensions that differ by one [1 18, 90, 158]. A familiar
manifestation of the duality is an equality of the partition function of the two theories -
the boundary partition function as a function of sources, and the bulk partition function
as a function of boundary values of fields. This in turns implies that correlation functions
of operators in the boundary theory can also be computed in the bulk theory by varying
boundary values of its fields [90, ]. This dictionary has been extended to include
expectations values of non-local operators as well [117, , , 82]. This is a strong-weak
duality, relating a strongly coupled boundary theory to a weakly coupled bulk theory. As
is usual in strong-weak dualities, exact computations on both sides of the duality are hard.
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Topological theories have provided interesting examples of holographic dualities where
exact computations are possible [37, , , 84, 83, 28].

Recently, it has shown that some instances of holography can be described as an al-
gebraic relation, known as Koszul duality, between the operator algebras of the two dual

theories [29]. Tt was previously known that the algebra of operators restricted to a line in
the holomorphic twist of 4d A/ = 1 gauge theory with the gauge group GLy is the Koszul
dual of the Yangian of gl [26]. In light of the connection between Koszul duality and

holography, this result suggests that if there is a theory whose local operator algebra is
the Yangian of gl then that theory could be a holographic dual to the twisted 4d theory.
Since the inception of holography, brane constructions played a crucial role in finding dual
theories. It turns out that the particular twisted 4d theory is the world-volume theory
of K D4-branes' embedded in a particular 6d topological string theory [30]. Since the
operators whose algebra is the Koszul dual of the Yangian lives on a line, it is a reasonable
guess that we need to include some other branes that intersect this stack of D4-branes
along a line. Beginning from such motivations we eventually find (and demonstrate in this
chapter) that the correct choice is to embed a stack of N D2-branes in the 6d topological
string theory so that they intersect the D4-branes along a line. The world-volume theory
of the D2-branes is 2d BF theory with GLy gauge group coupled to a fermionic quantum
mechanics along the D2-D4 intersection. The algebra of gauge invariant local operators
along this D2-D4 intersection is precisely the Yangian of gly.

This connected the D2 world-volume theory and the D4 world-volume theory via holog-
raphy in the sense of Koszul duality. The connection between these two theories via holog-
raphy in the sense of [90, | was still unclear. In this chapter we begin to establish this
connection. We take the D2-brane world-volume theory to be our boundary theory. This
implies that the closed string theory in some background, including the D4-brane theory
should give us the dual bulk theory. In the boundary theory, we consider the OPE (op-
erator product expansion) algebra of gauge invariant local operators, we argue that this
algebra can be computed in the bulk theory by computing a certain algebra of scatterings
from the asymptotic boundary in the limit N — oo. Our computation of the boundary
local operator algebra using the bulk theory follows closely the computation of boundary
correlation functions using Witten diagrams [155].

The Feynman diagrams and Witten diagrams we compute in this chapter have at most
two loops, however, we would like to emphasize that the identification we make between
the operator algebras and the Yangian is true at all loop orders. In the boundary theory

'We are following the convention of [3], according to which, by a topological Dp-brane we mean a brane
with a p-dimensional world-volume.
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(D2-brane theory) this will follow from the simple fact that, for the operator product that
we shall compute, there will be no non-vanishing diagrams beyond two loops. In the bulk
theory this follows from a certain classification of anomalies in the D4-brane theory [/1]
and independently from the very rigid nature of the deformation theory of the Yangian.
We explain some of these mathematical aspects underlying our results in appendix §A.3.

A particular motivation for studying these topological /holomorphic theories and their
duality is that these theories can be constructed from certain brane setup in string theory.
We can identify these theories as certain supersymmetric subsectors of some theories on
D-branes in type IIB string theory by applying supersymmetric twists and €2-deformation.

The organization of the chapter is as follows. In §2.2 we start from a brane setup
involving N D2-branes and K D4-branes in a 6d topological string theory and describe the
two theories that we claim to be holographic dual to each other. In §2.3 we compute the
local operator algebra in the D2-brane theory, this algebra will be the Yangian Y (gl ) in
the limit N — oo. In §2.4 we show that the same algebra can be computed using Witten
diagrams in the D4-brane theory. In the last section, §2.5, we propose a string theory
realization of the duality.

2.2 The dual theories

2.2.1 Brane construction

The quickest way to introduce the theories we claim to be holographic dual to each other
is to use branes to construct them. Our starting point is a 6d topological string theory,
in particular, the product of the A-twisted string theory on R* and the B-twisted string

theory on C [30]. The brane setup is the following:
‘ R, R, R, R, C, ‘ No. of branes
D2/ 0 x x 0 0 N (2.1)
D410 0 x x X K

The subscripts denote the coordinates we use to parametrize the corresponding directions,
and it is implied that the complex direction is parametrized by the complex variable z,
along with its conjugate variable Z.

Our first theory, denoted by Typq, is the theory of open strings on the stack of D2-branes.
This is a 2d topological gauge theory with the complexified gauge group GLy [30]. The

12



intersection of the D2-branes with the D4-branes introduces a line operator in this theory.
We describe this theory in §2.2.3.

Next, we consider the product of two theories, open string theory on the stack of D4-
branes, and closed string theory on the 6d background sourced by the stack of D2-branes.
The theory on the stack of D4-branes is a 4d analogue of Chern-Simons (CS) gauge theory
with the complexified gauge group GLg [30]. As it does in the theory on the D2-branes, the
intersection between the D2 and the D4-branes introduces a line operator in this theory as
well. This line sources a flux supported on the 3-sphere linking the line. Our bulk theory
is the Kaluza-Klein compactification of the total 6d theory? on the 3-sphere. We describe
the 4d CS theory in §2.2.5. Let us describe the closed sting theory in the next section.

2.2.2 The closed string theory

The closed string theory, denoted by 7q, is a product of Kodira-Spencer (also known as
BCOV) theory [11, 34] on C and Kihler gravity [12] on R*, along with a 3-form flux sourced
by the stack of D2-branes.? Fields? in this theory are given by:

Set of fields, F := Q°(R*) ® Q**(C), (2.2)

i.e., the fields are differential forms on R* and (p, q)-forms on C.> The linearized BRST
differential acting on these fields is a sum of the de Rham differential on R* and the
Dolbeault differential on C, leading to the following equation of motion:

(dR4 —i—g(c)a:(), aeF. (2.3)

The background field sourced by the D2-branes, let it be denoted by F3 € F, measures
the flux through a topological S? surrounding the D2-branes, it can be normalized as:

/53 Fy=N. (2.4)

Note that the S? is only topological, i.e., continuous deformation of the S should not
affect the above equation. This is equivalent to saying that, the 3-form must be closed on

26d closed string theory coupled to 4d CS theory.

3This flux is analogous to the 5-form flux sourced by the stack of D4-branes in Maldacena’s setup of
AdS/CFT duality between N = 4 super Yang-Mills and supergravity on AdSs x S° [115].

4In the BV formalism, including ghosts and anti-fields.

SWe are not being careful about the degree (ghost number) of the fields since this will not be used in
this chapter.

13



the complement of the support of the D2-branes:

dR4><(CF3<p) = O, P ¢ D2 . (25)

Here the differential is the de Rham differential for the entire space, i.e., drayc = dra +
Oc + Oc. Moreover, as a dynamically determined background it is also constrained by
the equation of motion (2.3). In addition to satisfying these equations, F3 must also
be translation invariant corresponding to the directions parallel to the D2-branes. The
solution is:

N

Fo —
5T or(0? + 42 + 22)

s(dyndzANdz —ydvAdz Adz —2Z2dv Ady Adz). (2.6)

In general, a closed string background like this might deform the theory on a brane, how-
ever, the pullback of the form (2.6) to the D4-branes vanishes:

Uy =0, (2.7)

where . : R2 xC, — R}, ., % C. is the embedding of the D4-branes into the entire space.

So the closed string background leaves the D4-brane world-volume theory unaffected.®

The flux (2.6) signals a change in the topology of the closed string background:

Ry ey X C: =R, X Ry x §°, (2.8)
where the R, is parametrized by r := \/v? + y2 + 2Z. This change follows from requiring
translation symmetry in the directions parallel to the D2-branes and the existence of an
S3 supporting the flux F3. This S® is analogous to the S° in the D4-brane geometry
supporting the 5-form flux sourced by the said D4-branes in Maldacena’s AdS/CFT [118].
The coordinate r measures distance” from the location of the D2-branes. The r — 0 region
would be analogous to Maldacena’s near horizon geometry. In our topological setting there
is no distinction between near and distant, and we treat the entire Ri}’x x Ry x S as
analogous to Maldacena’s near horizon geometry. This makes ]wa x R, analogous to the
AdS geometry. We recall that, in the AdS/CFT correspondence the location of the black

5The flux (2.6) is the only background turned on in the closed string theory. This can be argued as
follows: The D2-branes introduce a 4-form source (the Poincaré dual to the support of the branes) in the
closed string theory. This form can appear on the right hand side of the equation of motion (2.3) only for
a 3-form field «, which can then have a non-trivial solution, as in (2.6). Furthermore, since the equation
of motion (2.3) is free, the non-trivial solution for the 3-form field does not affect any other field.

"In the absence of a metric “distance” should be taken lightly. We really only distinguish between the
two extreme cases, r = 0 and r = oo.
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branes and the boundary of AdS correspond to two opposite limits of the non-compact
coordinate transverse to the branes. In our case r = 0 corresponds to the location of the
D2-branes, and we treat the plane at r = oo, namely:

R2 . x {00}, (2.9)

as analogous to the asymptotic boundary of AdS.

The D4-branes in (2.1) appear as a defect in the closed string theory, they are analogous
to the D5-branes that were considered in [85] or the D3-branes considered in [85, 30],
in Maldacena’s setup of AdS/CFT, where they were presented as holographic duals of
Wilson loops in 4d N = 4 super Yang-Mills. For the world-volume of these branes, the
transformation (2.8) corresponds to:

R:, xC. — R, x R x 5%, (2.10)

where the R, direction is parametrized by r’ := /y? + 2Z. The intersection of the bound-
ary plane (2.9) and this world-volume is then the line:

R, x {oo}, (2.11)

at infinity of /. We draw a cartoon representing some aspects of the brane setup in figure
2.1.

We can now talk about two theories:

1. The 2d world-volume theory of the D2-branes. This is our analogue of the CFT (with
a line operator) in AdS/CFT.

2. The effective® 3D theory on world-volume R?, . x R, with a defect supported on

R, x Ry. This is our analogue of the gravitational theory in AdS background (with
defect) in AdS/CFT.

To draw parallels once more with the traditional dictionary of AdS/CFT [118, 90, 158],
we should establish a duality between the operators in the D2-brane world-volume theory
and variations of boundary values of fields in the “gravitational” theory on R?Mm x R, (the
boundary is R, , x {oo}). Both of these surfaces have a line operator/defect and this leads
to two types of operators, ones that are restricted to the line, and others that can be placed

8Effective, in the sense that this is the Kaluza-Klein reduction of a 6d theory with three compact
directions, though we don’t want to loose any dynamics, i.e., we don’t throw away massive modes.
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anywhere. Local operators in a 2d surface are commuting, unless they are restricted to
a line. Therefore, in both of our theories, we have non-commutative associative algebras
whose centers consist of operators that can be placed anywhere in the 2d surface. For this
chapter we are mostly concerned with the non-commuting operators:

1. Operators in the world-volume theory of the D2-branes that are restricted to the
D2-D4 intersection.

2. Variations of boundary values of fields in the effective theory along the intersection
(2.11) of the boundary R , x {oo} and the defect on R, x R.

In physical string theory, the analogue of the D4-branes would be coupled to the closed
string modes. In an appropriate low energy limit such gravitational couplings can be
ignored, leading to the notion of rigid holography [1]. Since we are working with topological
theory, we are assuming such a decoupling.

The computations in the “gravitational” side will be governed by the effective dynamics
on the defect on R, x R . This is the Kaluza-Klein compactification of the world-volume
theory of the D4-branes (with a line operator due to D2-D4 intersection). This 4d theory
(which we describe in §2.2.5) is familiar from previous works such as [11]. Therefore we use
the 4d dynamics, instead of the effective 2d one for our computations. In terms of Witten
diagrams (which we compute in §2.4) this means that while we have a 1D boundary, the
propagators are from the 4d theory and the bulk points are integrated over the 4d world-
volume R? x C. We take the boundary line to be at y = oo with some fixed coordinate z
in the complex direction. In future we shall refer to this line as £ (z):

loo(2) =R, x {y =00} x {z}. (2.12)

A cartoon of our setup

Let us make a diagrammatic summary of our brane setup in Fig 2.1. In the figure we draw
the non-compact part, namely ]R?w x R, of the closed string background (the right hand
side of (2.8)). We identify the location of the 2d black brane and the defect D4-branes,
the asymptotic boundary wa x {00}, and the intersection between the boundary and the
defect. At the top of the picture, parallel to the asymptotic boundary, we also draw the
D2-branes. We draw the D2-branes independently of the rest of the diagram because the
D2-branes do not exist in the backreacted bulk, they become the black brane. However,
traditionally, parallels are drawn between the asymptotic boundary and the brane sourcing
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Figure 2.1: D2-brane, and the non-compact part of the backreacted bulk.

D4-brane

the bulk (the D2-brane in this case). The dots on the asymptotic boundary represent local
variations of boundary values of fields in the bulk theory 7yi. The corresponding dots on
the D2-brane represent the local operators in the boundary theory 7yq that are dual to the
aforementioned variations. By the duality map in the figure we schematically represent
boundary excitations in the bulk theory corresponding to some local operators in the dual
description of the same dynamics in terms of the boundary theory.

2.2.3 BF: The theory on D2-branes

This is a 2d topological gauge theory on the stack of N D2-branes (see (2.1)), supported
on R? | with complexified gauge group GLy. The field content of this theory is:

W, T

Field Valued in
15} QO(Rz) x gly - (2.13)
a  QNR?) x gly

« is a Lie algebra valued connection and [ is a Lie algebra valued scalar, both complex.
The curvature of the connection is denoted as F = da + o A . The action is given by:

SBF = / tI‘N<ﬁF), (214)
R o
where the trace is taken in the fundamental representation of gl .

We consider this theory in the presence of a line operator supported on R, x {0}, caused
by the intersection of the D2 and D4-branes. The line operator is defined by a fermionic
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quantum mechanical system living on it.” The fields in the quantum mechanics (QM) are
K fundamental (of gly) fermions and their complex conjugates:

Field Valued in
Pt QO(R,) x N | ie{l,--- K}, (2.15)
v, Q(R,) x N

where N refers to the fundamental representation of gly and N to the anti-fundamental.
The fermionic system has a global symmetry GLy x GLg. These fermions couple naturally
to the gly connection « of the BF theory. The action for the QM is given by:

SQM = / (EldQ/JZ + Eioz@bi + EJA3W> ) (2-16)

T

where we have introduced a background gl -valued gauge field A € Q'(R,) x gli. Note
that the terms in the above action are made gly invariant by pairing up elements of N
with elements of the dual space N.

Our first theory is this BF theory with the line operator, schematically:
Toa = BFy @n QMy, x (2.17)

where the subscripts on BF and QM refer to the symmetries (GLy and GLy X GLg
respectively) of the respective theories and the subscript on ® implies that the GLy is
gauged. There are two types of gauge (gly) invariant operators in the theory:'°

operators restricted to R,:  O}[n] := %%ﬁ”@bi ,
operators not restricted to R,: O[n] := trnf".

1

for n € N207 (218)

Unrestricted local operators in two topological dimensions can be moved around freely,
implying that for any n > 0, the operator O[n] commutes with all of the operators defined
above.!! The operator algebra of the 2d BF theory consists of all theses operators but for
this chapter we focus on the non-commuting ones, in other words we, focus on the quotient

9This closely resembles the D3-D5 system in type IIB string theory considered in [35], there too a
fermionic quantum mechanics lived on the intersection, giving rise to Wilson lines upon integrating out the
fermions. Note that we could have considered bosons, instead of fermions, living on the line, without any
significant change to our following computations. This would be similar to the D3-D3 system considered
in [85, 86].
0The h~! appears in these definitions because the action (2.16) will appear in path integrals as
exp (,;rngM), which means functional derivatives with respect to Aé- inserts operators that carry A 1.

" These operators are represented by the red dot on the D2-brane in figure 2.1.
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of the full operator algebra of the boundary theory by its center.!> We shall compute

their Lie bracket in §2.3, which will establish an isomorphism with the Yangian. Had we
included the commuting operators as well we would have found a central extension of the
Yangian. In sum, the operator algebra we construct from the theory Tpq is:

A (Tpa) = (O5[n], O[n]) /(O[n]) - (2.19)

By the notation (x,y, - - - ) we mean the algebra generated by the set of operators {z,y,- -}
over C.

Remark 2.2.4 (A speculative link). Note that it is possible to lift our D2 and D4 branes to
type IIB string theory while maintaining a one dimensional intersection. This results in a
D3-D5 setup (studied in particular in [35]) where on the D3 brane we find the N = 4 Yang-
Mills theory with a Wilson line.™® In [57, 80, 78], the authors considered local operators in
the A/ = 4 Yang-Mills that are restricted to certain Wilson lines. With the proper choice
of Wilson lines, Localization reduces this setup to 2d Yang-Mills theory with Wilson lines
— local operator insertions along the Wilson lines in 4d reduce to local operator insertions
along the Wilson lines in 2d [79]. 2d BF theory is the zero coupling limit of 2d Yang-Mills
theory. We therefore expect the algebra constructed in this section to be related to the
algebra constructed in the aforementioned references, at least in some limit.!* The algebra
in [78] would correspond to the K = 1 instance of our algebra, it may be an interesting
check to compute the analogue of the algebra in [78] for higher K. A

2.2.5 4d Chern-Simons: The theory on D4-branes

This is a 4d gauge theory on the stack of K D4-branes, supported on R%y x C, with the line
L:=R, x (0,0,0) removed and with the (complexified) gauge group GLg. The notation
of distinguishing directions by R and C is meant to highlight the fact that observables in
this theory depend only on the topology of the real directions and depend holomorphically
on the complex directions.'® Due to the removed line, we can represent the topology of
the support of this theory as (c.f. (2.10)):

M:=R xR, x 5%, (2.20)

12We shall similarly quotient out the center in the bulk theory as well.
131% is also interesting to note that the D5 brane in an Omega background reproduces the 4d CS theory

[43].
14We thank Shota Komatsu for pointing out this interesting possibility.
15In particular, they are independent of the coordinates = and y that parametrize the R?, and depend

holomorphically on z which parametrizes the C.
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The field of this theory is just a connection:

Field Valued in
QT (RZXC\L) .
A g ek

(2.21)

The above notation simply means that A is a gl,-valued 1-form without a dz component.
The theory is defined by the action:

Scs = i/ dz A CS(A), (2.22)
27T M

where CS(A) refers to the standard Chern-Simons Lagrangian:
2
CS(A) = trg (A/\dA+ gA/\A/\A) : (2.23)

where the trace is taken over the fundamental representation of gl;. This theory is a 4d
analogue of the, perhaps more familiar, 3D Chern-Simons theory. We shall therefore refer
to it as the 4d Chern-Simons theory and sometimes denote it by CS% or just CS.

The removal of the line L from R? x C is caused by the D2-D4 brane intersection. Note
that from the perspective of the CS theory, the D2-D4 intersection looks like a Wilson
line. This means that we should be quantizing the CS theory on M with a background
electric flux supported on the S? inside M. Alternatively, we can quantize the CS theory on
R* x C with a Wilson line inserted along L. The choice of representation for the Wilson
line is determined by the number, N, of D2-branes, let us denote this representation as
0: gl — V. With this choice, the Wilson line is defined as the following operator:

W,(L) := Pexp ( /L Q(A)) , (2.24)

where P exp implies path ordered exponentiation, made necessary by the fact that the
exponent is matrix valued. The above operator is valued in End(V). This in general
means that the following expectation value:

_ fDA W,(L) exp (—%Scs)
<WQ(L>> - fDA exp (_%SCS) 9

16Recall that in case of the BF theory the line operator at the D2-D4 intersection was described by a
fermionic QM. We could do the same in this case. However, in this case it proves more convenient to
integrate out the fermion, leaving a Wilson line in its place. The mechanism is the same that appeared
for intersection of D3 and D5-branes in physical string theory [85].

(2.25)
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is valued in Hom(H oo ®V, H1 0o ®V'), where Ho, are the Hilbert spaces of the CS;l( theory
on the Cauchy surfaces perpendicular to L at x = +00, in the absence of the Wilson line.
However, for the particular CS theory, these Hilbert spaces are trivial and we end up with
a map that transports vectors in V' from x = —oo to x = 4o0:

(Wy(L)) : Veoe — Vi . (2.26)

In picture this operator may be represented as:

v (2.27)

T = —00 T = +00

The CS theory is quantized with some fixed boundary profile of the connection along the
boundary R, x {oo} x S%7 To express the dependence of expectations values on this
boundary value we put a subscript, such as (W,(L)) ,. Since we are essentially interested
in the Kaluza-Klein reduced theory on R, x R, we mostly care about the value of the
connection along the boundary line (defined in (2.12)) £ (2) C R, x {oo} x S2.

To define our second theory, we start with the product of the closed string theory and
the CS theory, Tq® CSj, supported on R% , xR, x S and compactify on 5%, our notation
for this theory is the following:

Tox =7 (Ta ® CSk) - (2.28)

We can put the theory Toq (2.17) on the plane Ry, , “at infinity” of R? , xR,. This plane
has a distinguished line R, x {oo} (2.11) where the D4-brane world volume intersects.!®
Along this line we have the gl gauge field which couples to the fermions of the QM in T,q
(this coupling corresponds to the last term in (2.16)). Boundary excitations from arbitrary
points on R,, , x {oo} will correspond to operators in the BF theory that are commuting,
since these local excitations on a plane are not ordered. The non-commutative algebra we
are interested in in the BF theory is the algebra of operators restricted to a particular line.
Similarly, in the “gravitational” side of the setup, we are interested in boundary excitations
restricted to the line £ (z). Let us look a bit more closely at the coupling between the
connection A and the fermions:

L= %/ A l(z) =Ry x {y = 00} x {2} (2.29)
loo(2)

"The boundary was chosen to respect the symmetry of the Wilson line along L.
18 After aligning the v-coordinates of the plane and the D4-branes.
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A small variation of z leads to coupling between the fermions and z-derivatives of the

connection:
z+§z Z / anA]de (230)

In the BF theory, the field S corresponds to the fluctuation of the D2-branes in the trans-
verse C direction [30]. Therefore, we can interpret the above varied coupling term as saying
that the operator in the boundary theory 7Tyq that couples to the derivative 0T A} is pre-

cisely the operator Oin] = h='9"B™p; (c.f. (2.18), (2.19)). This motivates us to look at
functional derivatives of (W,(L)), with respect to 0" A! at fixed points along £.,(z), such

as:
J J

00 Al (pr) 00 AT (pm)

Just as the expectation value (W,(L)) , is End(V')-valued, these functional derivatives are

End(V)-valued as well.'? The action is given by applying the functional derivative on
(Wo(L)) 4 () for any ¢ € V. Let us denote this operator as

(Wo(L)) s s P12 Pm € lso(2). (2.31)

Ti[n] : loo(2) x V =V,
5 (2.32)

p € lw(2), T;[n)(p) : o — m (Wo(L)) 4 (4).

which can be pictorially represented by slight modifications of (2.27):

W,(L) A
y=0, 1 T;[nl(p)(¥)
(2.33)
5
onAl
Yy =
Tr = —00 rT=0p r = —+00

Composition of these operators, such as T;ll (p1) -~ TJ’Z (Pm), is defined by the expression
(2.31). A more precise and computable characterization of these operators and their com-
position in terms of Witten diagrams [158] will be given in §2.4 (see (2.119)). Due to
topological invariance along the z-direction, the operator Tj[n] (p) must be independent of
the position p. However, since these operators are positioned along a line, their product

19 After choosing a point along /o (2).
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should be expected to depend on the ordering, leading to a non-commutative associative
algebra. We can now define the second algebra to appear in our example of holography:

A%(To) = (T} [n]) (2.34)

i.e., the complex algebra generated by the set {T;[n]}

Remark 2.2.6 (Center of the algebra). In the BF theory we mentioned gauge invariant
operators that belong to the center of the algebra. Clearly, the holographic dual of those
operators do not come from the CS theory, rather they come from the closed string theory.
A 2-form field ¢ = ¢y,dw Adx + --- from the closed string theory deforms the BF theory
as:

Ser — SBF + / dw A dzx (@ggbwz) trn (/Bn) . (235)
R

2

Functional derivatives with respect to the fields 07 ¢, placed at arbitrary locations on
the asymptotic boundary R , x {oo} correspond to inserting the operators trn/3" in the
BF theory.?? As we did in the BF theory, we are going to ignore these operators now as

well. YA

After all this setup, we can present the main result of this chapter:

Theorem 2.2.7. In the limit N — oo, both the algebra of local operators (2.19) along the
line operator in the theory Toa = BFny @n QMy i, and the algebra of scatterings from

a line in the boundary (2.34) of the theory Tox = 7Tf3 (7;1 ® CS}l{) are isomorphic to the
Yangian of gly, i.e.:

o N—oo N—o0 S
AP (Toa) = Ya(olg) = A(Tow) - (2.36)

The rest of the chapter is devoted to the explicit computations of these algebras.

2.3 A% (T4 from BF @ QM theory

In this section we prove the first half of our main result (Theorem 2.2.7):

Proposition 2.3.1. The algebra A°P(Tyq), defined in the context of 2d BF theory with
the gauge group GLy coupled to a 1D fermionic quantum mechanics with global symmetry
GLy x GLg, is isomorphic to the Yangian of gly in the limit N — oo:

o N—oo
AP (Toa) = Yi(olk)- (2.37)

20These functional derivatives are represented by the red dot on the asymptotic boundary in figure 2.1.
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The BF theory coupled to a fermionic quantum mechanics was defined in §2.2.3, let us
repeat the actions here:

Sde = Sgp + SQM , (238)
where:
Spr = /11@2 trn(Ada + Bla, o) (2.39)
and  Sou — / (T + Ty . (2.40)
Ry

We no longer need the source term, i.e., the coupling to the background gl; connection
(c.f. (2.16)). Let us determine the propagators now.

The BF propagator is defined as the 2-point correlation function:
P%(p,q) = (8*(p)a’(q)) - (2.41)
We choose a basis {7,} of gly which is orthonormal with respect to the trace try:
tIN(TaTs) = Oag - (2.42)
Then the two point correlation function becomes diagonal in the color indices:
P’ (p,q) = 6°"P(p,q) . (2.43)

We shall often refer to just P as the propagator, it is determined by the following equation:?

%dP(O, p) = &(p)dw A da (2.44)

Once we impose the following gauge fixing condition:*?
dxP(0,p) =0, (2.45)

the solution is (using translation invariance to replace the 0 with an arbitrary point):

P(p.a) = 5= d6(p.0). (2.46)

21 A minor technicality: P(p,q) is a 1-form on Rf, x R2 and in (2.44), by P(0,p) we mean the pull-back

of P € Q%(R*) by the diagonal embedding R? — R? x RZ,
22This is the analogue of the Lorentz gauge.
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where ¢(p, q) is the angle (measured counter-clockwise) between the line joining p-¢ and
any other reference line passing through p. In Feynman diagrams we shall represent this
propagator as:

P(p,qg) = p——1q . (2.47)

Similarly, the propagator in the QM is defined by:

1 —a ; ;
=0u, (W} (@1) (2) ) = 03378 (a1 — 22) (2.48)
with the solution: - ' '
<¢Z(x1)wg(x2)> — 536 R (s — 1) (2.49)

where J(x9 — 1) is a unit step function. Anti-symmetry of the fermion fields dictates:

<¢Z($1)W(ff2)> = - <E?(I2)¢§(CU1)> = —0p0] (w1 — x3) . (2.50)
We take the step function to be:

1/2 for >0

I (z) = 1sgn(:v) =< 0 forx =0 . (2.51)
2 —1/2 forz <0
Then we can write:
—a . . Ny
(i w)pl(@a) ) = (WA (02)) = 04315 sz — o). (2:52)

This propagator does not distinguish between v and v and it depends only on the order
of the fields, not their specific positions. In Feynman diagrams we shall represent this

propagator as:

h

Ssmn(os — 1) = (25
where the curved line refers to the propagator itself and the horizontal line refers to the
support of the QM, i.e., the line w = 0. We now move on to computing operator products
that will give us the algebra A°P(Tpnq).

Remark 2.3.2 (Fermion vs. Boson - Propagator). We might as well have considered a
bosonic QM instead of a fermionic QM. At present, this is an arbitrary choice, however, if
one starts from some brane setup in physical string theory and reduce it to the topological
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setup we are considering by twists and §2-deformations,?® then depending on the starting
setup one might end up with either statistics. Let us make a few comments about the
bosonic case. In the first order formulation of bosonic QM the action looks exactly as in
the fermionic action 2.40 except the fields would be commuting — let us denote the bosonic
counterpart of 1) and 1) by ¢ and ¢ respectively. Then, instead of the propagator (2.52),
we would have the following propagator:?*

(B () dl(2)) = (D)) F (@2)) = 6357 Msgn(a — 1) (2.54)
2

Note that the extra sign in the first term (compared to (2.52)) is consistent with the
commutativity of the bosonic fields:

(8 (@)e)(w2)) = ((a2)8i (1)) - (2.55)

The bosonic propagator (2.54) distinguishes between ¢ and ¢, in that, the propagator is
positive if ¢(z1) is placed before ¢(x3), i.e., 1 < x5, and negative otherwise. A

2.3.3 Free theory limit, O(h")

Interaction in the quantum mechanics is generated via coupling to the gl gague field (see
(2.40)). Without this coupling, the quantum mechanics is free. In this section we compute
the operator product between O}[m] and Of[n] in this free theory, which will give us the
classical algebra.

Let us denote the operator product by x, as in:
O:[m] * Of[n] . (2.56)

The classical limit of this product has an expansion in Feynman diagrams where we ignore
all diagrams with BF propagators. Before evaluating this product let us illustrate the
computations of the relevant diagrams by computing one exemplary diagram in detail.

23We describe one such specific procedure in §2.5.

24We have chosen the overall sign of the propagator to make comparision between Feynman diagrams
involving bosonic operators and fermionic operators as simple as possible. However, the overall sign is not
important for the determination of the algebra. The parameter i enters the algebra as the formal variable
deforming the universal enveloping algebra U (glx[z]) to its Yangian, and the sign of 7 is irrelevant for this
purpose.
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Consider the following diagram:%

GHo- Al(zy,20) = oy i e (2.57)

We are representing the operator Oi[m] = $17(8™)%4% by the symbol (s« where the three
dots represent the three fields @j, (™), and ¢ respectively. The coordinate below an
operator in (2.57) represents the position of that operator and the lines connecting different
dots are propagators. Depending on which dots are being connected a propagator is either
the BF propagator (2.46) or the QM propagator (2.52). The value of the diagram is then
given by:

G®[A- A)(z1,70) = %E;(xl)(ﬁ(xl)m)ﬁé %(ﬁ(xz)")?wfi(ﬂfz) :

= O e0) )" ) (). (2.58)

In the second line we have hidden away the contracted gl indices. In computing the
operator product (2.56) only the following limit of the diagram is relevant:

hocs

lim G[a- Al(zy,22) = %(Mﬂjﬁ Tk = §5lOf[m +n). (2.59)

Tro—IT1

We have ignored the positions of the operators, because the algebra we are computing
must be translation invariant. Reference to position only matters when we have different
operators located at different positions.

We can now give a diagramatic expansion of the operator product (2.56) in the free

theory:
Ojfm] » Offn] =" —wee—eae el e
T T T )
e N N
x T2 T T2

We have omitted the labels for the operators in the diagrams. It is understood that the
first operator is O}[m] and the second one is Of[n]. Summing these four diagrams we find:

(2.60)

, , 1 . 1 . 1.
O;m) » Of [n] = O}[m]Of[n] + 560} m + n] = S05Offm + n] + 76jftrnf™ . (2.61)

25The reader can ignore the elaborate symbols (triangles and as such) that we use to refer to a diagram.
They are meant to systematically identify a diagram, but for practical purposes the entire expression can
be thought of as an unfortunately long unique symbol assigned to a diagram, just to refer to it later on.
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The product in the first term on the right hand side of the above equation is a c-number
product, hence commuting. The sign of the third term comes from the first diagram in the
second line in (2.60). In short, this comes about by commuting two fermions, as follows:

él_rgl Gjﬂ‘ A (21, 22) = ﬁ5§€¢ BT, = —ﬁfsfwzﬂ Yt = —55;601 [m+n]. (2.62)

Using (2.61) we can compute the Lie bracket of the algebra A°P(Tyq) in the classical
limit: ' 4 '
[O%[m], Oy [nH* = 5;Of[m +n| — 550; m+n]. (2.63)
This is the Lie bracket in the loop algebra gl [z].%8

Remark 2.3.4 (Fermion vs. Boson - Classical Algebra). How would the bracket (2.63) be
affected if we had a bosonic QM? It would not. The first and the fourth diagrams from
(2.60) would still cancel with their counterparts when we take the commutator. The value
of the second diagram, (2.59), remains unchanged. In computing the value of the third
diagram (see (2.62)) we get an extra sign compared to the fermionic case because we don’t
pick up any sign by commuting bosonos, however, we pick up yet another sign from the
propagator relative to the fermionic propagator (see Remark 2.3.2 — compare the bosonic
(2.54) and fermionic (2.52) propagators).

2.3.5 Loop corrections from BF theory

Interaction in the BF theory comes from the following term in the BF action (2.39):

fon [ %7 na, (2.65)
R2
where the structure constant f,g, comes from the trace in our orthonormal basis (2.42):

Japy = trn(Ta[78,74]) - (2.66)

In Feynman diagrams this interaction will be represented by a trivalent vertex with exactly
1 outgoing and 2 incoming edges. Including the propagators for the edges, such a vertex

26The isomorphism is given by: O;'- [m] — zmeg7 where ef are the elementary matrices of dimension
K x K satisfying the relation:

J
%

[el,el] = 556?; — 5,iei . (2.64)

28



will look like:

q2, 5 h2

) = e FaB - dg, d(p, 1) A dgpd(p, g2) A dgsd(p, g3) (2.67)

as,” qa,a = VaﬁV(Qh(JQaQE,)-
We have given the name V7 to this vertex function.

Possibilities of Feynman diagrams are rather limited in the BF theory. In particular,
there are no cycles.?” This means that there is only one possible BF diagram that will
appear in our computations, which is the following:

i i i . (2.68)

The middle operator looks slightly different because this operator involves the connection
« and an integration, as opposed to just the [ field, to be specific,

1 - i
coe) = ﬁ/R%Oﬂ/f . (2.69)

This term is the result of the insertion of the term coupling the fermions to the gly
connection in the QM action (2.40). In doing the above integrationover R we shall take
1 and 1 to be constant. In other words, we are taking derivatives of the fermions to be
zero. The reason is that, the equations of motion for the fermions (derived from the action
(2.40)), namely dy’ = —Ay’ and di; = Ay, tell us that derivatives of the fermions are
not gauge-invariant quantities — and we want to expand the operator product of gauge
invariant operators in terms of other gauge invariant operators only.?®

In the following we shall consider the diagram (2.68) with all possible fermionic prop-
agators added to it.

2"By cycle we mean loop in the sense of graph theory. In this chapter when we write loop without any
explanation, we mean the exponent of h, as is customary in physics. This exponent is related but not
always equal to the number of loops (graph theory). Therefore, we reserve the word loop for the exponent
of h, and the word cycle for what would be loop in graph theory.

Let us illustrate why there are no cycles in BF Feynman diagrams. Consider the cycle Q . The three

propagators in the cycle contribute the 3-form d¢; A dgs A d¢s to a diagram containing the cycle, where
the ¢’s are the angles between two successive vertices. However, due to the constraint ¢; + ¢2 + ¢3 = 27,
only two out of the three propagators are linearly independent. Therefore, their product vanishes.

28 An alternative, and perhaps more streamlined, way to say this would be to formulate all the theories
in the BV/BRST formalism, where operators are defined, a priori, to be in the cohomology of the BRST
operator, which would exclude derivatives of the fermions to begin with.
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0 fermionic propagators

We are mostly going to compute products of level 1 operators, i.e., O;[l], this is because
together with the level 0 operators, they generate the entire algebra. Without any fermionic
propagators, we just have the diagram (2.68):

G- (21, 22) 1= m (2.70)

il
J 1 T Z2
Oill] 4 [vay OF[

In future, we shall omit the labels below the operators to reduce clutter. In terms of the
BF vertex function (2.67), the above diagram can be expressed as:

Ghlar,z2) = g5yt Trtr st | Vo, ). (271)

We have used the expansions of 3 = %7, and o = o’75 in the orthonormal gly basis
{7.}. As defined in (2.67), the vertex function V7 is a 2d integral of a 3-form, therefore,
the integration of the vertex function on a line gives us a number. It will be convenient to
divide up the integral of the vertex function into three integrals depending on the location
of the point x relative to x; and x,:

/ VP 2y, 2, 19) = V.T]M(l'l, T2) + Vﬁﬁv(%,l‘z) + Vﬁﬁ7($1,$2> , (2.72)
where,
h2
Vi (@1, 20) == / VI (1, 2, 25) = ﬂf‘m, (2.73a)
r<x1
h2
Vi (@1, w0) == / Ve (2,2, 2,) = ﬂfa‘”, (2.73b)
r1<r<z2
h2
Vi (1, 2) o= / Ve @y, mg) = oo f00 (2.73¢)
ro<T

We evaluate these integrals in Appendix §A.1. Adding them up and substituting in (2.71)
we get from the diagram (2.70):

3 xT1—T2 1— i -
G- (wr, 0) 1= %wjfa@b’@bmbwmwkf“ﬁ”. (2.74)
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Since the gl indices are all contracted, we can choose a particular basis to get an expression
independent of any reference to gly. Choosing the elementary matrices as the basis we get
the following expression:

2
7 T = 4 T e T e
Giil-] = o7 Vsef v Pequiel” forl (2.75)
Using the definition of the elementary matrices (ef);; = 0305 we get Ejegqpi = E;l (ef)5 1t =
Ej?,bg and in this basis the structure constant is:

FoUr = 5ds5tsb — gbedss . (2.76)

ace a~“c-e cre-a

Using these expressions in (2.75) we get:

G = o (B 0m Bt Bt — T Tt T0%)
1

= ghQ (O0]Ok [0]0;[0] — O7*[0]0%,[0]O%[0]) (2.77)

The above expression is anti-symmetric under the exchange (i,j) < (k,[), therefore, the
contribution of this diagram to the Lie bracket (2.63) is twice the value of the diagram.

1 fermionic propagator

We have the following six diagrams:

chiaal= [ TN ,G;‘»’;[-A-M:f’ R

) ﬁ: \l* Giila-al=__[, \l* (2.78)

A-A
ik
Gi[A- A

In all the above diagrams, the left and the right most operators are O’[1] and Of[1] re-
spectively, and all the graphs are functions of x; and x5, where these two operators are
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located. Let us explain the evaluation of the top left diagram in detail. Written explicitly,
this diagram is:

G;'f[ A- Al(zq,29) = %/RI @j (xl)TaW(xl)@;(x) (TB)Z <w},”(x)%c(x2)>
X (19) Ll (@2) VO (21, 2, 23) (2.79)

where the two point correlation function is the QM propagator (2.52). The integrand
above depends on the position only to the extend that they depend on the ordering of
the positions, since we are only quantizing the constant modes of the fermions.? The
propagator between the two fermions gives a propagator which depends on the sign of
xy — x (see (2.52), (2.53)), since we are integrating over x, this propagator will change sign
depending on whether z is to the left or to the right of 25.3° Therefore, we can write this
graph as:

i 1 — i le% Q Q
Gjﬂ' A-A] = ﬁd}jTaw wlTBvak <V.||BV + V|.|ﬁ7 - V”.ﬁv) )
1— - 1— _
= BT BTt [ = B Bt 5,01 (2:80)
Due to the symmetry fﬁﬂ/‘s forr = Ia,” 987 the above expression is symmetric under the
exchange (i,7) < (k,l), therefore this diagram does not contribute to the Lie bracket
(2.63). The diagrams G%[- A - A], G'F[A- A -], and G¥j[A-A -] do not contribute to the Lie

bracket for exactly the same reason. The remaining two diagrams evaluate to the following
expressions:

. 1 i _

Giila - Al = 8—hfa'375fwﬂanw’“wmw, (2.81a)
. 1 _ L

GlilA - a] = = o [Pt Pt (2.81h)

Their sum is symmetric under the exchange (i,7) « (k,1),3! and therefore these diagrams
do not contribute to the Lie bracket either.

None of the diagrams with one fermionic propagator contributes to the Lie bracket.

29Derivatives of the fermions are not gauge invariant.

30This is the reason why we computed the integrals (2.73) separately depending on the position of .

31The opposite ordering of 7, and 7, cancels the sign, using the anti-symmetry of the indices on the
structure constant.
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2 fermionic propagators

There are nine ways to join two pairs of fermions with propagators:

S

G [n-AV-V] Gjilva-a-v] Gjila-v-val
. o . —  — — — (2.82)
Gik[a-vA-v] G AvV-1-v] Giilav-av]
Gikva-av] . Girl-va-Av]
Glva-av]

The left and the right most operators in all of the above diagrams are O}[1] and Of[1]
respectively.

All three of the diagrams in the bottom line vanish. This is because joining all the
fermions in two operators with propagators introduces a trace trn(7,75) of gly generators
when the same color indices, a and [ in this case, are contracted with the structure constant
coming form the BF interaction vertex, as in trn(7,75) f*?7. Since the trace is symmetric
and the structure constant is anti-symmetric, these three diagrams vanish.

Computation also reveals the following relations:*?

GV o aY] = GHA - Va], GHAV AV =Giav-av],  (283)

together with the fact that Gij[¥ A- A-V]+G[AV - A - ¥] is symmetric under the exchange
(1,7) < (k,1). The above relations and symmetry implies that when anti-symmetrized with
respect to (i,7) < (k,l), the sum of the four diagrams appearing in the above relations

32 Among the four diagrams at the top right 2 x 2 corner of (2.82).
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vanish. In a similar vein, the sum G'j[A- AV - ¥] + G%/[A - ¥ A - V] also turns out to be
symmetric under (i, j) < (k,[l) and therefore these two diagrams do not contribute to the
Lie bracket either.

None of the diagrams with two fermionic propagators contributes to the Lie bracket.

3 fermionic propagators

There are two ways to join all the fermions with propagators:

. _ade _ (2.84)

As before, the left and the right most operators are Of[1] and Oj[1] respectively. Both
of these diagrams are proportional to 5}5;? , in particular, they are symmetric under the
exchange (i,7) < (k, 1), and therefore do not contribute to the Lie bracket.

Lie bracket

Since only the diagram with zero fermionic propagator (2.77) survives the anti-symmetrization,
the Lie bracket (2.63) up to O(h?) corrections becomes:

[O4[1], Of[1]], = 6;0%12] — 6¥Oj[2] + GI[-] — GIT-],

= 5i0512) — 850j[2 + - (0 010k [0104(0] - 07 010}, [00K0]) . (289

Though we have only computed up to 2-loops diagrams, this result is exact, because there
are no more non-vanishing Feynman diagrams that can be drawn.

Since (2.85) is not among the standard relations of the Yangian that are readily available
in the literature, we shall now make a change of basis to get to a standard relation. First
note that, the product of operators in the right hand side of the above equation is not
the operator product, this product is commutative (anti-commutative for fermions) and
therefore we can write it in an explicitly symmetric form, such as:

0;'[0]0,[0]0;[0] = {O7[0], Oy, [0], O}[0]} (2.86)
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where the bracket means complete symmetriazation, i.e., for any three symbols Oy, O5 and
O3 with a product we have:

1
{01,05,05} = 3 Z Os(1)Os(2)Os(3) » (2.87)

’ SES3

where S5 is the symmetric group of order 3!. With this symmetric bracket, let us now
define:
un qu rtk {Om [ ]7029[0]} 7 (288)

= jum uor gsl

where f7% are the gl structure constants in the basis of elementary matrices. Using the
form of the gl structure constant in the basis of elementary matrices (c.f. (2.76)) we can
write:

ik —3{0,0m 08} —3{0F, 0, 0i} + 6k {or, O, 0L} — §i {or, 0n, 08} . (2.89)

We have ignored to write the [0] for each of the operators. Using the above expression we
can re-write (2.85) as

[Oi[1], OF )], = 6;05[2] — 65 0;[2] + Qﬂ , (2.90)

with the redefinition:
OF2] := O%[2] {Om or, 08 . (2.91)

Note that, {Om or, Ok} does indeed transform as an element of gl,, since it only has
a pair of fundamental-anti-fundamental gl indices free. This makes the redefinition of
O%[2] possible. The Lie bracket (2.90) is how the Yangian was presented in [11].

Remark 2.3.6 (Fermion vs. Boson - Quantum Algebra). In Remark 2.3.4 we pointed out
that the classical part of the algebra (2.90) remains unchanged if we replace the fermionic
QM on the defect with a bosonic QM. This remains true at the quantum level — though a bit
tedious, it can be readily verified by using the bosonic propagator (2.54) and keeping track
of signs through the computations of this section without any other modifications. A

2.3.7 Large N limit: The Yangian

For finite N, there are some extra relations among the operators O; [n] that are not part
of the Yangian algebra. These relations are simply a result of having finite dimensional
matrices. We start by noting that the operators O; [m] act on the Hilbert space 7—[8{\/{ of
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the quantum mechanics. This is a finite dimensional Hilbert space constructed by acting
with the fermionic zero modes on the vacuum of the theory:

M = Cl2) & P Ty @ €D Cuiy|9) + (2.92)

1,a ,7,a,b

Considering the GLy and GLg indices on the fermions this Hilbert space can be decom-
posed into tensor products of representations of GLx and GLy as follows (see (A.9)):

Hen = @H% ® HE (2.93)

where Y is a Young tableaux, Y7 is the transpose of Y, ’H{YT (resp. HE) is the GLy
(resp. GLy) representation associated to the tableaux Y7 (resp. Y), and a bar over
a representation denotes its dual. Any d x d matrix X satisfies a degree d polynomial

equation:®?
-1

X'=3 X' (2.94)
=0
Therefore, all the operators O;[ m] satisfy some polynomial equation of degree dim err
Since the matrix B is an N x N matrix there are relations among its different powers,
which can lead to relations among operators of the QM as well. In the limit N — oo we
do not need to worry about such truncations of the Yangian and we have the full Yangian.
This positively concludes the first half of our main result (Theorem 2.2.7).

Remark 2.3.8 (Fermion vs. Boson — Hilbert Space). The Hilbert space as a representation
of GLy x GLk differs between the fermionic description of the defect QM and the bosonic
description. The fermionic Hilbert space (2.93) is finite dimensional because of the anti-
symmetry of the fermionic generators. There is no such exclusion principle for the bosons

and the bosonic Hilbert space is infinite dimensional. The bosonic Hilbert space is (see
(A.13)):

How = @HY @ HE (2.95)
where H{ and H¥ are representations of GLy and GLg denoted by the same tableaux
Y. JAN

33The relation between the coefficients appearing in (2.94) and X is the following [152]: if X has the

d—i

characteristic polynomial Z?:o a;x*"" with ap = 1 and u; satisfy the recurrence relation Z?:o a;ug—; =0,

d—1
then ¢; = ij' @j—ilg—;.
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2.4  A%(Ty) from 4d Chern-Simons Theory

In this section we prove the second half of our main result (Theorem 2.2.7):
Proposition 2.4.1. The algebra A (Tyy), defined in (2.54) in the context of 4d Chern-
Simons theory, is isomorphic to the Yangian Y;(gly):
Sc N:oo
A (Tex) = Yalaly) - (2.96)
The 4d Chern-Simons theory with gauge group GLg, also denoted by CS%, is defined
by the action (2.22), which we repeat here for convenience:
' 2
Scs 1= . dz A trg (A/\dA—f-gA/\A/\A) . (297)

27 ngy xC,

The trace in the fundamental representation defines a positive-definite metric on gl,
moreover, we choose a basis of gly, denoted by {¢,}, in which the metric becomes diagonal:

trc(tuty) o 6, (2.98)

We consider this theory in the presence of a Wilson line in some representation ¢ : gl —
End(V), supported along the line L defined by y = z = 0:

W,(L) = Pexp ( /L Q<A)) . (2.99)

Consideration of fusion of Wilson lines to give rise to Wilson lines in tensor product rep-
resentation shows that it is not only the connection A that couples to a Wilson line but
also its derivatives 97 A [11]. Furthermore, gauge invariance at the classical level requires
that 0 A couples to the Wilson line via a representation of the loop algebra gl [z]. So the
line operator that we consider is the following:

Pexp (Z an/a?Al‘) : (2.100)
L

n>0

where the matrices g,,,, € End(V') satisty:

[Qum» Qv = fo® Ocmin - (2.101)
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The structure constant fW5 is that of gl. In particular, we have g, = o(t,).

In (2.21), A was defined to not have a dz component. The reason is that, due to the
appearance of dz in the above action (2.97), the dz component of the connection A never
appears in the action anyway.34

Though the theory is topological, in order to do concrete computations, such as impos-
ing gauge fixing conditions, computing propagator, and evaluating Witten diagrams etc.
we need to make a choice of metric on RZ | x C., we choose:*’

ds* = dz® + dy? + dzdz. (2.104)
For the GLg gauge symmetry we use the following gauge fixing condition:
0. Ay + 0yA, +40, A5 = 0. (2.105)
The propagator is defined as the two-point correlation function:
PH (vy,v9) = (A¥(v1)AY(v2)) . (2.106)

Since in the basis of our choice the Lie algebra metric is diagonal (2.98), this propagator
is proportional to a Kronecker delta in the Lie algebra indices:

P“V(Ul,’Ug) = (SIWP(Uh Ug) s (2107)

where P is a 2-form on R} x Rj . We can fix one of the coordinates to be the origin, this
amounts to taking the projection:

w:R), xR} =R},  w@:(v,02) v —vy=10. (2.108)

Due to translation invariance, P can be written as a pullback of some 2-form on R* by
w, i.e., P = @w*P for some P € Q?(R*). The propagator P can be characterized as the

3Had we defined the space of connections to be Q'(R2 , x C.) ® gly, then, in addition to the usual

GLx gauge symmetry, we would have to consider the following additional gauge transformation:
A— A+ fdz, (2.102)
for arbitrary function f € Q°(R? x C). We could fix this gauge by imposing:
A, =0. (2.103)

This would get us back to the space (2'(R2 | x C.)/(dz)) ® glg.
35For this theory we follow the choices of [11] whenever possible.
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Green’s function for the differential operator #ﬁdz A d that appears in the kinetic term of
the action Scg. For P this results in the following equation:

ﬁdz AdP(v) = 6*(v)dz Ady Adz AdZ, (2.109)
T

The propagator P, and in turns P, must also satisfy the gauge fixing condition (2.105):
9, P, + 0,P, +40,P> = 0. (2.110)

The solution to (2.109) and (2.110) is given by:

F(ajjy,zjz):E:cdy/\d?—i—yd?/\dxj—22dx/\dy‘ (2.111)
27 (22 +y? + 2%)?

The propagator P(vy,v,) will be referred to as the bulk-to-bulk propagator, since the
points v; and v, can be anywhere in the world-volume R;y x C, of CS theory. To com-
pute Witten diagrams we also need a boundary-to-bulk propagator. We will denote it as
Ku(v,2) = K(v,z)t,, where v € RS x C, and & € {y(2) is restricted to the boundary
line. The boundary-to-bulk propagator is a 1-form defined as a solution to the classical

equation of motion:
dz, Ad,K(v,2) =0, (2.112)

and by the condition that when pulled back to the boundary, in this case fo(2), it must
become a delta function supported at x:

e K(z',x) = ' (2 — z)da’, z' € ls(2) (2.113)

where ¢ : £,o(z) < R? x C is the embedding of the line in the larger 4d world-volume. As
our boundary-to-bulk propagator we choose the following:

K(v,2) = d0(z, — ) = 0" (2, — z)dz,, (2.114)

where z, refers to the z-coordinate of the bulk point v. The function @ is the following

step function:
1 for z > 0

O(z)=1< 1/2 forz=0 . (2.115)
0 for x <0

Note that we have functional derivatives with respect to 97 A for n € N>,. The propagator
(2.114) corresponds to the functional derivative with n = 0. Let us denote the propagator
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corresponding to more generally, as K,, and for n > 0, we modify the condition

5
sor A
(2.113) by imposing:
lim £*0"K(v,r) = 6' (2’ — x)da’, € ly(z). (2.116)

v—x’

This leads us to the following generalization of (2.114):
Kn(v,2) = 26" (2, — 2)dx, . (2.117)

Apart from the two propagators, we shall need the coupling constant of the theory to
compute Witten diagrams. The coupling constant of this theory can be read off from the
interaction term in the action Scg, it is:

7

13
% v dz. (2118)

Now we can give a diagrammatic definition of the operators in the algebra AS(Tpy),
namely the ones defined in (2.32), and their products:

Ty ms](p1) - T I () = DD . (219)
o ,,/;:;X”

H1,m1 T m,

Let us clarify some points about the picture. We have replaced the pair of fundamental-
anti-fundamental indices on T with a single adjoint index. The bottom horizontal line
represents the boundary line /.. (z), and the top horizontal line represents the Wilson line in
representation g : gl — V at y = 0. The sum is over the number of propagators attached
to the Wilson line and all possible derivative couplings. The orders of the derivatives are
mentioned in the boxes. The points ¢; < - -+ < ¢ on the Wilson line are all integrated along
the line without changing their order. The gray blob represents a sum over all possible
graphs consistent with the external lines. We use different types of lines to represent
different entities:

Bulk-to-bulk propagator, P(vy,vy) = v1 (T
Boundary-to-bulk propagator, K(v,z) = v

. (2.120)
The boundary line £oo(2) @ ----- ,

Wilson line : oo )
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The labels p;,n; below the points along the boundary line implies that the corresponding
boundary-to-bulk propagator is K,,, = 2"K and that it carries a gl -index p;. Finally, the
jth derivative of A” couples to the Wilson line via the matrix g, ;. Such a diagram with
m boundary-to-bulk propagators and [ bulk-to-bulk propagators attached to the Wilson
lines will be evaluated to an element of End(V') which will schematically look like:

(Const) )l 0 Oy = O » (2.121)

where (T',—;)" 115 ™ is a number that will be found by evaluating the Witten diagram. Since

the bulk-to-bulk propagator (2.111) is proportional to A and the interaction vertex (2.118)
is proportional to h~!, each diagram will come with a factor of A that will be related to
the Euler character of the graph.?® In the following we start computing diagrams starting
from O(K°) and up to O(h?), by the end of which we shall have proven the main result
(Proposition 2.4.1) of this section.

Remark 2.4.2 (Diagrams as m — [ maps, and deformation). Each m — [ Witten diagram
that appears in sums such as (2.119) can be interpreted as a map whose image is the value
of the diagram:

m !
Tt s Q) 2" gl — () 2glie — End(V),
=1 =1 (2.122)

m
. ng Mg
| p— ® Z Ztl/«i = (Fm_’l)u1--~um Ouigr " Ouigi -
=1

As we shall see explicitly in our computations, diagrams in (2.119) without loops (diagrams
of O(R°)) define an associative product that leads to classical algebras such as U(gl|[z]).
However, there are generally more diagrams in (2.119) involving loops (diagrams of O(h)
and higher order) that change the classical product to something else. Since loops in
Witten or Feynman diagrams are the essence of the quantum interactions, classical algebras
deformed by such loop diagrams are aptly called quantum groups (of course, why they are
called groups is a different story entirely [24].) A

36In a Feynman diagram all propagators are proportional to i and the power of & of a diagram relates
simply to the number of faces of the diagram, which is why £ is called the loop counting parameter. In
a Witten diagram the boundary-to-bulk propagators do not carry any A and therefore the power of h
depends also on the number of boundary-to-bulk propagators. However, we are going to ignore this point
and simply refer to the power of & in a diagram as the loop order of that diagram.
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2.4.3 Relation to anomaly of Wilson line

As we shall compute relevant Witten diagrams of the 4d Chern-Simons theory in detail
in later sections, we shall find that the computations are essentially similar to the com-
putations of gauge anomaly of the Wilson line [11] in this theory. This of course is not
a coincidence. To see this, let us consider the variation of the expectation value of the
Wilson line, (W,(L)) ,, as we vary the connection A along the boundary line (. (z2):

o0

S =3 [ iy WelD)ao A, (2123)

n=0

Let us make the following variation:
60, A" (x) = ' (x — p)n* = d.0(z — p)n*, (2.124)
for some fixed Lie algebra element n*t, € gl,. Then we find:

o
0 (W,(L)) , = = (W,(L " 2.125
An exact variation of the boundary value of the connection is like a gauge transformation
that does not vanish at the boundary. In [11] it was proved that such a variation of the
connection leads to a variation of the Wilson line which is a local functional supported on
the line:

Wl L)4 = ([0, 0] + Bprn) [ 040", (2.120)
L
where ¢ was the generator of the gauge transformation:
d,dct = 90, A* (2.127)

pu1 € End(V) is part of the representation of gly[z] that couples 9,A* to the Wilson line
(see (2.100)), and O, 1,1, which is anti-symmetric in p and v, is a matrix that acts on V.
Variations such as the above measure gauge anomaly associated to the line, though in our
case it is not an anomaly since we are varying the connection at the boundary, and such
“large gauge” transformations are not actually part of the gauge symmetry of the theory.
The matrix ©,, 1,1 which signals the presence of anomaly is not an arbitrary matrix and in
[11], all constraints on this matrix were worked out, we shall not need them at the moment.
Comparing with (2.124) we see that for us 9,¢*(z) = 0(x — p)n*, which leads to:

5 (Wo(L)) , = (Fu 062 + Opurn) / 9. Al (2.128)

x>p
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where we have used the fact that the matrices g, satisfy the loop algebra (2.101). The
integral above is along L. The connection A above is a background connection satisfying
the equation of motion, i.e., it is flat. Since the D4 world-volume, even in the presence of
a Wilson line, has no non-contractible loop, all flat connections are exact. Symmetry of
world-volume dictates in particular that the connection must also be translation invariant
along the direction of the Wilson line L. By considering the integral of A along the following
rectangle:

r=p L T :g?O: 0
dA =0 (2.129)
=00
EOO(Z)

and using translation invariance in the z-direction along with Stoke’s theorem, we can
change the support of the integral in (2.128) from L to ¢, (z), to get:

SWoL)a = (fuocat Ouir) [ oy (2.130)
loo(2)22>p
Comparing with (2.125) we find:

J

S — 3 1
50, A (p) (WoL) 4 = (f*0c2 + Opuina) /Dp 0. A", (2.131)

where the integral is now along the boundary line ¢, (z). This leads to the following
relation between our algebra and anomaly:

[T.[1], T, [1]]
) ) ) )
0 60, Ar(p+ 1) 60, A¥(p) 60, A*(p) 60, A+ (p + L):| (We(L)).a
= [ 0c2+ i - (2.132)

The first term with the structure constant gives us the loop algebra gly[z], which is
the classical result. The anomaly term is the result of 2-loop dynamics [11], i.e., it is
proportional to 22. This term gives the quantum deformation of the classical loop algebra.
This also explains why our two loop computation of the algebra is similar to the two loop
computation of anomaly from [/1].

At this point, we note that we can actually just use the result of [11] to find out what
©u1., is and we would find that the deformed algebra of the operators T#[n| is indeed
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the Yangian Y;(gly). However, we think it is illustrative to derive this result from a direct
computation of Witten diagrams.

2.4.4 Classical algebra, O(h°)
Lie bracket

We denote a diagram by I'?_ when there are n boundary-to-bulk propagators, m propa-

n—m
gators attached to the Wilson line, and the diagram is of order A¢. If there are more than
one such diagrams we denote them as I‘ﬁamﬂ- withi=1,---.

Our aim in this section is to compute the product T),[m](p1)7,[n](p2) and eventually
the commutator

(T, Tfnl] i= lim (T, m](p1) Tl () — T ) (o) Tl (p2) (2.133)

p2—p1
at 0-loop.?7

We have the following two 2 — 2 diagrams:

q1 q2
......
Too1 (i bh) = s DS (Pl = , (2.134)
p p2 -
H,m v,n

where a label m in a box on the Wilson line refers to the coupling between the Wilson
line and the mth derivative of the connection. The first diagram evaluates to (note that
p1 < pe and ¢ < @o):

D9 s (P 5) = / dardas 8 (qy — p1)5" (a2 — pa) .
q1<q2

= Ou,mOun , (2135)
and the second one (with p; < ps and ¢; > ¢o):

Fg—az (u]?;n ; 1%) = / dgodgy 51(% - p1)51(Q2 - pZ)Qu,anbma
q1>q2

=0. (2.136)

37T, [m](p1), T, [n](p1)] may be a more accurate notation but this algebra must be position invariant
and therefore we shall ignore the position. Reference to the position only matters when different operators
are positioned at different locations.
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Therefore their contribution to the commutator is:

[Tu [m], T, [n]] = plif;ln (Fg—>2,1 (s om) — F%—»Q,l (Tn; upﬂl)n)) )
= [Q;mm QVJL] = f,u,l/ggﬁvm-f—n = f;ngg[m + TL] ) (2137)

where the last equality is established by evaluating the diagram:

(2.138)

The bracket (2.137) is precisely the Lie bracket in the loop algebra gl [z]. Note in
passing that had we considered the same diagrams as the ones in (2.134) except with
different derivative couplings at the Wilson line then the diagrams would have vanished,
either because there would be more z-derivatives than z, or there would be less, in which
case there would be z’s floating around which vanish along the Wilson line located at
y=z2=0.

There is one 2 — 1 diagram as well:

A , (2.139)

however, since the two boundary-to-bulk propagators are two parallel delta functions,®

they never meet in the bulk and therefore the diagram vanishes. There are no more
classical diagrams, so the Lie bracket in the classical algebra is just the bracket in (2.137).

Coproduct

Apart from the Lie algebra structure, the algebra A% (7Try) also has a coproduct structure.
This can be seen by considering the Wilson line in a tensor product representation, say U ®
V. Such a Wilson line can be produced by considering two Wilson lines in representations
U and V respectively and bringing them together, and asking how T},[n] acts on U @ V.

38i.e., their support are restricted to x = p; and = = py respectively with p; # ps, so they never intersect.
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Since there are going to be multiple vector spaces in this section, let us distinguish the
actions of T,[n] on them by a superscript, such as, T/ [n], T, [n], etc. At the classical
level the answer to the question we are asking is simply given by computing the following
diagrams:

(2.140)

Evaluation of these diagrams is very similar to that of the diagrams in (2.134) and the
result is:

TV [m] = T, [m] @ idy +idy @ T, [m]. (2.141)
This is the same coproduct structure as that of the universal enveloping algebra U(gl[z]).

Combining the results of this section and the previous one we find that, at the classical
level we have an associative algebra with generators 7),[n| with a Lie bracket and coproduct
given by the Lie bracket of the loop algebra gly[z] and the coproduct of its universla
enveloping algebra. This identifies A%(Tyy), clasically, as the universal enveloping algebra
itself:

Lemma 2.4.5. The large N limit of the algebra AS(Ty) at the classical level is the
universal enveloping algebra U(gly[z]):

A (T /b = Uall2]) = Yalali)/h. (2.142)

The reason why we need to take the large N limit is that, the operators 7),[m] acts on
a vector space which is finite dimensional for finite N. This leads to some extra relations
in the algebra, which we can get rid of in the large N limit. A similar argument was
presented for the operator algebra coming from the BF theory in §2.3.7 and the argument
in the context of the CS theory will be explained in more detail in §2.4.7.

2.4.6 Loop corrections
1-loop, O(h)

Now we want to compute 1-loop deformation to both the Lie algebra structure and the
coproduct structure of A5 (Tyy).
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Lie bracket. The 2 — 1 diagrams at this loop order are:*

) Y bl (2143)
VASTES ANV AN
All of these vanish due to Lemma A.4.2 of §A.4.1.
The 2 — 2 diagrams at this loop order are:
+ . (2.144)

Note that, since the bulk points are being integrated over, crossing the boundary-to-bulk
propagators does not produce any new diagram, it just exchanges the two diagrams that
we have drawn:

crossing _ . (2. 145)

L > ]

For this reason, in future we shall only draw diagrams up to crossing of the boundary-to-
bulk propagators that are connected to bulk interaction vertices.

Now let us comment on the evaluation of the diagrams in (2.144). We start by do-
ing integration by parts with respect the differential corresponding to either one of the
two boundary-to-bulk propagators. As mentioned in §A.4.5, this gives two kinds of con-
tributions, one coming from collapsing a bulk-to-bulk propagator, the other coming from
boundary terms. Collapsing any of the bulk-to-bulk propagators leads to a configuration
which will vanish due to Lemma A.4.3 (§A.4.1). Therefore, doing integration by parts will
only result in a boundary term. Recall from the general discussion in §A.4.5 that only
the boundary component of the integrals along the Wilson line can possibly contribute.
Since there are two points on the Wilson line, let us call them p; and p,, the domain of
integration is:

Ay = {(p1,p2) € R? |p1 < p2}- (2.146)

39Sometimes we ignore to specify the derivative couplings at the Wilson line, when the diagrams we
draw are vanishing regardless.
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The boundary of this domain is:

00; = {(p1,p2) € R?|p1 = pa} . (2.147)

Once restricted to this boundary, both of the diagrams in (2.144) will involve a configuration
such as the following:

, (2.148)

which vanishes due to Lemma A.4.2.%° The diagrams (2.144) thus vanish.

There are four other 2 — 2 diagrams at 1-loop, they can be generated by starting with:

: (2.149)

and then

1. Permuting the two points on the Wilson line.
2. Permuting the two points on the boundary.

3. Simultaneously permuting the two points on the Wilson line and the two points on
the boundary.

All of these diagrams vanish due to Lemma A.4.2.

There are also six 2 — 3 diagrams. All of these can be generated from the following:

: (2.150)

by permuting the points along the Wilson line and the boundary. However, due to Lemma
A.4.3, all of these diagrams vanish.

40These diagrams actually require a UV regularization due to logarithmic divergence coming from the
two points on the Wilson line being coincident. To regularize, the domain of integration needs to be
restricted from Ay to Ay := {(p1,p2) € R?|p1 < p2 — €} for some small positive number e, which leads
to the modified boundary equation p; = py — €, however, this does not affect the arguments presented in
the proof of Lemma A.4.2 (essentially because € is a constant and de = 0, resulting in no new forms other
than the ones considered in the proof), and therefore we are not going to describe the regularization of
these diagrams in detail.
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There are no more 2 — m diagrams at 1-loop. Thus, we conclude that there is no
1-loop contribution to the Lie bracket in A5(Tyy).

Coproduct. We use the same superscript notation we used in §2.4.4 to distinguish between
the actions of 7,[m] on different vector spaces. The 1-loop diagram that deforms the
classical coproduct is the following:

V ..........................
U .........................
T () = ’ (2.151)
,,,,, Lo
w1
Happily for us, precisely this diagram was computed in eq. 5.6 of [11] to answer the question

“how does a background connection couple to the product Wilson line?”. The result of that
paper involved an arbitrary background connection where we have our boundary-to-bulk
propagator, so we just need to replace that with K (v, p) = 2,6'(z, — p) and we find:

h 14
s () = =51, T 0] @ T[] (2.152)
This deforms the classical coproduct (2.141) as follows:
o ho
TV = T/ @idy +idy © T,/ [1] = 21,77 (0] © T 0] (2.153)

The exact same computation with K instead of K; shows that I'l_, (,%y) = 0, i.e., the
classical algebra of the Oth level operators remain entirely undeformed at this loop order.*!

Thus we see that at 1-loop, the Lie algebra structure in A5 (7yy) remains undeformed,
but there is a non-trivial deformation of the coalgebra structure. At this point, there is a
mathematical shortcut to proving that the algebra A%(7Tyy), including all loop corrections,
is the Yangian. The proof relies on a uniqueness theorem (Theorem 12.1.1 of [24]) concern-
ing the deformation of U(gl,[z]). Being able to use the theorem requires satisfying some
technical conditions, we discuss this proof in Appendix A.3. This proof is independent of
the rest of the chapter, where we compute two loop corrections to the commutator (2.137)
which will directly show that the algebra is the Yangian.

4INote that the Oth level operators form a closed algebra which is nothing but the Lie algebra gly.
Reductive Lie algebras belong to discrete isomorphism classes and therefore they are robust against con-
tinuous deformations. So the algebra of T),[0] will in fact remain undeformed at all loop orders. We will
not make more than a few remarks about them in the future.
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2-loops, O(h?)

The number of 2-loop diagrams is too large to list them all, and most of them are zero.
Instead of drawing all these diagrams let us mention how we can quickly identify a large
portion of the diagrams that end up being zero.

Consider the following transformations that can be performed on a propagator or a

vertex in any diagram:
/ - ’ - ’
/

— , — —
SN N / S
All these transformations increase the order of A by one, however, all the diagrams con-

structed using these modifications are zero due to Lemma A.4.2. We will therefore ignore
such diagrams. Let us now identify potentially non-zero 2 — m diagrams at 2-loops.

(2.154)

All 2-loop 2 — 1 diagrams are created from lower order diagrams using modifications
such as (2.154). All of them vanish.

For 2 — 2 diagrams, ignoring those that are results of modifications such as (2.154)
or that are product of lower order vanishing diagrams, we are left with the sum of the
following diagrams:

(2.155)

F%—>2,3 = \ ) F%ﬁz,zl = / .
/A W S N

Let us first consider the first two diagrams I';_,, and I';_, ,. Collapsing any of the bulk-
to-bulk propagators will result in a configuration where either Lemma A.4.2 or A.4.3 is
applicable. Therefore, when we do integration by parts with respect to the differential in
one of the two boundary-to-bulk propagators we only get a boundary term. The boundary
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corresponds to the boundary of A, (defined in (2.146)), and when restricted to this bound-
ary, the integrand vanishes due to Lemma A.4.3, in the same way as for the diagrams in
(2.144).%2

The diagrams Fgﬂm and F%HM are symmetric under the exchange of the color labels
associated to the boundary-to-bulk propagators, for a proof see the discussion following
(A.40). So these diagrams don’t contribute to the anti-symmetric commutator we are
computing.

Now we come to the most involved part of our computations, 2 — 3 diagrams at 2-loops.
We have the sum of the following diagrams:

2 2 _ 2 _
F2—>3,1 = ) 1ﬂ2—>3,2 = ) 1j2—»3,3 = )

F%—>3,4 — ; F§—>3,5 = X F%—>3,6 = .
do L do L doo L

All of these diagrams are in fact non-zero. We proceed with the evaluation of the diagram

F%ﬂ?;,l:
BT Al
D51 (£1:03) = UlJ " f:s (2.157)
7p17777777in
w,m v,n

The gl factor of the diagram is easily evaluated to be:
L5200 fu olto)o(ty) olts) - (2.158)

The numerical factor takes a bit more care. Each of the bulk points v; = (x;, ys, 24, Z;)
is integrated over M = R? x C and the points ¢; on the Wilson line take value in the

42These diagrams are linearly divergent when the two points on the Wilson line are coincident and they
require similar UV regularization as their 1-loop counterparts.
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simplex Az = {(q1,¢2,q3) € R®|q1 < g2 < q3}. For the sake of integration we can partially
compactify the bulk to M =R x S3. So the domain of integration for this diagram is:

M? x As. (2.159)

However, this domain needs regularization due to UV divergences coming from the points g;
all coming together. Asin [11], we use a point splitting regulator, by restricting integration
to the domain:

z3 = {(QLC]Q,C]?)) € A | q1 < p3 — G}a (2'160)

for some small positive number €. We are not going to discuss the regulator here, as it
would be identical to the discussion in [11]. We shall now do integration by parts with
respect to the differential in the propagator connecting p; and v;. Note that collapsing any
of the bulk-to-bulk propagators leads to a configuration where the vanishing Lemma A.4.3
applies. Therefore, contribution to the integral only comes from the boundary M3 x 0As.
The boundary of the simplex has three components, respectively defined by the constraints
q1 = @2, @2 = q3, and ¢, = qg3—e. However, when ¢; = ¢5 or ¢o = ¢3, we can use the vanishing
Lemma A.4.2 and the integral vanishes. Therefore the contribution to the diagram comes
only from integration over:

M x {(q1, 2,43) € Dg |1 = g5 — €} . (2.161)

Further simplification can be made using the fact that the propagator connecting ps and
v3 is 20 (w3 — po). This restricts the integration over vz to {p2} x S3. However, using
translation symmetry in the z-direction we can fix the position of ¢; at (0,0,0,0) and
allow the integration of vy over all of M. However, due to the presence of the delta
function §'(x3 — py) in the boundary-to-bulk propagator, 3 and p; = ps — 4 are rigidly
tied to each other. This way, we end up with the following integration for the numerical

factor:*?

1/ i \° -
2 (%) A<QQ<6 dQQd4vld4UQd4U3‘9(xl — x3)2123P(v2, v1)

v1,V2,V3

(2.162)
X P(U37U2)P(Q1aUl)P(Q%UQ)P(QS,US);

where ¢; = (0,0,0,0), g2 = (p2,0,0,0), g5 = (¢,0,0,0), and 3 := x3 — 0, and since all the
forms that appear are even we have ignored the wedge product symbols to be economic.

Before evaluating the above integral, we note that the diagram F%HM evaluates to the

43The factor of 1/2 comes from diagram automorphisms.
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same color factor and almost same numerical factor, except for a different step function:

1 . 3
- (L) / dgad*v1d vad v30(ary — 27) 2123 P (v, v1)
0<g2<e

2 \ 27h 0<g2<c (2.163)
x P(v3,v2) P(qu,v1) P(qa, v2) P(q3,v3),
Since we have to sum over all the diagrams, we use the fact that:
%in(l) (0(z1 —23) + 0(z3 —27)) =1, (2.164)
to write:
lim (F%—»:s,l (o5 0a) + F2H3 2 (s 5,21))
p2—p1
.\ 3
_ plopTop o 3L 4, d4vyd? 2.165
Fo0 T for 7 o(to)o(ty)o(ts) (27rh> 5 A<Q2<E dgod v1d v2d vy ( )

v1,V2,V3

X 2123 P (vg, v1) P(vs, v2) P(q1,v1) P(q2, v2) P (g3, v3) ,

Let us refer to the above integral by A%I;, so that we can write the right hand side of the
above equation as:

R LS f ™ foo(to)olt,)olts) I - (2.166)

Similar considerations for the rest of the diagrams in (2.156) lead to similar expressions:

lim (T35 (P1303) + Dogs (01:03) = 2,5 f T fa 0t )o(to)o(ts) I, (2.167a)

pP2—p1

lim (T3 (245 23) + T3y (P 20)) = W24, 0, 0lt ot )olt,) I, (2.167b)

p2—p1

for two integrals I, and I3 that are only slightly different from I;.** To get the 2-loop
contributions to the commutator [T)[1],7,,[1]] we need only to anti-symmetrize the ex-
pressions (2.166), (2.167). Putting them together with the classical result (2.137) we get

the Lie bracket up to 2-loops:
(Tul1) T 1] = £, STel2) 4 2021, £, (TOIT, 07, 0) 1 165
+ T 0T [01T5 0] I + T 0)T, 07,0 Is)

where we have replaced matrix products such as o(t,)o(t,)o(t,) with T,[0]T,[0]7,[0] which
is accurate up to the loop order shown. Thus we see that quantum corrections deform the
classical Lie algebra of gl [z].

44These integrals can be performed and their values are Iy = I3 = (2 — —) L = (1 + %) though
we postpone computing them until we no longer need to compute them
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2.4.7 Large N limit: The Yangian

The deformed Lie bracket (2.168) may not look quite like the standard relations of the
Yangian found in the literature, but we can choose a different basis to get to the standard
relations, which we shall do momentarily.*> However, for finite N, our algebra has more
relations. Recall that the generators 7),[1] act on the space V where classically V' is a
representation space, ¢ : gli[z] — End(V), of the loop algebra gl [z] and the representa-
tion p was determined by the number N. The representation o depends on N because p
is the representation that couples the gl, connection A to the Wilson line generated by
integrating out N x K fermions. The representation is essentially the Hilbert space (2.93)
of the fermionic QM that lives on the line. The important point for us is that, for finite
N, o is finite dimensional. This implies that, as we discussed at the end of §(2.3.5), the
generators 7),[1] satisfy degree d polynomial equations where d = dim(V'). In the limit
N — oo these relations disappear and we have our isomorphism with the Yangian Y (gl ).

The Yangian in a more standard basis

To get to a standard defining bracket for the Yangian, we change basis as follows. There
is an ambiguity in T¢[2]. In (2.137) it was equal to g¢ o at the classical level, but it can be
shifted at 2-loops (i.e., by a term proportional to h?) by the image ¥(t¢) for an arbitrary
gl-equivariant map ¥ : gl — End(V). This shift simply corresponds to a different
choice for the counterterm that couples 9>A4% to the Wilson line. Using this freedom
we want to replace products such as o(t,)o(t,)o(t,) with the totally symmetric product
{o(ts), 0(t,), 0(t,)} (defined in (2.87)). To this end, Consider the difference:

Dy =212 1, [ 17 (0(to)oltp)o(te) — {o(to); o(ty), ots)}) - (2.169)

The square brackets around p and v in the above equation implies anti-symmetrization
with respect to p and v. The difference A,, can be viewed as the image of the following
gl -equivariant map:

A A’glg — End(V), At ANt,— A, . (2.170)
We now propose the following lemma:

Lemma 2.4.8. The map A factors through gly, i.e., A : N*gl — gl — End(V).

45We can also appeal to the uniqueness theorem 12.1.1 of [24], in conjunction with the result of Appendix
A.3, to conclude that the deformed algebra must be the Yangian Y3 (glx ).
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The proof of this lemma involves some algebraic technicalities which we relegate to the
Appendix §A.5. The utility of this lemma is that, it establishes the difference (2.169) as
the image of an element of gl, which, according to our previous argument, can be absorbed
into a redefinition of g¢» (equivalently T¢[2]). Therefore, with a new T7°V[2] we can rewrite
(2.168) as:

[TL[1,T,, 1] = £, 5 T8 (2] + W2 (L + L + 13)Quu (2.171)

where we have also defined:

Quo =21, F¢™ " A0, T, [0, T, 0]} (2172)

The reason why we have postponed presenting the evaluations of the individual integrals
Iy, I, and I3 is that we don’t need their individual values, only the sum, and precisely this

sum was evaluated in eq. (E.23) of [11] with the result:
1
L+L+13= TR (2.173)

We can therefore write (ignoring the “new” label on T¢[2]):

1,00 700 = £, T2+ Q. (2.174)

This is the relation for the Yangian that was presented in §8.6 of [11] and how to relate
this to other standard relations of the Yangian was also discussed there. This is also the
exact relation we found in the boundary theory (c.f. (2.90)). Note furthermore that, if
we had used the relation between our algebra and anomaly (2.132) to derive the algebra
Lie bracket, we would have arrived at precisely the same conclusion, as the second term in
(2.174) is indeed the anomaly of a Wilson line (c.f. eq. 8.35 of [31]).

Thus we see that the algebra A5 (Tyy), defined in (2.34), at 2-loops, is the Yangian
Yi(gly):
N—o0
A*(To) /1= Ya(aly) /1P (2.175)
The two loop result in the BF theory was exact. The above two loop result is exact as
well. Though we do not prove this by computing Witten diagrams, we can argue using the
form of the algebra in terms of anomaly (2.132). In [11] it was shown that there are no
anomalies beyond two loops. This concludes our second proof of Proposition 2.4.1.46

46The first one, which is significantly more abstract, being in Appendix A.3.
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2.5 String Theory Construction of The Duality

The topological theories we have considered so far can be constructed from a certain brane
setup in type IIB string theory and then applying a twist and an omega deformation.
This brane construction will show that the algebras we have constructed are infact certain
supersymmetric subsectors of the well studied N' = 4 SYM theory with defect and its
holographic dual. We dscribe this construction below.

2.5.1 Brane Configuration

Our starting brane configuration involves a stack of N D3 branes and K D5 branes in type
IIB string theory on a 10d target space of the form R® x C where C is a complex curve
which we take to be just the complex plane C. The D5 branes wrap R* x C' and the D3
branes wrap an R* which has a 3d intersection with the D5 branes. Let us express the
brane configuraiton by the following table:

0 1 2 3|4 5|6 7 89
R* C R*
D5 x X X X|Xx X (2.176)
D3| x X X X

The world-volume theory on the D5 branes is the 6d AV = (1,1) SYM theory coupled
to a 3d defect preserving half of the supersymmetry. Similarly, the world-volume theory
on the D3 branes is the 4d SYM theory coupled to a 3d defect preserving half of the
supersymmetry. To this setup we apply a particular twist, i.e., we choose a nilpotent
supercharge and consider its cohomology.

2.5.2 Twisting Supercharge
From the 6d Perspective

We use I'; with i € {0, ---,9} for 10d Euclidean gamma matrices. We also use the notation:

iv Ly

Type IIB has 32 supercharges, arranged into two Weyl spinors of the same 10 dimen-
sional chirality — let us denote them as (; and ),.. A general linear combination of them is
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written as e;Q); + €r@), where €;, and eg are chiral spinors parametrizing the supercharge.
The chirality constraints on them are:

iF(}..gEL = €r, ’iF(}..gGR = €R . (2178)

We shall discuss constraints on the supercharge by describing them as constraints on the
parametrizing spinors.

The supercharges preserved by the D5 branes are constrained by:
€r = ilo12345€L - (2.179)

This reduces the number of supercharges to 16. The D3 branes imposes the further con-
straint:

€r = tLoasrer . (2.180)

This reduces the number of supercharges by half once more. Therefore the defect preserves
just 8 supercharges. Since €g is completely determined given €y, in what follows we refer
to our choice of supercharge simply by referring to €.

We want to perform a twist that makes the D5 world-volume theory topological along
R* and holomorphic along C. This twist was described in [13]. Let us give names to the
two factors of R* in the 10d space-time:

M =Ry, M =Rg,. (2.181)

The spinors in the 6d theory transform as representations of Spin(6) under space-time
rotations. N = (1,1) algebra has two left handed spinors and two right handed spinors
transforming as 4; and 4, respectively.’” The subgroup of Spin(6) preserving the prod-
uct structure R* x C is Spin(4)y; x U(1). Under this subgroup 4; and 4, transform as
(2,1)_16(1,2)41 and (2,1) 116 (1, 2)_; respectively, where the subscripts denote the U(1)
charges. Rotations along M’ act as R-symmetry on the spinors — the spinors transform as
representations of Spin(4),, such that 4, transforms as (2,1) and 4_ transforms as (1, 2).
In total, under the symmetry group Spin(4),, x U(1) x Spin(4),) the 16 supercharges of
the 6d theory transform as:

(21) 10 (1,2)0)® 210 (2100 (1,2) )@ (1,2).  (2182)

4TThere are two of each chirality because the R-symmetry is Sp(1) x Sp(1) = Spin(4) such that the
two left handed spinors transform as a doublet of one Sp(1) and the two right handed spinors transform
as a doublet of the other Sp(1).
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The twist we seek is performed by redefining the the space-time isometry:
Spin(4)a ~» Spin(4)37" € Spin(4) s x Spin(4) -, (2.183)

where the subgroup Spin(4)45" of Spin(4),s X Spin(4) s consists of elements (x, (x)) which
is defined by the isomorphism 6 : Spin(4),; — Spin(4),. More, explicitly, the isomorphism
acts as:

OTw) =Tprgprs, v €{0,1,23}. (2.184)

The generators of the new Spin(4)}7" are then:

P},LV + F,u—i—6,1/+6 . (2185)

After this redefinition, the symmetry Spin(4), x U(1) x Spin(4)a of the 6d theory reduces
to Spin(4)3$" x U(1) and under this group the representation (2.182) of the supercharges
becomes:

2(1,1)1 (3,1) 1 & (1,3)1 ©2(2,2) 41 . (2.186)

We thus have two supercharges that are scalars along M, both of them have charge —1
under the U(1) rotation along C. We take the generator of this rotation to be —il'y5, then
if € is one of the scalar (on M) supercharges that means:

ir456 = €. (2187)

We identify the supercharge ¢ by imposing invariance under the new rotation generators
on M, namely (2.185):

(Cuy +Tpv646)e=0. (2.188)
The constraints (2.179) and (2.180) put by the D-branes and the U(1)-charge on C' (2.187)
together are equivalent to the following four independent constraints:

iTypese =€, p{0,1,2,3}. (2.189)

Together with the chirality constraint (2.178) in 10d we therefore have 5 equations, each
reducing the number degrees of freedom by half. Since a Dirac spinor in 10d has 32
degrees of freedom, we are left with 32 x 27° = 1 degree of freedom, i.e., we have a unique
supercharge,*® which we call Q. It was shown in [13] that the supercharge Q is nilpotent:

Q*=0, (2.190)

48Note that without using the constraint put by the D3 branes we would get two supercharges that are
scalar on M, i.e., there are two superhcarges in the 6d theory (by itself) that are scalar on M.
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and the 6d theory twisted by this () is topological along M — which is simply a consequence
of (2.188) — and it is holomorphic along C. The latter claim follows from the fact that there
is another supercharge in the 2d space of scalar (on M) supercharges in the 6d theory, let’s
call it )', which has the following commutator with Q:

{Q,Q'} =0, (2.191)

where z = $(z* — iz®) is the holomorphic coordinate on C. This shows that zZ-dependence

is trivial (Q-exact) in the @Q-cohomology.

From the 4d Perspective

What is new in our setup compared to the setup considered in [13] is the stack of D3
branes. We can figure out what happens to the world-volume theory of the D3 branes —
we get the Kapustin- Witten (KW) twist [107], as we now show. The equations (2.189) can
be used to to get the following six (three of which are independent) equations:

(Fo2 + Leg)e = 0, (Foz 4+ Lgg)e =0, (Fa3 4 I'gg)e =0,

2.192
(F07 + F16)€ = 0, (F27 + FlS)E = 0, (F37 —+ Flg)ﬁ = O . ( )

These are in fact the equations that defines a scalar supercharge in the KW twist of
N = 4 theory on Rg,,, for a particular homomorphism from space-time ismoetry to the
R-symmetry.? Space-time isometry of the theory on Rg,,- acts on the spinors as Spin(4);s,
generated by the six generators:

L, v €40,2,3,7} and p # v. (2.193)

Rotations along the transverse directions act as R-symmetry, which is Spin(6), though the
subgroup of the R-symmetry preserving the product structure C' x Rfsgq is U(1) x Spin(4)g.
The KW twist is constructed by redefining space-time isometry to be a Spin(4) subgroup
of Spin(4);s, X Spin(4)g consisting of elements (x,9¥(x)) where ¥ : Spin(4)iso — Spin(4)g is
an isomorphism. The particular isomorphism that leads to the equations (2.192) is:

T r T r T T
02 — Legg, 03 — lgy, 23 — lgg, (2‘194)
Loz — T, Iy7 = T'is, I's7 = T'g.

49Note that we ar using subscripts simply to refer to particular directions.
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Remark 2.5.3 (A member of a CP! family of twists). In [107] it was shown that there is a
family of KW twists parametrized by CP'. The unique twist (by the supercharge Q) we
have found is a specific member of this family. Let us identify which member that is.

The CP' family comes from the fact that there is a 2d space of scalar (on M) super-
charges (in (2.186)) in the twisted theory.”® Also note from the original representation of
the spinors (2.182) that the two scalar supercharges come from spinors transforming as
(1,2) and (2,1) under the original isometry Spin(4)°4.°! Let us choose two Spin(4)""
scalar spinors with opposite Spin(4)° chiralities and call them ¢ and ¢€,. The Spin(4)°4
chirality operator is I'°'d := T'go37. Let us choose ¢ and €, in such a way that they are
related by the following equation:

1
€ = NEl where N = Z(Foﬁ -+ Fgg + F39 + F17) . (2195)

new

This relation is consistent with the spinors being Spin(4) invariant because N anti-
commutes with Spin(4)™" (thus invariant spinors are still invariant after being operated
with V), as well as with ['!d (chaning Spin(4)°! chirality). An arbitrary scalar supercharge
in the twisted theory is a complex linear combination of ¢; and ¢,., such as ae; 4 fSe¢,., however,
since the overall normalization of the spinor is irrelevant, the true parameter identifying a
spinor is the ratio ¢t := 3/a € CP!. Furthermore, due to the equations (2.192), N? acts as
—1 on any Spin(4)"*" scalar, leading to:

e, = —Ne, . (2.196)

To see the value of the twisting parameter ¢ for the supercharge identified by the equa-
tions (2.189) (in addition to the 10d chirality (2.178)), we first pick a linear combination
€ := € + te, with t € CP!. Then using (2.196) and (2.189) we get:

—ie = Ne =€, — te, (2.197)

where the first equality follows from (2.189) and the second from (2.196). Equating the
two sides we find the twisting parameter:

t=1i. (2.198)
A

50Though we began the discussion with a view to identifying topological-holomorphic twist of 6d N =
(1,1) theory, what we found in the process in particular are supercharges that are scalar on M. If we
forget that we had a 6d theory on M x C and just consider a theory on M with rotations on C' being part
of the R-symmetry then, first of all, we find a N/ = 4 SYM theory on M and the twist we described is
precisely the KW twist.

S1'We are writing Spin(4)
but Re,s-.

°ld instead of Spin(4)ys since the support of the 4d theory is not M = Ri,,s
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From the 3d Perspective

Finally, at the 3 dimensional D3-D5 intersection lives a 3d N = 4 theory consisting of
bifundamental hypermultiplets coupled to background gauge fields which are restrictions
of the gauge fields from the D3 and the D5 branes [21]. Considering @Q-cohomology for
the 3d theory reduces it to a topological theory as well. To identify the topological 3d
theory we note that for the twisting parameter ¢ = i, the 4d theory is an analogue of a 2d
B-model® [107] and this can be coupled to a 3d analogue of the 2d B-model®® — a B-type
topological twist of 3d N' = 4 is called a Rozanski-Witten (RW) twist [119]. The flavor
symmetry of the theory is U(N) x U(K) which acts on the hypers and is gauged by the
background connections.

We can reach the same conclusion by analyzing the constraints on the twisting super-
charge viewed from the 3d point of view. The bosonic symmetry of the 3d theory includes
SU(2)iso X SU(2) i x SU(2)¢ where SU(2)i, is the isometry of the space-time R3,,, SU(2)c
are rotations in Rigy, and SU(2)y are rotations in R};;. The hypers in the 3d theory come
from strings with one end attached to the D5 branes and another end attached to the D3
branes. Rotations in R?,. — the R-symmetry SU(2)y — therefore act on the hypers. This
means that SU(2)g acts on the Higgs branch of the 3d theory. This leaves the other R-
symmetry group SU(2)¢ which would act on the coulomb branch of the theory if the theory
had some dynamical 3d vector multiplets. We now note that the topological twist, from
the 3d perspective, involves twisting the isometry SU(2);s, with the R-symmetry group
SU(2)¢, as evidenced explicitly by the three equations in the first line of (2.192). This par-
ticular topological twist (as opposed to the topological twist using the other R-symmetry
SU(2)y) of 3d N =4 is indeed the RW twist [32].

To summerize, taking cohomology with respect to the supercharge () leaves us with the
KW twist (twisting parameter ¢ = i) of N’ = 4 SYM theory on R* with gauge group U(N)
and a topological-holomorphic twist of N' = (1,1) theory on R* x C' with gauge group
U(K), and these two theories are coupled via a 3d RW theory of bifundamental hypers
with flavor symmetry U(N) x U(K) gauged by background connections.®

52In particular, the 4d Theory on R? x T2 can be compactified on the two-torus T2 to get a B-model
on R2.

53We want to be able to take the 3d theory on R? x S and compactify it on S! to get a B-model on
R2. If we have a 4d theory on R? x T2 coupled to a 3d theory on R? x S!, compactifying on 72 should
not make the two systems incompatible.

*Though it is customary to decouple the central U(1) subgroup from the gauge groups as it doesn’t
interact with the non-abelian part, our computations look somewhat simpler if we keep the U(1).
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2.5.4 Omega Deformation

We start by noting that the dimensional reduction of the topological-holomorphic 6d theory
from R* x C' to R?* reduces it to the KW twist of A” = 4 SYM on the R*.%> This observation
allows us to readily tailor the results obtained in [13] about omega deformation of the 6d
theory to the case of omega deformation of 4d KW theory.

The fundamental bosonic field in the 10d N = 1 SYM theory is the connection A; where
I €{0,---,9}. When dimensionally reduced to 6d, this becomes a 6d connection A, with
M € {0,---,5} and four scalar fields ¢g, @1, P2, and ¢3 which are just the remaining four
components of the 10d connection. The Spin(4),, space-time isometry acts on the first four
components of the connection, namely Ag, A, Ay, and Az via the vector representation.
The four scalars — ¢q, ¢1, P2, and ¢3 — transform under the vector representation of the
R-symmetry Spin(4),,,. Once twisted according to (2.183), only the diagonal subgroup
Spin(4)45" of Spin(4), x Spin(4) y- acts on the fields, under which the first four components
of the connection and the four scalars transform in the same way®® and therefore we can
package them together into one complex valued gauge field:

A, =A,+1¢,, we {0,1,2,3}. (2.199)
We also write the remaining components of the connection in complex coordinates on C"

Az = A4 + ZA5 and Ag = A4 - ZA5 . (2200)

It was shown in [13] that this topological-holomorphic 6d theory can be viewed as a 2d
gauged B-model on R3; where the fields are valued in maps Map(R2, x C, glj). This is a
vector space which plays the role of the Lie algebra of the 2d gauge theory. From the 2d
point of view A, and Aj3 are part of a connection on R3, and there are four chiral multiplets
with the bottom components Ay, A, A, and As. The 2d theory consists of a superpotential
which is a holomorphic function of these chiral multiplets — the superpotential can be
written conveniently in terms of a one form A = Aydz® + A;da! + A.dz + AzdZ on
RZ, x C consisting of these chiral fields:*”

W (Ao, Ay, A,, As) :/ dz A tr (ﬂA dﬂ+§ﬂA AN E) . (2.201)

RZ, xC

%Both the 6d ' = (1,1) SYM and the 4d N' = 4 SYM are dimensional reductions of the 10d N' = 1
SYM and dimensional reduction commutes with the twisting procedure.

56 Apart from the inhomogeneous transformation of the connection.

57Up to some overall numerical factors.
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The superpotential is the action functional of a 4d CS theory on R2, x C' for the connection

A

One of the results of [13] is the following: Q-deformation applied to this topological-
holomorphic 6d theory with respect to rotation on R3; reduces the the theory to a 4d CS
theory on R2, x C' with complerified gauge group GLy .

The twisted 4d theory (the D3 world-volume theory) wraps the plane R2, as well and
therefore is affected by the (2-deformation. By noting that the 4d theory is a dimensional
redcution of the 6d theory from R* x C' to R* and assuming that Q-deformation commutes
with dimensional reduction,’® we can deduce what the -deformed version of the twisted
4d theory is. This will be a 2d gauge theory with complexified gauge group GLy and the
action will be the dimensional reduction of the 4d CS action (2.201) from R? x C' to R? —
this is the 2d BF theory where A- plays the role of the B field:

eauce on ]-
/ dz A CS(Ageyp) 2w n @, / trAs (dARz + —Age A AR2>
RoxC R 2 (2.202)

= / tI'AgF(ARQ) s
R2

where, as before, Z is the anti-holomorphic coordinate on C.

Finally, it was shown in [161] that the RW twist of a 3d V' = 4 theory on R} x R with
only hypers reduces, upon Q-deformation with respect to rotation in the plane R3, to a
free quantum mechanics on R. A slight modification of this result, involving background
connections gauging the flavor symmetry of the hypers leads to the result that the omega

deformed theory is a gauged quantum mechanics, the kind of theory we have considered
on the defect in the 2d BF theory.?”

2.5.5 Takeaway from the Brane Construction

Via supersymmetric twists and €2-deformation, we have made contact with precisely the
setup we have considered in this chapter. We have a 4d CS theory with gauge group GLx
and a 2d BF theory with gauge group GLy and they intersect along a topological line
supporting a gauged quantum mechanics with GLx X GLy symmetry. We thus claim that
the topological holographic duality that we have established in this chapter is indeed a
topological subsector of the standard holographic duality involving defect N = 4 SYM.

8 Alternatively, one can redo the localization computations of [43] for the 4d case, confirming that
Q-deformation does indeed commute with dimensional reduction.

59The bosonic version, which leads to the same Yangian with minor modifications to the computations
as remarked in 2.3.2, 2.3.4, and 2.3.6.
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2.6 Concluding Remarks and Future Works

In the previous sections we have been able to match a subsector of the operator algebra
in the 2d BF theory with a line defect, with a subsector of the scattering algebra in a
3D closed string theory with a surface defect. The subsectors of operators we focused on
are restricted to the defects on both sides of the duality. While this matching provides
a non-trivial check of the proposed holographic duality, several immediate questions and
new directions arise that were not addressed in the chapter. Let us comment on a few such
issues that we think are interesting topics to pursue for future research.

Central extensions on two sides of the duality: To ease computation we restricted
our attention to the quotients of the full operator algebra and scattering algebra by their
centers. The inclusion of the central operators will change the associative structure of
the algebras. A stronger statement of duality will be to compare the centrally extended
Yangians coming from the boundary and the bulk theory.

Brane probes: Using branes in the bulk to probe local operators in the boundary theory
has been a useful tool [120; 4]. In our setup, a brane must be Lagrangian in the A-
twisted R* directions. Looking at the brane setup (2.1) (which we reproduce in (2.204) for
convenience) we see that the real directions of the D2 and D4 branes are Lagrangian with
respect to the following symplectic form:

dv Adz +dw Ady. (2.203)
This leaves the possibility of two more different embeddings for D2-branes:

R, R, R, R, C,
D2 1| 0 X x 0 0

D410 0 x x X (2.204)
D2 | x 0 0 x =z
D2 x x 0 0 =z

The D2'-branes are Wilson lines in the CS theory on the D4-branes perpendicular to the
original Wilson line at thte D2-D4 intersection. Such crossing Wilson lines were studied in
[11, 12] with the result that this corssing (of two Wilson lines carrying representations U
and V' of gl respectively) inserts an operator Tyy(2) : U®V — V ®@ U in the CS theory
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which solves the Yang-Baxter equation, which is described more easily with diagrams:

Ul W U\ W
20 Yo Tyv(210) 14 Twv (220) N Twu(z01)
(}x\ /W = W/ \\U . (2.205)
Twu(221) 20 —— Twv (220) Tuv(210) =

W< WU v wi v tu v

where z;, 29, and z3 are the spectral parameters (location in the complex plane) of the lines
carrying representations V', U, and W respectively, and z9; := 2o — z; and so on. Solutions
of the above equation are closely tied to Quantum Groups. The operators Ty (2), which are
commonly referred to as R-matrices, can be explicitly constructed using Feynman diagrams
[11]. When the complex directions of the theory are parametrized by C (as in our case),
these R-matrices are rational functions of z. If we choose U and W to be the fundamental
representation of gl,, then by providing an incoming and an outgoing fundamental state,

we can view (j|Tky(z)]i) as a map T}(z) : V — V which has an expansion is z~":

Ti(z) =idy 0} — FLZ (—z‘l)mrl Ti[n], (2.206)

n>0

where the T}[n] are precisely the operators that generate the scattering algebra A% (Tgy)
(see (2.32) and (2.34)). This suggests that in the dual picture we should be able to interpret
the D2 branes as a generating function for the operators O; [n].

The interpretations of the D2” branes are missing on both sides of the duality.

Finite N duality: Most of our computations were insensitive to the size of N. After
computing the relevant algebras in both sides of the duality we considered their limits
when N — oo in §2.3.7 and §2.4.7. It was only in this limit that the algebras become the
Yangian. However, it would be a stronger check if we could match the algebras at finite
N, when they are quotients of the Yangian by some extra relations. In the CS theory
we mentioned that these relations came from the fact that our operators were acting on
some finite dimensional vector space, in the BF theory the dual operators were acting on a
vector space of the same dimension. So the relations that resulted this way are the same.
However, there were some extra relations in the BF side, where we argued that O; [N] was
a linear combination of O%[n]’s with n < N. To have a duality these relations should have
an explanation in the CS side as well.
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Duality for other quantum groups: In [1], 12] it was shown that by replacing our
complex direction C with the punctured plane C* or an elliptic curve, we can get, in-
stead of the Yangian, the trigonometric or elliptic solutions to the Yang-Baxter equation
(2.205). It will be interesting to have an analogous analysis of holographic duality for the
corresponding quantum groups as well.
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Chapter 3

Phase Space of 2d BF Theory

In the previous chapter, it was shown that the algebra of local operators in 2d BF theory
with gauge group GLy coupled to a 1d fermionic! quantum mechanics with global symme-
try GLg (the boundary side) and the algebra of scattering states computed using Witten
digrams of 4d Chern-Simons theory with gauge group GLg (the bulk side) match and in
the large- IV limit approach the Yangian (see Theorem 1 on page 12 of [95]). Concretely,
let B be the the B-field of BF theory and (i,1)) are the fields of quantum mechanical
system living on the line. Tt was shown in [9%] that the subalgebra of a subset of local
gauge-invariant operators of this system, which are given by

), B™Y, a,b=1,--- K, n>0, (3.1)
in the large-N limit is the Yangian of gly.

In this chapter, we study the same problem from the perspective of the geometry of the
phase space of 2d-1d coupled system. On of the reasons we are studying the problem from
the phase-space perspective is that it allows us to make statements about some aspects
of this example of twisted holography at finite N. Our strategy is to fist characterize the
(classical or quantized) algebra in the large-N limit and then find the finite-N algebra as
the quotient of the large-/N limit algebra by an ideal. Let the phase space of the coupled
2d-1d system be denoted as M(N, K), which is parameterized by (B,v,1)).

IThere is nothing special about quantum mechanics to be fermionic. We pointed out it since it was
used in [98] for explicit computations. We could consider bosonic quantum mechanics and the resulting
operator algebra would be the same. However, the brane configuration which leads to the fermionic vs
bosonic quantum mechanics would be different [35, 86].
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Summary of the results

As we have explained so far, we study the phase space of the 2d BF theory coupled to
a 1d quantum-mechanical system. The basic logic of the chapter is to first study the
classical phase space M (K, N) and its ring of functions C(K, N), and finally their large- N
limit. We then study modules for these algebras. Then, we considered the quantization
of the classical phase space and the deformation quantization C;[M (N, K)] of its ring of
functions, which leads to the algebra. We study its structure, especially its coproduct and
its identification with the Coulomb-branch algebra of 3d N = 4 theories.

Section 3.1 is devoted to the review of physical holographic setup. The main results of
this work can be summarized as follows.

In Section 3.2, we investigate the geometry of the phase space of BF theory coupled to our
quantum-mechanical system and study the algebra of functions in this phase space. The
main results of this section are the following

1. The first result is concerned with the structure of the phase space; we show that
M(N, K) is a normal affine variety of dimension 2N K. This is shown in Corollary
3.2.8.

2. CIM(N, K)), the algebra of functions on M (N, K) is generated by the set {) B"; Tr(B™)}.
Note that the operators Tr(B") are dual to the gravitons while determinant (det(B™))
and subdeterminant operators are dual to giant gravitons in the bulk. We then find
that M(N, 1) ~ A?". Furthermore, by defining the morphism

Nap - M(N, K) — M(1, K)
(B7w7w) - (Bvqblnwa);
we show that the products of n,, for various a and b is a closed embedding

I e : MV, EK) — M(N, 1) 0 M(N, 1) X -+ X400 M(N, 1), (3.3)

1<a,b<K

where the right hand side has K? copies of M(N, 1). This is achieved in Proposition
3.2.12.

(3.2)

3. Next, we define the following Poisson structure on M(N, K) by
{fwiaaabj} = 5ab5ij7
{Bmm qu} = 5panq - 5qupm (3-4)
{ana ,lvz)bj} = {ana ¢ia} =0,
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Defining Tcgg) = 1), B™y, with the convention Tib_ Y = 5,5, we show that
min(p,q)—1
i) (i i 1
aprpy =" (wpony ). e

a
i=—1

In Section 3.3, we consider the large-N limit of M (N, K) and its ring of functions CIM (N, K)].
The main results of this section as as follows

1. We show that |J, M (N, K) is Zariski-dense in L~ GLg x L~GL;, where L~ GLj is
the loop group defined in (3.28). This result is the content of Theorem 3.3.4.

2. Using this result, we then show that M(co, K) = L~ GLg x L~GL;. This in turn
would imply that

C[M (o0, K)] 2 C[L~GLg] ® C[L~GL,]. (3.6)

Section 3.4 is devoted to study of modules for C[/M (N, K)]. The main result of this section
is the computation of Hilbert series for C[/M (N, K)] in Theorem 3.4.4 and its large- N limit
C[M(o0, K)] in Proposition 3.4.15.

In Section 3.5, we move to the quantization C;[M (N, K)] of the ring of functions CIM (N, K)]
on the phase space. Quantization amounts to replace the Poisson brackets (3.3) with com-
mutators and studying the resulting algebras. The main results of this section are

1. We first prove the commutator of TOEZL)

min(p,q)—1
ORI S B ) MY
i=—1
This is equivalent to the RTT relation if one defines the generating functions Ty,(2)
(the RTT generators) of Tég) by the following power-series expansion at z — oo

n —n— - 1
Ta(z)= Y T2 = 60+ Gy—rthy.

z—B
n>—1

2. We next present one of the main results of this work, i.e. we show that the surjective
map

Yi(glgx @ ghy) = Yi(glg) @ Ya(gly) — CoIM(N, K)] (3.8)
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exists for any V. We present two arguments for the existence of this map in Theorem
3.5.5 and in Section 3.5.6. We also prove a particular observation of [51] according to
which the quantum determinant of Yangian, whose coefficient determine the center,
determine is given in terms of Capelli’s determinant, defined in (3.55).

3. The coproduct of the quantized algebra is constructed in Section 3.5.15.

4. Finally, we explain the identification between the quantized ring of functions on the
phase space C,[M(N, K)] and the Coulomb-branch algebra of certain 3d N = 4
quiver gauge theories.

Some details are relegated to the appendices. The Hall-Littlewood polynomial has been
reviewed in Appendix B.1. Geometrization of the Jing operators, which are used in giving
a vertex-algebra definition of the Hall-Littlewood polynomials is explained in Appendix
B.2.

3.1 The Holographic Setup

In this section, we briefly review the twisted holography setup of [95].

The starting point is 6d topological string theory on R* x C, where the theory is A-twisted
along R* and B-twisted along C. These theories coming from a configuration of branes?,
which is summarized in Table 3.1.

R, | R, | R, | Ry, | C, | # of branes
D2 | x X N
D4 | x X X K

Table 3.1: The brane configuration that realizes our twisted holography setup. The sub-
scripts on R, et al denote the coordinates along that direction. We have used the same

conventions as [98]. The last column denotes the number of branes.
There are four main ingredients at play [29]: 1) the theory of open strings on the stack of
2Similar to [95], we are following the convention used in [3] where Dp-brane in topological string theory

have p-dimensional world-volume in spacetime.
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D2 branes, which is the 2d BF theory with gauge group GLy with the following action

SBF = / TI'N(BFA), (39)
RZ o

where B € Q°(R? ,, gly) is an adjoint-valued scalar, A € Q'(RZ ,, gly) is the gauge field
for the gauge group GLy with curvature Fy =dsA =dA+ A A A, and the trace is taken
over the fundamental representation of gl,, which we have denoted as N. This plays the
role of the boundary side of the correspondence; 2) the theory on the stack of D4-branes,
which is 4d Chern-Simons theory with gauge group GLg [26, 27]. Since we do not need
this theory in this chapter, we are not describing its details and refer the reader to [93];
3) the 1d intersection of the two sets of branes, which introduces a line operator in both
theories: the line operator in the BF-theory side is described by a quantum mechanics with
fermionic degrees of freedom: ¢* € Q°(R,,N) with a = 1,--- , K3, and the conjugate field
1, € Q°(R,, N), where bar denotes the antifundamental representation. The action of this
theory is given by

K

Som = [ Y ¥, (d+ A", (3.10)

[ a=1

where we have denoted R, as L. A carton of the setup is shown in Figure 3.1. In the 4d
Chern-Simons theory side, we get a Wilson line taking values in some representation of
gl [2] = 11,50 81k ®2" (at least classically). 4) The bulk closed-string theory sector, which
is a mixture of the Kahler gravity along Ri,y,uw and BCOV theory along C, [11, 12, 15, 31].
Furthermore, we turn on a background 3-form flux field, which is sourced by D2-branes.
This could deform the topology of the closed-string background and also the theory living
on the stack of D4-branes. It turns out that the topology of the closed-string background
is deformed to RZ,, x Ry, x S° where r = (y* +v* + 2Z)2 parameterizes R, and the
background 3-form field measures the flux through S2. The value of this flux is nothing but
the number of D2-branes, which is N. On the other hand, it turns out that the pullback
of the 3-form to D4-branes vanishes, and hence the theory of D4 branes is not deformed in
the presence of this flux. Note that the theory on D4-branes could in principle be coupled
to the modes in the closed-string theory living in the bulk. In the setup considered in [95],
it is assumed that in the large- N limit, there is no such coupling. This has been called rigid
holography in the physics literature [1]. Taking this point into account, the theory that

effectively plays the role of bulk side in our twisted holography setup is 4d Chern-Simons

3Note that there is a change of notation compared to [95]. Here, we have used a = 1,--- , K for the
global symmetry indices while i = 1,--- | K has been used for the global symmetry indices in [98].

71



Local operators Line defects
of the boundary theory along R,

@0&’%¥
N coincident D2-branes ‘32’%9
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L =
K coincident D4-branes & A

WrappingW F®
N

2d black branes

Figure 3.1: The holographic setup. N coincident D2-branes are hosting a gl BF theory.
These branes should be thought of as the imaging of D2-branes deep in the bulk which
are sourcing the bulk fields. At the bottom of the figure, we have shown 2d black branes
which are the D2-branes in the backreacted geometry of the bulk. A 4d gl;,- Chern-Simons
theory lives on the of K coincident D4-branes. The intersection of the two stack of branes
is a line defect on which a fermionic quantum-mechanical system lives.



K K

Figure 3.2: The quiver description of the phase space.

theory and we need to consider Witten diagrams of this theory in the computations of
scattering through the bulk.

We would like to analyze the phase space of 2d BF theory coupled to a 1d quantum
mechanics and its geometry. We choose the gauge A = 0. The equations of motion are

dy* = dy, =0,

K
dB = " ¥"),6u-0 = 0. (3.11)

a=1

The solution is that ¢ and v, are constant along the line defect, B is constant on the
regions w < 0 and w > 0, and

K
Bw>0 - Bw<0 = Z w“%-
a=1

So the phase space is parametrized by By, ¥* and 1), modulo the GLy action. This is
the quiver variety (categorical quotient) associated to the framed quiver in Figure 3.2. Let
us denote this quiver variety by M(N, K) = Rep(NNV, K)/GLy, where Rep(N, K) is the
linear space of representations of quiver in Figure 3.2. We study this space in Section 3.2.
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3.2 Geometry of the Phase Space M(N, K)

In this section, we analyze the phase space of the coupled theory Sgp + Squm, where Spp
and Squ are given by (3.9) and (3.10), respectively.

3.2.1 Singularities and resolution

When K =1, M(N, 1) is the Zastava space 2} studied in [61]. Recall that the degree Z1
is defined by the degree N based quasi-map space of the flag variety of SLy. Explicitly, this
is the space of polynomials Q(z), P(z) such that deg@ < N and P is a monic polynomial
of degree N. In particular, Zﬁg is isomorphic to the affine space A?Y. The isomorphism

between M(N,1) and ZJ is given by the map

(B,,9) = (P(2) = det(> — B),Q(2) = ¥ adj( — B)y). (3.12)
Here adj(z — B) is the adjugate matrix of z — B.

For general K, then same argument in [01, Section 2] shows that the Laumon resolution
PN — Z¥ factors through M(N, K). Here PV is the parabolic Laumon space, i.e. the
moduli space of degree N rank K subsheaves F of rank 2K trivial vector bundle on P! such
that F| is a sub-bundle and is a fixed rank K flag of C2%, and Z¥ is the parabolic Zastava
space associated to SLox and the parabolic subgroup P C SLogx which stabilizes a fixed
rank K flag in C?% [17]. In fact PV is isomorphic to the moduli space of stable represen-
tations of the quiver in Figure 3.2, denoted by M?*(N, K), where the stability condition is
that if V. CV, B(V) C V and im (¢)) C V then V = CV. The stability condition implies
that the action of GLy on the stable representations is free, thus M*(N, K) is smooth.
Since the parabolic Zastava space Z% is affine, the Laumon resolution PV — Z¥ factors
through the affinization of PV = M*(N, K), which is M(N,K), and M(N,K) — Z¥
is finite since Laumon resolution is proper. Moreover, PV — ZV is isomorphism on the
locus where the subsheaf F is a sub-bundle, this corresponds to a map (instead of just
a quasi-map) from P! to Grassmannian Gr(K,2K) which sends oo to identity. We call
this locus the “regular” locus, and it has a quiver description as well: it parametrizes
quiver representations that are stable and also co-stable, i.e. if V. .c CV, B(V) C V and
V C ker(¢)) then V = 0. The semi-simplification map M*(N, K) — M(N, K) is also
isomorphism on the regular locus, since GLy acts on a stable and co-stable representation
freely with closed orbit. This implies that the morphism M(N, K) — Z¥ is birational.
Since M(N, K) is affine quotient of a smooth variety normal M(N, K) is normal, thus
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M(N, K) — ZV is the normalization. It turns out that M(N, K) — Z¥ is isomorphism,
which will be proven in a more general context elsewhere.

Summarize the above discussions, we have morphisms of varieties:
PN =2 M*(N,K) — M(N,K) = 2V,

such that M*(N, K) — M(N, K) is a resolution of singularities, and it is isomorphism
when restricted on M(N, K)™s.

Lemma 3.2.2. For the resolution of singularities f : M*(N, K) — M(N, K), we have
Omwr) = RfOns vk, i€

(1) R f.Ops(nx) =0 fori >0,

(2) the natural homomorphism Opyniy — [+Oms(n k) 18 isomorphism.
The key to the proof of Lemma 3.2.2 is Grauert-Riemenschneider vanishing theorem, we

recall it here:

Theorem 3.2.3 (Grauert-Riemenschneider Vanishing). Let h : X — Y be a resolution
of singularities in characteristic zero, then R'h.(Kx) =0 fori > 0. Moreover let L be an
ample line bundle on X, then R'h,(Kx ® L) =0 fori > 0. Here Kx is the canonical line
bundle of X.

For a proof (of a more general version of this theorem), see [109, Corollary 2.68]. We
would like to apply this theorem to f : M*(N,K) — M(N, K), but the sheaf in the
theorem is the canonical sheaf, not the structure sheaf. This is not an issue, because:

Lemma 3.2.4. The canonical line bundle on M?*(N, K) is trivial.

Proof. Denote by V the tautological sheaf on M*(N, K), which is the descent of CV along
the quotient Rep*(N, K) — M?*(N, K), and denote by W the framing vector space, then
there is a short exact sequence

0 — End(V) — End(V) oW V' & W*"®V — Thsnx) — 0. (3.13)
Here T s(n,k) is the tangent sheaf of M*(N, K). From this short exact sequence we get

ICMS(N,K) = det T/T/lS(N,K) = det(W X V*) (9 det(W* & V) = OMS(N,K)-
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Proof of Lemma 3.2.2. Since the canonical line bundle on M?*(N, K) is trivial, we have
R f.Opnism,ie) = R flk ms(v,ic) = 0,

for i > 0, by Grauert-Riemenschneider vanishing theorem. Since M(N, K) is normal and
f is birational, we also have O, k) = fxOrs(w,x)- O

Corollary 3.2.5. M(N, K) has rational Gorenstein singularities.
Proof. M(N, K) has rational singularities by Lemma 3.2.2. Then the dualizing sheaf

WM(N,K) 18
wmng) = REKpms(vi) = REOpmsvg) = Opmn, i)

which is a line bundle, thus M(N, K') has Gorenstein singularities. O

3.2.6 Factorization

There is an obvious morphism:

fan v, 2 M(Ny, K) X M(Ny, K) — M(Ny + No, K), (3.14)
— — (1) (1)
BV, 0,5V x (B®, 4@ ) ([BO B?Q)] , m@} 5 5] ) (3.15)

Consider the natural projection
Oy M(N,K) — AN, (3.16)

Here ®y maps a triple (B, w,@) to the coefficients of the characteristic polynomial of B,
and AW is the N’th symmetric product of affine line A', which parametrizes coefficients
of the characteristic polynomial of B. Denote by (A(Nl) X A(NQ)) disi the open subset of

AWM 5 AV2) guch that eigenvalues of B is disjoint from eigenvalues of B®). Analogous
to the K =1 case discussed in [(1], we have the following factorization isomorphism

Proposition 3.2.7. The restriction of fn, n, 0N (A(Nl) X A(NZ)) s isomorphism:

disj

fN1,N2 : (M(NlaK) X M(N27K))disj = M(Nl + NQ’K) X A(N1+N2) (A(Nl) X A(NQ))disj ’

Here (M(Ny, K) x M(Na, K))y.; s the restriction of M(Ny, K)x M(Na, K) on (AN x AN2)

disj disj”

Corollary 3.2.8. M(N, K) is a normal affine variety of dimension 2NK.
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Proof. M(N, K) is normal and affine since is the quotient of an affine space by GLy, we
only need to show that its dimension is 2N K. By the factorization isomorphism, it suffices
to show that dim M(1, K) = 2K. Note that M(1, K) is isomorphic to the A! times the
space of K x K matrices of rank < 1 and the latter has dimension 2K — 1. O

Using the normalization map M(N, K) — Z% we have the following result:

Proposition 3.2.9. The morphism ®y : M(N, K) — AW is equidimensional.

Proof. Tt suffices to show that the projection @) : ZV¥ — AW is equidimensional, since
M(N,K) — ZV is finite. Here we prove that the central fiber ®5'(0) has dimension
(2K — 1)N, and the dimensions for other fibers follow from factorization isomorphism.

To compute dim &' *(0), we use the description of the central fiber for parabolic Zastava
in [17, 3.5], and obtain that

@lﬁl(o) = @ge N Gryp-y C Grap, - (3.17)

Here P C SLyg is the parabolic subgroup which stabilizes a fixed rank K flag in C2%,
U(P~) is the unipotent radical of the opposite of P, and 6§ = diag(1,0,---,0,—1) is
the longest coroot of slyi. Then @ﬁo N Gryp-y C N Gryg-y and the latter has
dimension (N8, p) = (2K —1)N, thus dim ®'(0) < (2K — 1)N. Since the generic fiber of
@y has dimension (2K — 1)V, we also have the other direction of inequality dim ®*(0) >
(2K — 1)N. Hence dim ®3*(0) = (2K — 1)N. O

Corollary 3.2.10. The morphism ®y : M(N, K) — AW is flat.

Proof. This follows from Proposition 3.2.9, Corollary 3.2.5, and the miracle flatness theo-
rem [151, Tag 00R4] O
3.2.11 Generators of C[M(N, K)]

By invariant theory, the algebra of functions on M(N, K), denoted by C[M(N, K)], is
generated by

Tr(B™), ¥, B™y. (3.18)

Here1<n<N,0<m<N-land1<a,b< K. When K :_1, iiturnsout_that there is
no relations between these generators, i.e. Tr(B), -+, Tr(BN), ¢, B, -+ 9 BN "1y give
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rise to an isomorphism M(N, 1) = A%V, In fact, since we know that dim M(N,1) = 2N
and the map M(N,1) — A?" is closed embedding, the map must be an isomorphism by
dimensional reason.

For general K, let us fix a pair of integers a, b, then the functions Tr_(B”),EaBm% give rise
to a morphism 7y, : M(N, K) — M(1, K) sending a triple (B,,1) to (B,y,1,). From
the above discussions, we have

Proposition 3.2.12. The product of 1. s a closed embedding
I e : MV, K) — M(N, 1) ) -+ x40 M(N, 1), (3.19)

1<a,b<K

where the right hand side has K* copies of M(N,1). Moreover, [Ti<ap<i Mab is compatible
with factorization isomorphism fn, n,.

3.2.13 Poisson structure

Let us introduce a Poisson structure on the space of (B,1,) as following

{@Zjia?Ebj} - 5ab6ija {ana qu} = 5panq - 5qupn7 {anaabj} = {ana wia} = 0.
(3.20)

Here we treat 10,1 as usual bosonic variables, i.e. commute instead of anti-commute with
each other. This Poisson structure comes from the classical limit of Up(gly) ® Weyly g,
where Weyly  is the Weyl algebra generated by 1,4. It is easy to see that the Poisson
structure is equivariant under the GLy action, so it descends to M(N, K).

Remark 3.2.14. This is not the Poisson structure for the Zastava space. In fact, when
K =1, this Poisson structure on C[M(N, 1)] is trivial, see the Theorem 3.2.15 below.

Define TCEZ) = EGB"@/J;), and we use the convention T Cfb_ D~ dap, then denote by Ty, (2)
the power series expanded at z — oo:

1
= Y T = b+ Pt

n>—1

Proposition 3.2.15. The Poisson brackets between Tﬂf) are:

min(p,q)—1
—1=i) (i i —1-i
IR 19y = > (Tl - Tl ). (3.21)
i=——1
And for allm > 1, Tr(B"™) is Poisson central.
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Proof. This is the classical limit of (3.49). O

Remark 3.2.16. In [98], another presentation of Poisson structure is obtained:

{wiay Ebj} = 5ab5ij7 {Bmm qu} = 5np Zwaqwma - 6mq Zaanwpm

(3.22)
{Bm’mwbj} = {anawia} =0,
3.2.17 Multiplication morphism
Apart from the obvious factorization map (3.14), there is another map
My, N, 2M(N1,K) XM(N%K) —>M(N1+N27K)7 (323)

BM g

1 1) 7D @) @ 7®
(B, 470 x (BY, 90, 47) = | 170 T o)

PO 1y —
, LZ}(Q) , [¢( ) ¢( )] . (3.24)
We have the following elementary property of the multiplication morphism.

Proposition 3.2.18. The multiplication morphism my, n, is dominant.

Proof. 1t suffices to prove that the composition ffv}, N, O, N, 18 dominant when restricted

on (AN x A(N2)) - First of all, we construct a GLy, x GLy, equivariant map

d

my, N, : (Rep(Ny, K) x Rep(Ng,K))disj — (Rep(Ny, K) X Rep(Ny, K))

disj ?

such that my, n, descends to f;,i N, © My, N, after taking the quotient by GLy, X GLy,.
The construction is as follows. If the spectra of By and B, are disjoint from each other,
then linear map Mat(Ny, No) — Mat(Ny, No), X — B1 X — X By is an isomorphism. Let
A be the unique N; x Ny matrix such that

BWA — AB® — W@ polds,

Then we can use the matrix

1 A , | BM g™
[0 1} to diagonalize [ 0 B
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and it accordingly maps [@(1),@(2)] to [E(l),ﬁm) — E(I)A} and [¢(1)’¢(2)]t to [ + Ap®@, @]

Hence we define my, y, as

—(1 —(2 —(1 —(2 —(1
(BY, M 3 x (B, 4@ 37y s (BY, M + a4p® FV) 5 (B @ 5P — 50 4).
(3.25)

Notice that the tangent map dmy, y, is an isomorphism at any point (B(l),O,E(l)) X
(B@ 4@ 0), so my, n, is generically étale thus it is dominant. Then it follows that
mp, N, is dominant. [

Proposition 3.2.19. The multiplication morphism my, n, has following properties

(1) my, n, is Poisson,

(2) M, 4N, N5 © (M, v, X Id) = my, npango(IdXmpy, Ny ), i-e. multiplication is associative.

The proposition will be evident once we make connection to the multiplication map on
the loop group in the next section. Note that the factorization map fy, n, is not Poisson
in general.

3.2.20 Embedding M(N, K) < M(N', K)
Suppose that N < N, then we have a morphism

it M(N, K) — M(N', K, (3.26)

w00 ([0 o Jo] - ). (327

Note that vy 5, (Tr(B")) = Tr(B"), tiy (Th™y = T so Uy, 1S surjective, thus oy s is
a closed embedding.

Proposition 3.2.21. The embedding tn n+ has following properties
(1) LN’,N" @) LN,N’ = LN,N”;
(2) vy is Poisson,
(3) Mgy © (Eny,N X ENaNg) = N1+ N2, NN © TN, N -
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Proof. Property (1) is obvious from definition of ¢y nv, (2) is a corollary of Proposition
3.2.15, only (3) needs explanation. Using property (1), the proof of (3) reduces to the
cases of either N = Ny, N) = Ny + 1 or N = N; + 1, N) = N,. The first case is obvious
from the definition of embedding and multiplication morphism, so we only need to consider
the case when N| = Ny + 1, N), = N,. It amounts to showing that

BO o 0 [vM]
o 0 0 |,|O0 ,[E(” 0 E(”}
L0 0 BO® | [v@]

is equivalent to

[BO 05 o] [vM]
o B® of. |v®|.[5" T of
Lo 0o o] LO

under the action of some matrix W € GLy, 4 n,+1. It is elementary to check that

Idw, 0 ]

0  wn,WNy—1- Wy

|

does the job, where w; € GLy,,1 switches row ¢ and row 7 + 1. O

3.3 Large-N Limit

In this section we use the embeddings ¢y : M(N, K) — M(N’, K) constructed in the
previous section to define the large-N limit of the family M(N, K) as the spectrum of
C*-finite elements in the inverse limit of algebras C[M (N, K|, and show that the large-N
limit is isomorphic to the Poisson group L~ (GLg x GL;), defined below. It is known that
L= (GLg x GLj) quantizes to the Yangian Y;(glx @ gl;), and we will explore the quantized
version of the larg-/N limit in the next section.

Definition 3.3.1. Define C[M (oo, K)| to be the subalgebra of lim C[M(N, K)] generated
N

by T and Tr(B™), for all n,m € Zsq and 1 < a,b < K. And then define M (oo, K) =
SpecC[M (o0, K)].

Denote by L~ GLg the group of power series

I+ Zgiz_i; 9i € glg, (3.28)
i=1

81



here the group structure is the multiplication of power series in matrices. Consider the
morphism

in = (75, ¢n) M(N,K) — L~ GLg x L™GLy, (3.29)

(B,0.9) - (145250, St =) (3:30)

which is a closed embedding because Té? and Tr(B™) generate CIM (N, K)|. Here (z —
B)~! is expanded as a power series of matrices in z7!. Tt is known that L-GLf is a
Poisson-Lie group scheme whose Poisson structure comes from the Manin triple

(0l (z7), 2 otk [z 7'], alk[2])-

Explicitly, let Tab ,
of g,.+1 and we use the convention that Ta(b_ D _ Oap, then the Poisson structure on L~ GLg

is determined by the equation

n > —1 be the function on L~ GL that takes the value of ab component

o0

(u = 0){Tup (1), Tea(v)} = Tua(v) Lop(tt) — Toa(w) T (v), where Top(u) = Y T u™"",

1=—1
(3.31)
Compare equation (3.31) with equation (3.21), and we have
Proposition 3.3.2. The morphism iy : M(N, K) — L~GLg x L~GLy is Poisson.

Proposition 3.3.3. iy is compatible with embedding .y n» and multiplication my, n,, i.e€.
(1) in' oty = in,
(2) 7’-N1+N2 OMpy,N, = MO (?:Nl X Z.N2)'

Here m : L™ (GLg x GL;) x L™ (GLg x GL;) — L™ (GLg x GLy) is the multiplication map
of the group L= (GLg x GLy).

Proof. (1) is obvious from definition. (2) can be shown by direct computation. If (B® ™), E(l))

is a point in M(Ny, K) and (B(Q),w@),ﬂ(m) is a point in M(No, K), then 7y, +n, © My, N,
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maps this pair of representations to

14 [E(l) E@)} (Z_

=1+ [E(” E(Z)] (z _

0 B®
R
1) 2)
+ Z ¢ w(l w ( B ))3 B pmimi=2
,j=0
-2 1 @)

(1+¢ o) (145 L)
And we also have @, 1, 0mp, N, = Mo (@n, X @n,) by the multiplicativity of determinants
of block diagonal matrices. m

Proof of Proposition 3.2.19. (1) follows from Proposition 3.3.2 and the fact that the Pois-
son structure on L~ (GLg x GL;) makes it a Poisson-Lie group, i.e. m is Poisson. (2) is a
direct consequence of Proposition 3.3.3. O

Since iy is compatible with ¢y v, it makes sense to take the ind-scheme | M(N, K)
inside L~ GLg x L~ GL;.

Theorem 3.3.4. | Jy M(N, K) is Zariski-dense in L~ GLg x L~GL;.

Proof. 1t suffices to show that for every N, there exists N’ such that LyGLx x LyGLy
is a closed subscheme of M(N’, K'). Denote by m = my-q,,. X m -, the multiplication

map on L~ GLg x L~GL;. We make two observations

(1) L7GLg x {1} € M(K, K). This is because S x {1} € M(K, K), where S is the
subvariety of L; GLg:

1+ g, g € gl such that rank(g) <1
z

then we can apply the multiplication m K times to obtain L] GLg x {1}, more
precisely, we have following linear algebra fact:
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— Every matrix M € gl can be written as a linear combination M = X1+ -+ Xg
such that rank(X;) <1 and X;X; =0if i < j.

This can be interpreted as

M X X
1+—:(1+—1>---(1+—K>,
z z z

which is exactly what we want to show. To show this fact, we notice that the
statement is true for M if and only if it is true for AMA~! for some A € GLg, so
without loss of generality, we assume that M is a Jordan block Jy, and then take
X; = atb;, where

a; = (0,---,0,\,1,0,---,0), i < K and i’th component is A,
K = (07 707)\)5
b; =(0,---,0,1,0,---,0), i'th component is 1.

If M is a direct sum of Jordan blocks, then we take X; associated to each individual
block.

(2) {1} x Ly GLy € M(1, K), this is because {1} x Ly is the the image of points (b, 0,0) C
M(1,K).

3) The multiplication map my-qar,,. : Ly GLg X LyGLx — L. GLE is dominant. In
k -1 N N+1
effect, the tangent map dmy-qr, at the point (1, 1+1/z4---+ 1/ZN) is

S e R = (3.32)

(XY1 Y; YN) X+Y X+Yy X
—_— — ’—) “ o e

where left hand side is a tangent vector at (1,14 1/z 4 ---+ 1/2"), and right hand
side is a tangent vector at 1 +1/z +---+1/2" € Ly, ,GLk. Since X,Y3, -+, Yy
take value in all matrices in glj, the linear map (3.32) is surjective and thus is an
isomorphism by dimension counting. It follows that m;-qp, : L7 GLg x LyGLg —
Ly,1GLg is étale at the point (1,1+1/z+ -+ 1/2"), thus it is generically étale,
and dominant.

Combine (1) and (2) and use the multiplication m (which is compatible with the multipli-
cations of M(N, K)), then we have an inclusion Ly GLx x L7 GL; € M(K + 1,K). (3)
implies that m : (Ly GLg x L7 GLy) x (LyGLg x LyGLy) — Ly ;GLg x Ly,,GL; is
dominant. By induction on N, we have inclusions L GLx x LyGL; C M((K +1)N, K).
This concludes the proof. O
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Corollary 3.3.5. M(oo, K) = L™ GLg x L= GLy, i.e.
C[M(o0, K)] = C[L~GLk] ® C[L™GL4]. (3.33)

3.4 Modules of CIM(N, K)] and their Hilbert series

Recall that we have a resolution of singularities f : M*(N,K) — M(N, K), where
M?*(N, K) is the moduli space of stable representations of the quiver in the Figure 3.2.
The action of gauge group GLx on the space of stable representations Rep®(N, K) is free,
so the quotient map Rep®(N,K) — M?*(N, K) is a principal GLy-bundle. The gauge
node vector space C is a trivial bundle on Rep(V, K) but it is endowed with a non-trivial
equivariant structure under the action of GLy, then it descend to a locally free sheaf V on
M?(N, K) since the GLy action on the stable locus is free. We call this locally free sheaf
V the tautological sheaf, and call its determinant line bundle the tautological line bundle,
denoted by Det.

Lemma 3.4.1. The tautological line bundle Det is ample on M*(N, K).

This lemma will be proven in the next subsection. Apply the Grauert-Riemenschneider
vansihing theorem 3.2.3 to the tautological line bundle Det, we have

H'(M?*(N,K),Det®") =0, for all i >0and n > 0. (3.34)

Definition 3.4.2. The CIM (N, K)] module of level n, denoted by I'(N, K, n), is defined by
the global section of n’th power of tautological line bundle, i.e.

I'(N, K,n) = T(M*(N, K), Det®"). (3.35)

In this section, we compute the Hilbert series of CIM (N, K)| and I'(V, K, n). Before
starting, let us introduce some notations and explain what we are going to compute.

The quiver in Figure 3.2 admits an action of GLg x Cy x C;, where GLg is the
flavour symmetry which acts on the framing vector space, C; scales B by B — ¢ 'B,
and C scales 1) by 1) +— t~14). The convention of the inverse ¢~' and ¢! is such that
the functions Tr(B") and EQBmwb scales by ¢" and ¢™t respectively (since functions are
dual to the space). Although C[M(N, K)] is infinite dimensional, every C x C;*-weight
space of C[M(N, K)] is finite dimensional (we will see it later), thus it makes sense to
regard CIM (N, K)| as an element in Kqr,, (pt)[q,t]. Similarly, the same properties hold
for T'(IV, K,n). The goal of this section is to compute the these elements.
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Definition 3.4.3. Let Kar, (pt) = Q[a7, - ,2%|%%, where Sk is the permutation group
acting on x,---xx. We use shorthand notation f(z) for a function of zq,--- 2k, and
flz™h) = f(z;', -+, 2%"). Denote by Zy k (7; ¢, t) the element of CIM(N, K)] in Kar,. (pt)[q, 1],
and denote by Z](\Z)K(x; q,t) the element of I'(N, K,n) in Kqr, (pt)[q,t].

By Lemma 3.4.1, we have Z](\?f)K(:E; q,t) = x(M*(N,K),Det®"). The case K = 1 is
trivial: The functions Tr(B),--- , Tr(BN), ¢, B, - - - 1 BN~14) give rise to an isomor-
phism M(N, 1) = A?N. The Lemma 3.4.6 below, together with the fact that the Hilbert-
Chow map for Hilbert scheme of points on smooth curve is isomorphism, implies that
M?*(N,K) = M(N, K). In fact, Det in this case is a trivial bundle, with Cx x C;*-weight
(1,0), thus

n

q

AR r;q,t) =q¢"Zni(z;q, 1) = — .
wales ) = 2w ) = (ol

(3.36)
Here we use the g-Pochhammer symbol (a;q), = (1 —a)(1 —aq)--- (1 — ag"™'). The case
when K > 1 is trickier. In principal, one can use the localization technique to get a formula
of x(M?*(N, K), Det®") in terms of summation over fixed points, but it involves complicated
denominators that make it hard to extract the power series in ¢ and ¢ explicitly. What we
will actually do, is to reduce the computation to Euler character of vector bundles on Quot
scheme, which is related to the affine Grassmannian of GLg, and finally apply the known
results on the geometry of the affine Grassmannian of GLg to finish the calculation. We
present the final result here and explain the calculation in steps afterwards.

Theorem 3.4.4. The Hilbert series of I'(N, K,n) is

ZN3c(@30:8) = s D H o) (@3 @)y (@) s (7). (3:37)
’ I
Here the summation is over arrays i = (f1,- - , Un) € ZJZVO, (n) is the array consisting

of N copies of n, i.e. (n,n,---,n), |u| = Zf\il Lis S(uy) () is the Schur polynomial of the
partition (u;), and Hy(x;q) is the generalized transformed Hall-Littlewood polynomial of
the array A, defined in (B.6).

3.4.5 Reduction steps

Recall that the stability condition in the definition of M*(N, K) is that if V < CV,
B(V) Cc V and im () C V then V = C¥| in particular the sub-quiver consisting of arrows
(B, ) is stable under the same stability condition, so we have:
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Lemma 3.4.6. The moduli of stable representations M*(N, K) is a vector bundle over the
Quot scheme of A which parametrizes length N quotients of OF, denoted by Quot™ (A, OF):

M(N,K) = V(V @ W)

&

Quot™ (A, (’)flK)
Here V is the tautological sheaf on Quot™ (A, OI%K), and W is the framing vector space.

Proof. Consider a point (B,1,v) € M?*(N,K), the action B on CV makes it into a
C[z]-module such that z acts as B. The stability on (B,) is equivalent to that CV is a
quotient module of a free module of rank K. This gives rise to a morphism p : M*(N, K) —
Quot™ (A, OI%K ), and the extra information in M?*(N, K) compared to the Quot scheme
is a homomorphism from the universal quotient V to the framing vector space W, so

M?*(N, K) is represented by V(V @ W*). O

Lemma 3.4.6 implies that

X(M?(N, K), Det®") = Ztm (Quot™ (AY, OPF), Sym™(V ® W*) @ Det®).  (3.38)

Here in each summand, x(Quot™ (A, OZF), Sym™(V ® W*)) is in Kgr, (pt)[g]. So the
computation of C[M (N, K)] boils down to the computation of equivariant Euler characters
of sheaves on the Quot scheme.

The Quot scheme has a nice structure: there is morphism % : Quot™ (A, Oi&K ) — AW
where A®) is the N’th symmetric product of A', which is identified with the Hilbert
scheme of N points on A! and A is the Hilbert-Chow morphism for the Quot scheme. In
the language of quivers, h maps (B,1) to the spectrum of B, regarded as a divisor of
degree N on Al

Lemma 3.4.7. The central fiber h=1(0) of the Hilbert-Chow morphism h : Quot™ (A, OYf) —

AW endowed with reduced scheme structure, is isomorphic to @gﬁ; i the affine Grass-
mannian Grgr,. . Here wy = (1,0,---,0) is the first fundamental coweight of GLk.

Proof. The central fiber h=1(0) represents submodules of C[z]®X whose cokernels are finite
of length N and are supported at 0, so by formal gluing theorem [151, Tag 0BP2], h=*(0)
represents submodules of C[z]®% whose cokernels are finite of length N, this is @gf; O
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Proposition 3.4.8. The Hilbert-Chow morphism h : Quot™ (A, OI%K) — AWM s flat.

Proof. By the deformation theory, Quot™ (A, OflK ) is smooth of dimension NK. h™1(0),eq =

@gﬁ has dimension (K — 1)N, which equals to dim Quot™ (A, OF) — dim AW, thus h

is flat along h~*(0) by miracle flatness theorem [151, Tag 00R4]. Since flatness is an open
condition, h is flat in an open neighborhood of 271(0). Since Hilbert-Chow morphism
is proper, there is an open neighborhood U of 0 € A®) such that h|p-1@y is flat. Finally
h is equivariant under the C* action on A! which contracts A®) to 0, so the flatness is
transported from U to the whole AV, n

Proposition 3.4.8 provides a tool that reduces the computation of Euler character to
the central fiber. In effect, to compute x(Quot™ (A, OI%K ), F) for a locally free sheaf F,
we can apply C-localization to its derived pushforward Rh.(F):

X(AH(0), Flo-10))
N i
[Tie.(1—¢")

where in the last equation we use the proper base change (since F is flat over AY) by

Proposition 3.4.8), and the denominator comes from the tangent space of AN) at 0 which
has Cr-weights —1,--- , —N.

X(Quot™ (AY, OPF), F) = x(A™), Rh.(F)) = ) (3.39)

Proposition 3.4.9. The central fiber h™=(0) is isomorphic to @gﬁ; as a scheme.

Proof. In view of Lemma 3.4.7, the proposition is equivalent to that h=1(0) is reduced.
Since h is flat with domain and codomain being smooth, h~'(0) is a Cohen-Macaulay
scheme, therefore it is enough to show that A~1(0) is generically reduced. We claim that h
is smooth at the point zV“!. Assume that the claim is true, then h is smooth in an open
neighborhood of 2V, thus h~1(0) is generically reduced.

The claim follows from the deformation theory of Quot™ (A!, OFP). Namely, ifeq, - -, ex
is the basis of (’)‘%K , then z™*1 corresponds to short exact sequence

0— & — OflK —Q —0

such that £ is the subsheaf of Oi&K generated by zVeq, es,- -+, ex. Then the tangent space
of Quot™ (A, OFF) at 2NVer is

HOIl’loA\l (87 Q)

In particular, the tangent space contains Home,, (2 Ox1, Oy1 /2 Oy1) as a subspace, and
the latter projects isomorphically onto the tangent space of AMY) at 0. In particular, the
tangent map at zV“1 is surjective, thus h is smooth at zV«1. O
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Note that the restriction of the tautological line bundle Det to the central fiber A~(0)
is exactly the determinant line bundle O(1) on the affine Grassmannian. This enables us
to prove the aforementioned Lemma 3.4.1.

Proof of Lemma 3.4.1. 1t is well-known that the determinant line bundle O(1) on the affine
Grassmannian is ample [164], thus the restriction of the tautological line bundle Det to
the central fiber h=1(0) is ample. Since Hilbert-Chow morphism h is proper, there is
an open neighborhood U of 0 € AW such that Det|;-1(yy is ample relative to U. And
h is equivariant under the C* action on A' which contracts A®™) to 0, so the relative
ampleness is transported from U to the whole A®) ie. Det is relatively ample over
AWM Since AW is affine, Det on the Quot scheme Quot™ (Al OflK ) is ample. Since the
projection M*(N, K) — Quot™ (A', OFf) is a vector bundle, the pullback of Det, which
is the tautological line bundle on M*(N, K), is ample. ]

By the Lemma 3.4.1 and localization formula (3.39), we reduce the calculation to

2 (@ q,t) = x(MP(N, K), Det™)

1 > ——Nw; m *
i Dn >ty (Grgry, Sym™(V @ W*) @ O(n)),

(3.40)

m=0

. - . . ——N.
where V is the restriction of the universal quotient sheaf to GrGf;.

Remark 3.4.10. One can show that Quot™ (A, OFF) is isomorphic to @&’;XSN), defined as
the closure of Sym”™ (Gr** x A!) | a0 av-1 in the symmetrized Beilinson-Drinfeld Grass-
mannian of GLg on A®™) here AV—1 < AW embeds diagonally. Moreover the isomor-
phism is GLx x C7-equivariant and commutes with projections to AW);

Wi

N K K
Quot (Al,(’)f@ ) _— GI"GlLK’A(N)

T er

A@)

Here 7 is the structure map of symmetrized Beilinson-Drinfeld Grassmannian.

Furthermore, one can show that the Picard groups of M*(N, K) and Quot”™ (A, O?SIK )
are generated by the tautological line bundle, i.e.

Pic(M*(N, K)) = Pic(Quot™ (A", OF)) = Z - Det.
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3.4.11 Calculation on affine Grassmannian

It remains to do the calculation on affine Grassmannian for

——Nuwi

3 "X (Crert, Sym™(V © W*) @ O(n)) = x(Crar.., STV @ W) ® O(n)).

m=0

Here we use the notation S; (V@ W*) = ,,-t" Sym™ (V@ W*). To start with, note that
there is a convolution map on Grgr,:

1)0.)1 ——Nw1

. wi TV
m: Gregy, XGrgp,~ — Grgp,,

see appendix (B.12) for definition of the convolution product. The key property of the
convolution product is that

O = Rm, 0. (3.41)

See the proof of appendix B.2.5 for an explanation of this isomorphism. Here O is the
structure sheaves, we omit the subscripts labelling the domain and codomain, since the
meaning of the homomorphism is clear. In view of (3.41), we have

——Nwq

\(@rgrn, StV @ W) @ 0(n) = x (Gréy, xCrar, ™, Stm'V @ W) & 0(n))

Let us write Vy for V to indicate the rank of the gauge group.

Lemma 3.4.12. m*Vy is an extension of p*V; by the twist of V_1, denoted by 9]\;,1, i.e.
there 1s a short exact sequence
0— 171\/—1 — m"Vy — p* V1 — 0.

1w

Here p - Gr“élLK Q@g\;{ — @Z{’; is the projection to the first component map, and

- GLn(0)
Vn_1 is the sheaf GLK(K) X  Vn_1.

Proof. Vy is the universal quotient of C[2]®%. Denote the kernel by Ly. Then the pullback

of Vi to the twisted product Greg, Q@g{?)“ is by definition the extension of V; by Vy_1,
except that in the definition of Vy_; the free module C[z]®¥ is replaced by L; (this is the
meaning of twist). O
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Note that V) is of rank one, so it is by definition the determinant line bundle O(1) on the
affine Grassmannian Grgr,, restricted on Grgp . The convolution map easily generalizes
to multiple copies of Grgr,:

. w3 T (w1 e
m: Grey X - XGrg . — Grgp,,

and we can apply Lemma 3.4.12 recursively and see that m*Vy is a consecutive extension
of (twisted) O(1). Since we only care about the Euler character, we can forget about the
extension structure and focus on the K-theory class, in other words, we have:

X(Crar, St (V@ W*) @ O(n))
—(Gréy X - XGrey LS (0(1) +O(1) + -+ 0(1) @ W*) @ (O(n)R- - - KO(n)))
=S T (G, X KGO + n)R- ROy + 1) x(SH1(W)) - x(SHY (W)).

(3.42)

Here the summation is over arrays ju = (1, - -, ) € Zy, [p| = 3o, s, and x (S*(W*))
is the GLj-equivariant K-theory class of the k’th symmetric tensor product of W*, where
W is the fundamental representation of GL. It is well-known that x (S*(W*)) = sy (z71),
where s () is the Schur polynomial of the partition (k). Finally, the remaining part of

the computation, which is the character of O(p; +n)X - - - KO(puy +n), is related to a well-
understood family of symmetric functions, the transformed Hall-Littlewood polynomial.
In fact we have

X(Grey X -+ XGrey Oy + )X -+ KO(uy + 1)) = H,y (v (239). (3.43)

where H,(7;q) is the generalized transformed Hall-Littlewood polynomial of the array
p+(n") (see (B.6)). For the derivation of this formula, see Corollary B.2.4 in the appendix.

3.4.13 N — oo limit

Recall that C[M(co, K)| is the subalgebra of lim C[M(N, K)| generated by TCEZ”) and
N

Tr(B™), for all n,m € Z>p and 1 < a,b < K (Definition 3.3.1).

Lemma 3.4.14. C[M(oo, K)] contains all T x C x C; eigenvectors in lim C[M(N, K)],

N
where T' C GLg is the maximal torus.
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Proof. We claim that for fixed n € Z, the dimension of C;-weight n space of CIM(N, K]
stabilizes when N > 0, more precisely there exists N such that for all N' > N the
kernel of CIM(N', K)] — C[M(N, K)] has Cx-weights > n. To see why this is true,
we take N such that L GLgx x L, GL; € M(N,K) (N can be (n + 1)K according to
the proof of Theorem 3.3.4), then ker(C[M(N’, K)] - C[M(N, K)]) is a subquotient of
ker(C[L~GLg x L= GLy] - C[L, GLk x L, GL;]), and the latter is an ideal generated by
elements of C;-weights greater than n.

Now assume that a € imC[M(N, K)]is a T'x CX x C;* eigenvector, and let its CX be n.

N
Then there exists N such that for all N’ > N the kernel of CIM(N', K)| - C[M(N, K)]
has CX-weights greater than n. Consider the image of a in CIM(N, K)], denoted by @,
and take a T' x C* x C;-equivariant lift of @ along the projection C[L™GLg x L™GL1] —
CIM(N, K)], and we denote the lift by a', then a — a’ has C)-weight n and is zero in
C[M(N, K)], thus a — @ is in the kernel of CIM(N’, K)] - C[M(N, K)] for all N’ > N,
which forces a = o' in CIM(N’, K)] because of weight consideration, therefore a = a’ in
lim CIM(N, K)]. O
N

Proposition 3.4.15. The Hilbert series of C[M (o0, K)| equals to the N — oo limit of
Hilbert series of CIM(N, K)], i.e.

1 ) _ _
lim Z tlﬁlHﬁ(.CE; q)s(ﬂl)(x 1) e S(MN)('T 1) (3'44)
=

Moo FOT= (o i

Proof. The N — oo limit of Hilbert series of C[M(N, K)] enumerates T'x C; x C;* eigen-
vectors in lim C[M (N, K)], which is the same as 7' x C x C;* eigenvectors in C[M (oo, K],

N
by Lemma 3.4.14. [

On the other hand, C[M (oo, K)] is freely generated by v, B, Tr(B™), which makes
its Hilbert series easily computed by

PE ((t +tq+tq> + - )x(glk)) PE(g+ ¢* + - ). (3.45)
Here x(gly) is the character of the adjoint representation of GLg, and PE is the plethestic

SAad ((IJ)
hk(z)
is the Young tableaux corresponding to the adjoint representation of SLg, and hg(x) =

T1%o -+ - T . Moreover,

exponential. Note that y(glx) can be written as a symmetric function 1+ where A\ 4

[e.9]

PR 44+ =]

i=1

|
1—¢  (¢:@)s0
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Compare equation 3.44 with 3.45, we get the following interesting equation, which we do
not know other way to prove.

Corollary 3.4.16.

i, 3 05 )5 ) s ) = PE (1 (14 2 )

Here \,4 is the Young tableauz corresponding to the adjoint representation of SLy, hx(z) =
r1%o - T, and PE is the plethestic exponential.

3.5 Quantization of M(N, K)

In this section we study the quantization of M(N, K), namely we quantizes the Poisson
structure (3.20) to the commutation relation:

[withgbj} = hfsabéija [Bme qu] = h(apanq - 6qupn>7 [BmTHEbj] = {anawia] = 0.
(3.47)

This is the algebra Uy(gly) ® Weyly ., and we define the quantized ring of functions on
the phase space Cy[M(N, K)] by the invariant part (Us(gly) ® Weyly )9V, Since GLy
is reductive, we have C;[M(N, K)]/(h) = C[M(N, K)]. Note that C;[M (N, K| possesses
a natural grading by setting

deg(v) = 0,deg(v)) = 1,deg(B) = 1,deg(h) = 1. (3.48)
Lemma 3.5.1. C,[M(N, K)] is flat over C[h].

Proof. Since Uy(gly) @ Weyly is flat over C[h], the subalgebra C,[M (N, K)] is h-torsion
free, thus it is also flat over C[A]. O

Remark 3.5.2. On the stable moduli M?®(N, K) there is a notion of quantized struc-
ture sheaf, namely, consider the completion of Uy(gly) ® Weyly, in the A-adic topol-
ogy, this allows us to localize it in the Zariski topology of the affine space Rep(NV, K),
and by taking GLy-invariant on the open locus of stable representations Rep®(N, K),
we get a sheaf of flat C[h]-algebras on M*(N, K), denoted by O Ms(N,K)- By construc-
tion we have (/D\MS(NJ()/(E/) = Opnen,k)- This sheaf is related to Cz[M(N, K)] as fol-
lows. By construction we have a natural homomorphism of algebras C,[M(N, K)] —
I'(M*(N, K),@MS(NJ()), which preserves the grading (3.48). On the other hand, by
Lemma 3.2.2 below, we have
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o H'(M*(N,K), @MS(N,K)) =0, for i > 0.
o I'(M*(N, K), @MS(NVK)) is a flat C[h]-algebra, which quantizes C|M (N, K)].

Since C;[M (N, K)] is generated by positive degree elements, we conclude that C,[M (N, K)]
is naturally identified with the subalgebra of homogeneous elements in I'(M?*(N, K), Ores (v k))-

Tég) = ,B™y, and Tr(B*) generate C[M(N, K)], so they generate Cp[M(N, K)] as
well, and it is easy to see that Tr(B¥) commutes with all elements in Up(gly) @ Weylyr,
therefore Tr(B*) is central. We denote by T,;(z) the power series expanded at z — oo:

n) —n— - 1
Tab(z) = Z Téb)z 1 = 60,1) —F’l?bam’l/}b.

n>—1

(%)
b

Proposition 3.5.3. The commutators between T,," are:
TP T =h > (1T - rgIT). (3.49)
i=—1

Proof. 1t is easy to see that (3.49) is equivalent to

1 1
10 1) = () T = (10T - T
We compute the left hand side of the above equation:
(o™ T = (T3 Tt ™) = Gamer (B s (BYrs] = [(BP )y (BT )1a]) it

= h@am@cr <Z(Bi_1)7’n(Bp+1+q_i)m8 - (BH_p)T’TL(Bq_i)mS) ¢bnwd8

i=1
q+1
_ h@amacr (Z(Bi—l)m(Bp—i—l—i—q—i)ms . (Bi—l—p—l)m(Bq—i-l—i)mS) Vinthas
i=1
- h@amacr ((Bp)rn(Bq)mS - (Bq)rn(Bp)ms) d}bnwd&
which is exactly the right hand side. O]

Remark 3.5.4. The commutators (3.49) is equivalent to the RTT equation

[Ta(u), Tea(v)] = " (Tep(u) Tag(v) = Tep(v) Taa(u)) - (3.50)

u—v
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The classical embedding M(L, K) — M(N, K) for L < N can be quantized as follows.
Consider the left ideal of Uy(gly) ® Weyly g generated by B;; and vy, for all L <i,j < N
and 1 < a < K, denote it by I? y, then Iy = (Up(gly) ® Weyly )5 N 1Y is a
two-sided ideal in (Un(gly) ® Weyly ) ““¥~*, where GLy_;, acts on indices L < i,j < N.
It is easy to see that

(Un(gly) ® WeleK)GLNfL = (Un(gly) @ Weyl ) @ IL.n

as vector spaces, thus Uy(gl,) ® Weyl, x = (Un(gly) @ Weylyg )"V /I . Restricting
to CHLM(N, K)] = (Un(gly) ® Weyly) ™, we get a map CyLM(N, K)] — C,M(L, K)
between graded algebras, and this quantizes the embedding M(L, K) — M(N, K). This
map is surjective because it is surjective modulo .

Theorem 3.5.5. For every N there is a surjective map of algebras
Ya(gli @ gh) := Ya(glx) ® Ya(gh) — Co[M(N, K)].

Here we define Y;(gly) as the algebra C[L~GL][h]. These maps are compatible in the sense
that for N > L the diagram

Yi(glx @ gly) —— Cu[M(N, K)]

T~ |

(%LA4(L7}(H
commutes. Moreover, the intersection of ideals of these maps is zero.

Proof. After quantization, we need to be careful about taking determinant. Instead of
taking coefficients in the characteristic polynomial of B, we use the natural generators
Tr(B*). More precisely, write C[L~GL;] = C[my, my, - - -], where m; is the function that
takes the value of a; in the power series 1 + >, a;z27" € L~GLy, and define the “power
sum” generators pi, ps,--- by -

Dn My,
o= —log {1+ — .
nz" og( z”)
n>1 n>1

We define the map Y;(gly) — C[M(N, K)| by p, — Tr(B"). Let the RTT generators of
Yi(glk) be T(u), and we define Y;(glx) — CiM(N, K)] by T(u) — T'(u). Then Yi(gly)®
Yi(gly) — Cx[M(N, K)] is surjective since it is surjective modulo A. The compatibility is
clear from construction. The intersection of kernels is zero because C,[M (N, K)] is flat
over C[h] and the intersection of kernels modulo % is zero. ]
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3.5.6 Another map from Y;(glx @ gl;) to C;[M(N, K)]

Recall that the phase space M(N, K) is actually a Hamiltonian reduction of (B, B_, 1, E)
by the moment map equation B, — B_ = ¢1). In the previous discussions we use the
convention B = B, so there is another set of generators 1) B* ¢ and Tr(B* ) of CIM(N, K)].
It is easy to see that the subalgebra in C[M(N, K')] generated by EB{&D is the same as the
subalgebra generated by 1 B* 1. However, the subalgebra generated by Tr(B%) is not the
same as the subalgebra generated by Tr(B*). This means that we have two distinct maps

from C[L~GL4] to CIM(N, K)].
After quantization, the commutation relation between B_ are
[B_ij, B-xt] = M6uB— kj — 6r;B—i1)-
Definition 3.5.7. The quantum moment map g : gly — Upn(gly) @ Up(gly) @ Weylyx is
((Eij) = Byij — B_ij — ih; + ANGy;. (3.51)

And the quantum Hamiltonian reduction (Uy(gly) @ Un(gly) ® Weylyg) /. GLy is defined
as the GLy invariant of Up(gly) ® Us(gly) ® Weyly x quotient by the left ideal generated
by p(gly). Denote the quantum Hamiltonian reduction by Ay k.

Obviously there are two isomorphisms between C;[M (N, K)| and Ay g, corresponding
to two set of generators which are packaged in the generating functions

1
U—B+ ’

¢b,7(u)=1—hTr( ! )

— 1
Tab(u) = Ogp + waml/}b, Z(u) =1-—"hTr (

1
u+ B_

Tab(”) = 5ab +Ea -+ B

The relations between two sets of generators are summarized in the next lemma.
Lemma 3.5.8.

(U)Tbc(_u) = 6aca (352)

Tab
Tyo(—u+ Kh) = KZ(u)Z(—u + Kh) (3.53)

Tab (U)
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Proof. First of all, we compute

_ — 1
Ta T C — Oqe C — p Yec
b(w)Toe(w) +¢, +B_¢ + Y- +¢b¢bw+B_¢
1
= 0, . . B, - B_ c
+ 4, —BJ” + 9, +B,w +1h, _B+< by i
1 1
— 3, »
Taking w = —u, we get Toy(u)The(—u) = 84.. Contracting with dq., we get
Ty () Tia(10) = K+ () T (i ) K4 ) Tr
ab\th/ £ bal0) = wrw w+B_ " u— By Rt w+ B_u— By
=K+ (u+w)T ! (B — B_) ! + h(u +w)T ! T !
B wrwI w+B_\ " u— By wr Wy w+ B_ ' u— By
1 1
— Kh T .
(u+w)Tr (w+B_u—B+)
Here the second equality follows from moment map condition. Taking w = —u + Kh, we

get

Top(W)The(—u+ Kh) = K <1 — RTr (u _1B+)) (1 — RTr <_u - ;m B_)) :

Recall that the quantum determinant of 7'(u) is defined as

K -1 K -1
qdetT'(u Z sgn(o) Ty (u + Th) - Tory k(U — —=—h). (3.54)

2
ceCk

It is proposed in [51] that quantum determinant of 7'(u) should be related to Capelli’s
determinant of B, we prove it in the next proposition.

Proposition 3.5.9. Let C (u) be the Capelli’s determinant of B

Co(u) =Y sgn(o)(u— (N =)A= Bi)oay - (u— Bp)on.n, (3.55)

ceGN

and similarly let C_(u) be the the Capelli’s determinant of —B_, then

NO-(—u+ E-Lh)

qdetT(u) = (—1) Colut Eip)

(3.56)
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Proof. Let f(u) = qdetT(u) - C4(u+ £:1h) /C_(—u + £-h), then compare the quantum
Liouville formula [124]:

qdetT'(u — 51 h)
qdetT (u — £+ R)’

Too(W)Tho(—u + Kh) = K (3.57)

with Lemma 3.5.8, we get f(u)/f(u—h) =1, so f(u) does not depend on u, thus f(u) =
limy oo fu) = (=17, ie. qdetT(u) = (-1)NC_(—u+ £2h)/Cy(u+ 5520). O

Now we have RTT generator T'(u) and its inverse T((—u), then the J-generators of the
Yangian for sl can be obtained from them, in fact one define B,,, = %(BJr + B_), and

ab —1/)(1 avrwba (358)

then are generators o and they act on as adjoint representation, an
hen J{) are g f gly and they J%,) as adjoint rep i d
h
ap) T ) = DOl i) = buady)) + 5 (T T TS = T IQ T (3.59)

The above commutation relation shows that J ég) = ab -1 5achc and J = é;)—%éach(cl)
generate the image of the subalgebra Y;(slx) C Yi(gl, & g[ ).

3.5.10 Defining ideal of C;[M(N, K)]

In this subsection we present some observations about the ideal of the quotient map

Yi(glg © gly) — Ci[M(N, K)].

Definition 3.5.11. Fix N, define a power series C(u) = 2V + " _ C,u™ " with coefficients

1—— — hz e )h). (3.60)

n>0

Here p,, are the power sum generators of Y;(gl;). Let RTT generator of Y;(gly) be T(u) =
1+ 50 Ty =71 and write the quantum minor of T(u) for row indices a = (a; < --- <
a;) and column indices b= (by < --- < b;) as

— 1 1—1
Z Sgn o(a1),b1 (u 2 ) T TU(ai)abi(U’ ) h) (361>
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Remark 3.5.12. Let C'(u) be the Capelli’s determinant of B, then by the quantum Newton’s

formula [124], we have
1 ~ C(u—h)
1—HH<U_B)__ o (3.62)

therefore the image of C(u) in C;[M(N, K)] is C(u). In the classical limit A — 0, C(u)
is the det(u — B), and C,, = (—1)"m,, mod h, where m,, are the generators of C[L~ GL;]
that take the value of a,, in the power series 1 + 2@1 a,z~ " e L~GL;.

Theorem 3.5.13. The kernel of Yi(glx @ gly) = Ci[M(N, K)] is generated by all coeffi-
cients for negative powers in u in the power series

iglmTM@m (3.63)

foralla= (a1 <---<a;),b=(by<---<b)andalll <i<K.

C(u), Clu+

Proof. First of all, we show that (3.63) are mapped to polynomials. For C(u), its image is
the Capelli’s determinant C(u) of B, which is a polynomial. Note that C(u) is known to be
noncommutative version of characteristic polynomial in the sense that C'(B) = 0 [124], thus
we have recursion relations: TCEZ”) + ZnNzl C’nT;Zn_n) = 0 for all m > N, which is equivalent
to that C(u)Ty(u) is a polynomial. It follows from (3.56) that C(u + E-1h)qdetT (u) is
a polynomial. Next we consider the embedding C;[M(N,i)|] — CyM(N,K)] by B — B
and ;s — jq, and ¢,; — ¢, ;. This implies that C(u + 52h)T, 4(u) are polynomials for
all a = (a3 <--- <a;) and all 1 <i < K. After taking commutators with Té,?) for various
indices a and b, we see that all coefficients for negative powers in u in the power series
C(u + S5+h)T,p(u) are h-torsion, and by the flatness (Lemma 3.5.1) they must be zero.
Thus we see that (3.63) are mapped to polynomials.

Next we show that the kernel of Yj(glx @ gly) — Ci[M(N, K)] is generated by all
coefficients for negative powers in u in the power series (3.63). By the flatness over C[A]
(Lemma 3.5.1), it suffices to show that they generate the ideal modulo 4. In fact, we
claim that the scheme defined by vanishing of those coefficients modulo A is reduced and
irreducible of dimension 2N K, this implies the result. To prove the claim, we write down
the image of (3.63) in the Drinfeld’s generators of Y (gl @ gl;):

A1 (u+ g")Am(u - g)

Z; 1h)Tz,z+(U)Ai(u)—1, Fi(u) = Clu + i—1

H;(u) = C(u)%

(3.64)

Ei(u) = Clu+

R)A;(u) ' T, (w),  (3.65)
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Figure 3.3: The quiver diagram for the Higgs-branch description

where 1 <i < K —1, Ag(u) =1, Aj(u) = Clu+ 5EA)Tii(u), i= (1 <--- <i) and i" =
(1 <---<i—1<i+1). Compare this formula with [18, Corollary B.17] we conclude that
the quotient of Y (gl @ gl;) by the ideal generated by all coefficients for negative powers
in u in the power series (3.63) is the truncated Yangian Y2 [mE, .- m& mf ... mf],
for sl , where A = w1 +wg_1 and w; is the i’th fundamental coweight of sl , and the mass
parameters W (u) = [], (u — mF), Wr(u) = [TV, (u — m[) are identified through

(2

1 K
Wi (u) = Clu — 5h), Wg(u) = (~1)NC_(—u + 7h). (3.66)
. NAr L L ,.R R SVVAALS Sy VAL .
Since Y5~ [my, -+ ,my,my', - - myln/(h) = CWyg,.| and Wg . is a reduced and ir-
reducible scheme of dimension 2N K, the theorem follows. O

Remark 3.5.14. We actually find an explicit S-duality isomorphism between quantized
Higgs branch of the 3d N’ = 4 gauge theory associated to the quiver in Figure 3.3 and the
quantized Coulomb branch of the 3d N' = 4 gauge theory associated to the quiver in Figure
3.4. The generator A;(u) for 1 <i < K — 1 are mapped to Hivzl(u — h — w;,), where w;,
is the 7’'th equivariant parameter of the i’th gauge node. The subalgebra of C;[M (N, K)]
generated by A;(u) for 1 <i < K — 1 is known as the Gelfand-Zeitlin subalgebra.

3.5.15 Quantized coproduct

It is well-known that truncated Yangian has coproduct

(Ni+N2)A( L R R
A YE) [ml y s N Ny T 7mN1+N2]h (3'67)
Nidr [ L R R NoAr [, L R R
YO [m1>"' y TN Ty e ,le]h ®(C[ﬁ] YE) [mN1+17"' s TN 4 Ny TN 1157 7mN1+N2]h
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K — 1 gauge nodes
A

N N

Figure 3.4: The quiver diagram for the Coulomb-branch description. The corresponding
gauge theory is mirror-dual to the one described by the quiver in Figure 3.3.

which is compatible with the coproduct on Y;(slx). In the RTT generators, we can write
the coproduct explicitly as

A(Tap(w) = Tae(u) © Tep(u), A(C(u)) = Cu) ® Cu). (3.68)

or equivalently

A(Tap(u) = Tep() @ Tae(u), A(C-(u)) = C_(u) ® C_(u). (3.69)

Note that this coproduct is a map of Y (gl @ gly)-bimodules.

An interesting feature of this coproduct is that it does not comes from a truncation of
coproduct for Yy (glx @ gly). In fact (3.62) together with (3.68) implies that 1 — ATr (—15)
is group-like, and we compute that A(Tr(B)) = Tr(B) ® 1 + 1 ® Tr(B) — AN1Ny. The
rank of the truncation explicitly enters the coproduct formula, this means that we need
to upgrade the rank N into a variable in the large N limit. Namely we define the C[A]-
bialgebra Y; s(glx @ gly) as the Yangian extended by central element 0, i.e. Yz(gl, @ gly)[d],
and the coproduct

A(Tap(1)) = Taelu) @ Top(u), A() =621 +1® 8, (3.70)
n—1
Apn) =pn®1+1@py —h Y pi®paoi,
=0

where p,,,n > 0 are the power sum generators of Y;(gl;) and py := §, and the counit

(Tap(t1)) = Sup, €(pn) = €(6) = 0. (3.71)
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Under the natural quotient map Y s(glxy & gl;) — CupM(N, K)] defined as T(u) —
T(u),pp — Tr(B™),0 — N, the coproduct (3.70) truncates to (3.68).

Motivated by (3.60), we define power series A(u) = 14> _ A u™", A, € Yy s5(gl;) by

-6
Y g) e

Then the second line of (3.70) can be written in a compact form

A(A(u)) = Au) @ A(u). (3.73)
In fact Y, 5(gl, @ gl,) is a C[h]-Hopf algebra with antipode S

S(T(u) = T~} (w), S() = —6, S(Aw)) = A~} (u). (3.74)

3.5.16 Quantized phase space and Coulomb branch algebra

In this subsection we give a conceptual understanding of the identification between the
quantized phase space C;[M (N, K)] and Coulomb branch algebra associated to the quiver
in Figure 3.4.

Given a quiver @, we denote by A%(Q) the quantum Coulomb branch algebra associated
to the quiver () with all mass deformation turned on [18], i.e.

A}LCL'(Q) — HSKGL(V)O><GL(I/V)O)><1(CX (R),

see [18] for more details.

Example 3.5.17. 1t is known that the quantum Coulomb branch algebra of the quiver of
Figure 3.5 is the Weyl algebra Weyly g ny. Its classical limit is the generalized transverse

slice W;\U?J(A*N), where Ay is the N’th fundamental coweight of GLy(x4n) and wy is the
longest element of the Weyl group of GLy(xin) and Ay = —wo(Ay). The projection
GLy(k+m)(2) — GrGLN(K . identifies W;JOV(A*N) with the cotangent bundle of the orbit
Usy - 2, where Uy, is the unipotent group whose Lie algebra is the —1 eigenspace of
AN

Ezxample 3.5.18. The 3d N = 4 gauge theory associated to the following quiver
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K + 1 gauge nodes
A

O~ =D~ -0

Figure 3.6: The quiver diagram of 7 [SU(N)] theory.

is known as T[SU(N)], its Coulomb branch algebra is isomorphic to Ux(gly). An explicit
way to see this isomorphism is by looking at the evaluation representation of Y;(gly) :
Tij(u) — ;5 + %, where E;; are the generators of Uy(gly) satistying relations [E;;, Ex] =
R0, Ey — duEy;). Define

— -1
n23h)'”(u_n

—1
An() = Ty (@), ul o= (u+ 2R (u +

2 ).

where T, ,,(u) is the quantum determinant of the submatrix of T(u) consisting of first n
rows and first n columns. Write A, (u) = u™+3) ., APyn=i | then the kernel of Yi(gly) —

Un(gly) contains A%p ) for all p > n and for all 1 <n < N. In the Drinfeld generators, we
have

A (u+ %’)Aml(u + g)

Hou) = A () Ay (u + h)

, 1<n<N-—-1, Ay(u) = 1.

Compare with [18, Corollary B.17] we conclude that the quotient of Y;(gly) by the ideal
generated by A%p ) for all p > n and for all 1 < n < N (and invert % if possible) is the
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— [mq, -+ ,my]p for sly, where wy_1 is the (N —1)’st fundamental
coweight of sly, and the mass parameters W (u) = va (u—m;) are identified as W (u) =

An(u + h). [my,- -+ ,mp]p is the function ring of W%,
which is reduced and irreducible of dimension N2. On the other hand, the classical limit of

Un(gly) is the function ring of gly, which has dimension N? and embeds into W gﬁv - as

a closed subscheme, thus Uy(gly) is isomorphic to the Coulomb branch algebra of quiver
in the Figure 3.6, argued in the same way as Theorem 3.5.13.

Recall that balanced subquiver Q" C @ is formed by those edge-loop-free nodes i € Q,
such that 2dimV; = dim W, + Zj a;; dim V; where a;; is the number of edges between ¢
and j. It is well-known that Q" is a union of finite ADE quivers, unless Q" is a union of
connected components of @ of affine type with zero framing on them. It is shown in [I§]
that if it is not the latter case then the corresponding ADE group, denoted by Ebal, acts
on the Coulomb branch algebra A% (Q), such that the infinitesimal action is generated by
%[Hi(l), o, %[Ei(l), o, %[Fi(l), o] for those i € Qb
FExample 3.5.19. In the case that @) is of ADE type with gauge dimension vector v and
flavour dimension vector w, the classical Coulomb branch M¢(Q) is the Poisson variety

me where A = Zz‘er Wi, i = A — Zz‘er vy, \* = —wp(N), \; are fundamental
coweights and «; are fundamental coroots and wy is the longest element in the Weyl group

of G. It is shown in | Example A.5] that L action can be identified with the natural

action of Stabg(u*) on W . when g is dominant. This holds for general p. In fact we can
take a dominant v such that <V &;) = 0,Vi € Q¢ and p + v is dominant, then the shift

map o, : (C[W/\ i | — (C[W .] commutes with the action of Stabg(p*) C Stabg(p*+v%).

v
Since i~ is Poisson and preserves E; 1) ,F, ) H ) fori € Qb it follows that the action of
L constructed in [19, Proposition A 3] ommutes Wlth the shift map. Since the action of

L3 agrees with the natural one for Stabg(p*) on Wu +V*, and the shift map is birational
and equivariant for both of actions, these two actions agree on Wu* as well.
Remark 3.5.20. Suppose that there is another action of L on AL(Q) which acts trivially

on h, not necessarily the one constructed in [19, Appendix A}, such that these two actions
agree after modulo h and mass parameters (generators of Hg yy(pt)), then these two

actions must agree on AL (Q). In fact A%L(Q) is a flat deformation of AL(Q)/(h, mass) and
the deformation spaces of modules for reductive group are trivial.

Consider a quiver () containing following part
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Figure 3.7: The quiver Q).

Then A%(Q) admits an action of SLy, and also a grading (C* action) coming from
mo(Grar, ) which commutes with the SLy action, thus AL(Q) admits an action of GLy.
Denote the following quiver by @’

.
N

Figure 3.8: The quiver Q.

then we have

Lemma 3.5.21. AL(Q") = AL(Q)CM.

Proof. Consider the affine Grassmannian Grgr, and denote by Ag (resp. Ag/) the ring
object in Dgr,y 0yxcx (Grary ) coming from pushing forward of the dualing complex on the
BEN space of triples corresponding to quiver gauge theory @ (resp. @’), see [19]. Then we

!
have Ag = Ar ® Ao [19], where Ap is the regular ring object with a natural GLy action
(which is called the right action in [19]). Therefore we have

! !
AL(Q)™ = Hgyp (o) wex (Gravy, Ar © Ag )™ = Hgyp | 0y uex (Grawy, 1Co © Agr)
= EXt*GLN(O)N(CX (IC(h AQ/) = A}é(Q/)
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Ezample 3.5.22. In the example of Weyly kv StabSLN(MN)(wO()\}*V)) = SLy X SLyyx
acts on Weyly iy = Diff,(CY @ CE*+N) naturally via regarding CV as fundamental
representation of SLy and CX+¥ as antifundamental representation of SLx x, and modulo
hi the action becomes the natural one on the cotangent bundle of the orbit Uy, - 27*¥ thus
by the above remark we see that the action of LP = SLy x SLy,x on Weyly(kiny 18
the natural one described above. Moreover the grading coming from my(Grgr, ) is that
deg E](\I,D) = —1,deg F](Vp) = 1, and this grading enlarges the action of SLy x SLyix to
the action of GLy x GLyyx on Weyly g,y = Diffi(CY ® C**V) via regarding CV
as fundamental representation of GLy and CX*¥ as antifundamental representation of
GLg4n-

Applying Lemma 3.5.21 to the quiver in the Figure 3.5 with K = 0, then we see that
Un(gly) = WeylgI;N , which is nothing but the free field realization of Uy(gly). Then it
follows that Cs[M (N, K)] = Weyl%%ﬁij%fv where the action comes from the restriction of
GLy X GLyy g to GLy X GLy. Apply Lemma 3.5.21 again, followed by removing the edge
between flavours as it has no effect on Coulomb branch, we see that C,[M (N, K)| is the

Coulomb branch algebra of the quiver in Figure 3.4.

Remark 3.5.23. Apply Lemma 3.5.21 to the quiver in the Figure 3.6 with N replaced by
N + K, and we see that

A
Uﬁ(g[NJrK)GLN = Ybf[mf, te 7m%7 mllqa te 7mﬁ+K]ﬁ7

where the right-hand-side is a truncated Yangian for slx and A = Nw; + (N + K)wg_;.
This is known as the centralizer construction of Yangian in the literature [124].
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Chapter 4

5d Chern-Simons Theory with Line
and Surface Defects

In [35], Costello and Li developed a beautiful formalism, which prescribes a way to topo-
logically twist supergravity. Combining with the classical notion of topological twist of
supersymmetric quantum field theory [156, ], we are now able to explore a topo-
logical sector for both sides of AdS/CFT correspondence. It was further suggested in
[28] a systematic method of turning an Q-background, which plays an important roles
[131, 2, , , , | in studying supersymmetric field theories, in the twisted super-
gravity.

Topological twist along with (2-deformation enables us to study a particular protected
sub-sector of a given supersymmetric field theory [134, , D, |, which is localized not
only in the field configuration space but also in the spacetime. Interesting dynamics usually
disappear along the way, but as a payoff, we can make a more rigorous statement on the
operator algebra.

The topological holography is an exact isomorphism between the operator algebras of
gravity and field theory. In this chapter, we will focus on a particular example of topologi-
cal holography: the correspondence of the operator algebra of M-theory on a certain back-
ground parametrized by €7, €5, which localizes to 5d non-commutative GLx Chern-Simons
theory with non-commutativity parameter €5 !, and the operator algebra of the worldvol-
ume theory of M2-brane, which localizes to 1d topological quantum mechanics(TQM). In

!The 5d CS theoriy that appears in this thesis is always meant to be a certain variant of the usual 5d
CS theory with a topological-holomorphic twist and with non-commutativity turned on in the holomorphic
directions.
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particular, [29] proved that two operator algebras are Koszul dual [29] to each other.

The important first step of the proof was to impose a BRST-invariance of the 5d
GLg CS theory coupled with the 1d TQM. 5d CS theory is a renormalizable, and self-
consistent theory [341]. However, in the presence of the topological defect that couples
1d TQM and 5d CS theory, certain Feynman diagrams turn out to have non-zero BRST
variations. For the combined, interacting theory to be quantum mechanically consistent,
the BRST variations of the Feynman diagrams should combine to give zero. This procedure
magically reproduces the algebra commutation relations that define 1d TQM operator
algebra, A, .,. Intriguingly, one can extract non-perturbative information in the protected
operator algebra from the perturbative calculation.

In fact, both the algebra of local operators in 5d CS theory and the 1d TQM opera-
tor algebra A, ., are deformations of the universal enveloping algebra of the Lie algebra
Diff,, (C) ® gl over the ring C[e;]. Deformation theory tells us that the space of deforma-
tions of U(Diff.,(C) ® gly) is the second Hochschild cohomology HH?(U (Diff,, (C) ® gly)).
Although this Hochschild cohomology is known to be hard to compute, there is still a
clever way of comparing these two deformations [29]: notice that both of the algebras
are defined compatibly for super groups GLkg|r, and their deformations are compatible
with transition maps GLx 4 gr — GLk4R+1/Rr+1, 50 there are induced transition maps be-
tween Hochschild cohomologies HH?(U (Diff,,(C) ® Ok ri1Re1)) — HH?(U (Diff,(C) ®
olk i rir)), hence the equivalence class of deformations are actually elements in the limit

P}LHQOHHQ(U(Diffeg (C) @ gl ipr) (4.1)

and the limit is well-understood 2, it turns out that the space of all deformations is essen-
tially one-dimensional: a free module over C[x| where k is the central element 1 ® Idg.
Hence the algebra of local operators in 5d CS theory and the 1d TQM operator algebra
are isomorphic up to a k-dependent reparametrization

B Z fi(k)H (4.2)

where f;(k) are polynomials in k.

Later, in [70] the same algebra with K = 1 was defined using the gauge theory approach,
and a combined system of M2-branes and M5-branes were studied. In this case the algebra
of observables A on M2 brane is isomorphic to the 1-shifted affine Yangian of gly [155, ,

2The actual computation in [29] is more subtle, and will not be used in this work.
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, 09, 60], and the algebra of observables W, on M5 brane is isomorphic to the affine
Yangian of gl; [113, 64, |. Importantly, the algebras have three parameters €, €, €3,
which are the parameters of Omega deformations turned on three complex planes as a part
of the eleven-dimension supergravity background. Depending on the orientations of the
M2 branes(extending over one of the three complex planes) and the M5 branes(extending
over two of the three complex planes) on the three Omega deformed planes, the description
of the theories on the membrane worldvolume changes; however, both of A and W, have
triality [70, 72, 63] under the cyclic permutation of the deformation parameters.

Crucially, [70] noticed GL; CS should be treated separately from GLj CS theory with
K > 1, since the algebras differ drastically and the ingredients of the Feynman diagram
are different in GL; CS, due to the non-commutativity. As a result, operator algebra
isomorphism should be re-assessed.

Our work was motivated by the observation, and we will solve the following problem
in a part of next three chapters.

e The simplest algebra A, ., commutator, which has €; correction.
The problem will be solved by two complementary methods:

(1) Calculation by algebraic method, which is done in chapter §5.

(2) Using Feynman diagrams whose non-trivial BRST variation lead to the commutator,
which is done in section §4.2.

At this point, one may wonder about the algebraic structure of a network of M2 and
M5 branes extending over different complex planes. In [70], the authors conjectured a
fusion of A’s and interpreted an end of M2 branes on M) branes as a degenerate module
of a truncated version of Wy, [72]. Moreover, recently the authors of [73] discovered a
full algebraic structure governing intersecting M2-M5 branes. Key algebraic relations used
to assemble the elements of the brane system are A4 4, Aaw.., Aw, .., coproducts of
A and W,,. They are induced by properly defined fusions of M2 and M5 branes. The
strategy of [73] was to use a free field realization of both A and W, algebras. This is the
boundary field theory derivation in the context of the twisted M-theory.

One of the objectives of the section §4.3 is to reproduce the coproducts of the M2-M5
brane system by a perturbative computation in the gravity side of the twisted M-theory. By
the gravity side of the twisted M-theory, we mean the 5d topological holomorphic Chern-
Simons theory, which is obtained as a result of localization of the Omega deformed twisted
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M-theory. The philosophy of our approach is simple to state. By probing the entire theory
enriched with defects using the perturbative method®, we will decode the non-perturbative
algebraic structure of the defects.

We interpret the coproduct Ay 4: A — A® A as a fusion of two Wilson lines and the
coproduct Ay w. : Wa — We @ Wy as a fusion of two surface defects, and compute
the OPE of both defects in the 5d Chern-Simons theory background. Importantly, the
quantum corrections in the coproduct relations are captured by 1-loop Feynman diagrams
in the perturbation theory of the 5d Chern-Simons theory coupled with the defects.

Consistent with the logic under [73], which was used to explain the mixed coproduct
Aaw, + A— AR Wy, we will impose gauge invariance of the intersecting M2, M5 brane
configuration coupled to the 5d Chern-Simons theory, and reproduce the mixed coproduct.
Again, the quantum corrections in the A — A ® W, coproduct are captured by 1-loop
Feynman diagrams in the 5d Chern-Simons theory that have vertices on both kinds of
defects.

4.1 Twisted holography via Koszul duality

Twisted holography is the duality between the protected sub-sectors of full supersymmetric
AdS/CFT [118, 90, |, obtained by a topological twist and 2-background both turned
on in the field theory side and supergravity side. The most glaring aspect of twisted holog-
raphy? is an correspondence between operator algebra in both sides, which is manifested
by a rigorous Koszul duality. Moreover, the information of physical observables such as
Witten diagrams in the bulk side that match with correlation functions in the boundary
side is fully captured by OPE algebra in the twisted sector [71].

This section is prepared for a quick review of twisted holography for non-experts. The
idea was introduced in [35] and studied in various examples [28, 29, 98, 31, 70, 37] with or
without Q-deformation. The reader who is familiar with [28] can skip most of this section,
except for §4.1.2, §4.1.3, and §4.1.9, where we set up the necessary conventions for the rest
of this paper. These sections can be skipped as well, if the reader is familiar with [70].
Also, see a complementary review of the formalism in the section 2 of [70)].

3A similar set-up but using a non-perturbative method to find the algebraic data of a coupled system
can be found in the bootstrap program for a BCFT, for instance [113].

4A similar line of development was made in [15, ], using twisted Q-cohomology, where Q is a
particular combination of a supercharge @ and a conformal supercharge S [6]. In the sense of [134], Q-
cohomology is equivalent to Qv -cohomology, where Qv is the modified scalar supercharge in Q2-deformed
theories.
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After defining the notion of twisted supergravity in §4.1.1, we will focus on a particular
(twisted and Q-deformed) M-theory background on R; x C x C,, x C, x C,,, where NC
means non-commutative, and ¢; stands for Q-background related to U(1) isometry with
a deformation parameter ¢; in §4.1.2. N M2 branes extending R; x C,, leads to the field
theory side. As we will explain in §4.1.3, a bare operator algebra isomorphism between
twisted supergravity and twisted M2-brane worldvolume theory is given by an interaction
Lagrangian between two systems. Due to this interaction, a perturbative gauge anomaly
appears in various Feynman diagrams, and a careful cancellation of the anomaly will give
a consistent quantum mechanical coupling between two systems. Strikingly, the anomaly
cancellation condition itself leads to a complete operator algebra isomorphism, by fixing
algebra commutators. This will be described in section §4.2. To discuss holography, it is
necessary to include the effect of taking a large N limit and the subsequent deformation in
the spacetime geometry. We will illustrate the concepts in §4.1.8. In §4.1.9, we will explain
how to introduce M5-brane in the system and describe the role of M5-brane in the gravity
and field theory side. In short, the degree of freedom on Mb-brane will form a module of
the operator algebra of M2-brane. Similar to the M2-brane case, the anomaly cancellation
condition for M5-brane uniquely fixes the structure of the module.

4.1.1 Twisted supergravity

Before discussing the topological twist of supergravity, it would be instructive to recall the
same idea in the context of supersymmetric field theory and make an analog from the field
theory example.

Given a supersymmetric field theory, we can make it topological by redefining the
generator of the rotation symmetry M using the generator of the R-symmetry R.

M =M+R (4.3)

As a part of Lorentz symmetry is redefined, supercharges, which were previously spinor(s),
split into a scalar (), which is nilpotent

Q* =0, (4.4)
and a 1-form @,. Because of the nilpotency of (), one can define the notion of Q-

cohomology.

Following anti-commutator explains the topological nature of the operators in Q-cohomology:
a translation is Q-exact.

{Q7 Qu} = PM (45)
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To go to the particular Q-cohomology, one needs to turn off all the infinitesimal super-
translation €g except for the one that parametrizes the particular transformation dq gen-
erated by Q.

More precisely, if we were to start with a gauge theory, which is quantized with BRST
formalism, the physical observables are defined as BRST cohomology, with respect to some
®srst. The topological twist modifies (JgrsT, and the physical observables in the resulting
theory are given by QQprgp-cohomology.

Qprst = @BRST + @ (4.6)

As an example, consider 3d ' = 4 supersymmetric field theory. The Lorentz symmetry
is SU(2) and R-symmetry is SU(2)y x SU(2)¢, where H stands for Higgs and C stands for
Coulomb. There are two ways to re-define the Lorentz symmetry algebra, and we choose
to twist with SU(2)¢, as this will be used in the later discussion. In other words, one
redefines

M' =M + R¢ (47)

The resulting scalar supercharge is obtained by identifying two spinor indices, one of
Lorentz symmetry a and one of SU(2)c R-symmetry a

aa — Qaa (4.8)

and taking a linear combination.
Q=0Q+0Qp (4.9)
This twist is called Rozansky-Witten twist [119] and will be used in twisting our M2-brane

theory.

One way to start thinking about the topological twist of supergravity is to consider a
brane in the background of the “twisted” supergravity. If one places a brane in a twisted
supergravity background, it is natural to guess that the worldvolume theory of the brane
should also be topologically twisted coherently with the prescribed twisted supergravity
background.

Given the intuition, let us define twisted supergravity, following [35]. In supergravity,
the supersymmetry is a local (gauge) symmetry, a fermionic part of super-diffeomorphism.
As usual in gauge theories, one needs to take a quotient by the gauge symmetry, and
this is done by introducing a ghost field. As supersymmetry is a fermionic symmetry,
the corresponding ghost field is a bosonic spinor, q. Twisted supergravity is defined as
supergravity in a background where the bosonic ghost ¢ takes a non-zero value.
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It is helpful to recall how we twist a field theory to have a better picture for presum-
ably unfamiliar non-zero bosonic ghost. One can think the infinitesimal super-translation
parameter e that appears in the global supersymmetry transformation as a rigid limit
of the bosonic ghost ¢q. For instance, in 4d N = 1 holomorphically twisted field theory
[133, , 25, 150], with Q paired with e, , the supersymmetry transformation of the bottom
component ¢ of anti-chiral superfield ¥ = (¢, ), F') transforms as

S¢p =€, 6 =ie 0p+ie_0p+ eF (4.10)
As we focus on Q-cohomology, we set e, = 1, . = € = 0, then the equations reduce into
5o =0, 6 =1i0¢ (4.11)

In the similar spirit, in the twisted supergravity, we control the twist by giving non-zero
VEV to components of the bosonic ghost gq.

Indeed, [35] proved that by turning on non-zero bosonic spinor vacuum expectation
value \¢ —# 0 with anZ‘qu = 0 for a vector gamma matrix, one can obtain the effect of
topological twisting. We can now compare with the field theory case above (4.4): Q* =0
with ) # 0. One can think of ¢ as a rigid limit of g.

The operator algebra of twisted type IIB supergravity is isomorphic to that of Kodaira-
Spencer theory [11]. The following diagram gives a pictorial definition of the two theories,
which turned out to be isomorphic to each other.

Type 1IB String Theory i

™
~
~

String field limit ™| Type IIB Supergravity

hY
Topological\\
Twist

\
b

Topologicat-_
) . Twist ~—
B-model Topological String Theory ™ Twisted IIB Supergravity

i

.

String field limit~_

/

Kodaira-Spencer Theory

Figure 4.1: Starting from type IIB string theory, one can obtain the same theory by taking
two operations 1. String field limit, 2. Topological twist, in any order.
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Notice that the topological twist in the first column of the picture is the twist applied
on the worldsheet string theory®, whereas in the second column is the twist on the target
space theory.

Lastly, there are two types of twists available: a topological twist and a holomorphic
twist, and it is possible to turn on the two different types of twists in the two different
directions of the spacetime. The mixed type of twists is called a topological-holomorphic
twist, for example, [106]. Different from a topological twist, a holomorphic twist makes
only the anti-holomorphic translation to be Q-exact; after the twist we have ) and @,
such that

{Q.Q.}=0: (4.12)
Hence, the holomorphic translation is physical(not Q-exact), and there exist non-trivial
dynamics arising from this. [35, 28] showed that it is possible to discuss a holomorphic

twist in the supergravity. It is important to have a holomorphic direction to keep the
non-trivial dynamics, as we will later see.

4.1.2 (-deformed M-theory

Similar to the previous section, we will start reviewing the notion of {2-deformation of
topologically twisted field theory. To define {2-background, one first needs an isometry,
typically U(1), generated by some vector field V' on a plane where one wants to turn on
the Q-background. ()-deformation is a deformation of topologically twisted field theory.
Physical observables are in the modified (), cohomology, which satisfies

Qi = Ly, where Qy = Q +ivuQ, (4.13)

where Ly is a conserved charge associated with V| and iy« is a contraction with the vector
field V#, reducing the form degree by 1.

As the RHS of (4.13) is non-trivial, @y cohomology only consists of operators, which
are fixed by the action of Ly such that Ly O = 0. Hence, effectively, the theory is defined
in two fewer dimensions, if the isometry group is U(1). More generally, one can turn
on ()-background in the n planes, and the dynamics of the original theory defined on
D-dimensions localizes on D — 2n dimensions.

5We thank Kevin Costello, who pointed out that the arrow from Type IIB string theory to B-model
topological string theory is still mysterious in the following sense. In Ramond-Ramond formalism, as the
super-ghost is in the Ramond sector and it is hard to give it a VEV. In the Green-Schwarz picture surely
it should work better, but there are still problems there, as the world-sheet is necessarily embedded in
space-time whereas in the B model that is not allowed.
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[28] proposed a prescription for turning Q-background in twisted 11d supergravity; we
need a 3-form field eC', along with U(1) isometry generated by a vector field €V, where €
is a constant, measuring the deformation. Similar to the field theory description, in this
background(Ag —, C # 0), the bosonic ghost ¢ squares into the vector field, €V to satisfy
the 11d supergravity equation of motion.

¢* = ¢a(T*?) g8 = €V, (4.14)

The Q-background localizes the supergravity field configuration into the fixed point of the
U(1) isometry. From now on, we will call Q-background with parametrized by ¢; as €,
background. More generally, one can turn on multiple (.,-backgrounds in the separate
2-planes, which we will denote as C,,.

The twisted and 2-deformed 11d background that we will focus in this paper is
11d SUGRA (Rt X (Cel X TNK;62,53>topological X (Cz X (Cw)holomorphic (415)

where T'N.c, ¢, 1s Taub-NUT space with Ag-singularity at origin, which can be thought
of as S! -fibration over R x C,,. In the background we are interested in, we have, out of the
7 topological directions, 6 directions equipped with an Omega background ., x €, x {2,
with a Calabi-Yau condition Ke; + €5+ €3 = 0. The twist is implemented with the bosonic
ghost chosen such that holomorphic twist in C, x C,, directions, and topological twist in
R; x C, X TNk, o, directions®. The 3-form is

C =VIAdzZ A dw (4.16)

where V4 is 1-form, which is a Poincare dual of the vector field V on C,, plane, and z,w
are holomorphic coordinates on C, x C,,.

The twisted holography is the duality between the protected subsector of M2-brane and
the localized supergravity, due to the {2-background. We first want to introduce M2 branes
and establish the explicit isomorphism at the level of operator algebras. Place N-stacks of
M2-branes on

M2-brane: R, x {-} x C., x {-} (4.17)

For the concrete computation, it is convenient to go to type ITA frame by reducing along
an M-theory circle. We pick the M-theory circle as S}, which is in the direction of the
vector field V.”

6As remarked, if one introduces branes, the worldvolume theory inherits the particular twist that is
turned on in the particular direction that the branes extend.

"For a different purpose, to make contact with Y-algebra system, type IIB frame is better, but we will
not pursue this direction in this thesis.

115



After reducing on 5512, the Taub-NUT geometry maps into K-stacks of D6-brane and
N-stacks of M2-branes map to N-stacks of D2-branes.
Type IIA SUGRA : R, x C, x C,, x C;, xR x C,,
D6-branes : R, x C, x C,, x C, (4.18)
D2-branes : R; x x Ce,

and 3-form C-field reduces into a B-field, which induces a non-commutativity [z, w] = €,

on C, x C,,.

B = €dz N\ dw (4.19)
There are two types of contributions to gravity side: (1) closed strings in type IIA string
theory, (2) open strings on the D6-brane. It was shown in [28] that we can completely

forget about the closed strings. The reason is in the presence of the non-commutativity,
the holomorphically twisted supergravity background (B-model) is the same as the topo-
logically twisted background (A-model) equipped with a B-field. As we are working in the
supergravity limit, where there is no instanton effect, we can also ignore the effect from
a B-field. Hence, for closed string, the background becomes topological A-model without
instanton effect, which is trivial. Therefore, the open strings from the D6-brane entirely
capture gravity side.

D6-brane worldvolume theory is 7d SYM, and it localizes on 5d non-commutative GL
Chern-Simons on Ry x C, x C,, due to 2 -background on C., [13]. The 5d Chern-Simons
theory is not the typical Chern-Simons theory, as it inherits a topological twist in R; direc-
tion and a holomorphic twist in C, x C,, direction, in addition to the non-commutativity.
As a result, a gauge field only has 3 components

and the action takes the following form.
1 2
Ssq cs = — dzdw (A *ey AA + = A xey A K, A) (4.21)
€1 JR,xC. xC, 3

The star product %, is the standard Moyal product induced from the non-commutativity
of C, x Cy: [2,w] = €. The Moyal product between two holomorphic functions® f and g
is defined as

9f 09 09 9f

_ 80. Now _ Q vy vy dgoj 2
Frog=moct(rag —fo+ g (S0 - L Y vowy

8The Moyal product is extended to a product on the Dolbeault complex Q%*(C, x C,,) by the same
formula, except that the product between two functions becomes a wedge product between two forms.
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The gauge transformation A € Q°(R x C, x C,) ® glx acting on the gauge field A is

A A+dA+[A A], where [A,A] = Ak, A— Ax, A (4.23)

The field theory side is defined on N D2-branes, which extend on R; x C,,. This is the
3d N = 4 gauge theory with 1 fundamental hypermultiplet and 1 adjoint hypermultiplet.
Since the D2-branes are placed on a topologically twisted supergravity background, the
theory inherits the topological twist, which is the Rozansky-Witten twist. We will work on
N = 2 notation, then each of N' = 4 hypermultiplet splits into a chiral and an anti-chiral
N = 2 multiplet. We denote the scalar bottom component of the fundamental chiral and
anti-chiral multiplet as /* and J, and that of adjoint multiplets as X} and Y}, where
a,b are GLg flavour indices and i, 7 are GLy gauge indices. Those scalars parametrize
the hyper-Kahler target manifold M, which has a non-degenerate holomorphic symplectic
structure. This structure turns the ring of holomorphic functions on M into a Poisson
algebra with the following basic Poisson brackets:

{J.. 10} = 626, {X}, Y/} = 6jor. (4.24)
It is known that the gauge-invariant combinations of Q-cohomology of Rozansky-Witten
twisted N' = 4 theory is equivalent to the Higgs branch chiral ring. The elements of Higgs
branch chiral ring are gauge invariant polynomials of I, J, X, and Y

I*Sym(X™Y™)Jp, TrSym(X™Y™) (4.25)

where Sym(e) means fully symmetrized polynomial of the monomial e.

Upon imposing the F-term relation®
(X, Y], — I3 J} + €205 = 0, (4.26)
one can show two words in (4.25) are related by following relation:
ISym(X™Y™)J, = eoTr Sym(X™Y™). (4.27)

Note that the ey factor, which was previously introduced as a measure for the non-
commutativity in the 5d CS theory, acts as an FI parameter in the 3d NV = 4 gauge
theory. In the €2, -background, the Higgs branch chiral ring is quantized to an algebra and

9Physically, one needs to impose the F-term relation, as it is a part of defining condition for the
supersymmetric vacua, as a critical locus of our specific 3d AN = 4 superpotential. Algebraically, the
F-term relation forms an ideal of the ring of holomorphic functions on M.
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the support of the operator algebra in 3d A/ = 4 theory also localizes to the fixed point
of the Q. -background. Therefore, the theory effectively becomes 1d TQM (Topological
Quantum Mechanics) [53, 7, 23]

1
Siatom = — | Tr(eyA; + X DY + ID.J)dt. (4.28)

€1 JRr,

In summary, two sides of twisted holography are 5d non-commutative Chern-Simons
theory and 1d TQM. Until now, we have not quite taken a large N limit and resulting
back-reaction that will deform the geometry. The large N limit will be crucial for the
operator algebra isomorphism to work and we will illustrate this point in section §4.1.8.

4.1.3 Comparing elements of operator algebra

As 5d Chern-Simons theory has a trivial equation of motion: the curvature F(A) = 0,
all the operators have positive ghost numbers. Also, since R; direction is topological, the
fields do not depend on t. As a result, operator algebra consist of ghosts ¢(z,w) with
holomorphic dependence on coordinates of C, x C,,. The elements are then Fourier modes
of the ghosts:

¢y lm,n| = 0'0;,¢;(0,0), (4.29)

where a, b are gl indices. Note that ghost fields ¢f[m, n] are understood as the linear dual
to the elements in the Lie algebra of gauge transformations C[z, w]., ® gl,, where C[z, w],
is the space of holomorphic functions on C? with commutators

[fvg] :f*ezg_g*ez f (430)

An equivalent way to write C[z, w|, is the ring Diff.,(C) of ep-differential operators on
C, where w is interpreted as the coordinate and z is the differential operator €;d,,. The
algebra of classical observables Obsi of 5d CS theory is generated by ghost fields cf[m, n]
with anti-commutativity relations, i.e. A*((Diff ,C ® glx)"), and the BRST differential
is the dual of the Lle bracket, which is the Chevalley-Eilenberg differential, thus Obsi is
the Chevalley-Eilenberg algebra of cochains on the Lie algebra of gauge transformations
Diff,C ® gly, denote by C*(Diff,C ® gl ). At the quantum level, the operator algebra
Obsi receives deformations, and we denoted it by Obs,, ,.

For the 1d topological quantum mechanics, the defining commutation relations come
from the quantization of the Poisson brackets deformed by (2, -background:

[ I = eadnd, [XLY =edor (4.31)

a’ ] a J?
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We will write the F-term relation with explicit gauge indices as follows.

XpY) — X5V — IV T, + 0, =0 (4.32)
Let us define operators as
a 1 a m n 1 m n
eplm,n] = —I1*Sym(X™Y")J,, t[m,n] = —TrSym(X™"Y™"), (4.33)
€1 €1
and they are related by e?[m,n| = et[m,n]. As we will see later in the chapter §5,

the commutation relations among those generators ef[m, nl, t[m,n| are independent of N,
which allows us to define the large N limit algebra to be generated by ef[m, n], t{m, n] with
corresponding relations (see Lemma 5.1.3 and Proposition 5.1.4 for detail). We call such

algebra the ADHM algebra, denote by Ag%.

Assumption 4.1.4. For the rest of this chapter, we assume that €5 # 0, so AE{% is generated
by ef[m,n).

Just from counting of degrees of freedom, there is a one-to-one correspondence between
c¢lm,n| and ef[m,n]. More precisely, they are dual generators in the sense of Koszul
duality. The main result of [29] is that

Theorem 4.1.5 ([29, 16.0.1]). There is an isomorphism
Obs,, ., = A% (4.34)

between the Koszul dual of algebra of local observables Obs,, ., in 5d GLg Chern-Simons
theory, and the ADHM algebra Aﬁffe’z, when K > 1.

Here A' is the Koszul dual of an algebra A. For example, it is known that the Koszul
dual for Chevalley-Eilenberg cochain complex C*(g) for a Lie algebra g, is the universal
enveloping algebra U(g) [20], in particular

Obs

€1=0,€2

~ [J(Diff,,(C) ® gly). (4.35)

The algebra U(Diff,,(C) ® glk) is called the double current algebra in the literature [59].

The proof to the Theorem 4.1.5 consists of three parts. First, one shows that Obs' is

€1=0,€e2
isomorphic to Ag{:)o@, i.e. the latter is isomorphic to the double current algebra. Next,

one checks two algebras’ commutation relations match in the O(e;) order, where one-loop

Feynman diagram is used to compute the first order correction to Obsélzo,q. Finally,
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one proves the uniqueness of the deformation of U(Diff.,(C) ® gl,) that ensures all order
matching.

One of our goals is to extend the O(e;) order matching to K = 1. It may seem
trivial compared to higher K, but it turns out that the perturbation computation is more
complicated. We will give the detail for the computation of Feynman diagrams in section

§4.2.

Notation: In the later discussions, we write A, ., for AS?EQ.

4.1.6 ADHM algebra for K =1

In chapter §5, we will derive a set of commutation relations between generators t[m,n] €
A, , that determine all other relations (see §5.3.6 for details), of which the simplest ones
are:

[#]3,0],£[0,3]] = 9t[2,2] + g(@t[o, 0] — 5[0, 0J£[0, 0])

1 (4.36)
t[2,1],¢[1,2]] = 3t[2,2] — 5(0—215[0, 0] — o3t[0, 0]¢[0, 0])
where
09 = 6% + 6% + €1€9, O3 = —6162(61 + 62). (437)
For the convenience of later discussions, we also introduce the notation:
1
Tlm,n] = 2Tr Sym(X™Y") = —ISym(X™Y™)J € A., ., (4.38)
€1 €1

Our final goal is to reproduce the A, ., algebra from the anomaly cancellation of 1-loop
Feynman diagrams in 5d Chern-Simons theory. So, it is important to have commutation
relations that yield O(e;) term in the right hand side, where €, is a loop counting parameter
in 5d CS theory.

To compare the commutation relation to that from 5d Chern-Simons calculation, we

need to make sure if the parameters of ADHM algebra A, ., are the same as those in 5d

CS theory. From [29], the correct parameter dictionary!® is
1
(€1)apaMm = (€1)cs, €2 + 51 = (€2)cs- (4.39)
ADHM

10We thank Davide Gaiotto, who pointed out this subtlety.
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Hence, the commutation relation that we are supposed to match from the 5d computation
is

12,1), ¢[1,2)) = 31[2,2] —

5 ((eg + %ef)t[o, 0] + (e165 — %t[o, 0]t[0, o]) (4.40)

There is one term in the RHS of (4.40) that is in O(e;) order:
1
[t[27 1]7 t[17 2“ = 0(6(1)) - 5616%25[0, O]t[oa O] + O<€%) (441)

We will try to recover the O(e;) term from 5d Feynman diagram calculation!! in section
§4.2.

4.1.7 Koszul duality

Let us explain why in the first place we can expect the Koszul duality between operator
algebras of 5d Chern-Simons and the large N limit of 1d topological quantum mechanics.
Further details on Koszul duality can be found in [116, 69, 68, 70, 37].

The 5d theory is defined on R, x C%, where R, is topological and C%g, and 1d TQM
couples to the 5d theory along R,. As explained in (4.5), there is a scalar supercharge @
and 1-form supercharge 0 that anti-commute to give a translation operator P,. We can
build a topological line defect action using topological descent

Pexp /_OO [0, z(t)], where z(t) = Zcﬁ[m, n)el[m, n). (4.42)

o0

The BRST variation of (4.42) vanishes if x(t) satisfies the Maurer-Cartan equation:
1
Qx + 5{:1:, z} = 0. (4.43)

Now recall that one of the equivalent characterization of Koszul dual algebra of a
differential-graded algebra A'? is the following universal property: for any other differential-
graded algebra B, there is an isomorphism

Homgg (A, B) = MC(B ® A), (4.44)

1The basis used in the Feynman diagram computation is T'[m, n], not t[m,n]. However, the change of
basis does not affect any computation because the O(e;) term in (4.41) is quadratic in ¢.
120ne additional technical assumption is that A has an augmentation p: A — C.
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which is functorial in B, where the left-hand-side is the set of differential-graded algebra
morphisms, and the right-hand-side is the set of Maurer-Cartan elements in B ® A. In
other word A' is the universal differential-graded algebra which solves the Maurer-Cartan
equation in the tensor product with A. In the physics language, if A is the algebra of ob-
servables of some topological-holomorphic field theory, then A' is the algebra of observables
of the universal 1d topological defect that can be coupled to the bulk field theory.

Back to the 5d Chern-Simons situation, the equation (4.42) is the universal way to
couple a line defect to the 5d Chern-Simons theory, hence it is natural to expect the
Koszul duality between Obs,, ., and AE{QZ. So the coupling between the 5d ghosts and
gauge invariant polynomials of 1d TQM is given by

Sint:/ Tr(e[m, n]0r* o0 A)dt. (4.45)
Ry

Now that we have three types of Lagrangians:
Ssd cs + 514 TQm + Sint (4.46)

Quantum mechanically, for the 5d Chern-Simons theory to be compatible with the M2
brane line defect, all correlation functions or Feynman diagrams that involve vertices on
both the defect and the bulk should be invariant under the BRST transformation

1
@prsTA =dc+[A c], @prsTc= —5[07 | (4.47)
where c is a scalar ghost. The bracket does not vanish in general even that we are consid-
ering GL; gauge theory, since C, x C,, is non-commutative.

4.1.8 Large-N-limit and a back-reaction of N M2-branes

Although we have not discussed explicitly about taking large N limit, but it was being used
implicitly in the construction of the algebra AE{QZ which makes it a crucial step towards
the holography. However, it is important to notice that large NN is not necessary for Koszul
duality, but it is important for holography.!?

The general philosophy of AdS/CFT [118] teaches us that the back-reaction of N M2-
branes will deform the spacetime geometry. In our case, since the closed strings completely
decouple from the analysis, the back-reaction is only encoded in the interaction related

13We thank an anonymous referee who made this point.
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to the open strings. More precisely, the back-reaction is already encoded in the 5d-1d
interaction Lagrangian (4.45), a part of which we reproduce below.

1
Spack = — | €2[0,0]cb[0, 0]dt. (4.48)
K Jg,

Here, we can explicitly see N in ¢[0,0] = éeg[(), 0], as

1 N
t[0,0] = —Tr(1) = —. (4.49)
€1 €1
After taking large N limit, N becomes an element of the algebra Ag%, which is coupled
to the trace of the zeroth Fourier mode of the 5d ghost, ¢2[0, 0].

4.1.9 Mb5-brane in (2-deformed M-theory

In the Q2-deformed M-theory background, in addition to N-stacks of M2 branes, we may
introduce N’-stacks of M5 branes. M2 and M5 branes extend in 1 and 2 real directions,
respectively in the 5d Chern-Simons theory, and can be considered as line and surface
defects with their degrees of freedom interacting with the 5d Chern-Simons theory. For
simplicity we only discuss the case K = 1.

| o] 1 23 4 5 6|7 8 9 10|

Geometry | R, | C, C, Cy Ce, Ces
M2 X X X
M5 X X | X X X X
5d CS X X X X X

Table 4.1: M2, M5-brane and 5d Chern-Simons theory. In general, M2 branes may extend
over R; x C, and M5 branes may extend over C, o w X C, X C,, where 7,7 € {1,2,3}.

Let us fix the orientation of the N’ M5 branes so that they extend over C,, x C,, x C,,.
We are interested in the M5 brane theory on C,, as the M5 branes intersect with the 5d
Chern-Simons theory along C,,. For this, it is rather convenient to go to the ITA frame(by
compactifying the M-theory circle S € C,,). In the type ITA frame, the theory on C,
consists of D4-D6 strings, with 8 ND directions; this gives rise to a pair of chiral fermions
Y, Y with a Lagrangian
/ dzTrip(0 + Ay’ (4.50)

w
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Also, the resulting algebra consists of modes of various currents labeled by its conformal
dimension n: W = Yo"l where n runs from 1 to N’. [25] proposed a mathematically
rigorous way to take the large N’ limit and showed that the M5 brane algebra is W,,.

Note that another intuitive way to understand the M5 brane algebra is via AGT set-up
[2]. N' M5 brane worldvolume theory is the 6d (2, 0) theory of Ax_1 type on 1 holomorphic
direction C,, and 4 topological directions C, x C., with an Omega background turned on
both of topological planes [159]. Localizing on the locus of the Omega background, we get
a W, algebra on the holomorphic plane [160, , 8, 14].

The coupling between the currents in the theory of the M5 branes and the gauge field
of the 5d Chern-Simons theory is given by !4

/ dwWmom=14, (4.51)

To see an explicit coupling between the m’th mode of W and 5d gauge field, let us
expand W in w:
ZWém)/wmnﬁgflAdw. (4.52)

meZ c
Therefore, the n’th mode of W™ current W™ couples to w (M A)dw.

Quantum mechanically, for the 5d Chern-Simons theory to be compatible with the
surface defect from the M5 branes, all correlation functions or Feynman diagrams that
involve vertices both to the defect and the bulk should be invariant under the BRST
transformation A — dc + [A, ¢], where ¢ is a scalar ghost.

4.1.10 Coproducts of M2, M5 brane algebra

Recently, [73] proposed a recipe to fuse A and W,,. There are two types of fusion, which
we will respectively call homogeneous fusion and heterotic fusion.

The homogeneous fusion

The homogeneous fusion is between the same type of defects. As there are two types
of defects, we have two homogeneous fusions: a fusion of line defects with each other and

1A similar example of the surface operator was discussed in [14] in the context of 4d Chern-Simons
theory.
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a fusion of surface defects with each other. The operation of the two homegenous fusions
is given as follows

e Place two M2 branes at separate points in one of the holomorphic directions C,, and
bring them together.

e Place two M) branes at separate points in the topological direction R; and bring
them together.

We may consider this operation as an OPE of two defects D;, D, that leads to a
single defect D. Therefore, we may ponder about the relation among the operator algebras
A(Dy), A(Ds), A(D), associated to Dy, Doy, D. The fusion process is a 2-to-1 operation
from the bulk algebra point of view, and Koszul-dually * it induces an 1-to-2 operation,
which will be called coproducts A4 4, Ay ., on each A and W

Aqgp: A—A® A,

4.53
AWOO,WOO : Woo - Woo,l ® WOO,Q' ( )

Physically, we may see the existence of the coproducts in the bulk side through Feynman
diagrams with a bulk 3-point vertex, which has two internal legs connecting to 2 defects
participating in the fusion and 1 external leg.

We visualized the process so far in Figure 4.2.

15The Koszul dual algebra A' of an algebra A has the functorial property that Homagebra(A', B) =
Maurer-Cartan(B ® A), where the Maurer-Cartan elements in B® A is interpreted as the coupling between
two systems with algebra of local observables B and A. Fusion of two line operators with operator algebra
A' gives rise to a Maurer-Cartan element in A' ® A' ® A and this induces a map A' — A' @ A'.
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Wr
Fusion : — W——— = Ay A AR A
W
s/ "‘
Fusion : | J— 5‘,"‘; / = Ay, w. : We = Wa @ Wy
ry !

Figure 4.2: The top figure schematically describes that the Wilson line fusion induces the
coproduct in A. The bottom figure shows the surface operator fusion induces the coproduct

in Ws.

Now, let us write down the representative example of the coproduct A4 4 [73] that we
will try to reproduce in the next section:

t2,0 _>t,2,0 + 52,0 + 203 Z dm,nté),mfﬂ,nw_m_n_Q' (4.54)

m,n>0

t2,0, T, 2?270 are elements of A, A;, As. d,,, is a combinatorial factor that depends on m
and n. w is a separation of two line defects in the C,-plane.

The coproduct Ay 4 comes from the fusion of two Wilson lines. If we bring three Wil-
son lines together in the C, plane, then they fuse without ambiguity, which means that
the fusion is associative. Koszul-dually, this means that the coproduct A 4 4 should satisfy
coassociativity in some sense, and this is mathematically captured by the notion of vertex
coalgebra [96]. In the next chapter §5, we make our observation rigorous by proving that
A equipped with A 4 4 satisfies the axioms of the vertex coalgebra, see Proposition 5.7.2
for detail.

The heterotic fusion

The heterotic fusion is between different types of defects: a line and a surface, or M2 branes
intersecting with M5 branes. Different from the case of homogeneous fusions, which have
a simple interpretation as an OPE of defects, the heterotic fusion is subtle. The coproduct
for the heterotic fusion is induced by imposing a gauge-invariant condition on the M2-M5
junction configuration.
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Impose gauge
invariance AP
®Weo = Agw, A= AWy
Adown

Figure 4.3: Imposing the gauge-invariance of the coupled system of the line defect and the
surface defect induces the coproduct A4, .

Imposing gauge-invariance of the entire coupled system leads to the following schematic
relation between various operators in the system:

e O+ WD 04 ()0 -0t =y, (4.55)

,m

where O represents the junction between the line and the surface, and (...) is a sum
of polynomials of elements of A and W,, that can be seen as quantum corrections. By
arranging the terms in (4.55) as

O - (tdomy = (120 4+ Wi*D 4 (..)- 0, (4.56)

M

and comparing the LHS and the RHS, we can notice that the gauge invariance induces a
map between A and A ® Wy:

A.A,Woo : ./4 — A (%9 WOO. (457)
The representative example [73] of the coproduct A 4y, is
t2,0 —>t270 —|— V,g —|— g3 Z TLWElrz_IW,,El_)l + g3 Z TLWElrz_lto,nfl. (458)
n=1 n=1

In the RHS, 5 and V_5 are implicitly 390 ® 1 and 1 ® V_5, so both are elements of
AR W,.
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4.2 Perturbative calculations in 5d GL; CS theory cou-
pled to 1d ADHM quantum mechanics

In this section, we will provide a derivation of the G = GLy, G = GL; ADHM algebra
A, ., using the perturbative calculation in 5d GL; CS. We will see the result from the
perturbative calculation matches with the expectation (4.41). The strategy, which we will
spell out in this section, is to compute the O(e;!) order gauge anomaly of various Feynman
diagrams in the presence of the line defect from M2 brane(R! x {0} C R! x C%). Imposing
a cancellation of the anomaly for the 5d CS theory uniquely fixes the algebra commutation
relations.

Purely working in the weakly coupled 5d CS theory, we will derive the representative
commutation relations of the ADHM algebra (4.41):

e Algebra commutation relation
[t[2,1],¢[1,2]] = ... + e1€65t[0, 0]¢[0,0] + . .. (4.59)
where t[n, m| is a basis element of A, ,.

As we commented in §4.1.6, the algebra basis used in the Feynman diagram computation
is T'[m,n], which is related to t[m,n] by rescaling with e;. The effect of the change of
basis is trivial in (4.59), so we will interchangeably use t[m,n] and T'[m,n] without loss of
generality.

4.2.1 Ingredients of Feynman diagrams

To set-up the Feynman diagram computations, we recall the 5d GL; Chern-Simons theory
action on R; x C%.

g_ 1 dzdw (A key dA + §A sy Ak, A) (4.60)

61 RtX(CQNC
with |e1] <|ea] < 1. In components, the 5d gauge field A can be written as

with all the components are smooth holomorphic functions on R x C¥.
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Now, we want to collect all the ingredients of the Feynman diagram computation. It is
convenient to rewrite (4.60) as
1 2
S=— dzdw (AdA + - A(Ax, A)) (4.62)
61 R XC12\IC 3
(4.62) is equivalent to (4.60) up to a total derivative. From the kinetic term of the La-
grangian, we can read off the following information:

e 5d gauge field propagator P is a solution of
dz Ndw N\ dP = 04— ,—y—0. (4.63)
That is,

Z12dW1adt 19 — W12dZ12dt 9 + t12dZ12d1012
d3y

P(Ul,Uz) = <A<U1)A(’U2)> = (464)

where

v = (i, zi,wy),  dig = \/t?jﬂzijPﬂL\wij\Qa iy =t — 1 (4.65)

From the three-point coupling in the Lagrangian, we can extract 3-point vertex. This
is not immediate, as the theory is defined on non-commutative background. Different
from GLy CS, where the leading contribution of the 3-point vertex was AAA, the leading
contribution of the 3-point coupling of the GL; gauge bosons starts from O(ez)Ad, Ad, A.
The reason is following:

/dz/\dw/\A/\(A*62 A)
= / AN ((Agdt + AzdzZ + Agdw) x (Aydt + Azdz + Agdw))
:/dz/\deA/\[thdz(At*Az—Az*At)+...] (4.66)
= / dz Ndw NAN[dt Ndz (04 2€5 (0,A;00A5 — 0y Ar0.A5)) + .. ]
— 9%, / dz A dw A AN [0 A dZ(0. Ay As — Dy AD. AZ)] + O(E2)
Note that for GLy case, SLy Lie algebra factors attached to each A prevents the O(e9)

term to vanish. Still, GL; € GLy part of A contributes as O(e;), but it can be ignored,
since we take e, < 1.

Hence, in GL; CS, the 3-point A0, AJ., A coupling contributes as
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e Three-point vertex Zs,:
Lap = €2dz A dw (4.67)

Now, we are ready to introduce the line defect into the theory and study how it couples
to 5d gauge fields. Classically, t[n, ng] couples to the mode of 5d gauge field by

/ iy, na]OM O Adt (4.68)
R

The last ingredient of the bulk Feynman diagram computation comes from the interaction

(4.68).

e One-point vertex Z{;,t:
tini, na2|ds 2w if 0"10™ A is a part of an internal propagator
Iﬁ,tz{[l 2Ot : w P PROPAsor 4 69)

t[ny, nel0l 02 A if 071052 A is an external leg

Lastly, the loop counting parameter is €;. Each of the propagator is proportional to
¢; and the internal vertex is proportional to €;'. Hence, 0-loop order(O(e;°)) Feynman
diagrams may contain the same number of internal propagators and internal vertices and
1-loop order(O(e;)) diagrams may contain one more internal propagators than internal

vertices.

Until now, we have collected all the components of the 5d perturbative computation
(4.64), (4.67), (4.68), and (4.69). With these, let us see what Feynman diagrams have non-
zero BRST variations and how the cancelation of BRST variations of different diagrams
leads to the ADHM algebra A, ,.

4.2.2 Feynman diagram
The goal of this section is derive the O(e;)-term of [t[2,1],¢[1,2]] by Feynman diagrams.
]

We interpret the commutator [t[2,1],¢[1,2]] as the following difference between two tree
level diagrams
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2
t[2,1] 920, A ﬂlﬂl . 0,04 A
N\ /\Jﬂ_\/\/\ja_ A it \/ AVAVAVANAS AV AU oW -

|
t[1,2] 9,02 A t2,1] 020, A
//\ //\j’\"\/ NSNS /’/\\/f\/’ (VAVANAS O VAV a Ve V/

Figure 4.4: There is no internal propagators, but just external ghosts for 5d gauge fields,
which directly interact with 1d QM. The minus sign in the middle literally means that we
take a difference between two amplitudes. In the left diagram t[1,2] vertex is located at
t =0 and t[2,1] is at ¢ = €. In the right diagram, ¢[1,2] is at t = —e and ¢[2,1] at t = 0.

The amplitude of the diagram is
[t[2, 1], ¢[1,2]] 920, A10.0% Ay (4.70)
so the BRST variation of the amplitude is proportional to
[t[2,1],¢[1,2]] 020, A10.0% ca + [t[2, 1], t[1, 2]] 0201002 Ay (4.71)

Note that the BRST variation on A fields is QprstA = dc. At O(ey) level, this diagram
will cancel all anomalies coming from one-loop diagrams with two external legs coupled
to 020, A and 0,02 A respectively. Let’s enumerate those diagrams, there are two types of
diagrams:

(1) See figure 4.5.
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Figure 4.5: A diagram, which has a vanishing amplitude

(2) See figure 4.6.

) ‘,\f‘J‘ azawA
! o
t[m, TLJ / \),r”\f “v’\«’v»\fv\/\f&\\\
&
P,
5
é
N \ ,’\\jfn“.vf\ SN ‘.‘I "
tlr, s] 'V 2 I,
1 9
1 050.A

Figure 4.6: The vertical solid line represents the time axis, where 1d topological defect is

supported. Internal wiggly lines stand for 5d gauge field propagators P;, and the external
wiggly lines stand for 5d gauge field A.

For the first diagram, we claim that the amplitude is always zero. This can be seen as
follows. Let C* act on z and w by rotation with weight 1, then propagators has weight —2.
For the interaction vertex, it contains the integration measure dz A dw together with 0,
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and 0, in the interaction term, so the total weight of the interaction vertex is zero. Each
external leg is of weight 3. Hence, the total weight of the amplitude is —2 —m —n < 0,
i.e. it’s not invariant under the C*-rotation symmetry, so the amplitude must be zero.

For the second diagram, we will follow the approach shown in [11] and show that the
diagram has a nonvanishing amplitude if and only if m =n =17 = s =0. And in the case
that it is nonzero, it has a nonvanishing gauge anomaly consequently, under the BRST
variation (QgrsTA = Oc.

Let’s do the same analysis on the second diagram as the first one, i.e., let C* act on z
and w by rotation with weight 1, then the total weight of the amplitude is —n —m —r —s.
Hence, the diagram is nonzero only if m =n =r = s = 0. In the following discussion, we
will focus on he case m=n=r =5 =0.

We first integrate over the first vertex (P, 920,,A P,) and then integrate over the second
vertex(Py 0.02A Ps).

First vertex(P, 0°0,A P,)
First, we focus on computing the integral over the first vertex:

6163/ dwy A dzy A Oz Pr(vo, v1) A Oz Oy Pa (1, U2)(Z%w13313w114) (4.72)

Note that 0,, and 0,, comes from the three-point coupling at v;:

€A Ny AN Dy A (4.73)
And 0,, comes from the 3-pt coupling at vy:

AN Oy AN Oy, A (4.74)

We will consider 0,,, later when we treat the second vertex.

The factor szlé?zl Ow, A is for the external leg attached to vy, which is ¢[2, 1]. In short,
this is an ansatz, and we can start without fixing m,n in ¢[m,n]. However, we will see
that the integral converges to a finite value only with this particular choice of (m,n). For
a simple presentation, we will drop 8221 Ow, A, and recover it later.

After some manipulation, which we refer to Lemma 1 in Appendix D, (4.72) becomes

|21 |2 |wy |* 2o (012dty — t1odins)

(4.75
&, )

— / dtldzldildwldwl

v1
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The integral 4.75 can be further simplified by using the typical Feynman integral technique,
which can be found in Lemma 2 in Appendix D. We are left with

2 2 2,2
Zg(wgdtQ — tgdwg) ( +

- 4.76

& o
with ¢; being a constant. Note that all terms in the parenthesis have a same order of
divergence. Therefore, it suffices to focus on the first term to check the convergence of the

full integral(we still need to do v, integral.)

We will explicitly show the calculation for the first term, and just present the result
for the second, third, and fourth term in (D.9). They are all non-zero and finite. We will
denote the first term as P, which is 1-form.

Second vertex(P 0,02A P3)

Now, let us do the integral over the second vertex(vy). The remaining things are orga-
nized into

22~ w9y

/ PA 8w2P3(U2, Ug) A dZQ A dwz(zgw%(? 82 A) (477)

where we dropped forms related to vs, as we do not integrate over it. d,, comes from the
3-pt coupling at vs:
AN Oy AN Oy A (4.78)

The factor zw30.,02_ A is for the external leg attached to vy, which corresponds to ¢[1, 2].
Again, this is an ansatz. We will see that only this integral converges and does not vanish.

We will drop 9.,0;, A and recover it later.

22w

The integral (4.77) is simplified to
20, |4
/ —MdthZdegdwgdZQ (479)
v2 d02d23
The intermediate steps can be found in Lemma 3 in Appendix D.

Now, it remains to evaluate the delta function at the third vertex and use Feynman
technique to evaluate the integral. By Lemma 4 in Appendix D, we are left with

(const)er5t[0, 0J¢[0, 0]02, 0., A1 0%, 02, Ay (4.80)
The BRST variation of the amplitude is
(const)ere3t[0, 0]¢[0, 0102 0., A10%, 02, c» (4.81)

134



This indicates that the theory is quantum mechanically inconsistent, as it has a Feynman
diagram that has nonzero BRST variation. However, as long as there is another diagram
whose BRST variation is proportional to the same factors We can cancel the anomaly.

Hence, imposing BRST invariance of the sum of Feynman diagrams, we bootstrap the
possible 1d TQM that can couple to bd GL; CS.

An obvious choice is the tree-level diagram where (9, 4)(0.,A) appears explicitly: By
equating (4.81) and (4.71), we get

[t[2,1],t[1,2]] = e1€5t[0,0]¢[0,0] + . .. (4.82)

Therefore, we have reproduced the O(¢;) part of the ADHM algebra A, ., commutation
relation from the Feynman diagram computation:

[t[2,1],¢[1,2]].. = €1€3t]0,0]¢[0, 0] (4.83)

€1

where [—, =], is the O(e;)-part of the commutator.

4.3 Perturbative calculations of the defect fusions

In this section, we will give a twisted holographic derivation of the various coproducts,
which we reviewed in the previous section.

The original derivation [73] of the coproducts Ag4 : A — A® A and Ay, :
Weo — Weo @ Wy, which are induced by the homogeneous fusion, was purely algebraic,
appealing to the free field realization of A and W, [116, ]. We will explain how to
take an OPE of two identical type defects and produce a single defect by computing 1-
loop Feynman diagrams. The RHS of the coproducts A4 4, Aw, ., naturally emerges
as a fusion coefficient of the resulting single defect. We will first state the result in §4.3.1
with a diagrammatic explanation. Using the various ingredients of the Feynman diagram
collected in §4.3.3, we give an explicit Feynman diagram computation in §4.3.4, §4.3.6.

The philosophy of the argument that leads to the coproducts A — A ® W, was to
impose the gauge-invariance of the intersecting M2-M5 configuration. [73] derived the
coproduct by utilizing purely algebraic properties of A and W,,. As the system couples
to the bulk 5d Chern-Simons theory, imposing the gauge invariance implicitly assumes the
gauge-invariance of the entire system. We will explain how to compute the possible gauge
anomaly of a collection of Feynman diagrams, where defects interact with the bulk. By
imposing the vanishing anomaly condition, we reproduce the coproduct A — A®@W,,. We

135



will first state the result in §4.3.2 with a diagrammatic explanation and give an explicit
Feynman diagram computation in §4.3.5.

In §4.3.7, we propose a conjecture about the fusion between two transverse surface
defects. Different from the fusion between two parallel surface defects, we will see a line
operator as one of the byproducts.

Note that the coproducts that we are dealing with are all truncated in the first order
of o3. We prove the dual statement in the 5d Chern-Simons side in §4.3.8.

Our calculation is based on the integral technique developed in [11] in the context of
4d Chern-Simons theory. The authors discussed an OPE between two Wilson lines and
show that it gives a composite Wilson line. We will sometimes rely on our previous paper
[137], as well.

4.3.1 Holographic interpretation of the homogeneous fusion

Given two parallel Wilson lines, placed on the C, plane at w = 0, w = w, when they
approach each other, w — 0, we obtain a single Wilson line. We will directly compute the
OPE of two Wilson lines in the 5d Chern-Simons background using Feynman diagrams.

At the tree level, the OPE of two Wilson lines associated with # , 527016 is trivial and
the OPE is simply given by a single Wilson line associated with #,,® 1+ 1® ta0. Hence,
the tree level OPE gives

(thy ® L+ 1®1a) / I?A. (4.84)

On the other hand, the OPE becomes nontrivial at the 1-loop level, as there is an
obvious correction coming from the 3-point vertex of the 5d Chern-Simons theory that
couples two Wilson lines, as shown in the figure below.

6We distinguish two algebra elements in different Wilson lines by prime and tilde.
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Figure 4.7: The top figure shows the quantum correction on the Wilson line OPEs from
the interaction with the 5d Chern-Simons theory. The formula(~ o3ty mt,) for the fused
Wilson line can be obtained by computing the Feynman diagram. As the representation
associated with 0?4 is typ, the OPE directly gives the coproduct formula Ay 4 : tao —

c. 0-3t0,mt0,n-

Combining the tree level and the 1-loop level computation, we obtain a single fused
Wilson line

<t'270+52,o+203 Z dm,nt{),mfo,nw—m—"—?) / Dz A. (4.85)
m,n>0

Since [ 92A couples to ty according to (4.45), the fusion induces an embedding map

Apattog = thy+Tao+205 Y dmuth mbond ™ "2 (4.86)

m,n>0

This is exactly (4.54). As the tree level is trivial, we will only give an explicit derivation
of the 1-loop term in §4.3.4.

We can similarly analyze the surface defect fusion. Given two parallel surface defects,
placed on R; direction at ¢ = 0, t = —¢, when we approach them together by taking e — 0,
we obtain a single surface defect. We will directly compute the OPE of two surface defects
in the 5d Chern-Simons background using Feynman diagrams.

We will present the nontrivial part of the OPE, which is at 1-loop order, as shown in
the figure below.
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Figure 4.8: The top figure shows the quantum correction on the surface defect OPEs
from the interaction of the two surface defects with the 5d Chern-Simons theory. The
formula(~ o3J,_1J",_;) for the fused surface defect can be obtained by computing the

Feynman diagram. As the representation associated with 9,A is L_5, the OPE directly
gives the coproduct formula Ay : Lo — ...03 1 J ;.

From the 1-loop computation, we obtain a single fused surface defect

oy Y / dwd, (9*A). (4.87)

Since [ 8,A couples to L_s according to (4.52), the fusion induces an embedding map
AWOO’WOO

Lo—...+05 > nluad, . (4.88)

The basic coproduct Ay, was not explicitly presented in [73], but it was hiding in a

composed coproduct A — A4 @ Wy ® Wa. On the other hand, from [72] we expect the
basic coproduct T — J ® J, where T is spin-2 current and J is a spin-1 current. (4.88) is
essentially the relevant O(o3) order term hiding in the RHS of (2.41) of [73]. We will give
a check in §4.3.6.

4.3.2 Holographic interpretation of the heterotic fusion

We will derive the coproduct A4y, , based on the gauge invariance of the M2-M5 brane
junction configuration. One way to discuss the gauge-invariance of the coupled system is
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by computing the amplitude of a collection of Feynman diagrams that involve vertices on
the defects.

To figure out the collection of Feynman diagrams, one needs to consider the LHS(an
element of A) of the boundary coproduct relation (4.58) and determine the 5d gauge mode
that would couple to it. The next step is to write down all Feynman diagrams whose
amplitude is proportional to the 5d gauge mode.

The LHS of the second line of (4.58) is t9 o and it couples to 92 A. The following diagram
represents the one associated with the LHS.

tz, 0 KA A ag A

Figure 4.9: The Feynman diagram associated with the LHS of (4.58): 5.

The amplitude of the Feynman diagram is trivially
ty 002 A. (4.89)

Its BRST variation (4.47) is
t2,00% (QprsTA). (4.90)

On the other hand, up to O(o3) order, there are three more diagrams, whose amplitudes
are proportional to 9?A. They are
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Figure 4.10: The Feynman diagram associated with the RHS of (4.58): to0 + Voo +
> o1t n—1-

The sum of the amplitudes of the Feynman diagram is

<t2,0 + V—Q + Z TLJ_n_lto,n_1> 8214 (491)

n=1

Its BRST variation (4.47) is

(tz,o + Voo + Z nJ—n—ltO,n—l) 92(QprsTA). (4.92)

n=1

For the defect-enriched 5d Chern-Simons theory to be anomaly free, there must be a
cancellation between (4.90) and (4.92), which leads to the coproduct relation that we have
already seen in the second line of (4.58)'7:

tQ’O — tzyo + V_2 + Z nJ_n_ltO,n_l (493)

n=1

As the tree level O(03) computation is trivial, we will only provide an explicit 1-loop O(o3)
computation in §4.3.5.

1"We thank Miroslav Rap¢dk, who pointed out the previous typos in the following formula.
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4.3.3 Ingredients of Feynman diagrams

To prepare for the computation of the Feynman diagrams shown in the previous subsec-

tions, we recall the5d U(1) Chern-Simons theory [28, 43](also, see the nice description of
the related 4d Chern-Simons theory [20] in [20]) with a leading order action given as '8

1

— (AdA + A{A, A})dzdw, (4.95)

03 JRixC:xCuw
where 03 = (e1€9€3) 7! is the equivariant volume of C,, x C,, x C,, and
A = Aydt + AzdzZ + Agdw, (4.96)
and {A, A} is the holomorphic Poisson bracket defined as

0AOA 0AOA
_ _ ' 1.97
{4, 4} 0z Ow Ow Oz ( )

This is nonzero, since A is a 1-form, not a function.

From the Lagrangian, we write down the ingredients of the Feynman diagrams that
involve the 5d Chern-Simons theory and two types of defects.

P
Propagator Vi Auedrrsmeoes Wy
3-point vertex V 2 I3y (V
= "_'J.?Jz B
Lia(V)
1-point vertex V AN AAAAS
1_p oint vertex V “f}w A (V) ®,.L,»\,/«-V\,f“l,.,-\,\,vw

Figure 4.11: A table of ingredients of the Feynman diagrams in the 5d Chern-Simons
theory coupled with the line and the surface defects.

8In the original paper of Costello [25], the action took a different form as
1
— (A xe, dA+ Axe, Ax., A)dzdw, (4.94)
€1 JR,XC, XCy

where * is a Moyal product combined with the wedge product. The equivalent action (4.95), which makes
the triality among €;’s manifest, was suggested in [70], and it will be more convenient in our computation.

141



From the kinetic term of the 5d Chern-Simons Lagrangian

1
—dzNdwNANdA, (4.98)

03

we can read off the gauge field propagator:

e 5d gauge field propagator P is a solution of

dz N dw N\ dP = 04— y—y—o. (4.99)
That is,
Z19dW1odt 9 — WiodZyodl t12dZ12dWw
Py = P(v1, ) = (A(v1)A(v2)) = 2120W120dl12 — Wi2 ;512 12 + 11202120 W12 (4.100)
12
where
v = (i, 2z, w;),  di :\/t$j+‘zij|2+|wij‘2a (4.101)
tij :ti—tj, Zij :Zi—Zj, wz’j :wi—wj.
From the 3-point coupling
1 0A 0A 0A 0A
—dzNdwNAN| —N—— — N — 4.102
oy Y (82 ow  Ow 8z)’ ( )
we read off
e Three-point vertex Zs,:
1
Typr = —dz A\ dw(0.0y,). (4.103)
03

Each of the partial derivatives acts on one of three legs that attaches to the vertex.

From (4.98), (4.102), we can see that the loop counting parameter is o3: each of the
propagator is proportional to o3 and the internal vertex is proportional to o ! Therefore,
a given Feynman diagram with v 3-point vertices and e internal propagators is proportional

e—v

to oy

Next, consider the line defect coupled to the 5d Chern-Simons theory. Classically, t,, .,
couples to the mode of the 5d gauge field by

/ tmn0s Of A (4.104)
R
From (4.104), we read off
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e One-point vertex Z;4:
Tin = 00 a0 A (4.105)

- Ytzw

Lastly, consider the surface defect coupled to the 5d Chern-Simons theory. Classically,
wim™ couples to the mode of the 5d gauge field by

/ WM qp=m=nom=1 Adw (4.106)

w

From (4.106), we read off
e One-point vertex Z,,4:
Typa = 0 WIMw=™mgm =1 Adw (4.107)

As usual in the Feynman diagram computation, we will use (4.108) in the following
sub-sections, when we evaluate the final integrals.

1 Tla+p) [! 2 (1 — )P !
A*BP T(a)T(B) /0 T AT (1 — 0B (4.108)

Along with it, we used Mathematica to compute various integrals; we submitted an ancillary
notebook that collects the integral computations.

4.3.4 A— A® A coproduct

We will derive the meromorphic coproducts of the M2 brane algebra using the perturbative
Feynman diagram computation in 5d Chern-Simons theory. The target relation that we
want to derive from the 5d Chern-Simons side is

tog — ...+ 03 Z (const)mvnto,mtgﬁné_m_”_Q. (4.109)

m,n>0
We will use the technique developed in [11], where the authors computed the OPE of two
Wilson lines using the relevant Feynman diagram in the 4d Chern-Simons theory!?.

Using the ingredients given in §4.3.3, we can decorate the 1-loop Feynman diagram
shown in §4.3.1 as follows.

9The Yangian coproduct was more explicitly discussed in [12] in the context of the 4d Chern-Simons
theory.
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Figure 4.12: The 1-loop Feynman diagram associated with the A — A® A coproduct. All
the ingredients are explicitly displayed.

The amplitude is

O'3t0,mt0’n/ dZdegAeXt/ 5(2)(z0)5(2)(w0)8:;‘()6z2P02

V2 Yo (4.110)

X / 5(2) (21)5(2)(11)1 — 71))8:310“]232.
Vi

where we used (4.103), (4.105) for I, (V2), L1a(Vo) and I;4(V1), respectively.

There are three floating vertices, so there are three integrals to do. Let us first do 1},
V) integrals and use them in the final V; integral.

/ ) (20)8% (wo) 3, Oz, Po. (4.111)
Vo

Since ) (20)6@ (wy) ~ dzodZydwodity, we can project most of the terms in Pyy, and get

2m —2
(_1)mz 9. 7—i-—m/ 5@ (20)6 (wo )@}z
Vo

(Zodwy — wWadZy)dty
- - o (4112)
V18 + [woz]? + |z02]

After shifting ty — tg + 2, and evaluating two delta functions, we do the ¢, integral. The
result is

2 2 2

8'(3 + m) wh'Zy(Zadwe — wWodZs)
15 (lwa]* + [z]?)m+

(=™

(4.113)

Now, let us do V; integral.

6P (21)0® (wy — W)L, Duy Pra, (4.114)

Vi
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Taking into account of the z;, w; delta function, we simplify it into

79 T+4+2n-2 /°° (0 — o)™ (Zody + (W — Wa)dZs)

dty T (4.115)
22 2 e VAR P P

Doing the t; integral we get

(_1>m8F(3 + n) (IZ — U_)Q)n—H (zgd'll_)g + (QE - wg)dZQ)
15 (|0 — wa|? + |z2]?)"+3

(4.116)

We can then combine (4.113), (4.116), and the 3-point interaction vertex osdzodws,
and set up the V5, integral. To be concise, let us omit the constant factors and reintroduce
them at the end.

/ (o3dzodw )@Q”EQ(Zde2 — WadZy) (W — l%)f“(izdwz + (0 — Wy)dZy)
v 3Uz20W2 (‘w2|2+ ‘22’2)m+3 (|w —w2|2+ |22|2)n+3

Aeee. (4.117)

We then expand®® A (22) in 29 and notice that the only nonvanishing part of the integral
comes from one of the modes of A.y.

Aot = ... + 2507 Acxs (4.118)
Simplifying the numerator, we get

/ Wy (W — o) 2 (2502, A)
03 5
Va (”LU2|

+|z2?) 3 ([0 — wal? + [22f?)"

—|dws*|dz|?. (4.119)

We can apply Feynman integral (4.108) here and get

/1 (g x)”“/ Wy (W — we)" T 23w (2302 A) | dws |*|d2o| 2da
0 vy (1= 2)(|wal? + [22]?) + (| — wa[* + |22[?) )77+

(4.120)

We can rewrite the denominator into (Jwy — x| + |22|* + z(1 — 2)[w|*)™ ™ *6 and shift
wy — wq + xw. Then, the above becomes

|dws|?|dze|*dz. (4.121)

/1 21 g2 [ g A(@ +2w)™((1 — 2)w — Wwe)" 2|0
0 vo o (w2 + |2 + 2(1 — z)|w[?) et

When we work in the radial coordinates (7, 6.,), (7, 0,) on each C,, C,, planes, it becomes
manifest that all the terms with non-zero powers of w, in the numerator become zero under
the 0, integral.

20See the discussion around equation (3.20) of [41].
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Hence, only one term in the expanded numerator survives:

1 4
u~)m+n+2/ 2220 _ o 2n+3/ 9% A |22] N dws12dzo 12d.
0 ( ) Ve (|w2|2+|22|2+£E(1—x)|w|2)m+”+6| 2| |dz|
(4.122)

Note that if the external leg were 97, A with n # 2, the amplitude vanishes, and the only
non-vanishing condition under 6, integral is n = 2.

In the radial coordinates, we can evaluate the integral explicitly:

1 0 e’} 2..5
_ 4merr
~m-+n+2 2m—+2 1 — 2n+3 62 A/ / 2w d zd w
b / el - o) / =2y Jo (Fr e oap)yrres s Y
272

1
= —— TR / 8§2A/ ™M1 — x)" "y
[[_5(i+m+n) R, 0

2

= T @ / 02,A.
[[i.(i +m+n) Ry
(4.123)

The integration in the second line converges if and only if m = n or m = n + 1. Reintro-
ducing the numerical factors that were omitted, we arrive at

05 D, Cmatombond " / 02,4, (4.124)
0<m—n<1 Ry
where )
m-+n 87T
Cmn = (—1) e (m+n+ 1) (4.125)

We have obtained a single composite Wilson line associated with the tensor product
representation g, ® to, € A ® .A. Due to the coupling (4.45), the tensor product repre-
sentation can be equally understood as tyo € A.

Therefore, we have derived the 1-loop part of the seed coproduct relation of Ay 4 :

A— A A
t270 — ...+ 03 Z Cmmt(),m & tgmw_m_n_z. (4126)

0<m—n<1

We should emphasize that although we have spent most of the space to compute the
integral, it is only for checking and showing that the integral converges to a finite quantity
for a particular component of the expansion of Ay (4.118). More emphasis should be
placed on the selection rule that determines which structure constants to vanish or not. In
the present case, the selection rule restricts the RHS of the coproduct to have only t/07mt~0,n'
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One can still compare the structure constant ¢, ,, in (4.126) and its Koszul dual struc-
ture constant d,, , in (4.54). In general, we do not expect a precise equality between two;
there can be overall numerical factor. For instance, let us recall [11], where the author
compared the OPE in C*(C,,[z1, 22] ® gl;)

{0007, X, 080, X} = ey temintbman DR gpakl (o1 92 X)(OmonX),  (4.127)

21722770 Y21 T 22 7,8,m,n\" 21~ 22 21729

where O 07 X € C*(C,,[z1, 22] ® gl;), and the Koszul dual OPE in U(C,,|z1, 2] ® gl;)

21729

Inlrls!
r_s . m_n] __ (rd+stmtn—p—q—k—1)/2-1 gp gkl TVTVTSY b gy k1
[21’227 21 22] - 26162 Ar,s,m,n p'q'k'l' (’2122)(21 Z2)7 (4128)

where 27"z} € U(C,, |21, 22) @ gl;). The analogue of d,, ,, in (4.54) is the structure constant
Apeklthat appears in (4.127) and the analogue of ¢, , in (4.126) is the structure constant

APkl myltiplied by the numerical factor that follows. In this case, the structure constants

T,8,M,N

of Koszul dual pair algebra are related the numerical constant.

4.3.5 A— A® W, coproduct

We will derive the coproducts of M2 brane algebra and M5 brane algebra using the per-
turbative Feynman diagram computation in 5d Chern-Simons theory. The target relation
that we want to derive from the 5d Chern-Simons side is

n=1 n=1

This situation is similar to the intersecting M2-M5 brane configuration studied in [70, 137].
To derive the coproduct relation holographically, we will follow [137], where we computed
the Feynman diagrams involving a line and a surface defect.

Let us first write the RHS of (4.129) in the manifest form of A ® W, by recalling the
embedding p(J,—1) = ton.

03 Z nJ_n_lJn_l + 03 Z nJ_n_1t07n_1 = 03 Z nJ_n_ltoyn_l. (4130)
n=1 n=1 n=1

Using the ingredients given in §4.3.3, we can decorate the 1-loop Feynman diagram
shown in §4.3.2 as follows.
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Figure 4.13: The 1-loop Feynman diagram associated with the A — A ® W, coproduct.
All the ingredients are explicitly displayed.

The amplitude is

U3Jn1t0,n1/ Aexrdzadws 5(t0)5(2)(20>3zQ(wgPOQ)dwo
v Yo (4.131)
X [ 6t — €)@ (21)0® (w1) 0, O Prs,

w2 Y wq
Vi

where we used (4.103), (4.106), (4.105) for I5,:(Va), L,a(Vo) and I;4(V1), respectively.

Let us omit all constant terms and reintroduce them at the end. There are three floating
vertices, so there are three integrals to do. Let us first do V4, V] integrals and use them in
the final V5 integral.

6(t0)0® (20)wi D,y Poa.- (4.132)
Vo
Since 0(t)6@ (wy) ~ dtdwodiby, we can project most of the terms in Py,. After performing
o, 2o integral, we get

w”EQ(EthQ + t2d22>
—/ 02 = | dwol”. (4.133)
Cug /15 + [22[2 + [woo]?
After shifting wy — wy + wo, we get
Zo(wo + we)" (tadZy + Zodt
—/ 2w +wa)Eads + 2pdta) 12 (4.134)
Cug /15 + |22 + fwo[?
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Working in the radial coordinate of C,, plane, only one term in the expanded (wq + ws)"
survives. Performing the wy integral in the radial coordinate, we get

21 wg@

__—(th,?Q —+ gzdtg). 4.135
3 VBT |al )

Now, let us do V) integral.

(5(t2 + 6)5(2) (21)5(2) (wl)&z:l@mﬂz. (4136)

Vi

As there are 3 delta functions, we can easily get

279 74 2n — 2\ —wh(—Zadwsdty + WadZadts — (€ + to)dZadws)
(1) 575 : m - (4.137)
V(€ +12)? + [22]? + |ws?
The numerical factor in front can be written in terms of I" function and will be incorporated
later in the final formula.

We can then combine (4.135), (4.137), and the 3-point interaction vertex os3dzadws, and
set up the V5 integral.

\w2|2”22(22dt2 -+ t2d22)<—22du_}2dt2 + U_)nggdtg - (6 + t2)d/§2du_)2)

03 | dzadwy 5 5+2n

va V5 + [z Ve + 6 + [wa? + [z

Aext .

(4.138)
We then expand?! A (22) in 29 and notice that the only nonvanishing part of the integral
comes from one of the modes of Agy.

Aot = ...+ 2507 Acxs. (4.139)

Substituting it in and simplifying the numerator, we get

Wa|?™ | 2o|% (e + 2t
0_3/ i 2’ ’2|( 2) 5+2ndt2|dﬂ]2|2|d22|2. (4140)
Va /13 + |20]? /(€ 4 12)2 + [wa]? + |zo]?

Note that if the external leg were not 2302 A, but 2592 A with n # 2, the zo-integral would
vanish.

21See the discussion around equation (3.20) of [41].
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We can now apply Feynman integral (4.108) on (4.140). Omitting I" functions for now,
and setting e = 1, we get

2231 — )3 ws |20 (2t + 1) b
dr duws|?|dz|?dty. (4.141
03/ /v 2)(85 + [22) + 2(Jwal* + [22f* + (1+t2)2))n+5| 2| *|dzel dty. (4.141)

a(
We can rewrite the denominator into (|z2|? + z|ws|? + (t2 + x)* + (1 — )™ "% and work
in radial coordinates (7, 0,), (7, 0,) for both C,, C,, planes. Then, the above becomes

2n+1 5(9¢ 1
47 03/ dxy/x?H3(1 — x)3 / HEC R : (4.142)

r24+ar2 + (ta + )2 + (1 — x))" >

Then, shift t, — t5 — x, and rescale r,, — r,,/+/2. Using the fact that the integral domain
for t5 is (—00,00), a term with an odd power of ¢, vanishes.

,',.2n+1 5
3 _ _ w
4T 03/ dz+/x (1 x)3(1 — 2x) / drz/ drw/ dt, o +T2—|—t2+l‘(1—l‘))"+5

(4.143)
The final integral is straightforward to evaluate and it gives
7 T(1+n)
—_— . 4.144
73956 T(5 + n) (4.144)
Re-introducing all omitted numerical factors, we arrive at
Y 03 niton105,A, (4.145)
where A |
7™ nl
_ ' 4.146
T 42 +5 (4.146)

As it has the external leg 83214, this Feynman diagram mixes with Figure 4.9 and the
first two of Figure 4.10. The BRST variation (4.47) of these Feynman diagrams should
sum to zero for anomaly-free coupled systems. Hence, we recover the desired coproduct
relation.

tao0 — tao + 03 Z(const)t]_n_ltom_l + ... (4.147)

n=1
We should emphasize that although we have spent most of the space to compute the
integral, it is only for checking and showing that the integral converges to a finite quantity
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for a particular component of the expansion of Aey (4.139). More emphasis should be
placed on the selection rule that determines which structure constants to vanish or not.
In the present case, the selection rule restricts the RHS of the coproduct to have only
J_pn—1ton—1. Similar remark that we made at the end of §4.3.4 applies for the numerical
part of the structure constant.

4.3.6 Wy — Wy ® W4 coproduct

We will derive the coproducts of M5 brane algebra using the perturbative Feynman diagram
computation in 5d Chern-Simons theory. The target relation that we want to derive from
the 5d Chern-Simons side is

Lo—...405 Y nJutd, ;. (4.148)

We will use the technique developed in [11], where the authors computed the OPE of two
Wilson lines by computing the relevant Feynman diagram in the 4d Chern-Simons theory.

Using the ingredients given in §4.3.3, we can decorate the 1-loop Feynman diagram
shown in §4.3.1 as follows.

J wA (1/0 ) /
/ ®\ /.
Vo integral .
.Pogb\—\L
L/““"’w Iap{ (‘/2 ) Ae_'z;t
N Bva" SN
-
Py fff V5 integral
Ve
V1 integral W /
[ ® /
I wA (‘/l ) /

Figure 4.14: The 1-loop Feynman diagram associated with the W,, — W, ® W, coprod-
uct. All the ingredients are explicitly displayed.

The amplitude is

0-3’]”—1‘]/711/ dZQdWQ(w28w2AeXt) 5(t0)5(2)(z0)dw0322 (U)SLPOQ)
V2 Yo (4.149)
X (5<t1 — (—6))(5(2)(21)dw18w2 (w;an),

\%1
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where we used (4.103), (4.106) for I3, (V2), L,a(Vo) and I,4(V1), respectively. Here, we
started by inserting the explicit term of the expansion Aeyy = ... + Wo0y, Aext + ... In
(4.149), as the LHS of (4.148) tells us that the external leg should be proportional to
Ow, Aext- Hence, the computation in this subsection should be thought of as a check, not a
derivation.

There are three floating vertices, so there are three integrals to do. Let us first do Vg,
V) integrals and use them in the final V; integral.

/ 8(t0)8™ (z0) w0, Poo. (4.150)
Vo

Since §(tg)6@ (o) ~ dtodzoZy, we can project most of the terms in Py, and get

5 w"iz zgdtg + t2d§2

/ 02 ( )7 |dw0
Cug /5 + [22]? + [woa]?

After shifting wy — wo + we, expanding (wy + w9)™ in the numerator, and working in the
radial coordinates (7, 0,,) of C,,, we can project everything but one term:

5/00 wg/?g(tgd/@—{-?zdtg)
2ho BrTaP

*

2

(4.151)

(277rydry,). (4.152)

Doing r,, integral, we have
WY Zo(todZy + Zodt
2 2( 2022 2 2). ( . 3)

5
V15 + [22]?

Now, let us do V; integral.
/v 5(ty + €)@ (21)(wy) O, Pio, (4.154)
Taking into account of the %, zul delta function, we simplify it into
g / wy " (Zadty + (o + e)dzz)wls du [ (4.155)
V(2 + 6 + [zl + [wial

Shifting wy — w; + we, and expanding (w; + wq) ™™ in w; /wy and in we/w; respectively in
the region of convergence, we have

]dwl\Q

5 / @111)5” (1 — nZ—; + .. ) (Egdtg + (tz + C)dgg)
0<|ws |<[we|

9 7
2 V2 + €2+ 22+ w2

(4.156)

|dw1|2.

2 Jwa| <|w1 |[<oo

+3 7
V(2 + €)% + |22 + | [2
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In the radial coordinates (r,, 0,,) of C,,, it is clear that only one term in the expansion in
the first parenthesis survives, and reduces to

. /|w2| —nwy "' (Badty + (ty + €)dZ)
7
0

5 (277 )dr. (4.157)
V(te + €)%+ |22 + 12

2

Doing the r,, integral, we get

_anz_n_l(,ggdtg —f- (t2 —|— E)dzg) ( 1 + 2((t2 —|— 6)2 ‘I— |ZQ|2) + 5|UJ2|2) .
3 Vit TP [Pl OF + [af? + [wal
(4.158)

We can then combine (4.153), (4.158), the 3-point interaction vertex osdzodws, and the
external leg A. This sets up the V5 integral. To be concise, let us omit the constant factors
and reintroduce them at the end.

2t o A 1 2((¢ 2 2 2

og/dwzdtgld 2 2+€>8 2 ( I (C Tl )+5|w2\5>'
Vi3 |Zz\2 V(b2 +€)? + [z V(b2 +€)? + |2 + Jws?

(4.159)

We may further expand®? 9,,A(z2) and notice the only nonvanishing piece comes from
O A = ...+ 2302 (0, A). (4.160)

Substituting it in and simplifying the integral, we have

OS/dw2(3w2(3§2A))/dt a2 (2t2+6)( 1 3
VBH 2l N\t t o + [z

L2+’ + [f*) + 5|w2|2>
= .
V(2 + €)% + |22]? + |wo]?

(4.161)

Let us apply Feynman integral (4.108) to each of two terms, omitting I" functions for
now, and setting e = 1. For the first term, we get

(= 42ty + 1)dty|dzs|?
Ug/dUJQ(a /dx 1—1-31./ 1_x t2|22|( 2 + ) 2’ ZQ|

+ |22]?) +2((ta + 1)2 + |22)?)*
(4.162)

22Gee the discussion around equation (3.20) of [11].
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We can rewrite the denominator into ((t2 + )% + |22]? + z(1 — 2))*, and shift ty — t5 — .
Since the ty-integral domain is (—o0,00), the fy-linear term vanishes. Then, the above
becomes
J3/dw2(a (92 A)) /1 dar /(1 = x)sx/dtQ\dZQP [2lf(1=22) e
o (1 + 22 + 2(1 - 2))*
Working in radial coordinates (r,,6,) on C,, plane, we can perform the integral straight-
forwardly as

36
Similarly, for the second term of (4.161), we apply Feynman integral (4.108).

1
Jg/dwg(an(aiA))/ dxr/(1 — x)523
0
22" (2t2 + 1) (2((t2 + 1)* + [20[*) + 5lws[*)dts|dz|?
(1= 2) (83 + [22?) + 2((t2 + 1)* + |22 + |wal?))>
We can rewrite the denominator into ((to+ )%+ |22|* +z|we|? +2(1—x))?, shift t, — ty—x,

and re-scale wy — wy/y/x. Since the ty-integral domain is (—o0,00), the to-linear term
vanishes. Then, the above becomes

o / dwy (D, (0% A)) /0 i (1 — z)a?

2|22l (1 — 22)(2(t5 + (1 — 2)° + |22|°) + 5lws*/)
X dt2|d22| 5 .
(3 + [z2]? + Jwa]? + 2(1 — 2))*

= o / dwy,, (0% A). (4.164)

(4.165)

(4.166)
Working in the radial coordinates (r,,0,) of C,, plane, we can check all the terms in the
integrand nicely converge under the r,, to, x integrals and (4.166) evaluate to

3092 m?

As we are working in the holomorphic supergravity background in the C, direction, the
term |ws|? = wywy with an extra anti-holomorphic dependence on w, must be Q-exact,
and we may safely drop it.

Combining (4.164) and (4.167), and re-introducing all the omitted constant factors, we
arrive at?

o3 an_lJ’_n_l(const)/dwg&m(@iA), (4.168)

231t is unclear how to intrerpret 832 acting on A, as the coupling does not give any information on the
z coordinate, but just modes in C,, plane.
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where

2 @) I'(5) (7371' w(3092> ? ) (4.169)

N
const) = 5 T @ T @) T @)1 (3) \ 2304 " 18 \ 3165 ) T 12288

We have obtained a single composite surface operator associated to the tensor product
representation J,—1 @ J' | € Wy ® Wa. Let us look at the external leg 811,2(922214, and
recall the coupling (4.52). Since it only tells us about the coupling between the wy; modes
of the 5d gauge field and W,, modes, we do not understand what 832 means in terms of
Koszul duality. Focusing on 9,4, as it couples to L_o, the tensor product representation

Jn—1 ® J", _; can be equally understood as L_y € W,.; it induces the coproduct.

Therefore, we have derived the 1-loop part of the basic coproduct relation of Ay, .. :
Weo = Woo @ Woo

L y— ... 403 Z(const)an,lj’_n_l. (4.170)
n>1
This is the expected coproduct formula for W50 — Wi 00 @ Wi 0. Wao,o is a direct sum
of a Virasoro algebra, which provides the mode L_5, and an affine Kac-Moody algebra
u(1). Wy is an affine Kac-Moody algebra 11(1), according to [72].

4.3.7 A comment on the fusion of transverse surface defects

In this section we consider a pair of transverse holomorphic surface defects. Since there is
a SLy(C) symmetry, we can assume that this pair of surface defects are supported on C,
and C,, respectively.

We conjecture that a fusion of two transverse surface defects will give a line operator as
a quantum correction in 1-loop order, along with the transverse surface operators. Since
we do not have a candidate field theory result for the transverse surface defect fusion, we
will not specify a particular mode of W, algebra that would appear in the coproduct in
this subsection. We already have all the ingredients of this calculation. We will frequently
draw them from the previous subsections.

We would like to compute the 1-loop correction to the OPE between two transverse
surface defects. Diagramatically, it is given by the following figure.
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Figure 4.15: The 1-loop Feynman diagram for the OPE between two transverse surface
defects on C, and C,, planes. All the ingredients are explicitly displayed.

The amplitude is schematically

0'3(. . ) / dZdegAeXt / 5(t0)(5(2) (Zo)d'LUQ0Z2(. .. Pog)

v Yo (4.171)

X / 5(t1)(5(2) (zl)dwl&m(. .. Plg),
i

where ...’s depend on the detail of the modes of the W,, on each of the vertices I,,,(V5)
and I,4(V}). Since the omitted parts do not affect the structural result that we claim, we
will not specify those throughout this subsection.

As we have learned how to do the integral along the surface defect in the previous
subsection, for each V, V; integral, we will draw the result from there:

3(t0)6® (20)(- . .) 0z, Pop = (const) (- )22(tad2 + i2dt2)
(.. Vo (todivy + Wadts) (4.172)
/ 5(751)5(2)(21)(. . )84, P12 = (const)~—- Wo (tadig + Wodty

5
V15 + [wa|?

We can then combine (4.172) and the 3-point interaction vertex osdzedws, and the
external leg A.¢. This sets up the V5 integral.

(. . .)22(t2d§2 + zgdtz) ( . .)w2<t2dw2 + U_)thg)

0'3/ dZQdUJQ 5 5
V2 Vi3 + |z t5 + |w,|?

Aext- (4173)
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Expanding the numerator, we can observe three objects with a o3 factor omitted.
/( )A td'wQ/ ( . .)dZQdZthQ + /( )A tdZQ/ ( . .)dU]Qd’IIJthQ
e ex 5 cee ex 5
V(6 + [2) (8 + [wa]?) V(8 + [22?) (8 + [wa]?)

(. . .)dzodzadwsdiy
+ [ (. )Acxt >
/ / V(8 + T2 (& + [ws]?) (4.174)

Depending on (...) in the numerators, combined with a proper term from the expansion
of Aext In z or w, each integral may or may not produce non-zero answers. As our primary
purpose is to see the structure, let us now assume that each integral gives a nonzero answer.

The second integrals in each term evaluate to finite constants, which we again denote
by the uniform format (...).

o3(const) / (...)Aextdwy + o3(const) / (...)Aextdze + o3(const) / (.. )Aex.  (4.175)

Ry

z

Therefore, in the most general case, we would obtain either a surface operator on C,,
surface operator on C,, or a line operator on R; as a result of the fusion of two transverse
surface defects, especially from the 1-loop quantum correction.

4.3.8 1-loop exactness of the Feynman diagrams

All basic coproducts A4 4, Aaw.., Aw.. w.. that we have tried to reproduce so far truncate
at O(o3) order [73]. However, in principle, all the diagrams that we have discussed may
have higher loop corrections on the internal 3-point vertex and one of the propagators.
To match with the algebraic result of [73], we need to argue that such higher corrections
vanish. Note that [12] showed the 1-loop exactness of Yangian coproduct using the 4d
Chern-Simons Feynman diagrams.

Let us start with the potential higher loop corrections to the internal 3-point vertex.
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Figure 4.16: Three possible higher loop corrections. In addition to the already existed
vertices Vj, V1, V5 that were used in the computation in the previous subsections, it contains
two extra vertices V3, Vj, and three extra propagators Pss, P34, Poy. We distinguish the
internal propagators and the external leg, by showing A..; explicitly on the external leg.

Two new internal vertices V3, V4 and three new internal propagators Pso, Ps4, Poy will
introduce an extra factor of o3 = 03_2. Hence, with these further corrections, the diagrams,
presented in §4.3, are proportional to O(c?2).

We will argue the vanishing of the higher loop corrections without introducing compli-
cated integrals again since we have learned the rule of the game from the 1-loop computa-
tions in the previous subsections. For simplicity, we will focus on the left corner diagram,
but the other diagrams are equivalent, as it will turn out soon.

By (4.103), each of the new 3-point vertices V3, V4 will introduce Zs,(V;): a factor of
03, a vertex integral fv- dz N dw, and partial derivatives 0., J,, associated with the vertex
coordinate that we integrate over.

The partial derivatives act on the two of the propagators emitting from the vertex V3

to other vertices V5, Vj, and effectively produce a multiplicative factor
Z32W34
dipd3,

(4.176)

Similarly, the partial derivatives that act on the propagator emitting from the vertex Vj
to a vertex V5 and the external leg, and effectively produce a multiplicative factor

z:
2 Orw- (4.177)
d24
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where 0,, is assumed to act on Aex;.

Considering the three new propagators PssPoyPy3, the multiplicative factor introduced
by the addition of the new bridge is

Z30W34 2
03;22d—s4dg4p32 N Poy N Py30,. (4.178)
32034024

The numerator of P;; is an anti-holomorphic 2-form on the 2-point configuration space of

Vi and Vj.

When we multiply the three propagators, recalling the definition (4.100), we see it is
precisely zero.
P32/\P24/\P43:O. (4179)

Since this vanishing property only depends on the three encircling propagators, the ar-
gument remains the same for the other two diagrams in Figure 4.16 that we have not
discussed. Therefore, there is no higher loop correction on the internal vertex V5.

Next, we consider the potential higher loop corrections on the external leg and the
propagators.

S
J J ‘N;"W ¥ /W\NWA
NV

N

h 4,
& 4
¥ [
o ~ /,/-sinm_ A~ —— B Aewt
V2 Vs Vi
ol Wy,
LA
W !;HL
R —
%,1 X o
Vs Vi 2

Figure 4.17: The first diagram is a loop correction on the external leg(~ Ae) and the
second diagram is a loop correction on one of the internal propagators Py, P that we
have worked with in the previous subsections.

A similar analysis that was applied on Figure 4.16 goes through, and we see the mul-
tiplicative factor introduced by the new bridge is proportional to

Pyy N Py (4.180)

24We used a Mathematica package “grassmann” developed by Matthew Headrick in this computation.
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for both diagrams in Figure 4.17. Again, (4.180) is precisely zero. Therefore, there is no
higher loop correction to the internal propagators and the external leg.

We conjecture that the vanishing phenomena?® are generally the case for the combina-
tions of anti-holomorphic 2-form of the 5d Chern-Simons propagators with their subscripts
in the form of “a trace of a product of matrices ”:

P,

1112

APy N... NP, i, =0. (4.181)

2>The similar vanishing phenomena were observed in 4d Chern-Simons theory [05], see §A.4.1.
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Chapter 5

M2 Brane Algebras: Algebraic Point
of View

In this chapter, we study the M2 brane algebra from a purely algebraic point of view.
Namely the M2 brane algebra is the uniform-in- /N algebra of the quantized ring of functions
on the ADHM moduli space (see §4.1.3). We will spell out its generators and relations in
§5.1, using direct computation together with the (faithful) Calogero representation that
is explicitly written down in §5.2, then we define the uniform-in-N algebra using the
generators and relations in §5.1 and we will prove a flatness theorem of the M2 brane
algebra (Theorem 5.3.3), next we observe a simple relation between the Yangian of gl
and the M2 brane algebra in §5.5 and prove a conjecture of Costello (Theorem 5.5.1), we
also explain a relation between a certain degeneration limit of M2 brane algebra to the
Kac-Moody algebra of gl in §5.6, and finally we write down the meromorphic coproduct
structure of the M2 brane algebra in §5.7 and show that it gives rise to a vertex coalgebra
structure on the M2 brane algebra (Proposition 5.7.2).

5.1 Generators and relations

The ADHM quiver @) consists of one edge loop and one framing. The Cartan matrix
Cq is zero in this case, therefore it is easy to verify that (C.19) is satisfied for all v, w,
ie. (QV,v%) is always good for the Jordan quiver. Introduce the convention v = N
and w = K, h = €1, t = €5, and denote the deformed quantum Nakajima quiver variety
by B%{) = C.,[M (N, K)|, it is also called the quantized Gieseker variety. In this case
Proposition C.1.18 and Theorem C.1.19 can be summarized as follows.
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Lemma 5.1.1. Bg{,{) is a free Cley, €2]-module, and
B/ (e1) = C[M, (N, K)) (5.1)
Moreover the scheme M (N, K) is reduced Yc € C.

The affine schemes M.(N, K'), known as Gieseker varieties, have been extensively stud-
ied. In the case of K =1, My(N,1) = SV(C?), i.e. the N’'th symmetric product of C2.

By invariant theory, Bg\[,() is generated by GLy-invariant monomials in {X, Y, I, J} with
relations

[X;, sz:] :61555§?7 [ng ]Zb] = 615552, (5 2)
g(X, Y, 1,0) (X, Y] —LJ + e0d) =0,

and other commutations between symbols XY, I, J are zero. Here g(X,Y, I, J) means
arbitrary polynomials in XY, I, J, and normal ordering convention is such that Y is put
at the left of X.

(K)

Definition 5.1.2. In order to present the relations in a nice form, we slightly enlarge B,
by inverting €;, and define

1 1
Chnm = aI“Sym(X”Ym)Jb, tom = aTr(Sym(X"Ym)).

They are generators of B%() [e;']. Tt is clear from the moment map equation that e?, =~ =

a;n,m

€otnm and tog = g Moreover, the following relations are easily derived from definition.
Lemma 5.1.3. top is central, and ey, act on BE\I,{) [e!] as generators of gly,

[€5:0,0> €amam] = 04 €dinm — 0dChimm- (5.3)
The linear span of tag,t11,t02 acts on BS\I,{) (€] as sly:

[t2,07 ez;n,m] - 2m6§;n+1,m—1’ [tl,l’ eg;n,m] - (m - n)ez;n,m7 [t0,27 6g;n,m] = _Qneg;n—l,m—i-l

(5.4)

And moreover
[tl,()? 6Z;n7m] = meg;n,m—b [t0,17 eg;n,m] = nez;n—l,m' (55)

The above lemma together with three other commutation relations presented in the
next proposition completely determine all other commutation relations.
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Proposition 5.1.4. Let e3 = —Key — €9, then

a —
[€5:1,0- t3.0] = 0. (5.6)
€3TL
a c __ sc_a a a a,c c a
[eb;1,07 ed;O,n] - 5b6d’1 n 5d€b'1 no (6 €4:0,n—1 + 6d6b;0,n—1> - nel(gdeb;o,n—l
n—1
m+1 n—m
—615 — el 612 — 5, el
+1 d me b;0,n—1—m n+1 b~ f;0m*=d;0,n—1—m (57)
m=0 m=0
n—1
a c
+ € E €4,0,mCb;0,n—1-m
m=0

nn—1)(n—2
[t3.0,ton] =3nton_1 + ( i( >(€? — €2€3)t0n—3
361 n—3 (58)
= 2_m A1) =2 =m)(ecomeuon—s-m + €re2lomlon--s-m)-
m=0

Equations (5.6), (5.7), (5.8) together with Lemma 5.1.3 determine all the other com-
mutation relations. For example (5.7) implies that [ef,, o, ton] = nefg,, 1, together with
(5.6) this in turn implies that
(€510, [£3,0, To.n1]]

[t3,07eg;0,n] = [t3,0, [eg;l,o’to,nﬂﬂ =

n+1 n+1

n(n —1)(n — 2)
4

The equation (5.6) is obvious from definition, but the other two equations in Proposition

5.1.4 are less obvious, of which the proof will be deferred until the next section. It turns out

that (5.7) is more or less transparent in the Calogero representation, but the computation

of (5.8) in the Calogero representation or in the original definition seems to be hard. In

order to proceed, we notice that (5.8) is equivalent to the next two equations:

(5.9)

2 . .
= 3nepa, 1+ (€1 — €2€3)€p,,_3 + quadratic+cubic.

[t2,17 tO,n] = 2nt1,n7 (510)
n(n—1
[tg}l, tl,n] :(27’1, — 1)t27n + %(6263 — 6%)1507”,24—
LBass mm—1-m) (5.11)
7 n+1 (ec;O,mea;O,n—2—m + EIEQtO,mtO,n—2—m)-

m=0

This comes from [t3, to,] = %Ht2,07t2,1]at0,n] = %[tzo’ [t21,ton)] — nltan, ti 1]

163



5.2 Calogero representation

We choose = —1 then N?(Q, v, w) is isomorphic to the Quot scheme Quot% parametriz-
ing length-N quotients of OZX. The Hilbert-Chow map Quoty — Sym”™(C) sends a
quiver data (I,Y’) to the spectrum of Y. Restricted to the open locus where spectra of
Y are distinct, Quot% is isomorphic to product of N copies of PX~! fibered over the base
SymN ((C)disj .

Let Ef be the image of the generator e} € U(gly) under the Beilinson-Bernstein map
U(gly) — D2/ (PX=1) where D%/1(PX-1) is the ring of O(l)®ﬁ—twisted differential
operators on PX~1. In particular we have

€2

a __ a e a a b _ (61 + 63)62
E'=2 E°Ef=- El, EfE)= -T2
€1 €1 €]

€1+€3

(5.12)

It is not hard to see the following:

Lemma 5.2.1. Composing the Calogero representation B(K)[ ' = D2 (Quoty)[er "] with

the restriction map D2(Quoty) < D2(PK=1 x .. x PE=1x CY), then tyq and ef , are
mapped to
N N
€182 +e¢
o> ey Op — Z : i T (5.13)
i=1 i<j 7 yﬂ i=1

where (y1,- -+ ,yn) is the coordinate on CV, By, 1s the Ey for the i’th PE=1 and Q;; =

Ey B! is the quadratic Casimir between i and j.

Proof. We diagonalize Y = Hdiag(y;, -+ ,yn)H !, and define

) . 1 )
= (IH)}, wvo=(H"),, Ep;=—ujv, (5.14)
I 61

The commutators between v and v are

[Vl ul] = €1000". (5.15)

a’ ]

Therefore u¢ are the projective coordinates on the i’th PX~1 and v! are the differential
operators on it, and Ej; satisfy the gl commutation relations, namely ey — Ej; is a
free-field realization of gl
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From the diagonalization Y = HDH~! where D is the diagonal matrix, we read out
the tangent map dY = [dH - H™', Y]+ HdDH ™!, and in the dual basis the above equation
becomes

Opri = i(H—l [V, X)), 9, = L. (H'XH): ., (5.16)

k3

€1 €1
here we use the identification X} = €10y, and the normal ordering such that X is always

at the right-hand-side of H and Y. Let X, =: (H-'X H)! :, then

. €1 . . 7:‘ . ) y
S LR a1
Elayia =17,
and the quantum moment map equation becomes
: —6: (0 -H)Y:, i#j
ull = { €1 (O H)jo 0] (5.18)
€2, 1= ].
Thus the image of e, = éI“Y”Jb is
| X N
o2yl = ) ELi
i=1 i=1
and the image of ¢ty = iYEYZ is
N N a,0Jo, 0,0
2 udvlulv
2 7 Ya”3"b
€1 g: — — —_—,
; e ; (i — v5)?
and it is easy to see that éu?viugvg = €18)i; + €2, this proves our claim. O
From the above lemma, we can derive the formula for more generators.
1< N oon
ton — - ny, tin Z <§y?_1 + yznayz) : (5.19)
iz i=1
N N  n+l n+1 ra r1c a [
a 0 (T a1 n Yo  —Y; EciEbj_Echbi
Ch1n 7 €1 Ei(_yi +yi6i)+€1 — > (5.20)
b1, ; b, 2 Y ; n+ 1 (yl _ y])Q
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N

nn—1) ., -1 2 Yi Y
ton € (—y;1 +nyl 0y, + yPon | — (619 + €2).
ZZ:; 4 vi Yi n+1 ; (vi —y;)? J
(5.21)
We can compute more relations in the Calogero representation.

a c 61 + 63 (l m C n a

6c;O,meb;O,n = - € bO m-+n + Z Uiy Eb,j + Y Yy Eb ZECj7
z<]

a (61 + 63 n n, m

eb;O,mez;O,n = 0 m+n + Z yl yj + Y; yj )sz (522)
1<j
= —6—1750 m4n — €1€2to mlon + — Z Wiy + vi'y; )€1 + €2).

1<j

Proof of Equation (5.7). The left hand side of (5.7) can be written as

N N E; Elf — E%.Ef,
17b,j K
[62;1,07 eg;O,n] =€ Z[Eg,z‘aym Eg,z‘yi | +ea Z — 7E§,iy? + Eé,jy?]
=1 i<j J
- =y
-1
612 Ebz7Edz ny? +y;n6yz) +nE§,zElc;L,zy;n) +€1Z y‘ yj (EdzEb] +Ed]Ebz)
=1 i<j ? J
ES.E yr — B Bl yn I Ee yn— B! Be yn
—615‘12 f7 b,j i [3 b9 € bz dz [ ‘du fridg
1<j y] 1<J y]
= 5563;1,71 5d€b 1,n (5bed0 n—1 + 6362;0@—1) - €1n6362;0,n—1
an1m+1 f n—ln_mca f
— €104 Tme b;0,n—1—m elzn—ﬂbf()m d;0,n—1—m
m=0 m=0
N n—1
+ean Z(Enggz - Eg,iEg,i)yghl téa Z €:0.mCh:0.n—1-m-
i=1 m=0

Use the identity Eg,Fy, — B, By, = 03Ef ; — 65EF,;, we get the right hand side of (5.7). [
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Proof of Equation (5.10). In the Calogero representation we have

N N
[t2,17 ZfO,n] = Z[ayz + yzaiay:l] = Z (712%@_1 + 2ny?ayi) = 2ntl,n-
i=1 i=1
O
Proof of Equation (5.11). The left hand side of (5.11) can be written as
N n N .
(a1, t1n] =61 ) [0y, + iy, 59?_1 +yroy,] = ) (@ + EMW’ Yi Oy, + y;0y)]
i=1 i<y v J
N
n(n —1)2
=€ Z (%yzn_2 +n(2n — )y 19, + (2n — 1)y?8§i>
i=1
N n n n+1 n+1
Wiy —vi'ys) — Wi —y;
(yi —y5)

i<j

And the relevant summations that we encounter in the right hand side of (5.11) can be
written as

[\

n—

€
51 (m + 1)(n —-1- m) (GZ;O,meg;O,anfm + 6162t0,mt0,”*2*m)
m=0
n+1)n(n—1
= — ( )12< )€2€3t0,n,2 (523)
N n+1 n+1 n mn
(n =Dy =y ) + (0 + Dy — vi'y))
+D : 3 : (i + e2).
= (v = y))
Now we can see that two sides of (5.11) agree by direct computation using (5.23). O

5.3 Uniform-in-N algebra

Definition 5.3.1. Let the Cley, €]-algebra A%K) be generated by t,, m, €hon.m With relations
tnm = €2€4., 1, and those in Lemma 5.1.3 and Proposition 5.1.4, and [eg;l,o’ ton) = neyo.pn1-
A is called the ADHM algebra in chapter §4. Let BY) be the Cley, e5]-algebra generated
by t, m = €itnms € = €164, With relations ¢, = e, and those obtained from

scaling of Lemma 5.1.3 and Proposition 5.1.4 by €}, and finally [e; o, %) ,,] = neiefly,, ;-
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Obviously, there is an algebra homomorphism B*) — A which is an isomorphism

when localized to C[ef, €] In fact BH) — A®) is injective, this is due to the flatness of
the algebras, see Theorem 5.3.3. Moreover there are surjective algebra homomorphisms

o B0 B0
Chpinm = T"Sym(X"Y™) Jy, ), = TrSym(X"Y™).

Definition 5.3.2. The image of [y pv : BE) — ]y B%() is called the uniform-in-N algebra
Ce,[Me, (o, K)].

Theorem 5.3.3. The canonical map B¥) — C,, [M., (e, K)] is an isomorphism. Moreover
AE) and BE) are free Cley, e3]-modules.

Proof. The situation here is similar to that of [29], and we borrow the idea from there.
First of all, note that BY)/(e;) is the commutative algebra freely generated by e, ..t
for (n,m) € N? and (a,b) # (K, K), and their images in C[M,, (e, K)] are algebraically
independent for generic e, by [29, Proposition 15.0.2], thus B%)/(¢;) — C[M,, (e, K)] is
injective therefore it is isomorphic. In other word the kernel of B¥) — C, [M,, (e, K)]
is contained in the ideal (e;). By the flatness of C,[M,, (e, K)], if €;f is in the kernel,
then f is in the kernel too. This implies that the kernel is contained in N, (e}) = 0, thus
BX) — C,,[M,,(e, K)] is an isomorphism.

la t/

ot and we can form a putative basis of B¥) given

Fix an order for the generators e
by the normal-ordered monomials in e, .., %, ,,- Modulo €;, they form a basis of B5)/(¢))
over C[ey], therefore they generated B) as Cle, €5]-module by the graded Nakayama
lemma. And moreover they do not have nontrivial linear relations, in fact any such relations
must be divisible by €1, and by the flatness of B ¢, can be subtracted from linear relation

and we can get a relation not divisible by €;, which must be trivial. This shows the freeness
of B,

For the freeness of A¥) | fix an order for the generators €hnm> tn,m and we can form a
putative basis of A%) given by the normal-ordered monomials in €honms tnm- Note that
A®)/(e,) is the universal envelope of a Lie algebra generated by ef.,, .. tnm, so the set of

the normal-ordered monomials forms a basis for A% /(¢;) by PBW theorem. In particular
they generate AX) as Cley, ;]-module by the graded Nakayama lemma. If there is a
nontrivial relation among those normal-ordered monomials, then we can multiple €} so
that it lies in the image of B¥), but we have shown that normal-ordered monomials in
€1 ms tnm form a basis of B, therefore the relation must be trivial. This shows the

freeness of AU, O
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Proposition 5.3.4. On the locus e, # 0, the algebra A% /(e)) is isomorphic to the uni-
versal enveloping algebra of De,(C) ® gly, where D, (C) is the algebra of ey-differential
operators on C.

Proof. Tt is obvious from the commutation relations that A%)/(¢;) is the universal en-
veloping algebra of the Lie algebra spanned by ej,, . Let the coordinate on C be y and
its differential z such that [x,y] = €5, then one consider the map

Cfonm > Sym(a"y") @ . (5.24)

where ef are the corresponding generators of gly, this gives a one-two-one correspondence
between generators e, . and a basis of D, (C) ® glj. It is easy to see that the above map
preserves the commutators in Lemma 5.1.3 and Proposition 5.1.4 modulo €y, i.e. it is a Lie

algebra morphism. Thus A% /(e;) = U(D,,(C) ® glg). O

Remark 5.3.5. The algebra U(D,,(C) ® gl ) is known as the double current algebra in the
literature [39, 59, 60]. Compare the generators and relations of A% with [59, Proposition
4.2.13], we see that A% is isomorphic to the deformed double current algebra (DDCA).
This provides an affirmative answer to a question of Costello [29, 2.1].

5.3.6 Commutation relations in the case K =1

In this subsection we write down the commutation relations in the case K = 1 which is
relevant to the subsection §4.1.6. Again, ¢y is central, and the linear span of t9,%11,%02
acts on AWM as sly:

[t2.0s tnm) = 2Mtpi1m—1, [t11, tnm] = (M —n)tym, [to2, tnm] = —20tn—1mi1- (5.25)
And
[tl,g,tnjm] = mtym—1, [to,l,tn,m] = Nlp—1,m- (5.26)
Moreover
tooston] = Sntpns + D=2 s 37 23 (m + 1)(n — 2 — m)tomton—s—m.
" (5.27)
where
Oy =€+ erteer, 03=—crez(er +e). (5.28)

These relations determine all other commutation relations.
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5.4 Other choices of generators

In the definition of BY), we use the symmetrization e, . = I*Sym(X"Y™)J,.t, . =
TrSym(X™Y™) to define the universal-in-N generators, it turns out that non-symmetrized
operators also exists in universal-in-N algebra B,

Let us introduce some notation first. For an array r of binaries of length [, i.e. compo-
nents of r are 0 or 1, define r(X,Y") to be the length-/ letter such that at the i’th place is
Xifr,=0o0rY if r; = 1. For example if r = (0,1,0) then r(X,Y) = XY X. We write
|r| = (n,m) if there are n zeroes and m ones in r.

Lemma 5.4.1. There exist a set of polynomials fg, and g of variables e, . t, ; € B(K)

for p,r < mn and ¢,s <m and 1 < ¢,d < K, such that the image of fy,. in BS\I,() equals
to Iv(X,Y)J, — I*Sym(X"Y™)Jy, and the image of g, in BE\I,() equals to Tr(r(X,Y)) —
TrSym(X™Y™). Here (n,m) = |r|.

Proof. The statement obviously holds for n = 0. Now assume that the statement holds for
all (n/,m’) such that n’ < n. One can write

1
Ie(X,Y )y = ISym(XY ")y = (o ST OE(X,Y) - g-r(X,Y))
’ 9EGn+m

as a sum over permutations g € &, 1, and ¢g-r(X,Y’) means permuting the letter r(X,Y)
using g. By decomposing ¢ into product of permutations of neighboring letters, we only
need to show that for any pair of arrays of binaries ry, ry such that |ri|+|rs| = (n—1,m—1),

there exists polynomial fg. . of variables ejf .t € B for p,r < n and ¢,s < m and

1 < ¢,d < K, such that the image of fi, . in BE\I,() equals to I°r1 (X, Y)[X,Y]r:(X,Y))J,.
Using quantum moment map equation and commutation relations, we can rewrite it as

v, (X, Y)[X, Y]ra (X, Y))Jy = 10y (X, V) JITs(X, V) Jy — esI01 (X, Y)ra(X, V) ),
thus the statement for r follows from induction. O
Definition 5.4.2. For an array r of binaries such that |r| = (n,m), define

e = Chmam + Jows  Te = o £ G-

Note that e, does not depend on the choice of fi ., since the image of €. in B%{) is

I°r(X,Y)J, for all N, and the intersection of kernels of projections B#) — B%{) is zero.
Similarly ¢, does not depend on the choice of g,.
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Lemma 5.4.1 shows that the coordinate transform between e, and ey}, is triangular.

For every (n,m) € N, choose an array of binaries ry, , with |ty ,,| = (n,m), then ¢, and
t;. . is a set of generators of B, in fact fix an order for €%, ., (a,b) # (K, K) and t}, |
then normal-ordered monomials in e, and ¢,  is a basis of the free Cle;, €3]-module
B,

5.5 B-algebra and Yangian

Recall that if A = @;ezA" is a Z-graded algebra with homogeneous components A, then
one can define a new algebra B(A), called the B-algebra

B(A) = A%/ (Z A A’) : (5.29)

1>0

Note that if A is commutative, then SpecB(A) = (SpecA)®”, where C*-action on SpecA
is induced from grading.

There is a natural grading on B%() by letting degree of X, I to be 1 and degree of
Y,J to be —1. This grading is uniform in N, and we obtain a grading on B®¥) such that
degey, ,, = degt; . =n—m,dege; = degey = 0. The following is conjectured by Costello

[29, 2.3].
Theorem 5.5.1. On the locus €5 # 0, there is an algebra isomorphism
B(B™) = Y., (gl [e2] (5.30)

between B-algebra of BE) and the Yangian of gly freely joint with e,.

We prove the theorem as follows. First we construct a homomorphism from Y, (gly)
to the degree zero piece of BS\I,Q, such that the image of generators are uniform in NV, so we
obtain a homomorphism Y, (glx) — B®) with image in the degree zero piece. It will be
transparent from construction that the composition Y, (glx)[ea] — B(BU9) is bijective on
the locus €3 # 0.

Let us construct the homomorphism from Y, (gl,) to B%{). Denote by Ty, the RTT
generators of Y, (gly) satisfying commutation relations

€1

15 (u), Tg (v)] = (T5 () Tg (v) = T (0)T§ (w), (5.31)

u—v
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where Ty (u) = 6f + 3,50 Ty,u™""". The computation in [126] shows that the map
e, s (Y X)"J, (5.32)

extends to a C[eq]-algebra homomorphism from Y, (gl,) to B%(). Discussion in the last
section shows that these maps are uniform in N and gives rise to the map

Te, v e, (5.33)

where r,, is the length-2n array (1,0,---,1,0). This is a homomorphism from Y, (gl) to
B) with image in the degree zero piece.

Proof of Theorem 5.5.1. After inverting e, we have t,,, = e/ /e, so BU)[e;"] is gen-

erated by e, . From the last section, BF)[e; ] is generated by € m (n # m) and ey,
Consider the partial order on N? such that (n, m) =< (n',m ) if n —m <n' —m/, and then
refine it to a total order on the set of generators epn.m and et . Then B(%)[e;'] has a basis
consisting of decreasing-order monomials in e, and Chor, > in particular the degree zero

component of B has a direct sum decomposition

(@ Cley, €3] - normal-ordered monomials in 6;)?1«”) (@ Cler, €3] - €fym - (- )) .

n>m

Thus we see that B(B(K [e; ]) is a free C[ey, 6 ']-module with a basis con81st1ng of normal-

ordered monomials in €}, . Since the homomorphism Y, (glx)[e2] — B(BY)) maps Ty, to
e, > and it is well- known that normal-ordered monomials in 7}, is a basis of Yangian, the
theorem is proven. O

5.6 Relation to Poisson current algebra and Kac-Moody
algebra

Define the traceless version of e generators

—a _ a a
Chin,m = Chnym T ?517 tn,m?
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then commutation relations in Lemma 5.1.3 and equations (5.6) remain the same form
with e replaced by e. Equations (5.7) and (5.8) are modified:

_ _ _ €9€3N 0404
a c __ gc=a a e
[€5:1.05 €3:0.n) = 04C1.n — OgCham T % ——lon-1 (_K — 040,

n Egn
C =Q a =C a =C
+ E(€35d€b~o ne1 — €205 €q0n-1) — (5b€do n-11 5d€b;o,n—1)

m+1 o nln—mc_a o (5.34)
_612 +1df0mb0n1m 612n+1 bemenlm
m=0 m=0
n—1
+ € Z ég;O,még;O,n—l—m'
m=0

nn—1)(n—2

[t3.0, ton] = 3ntan_1 + ( i( )(ﬁf — €2€3)t0.n—3

n—3 (5.35)

361 —a —c (262 B 63)62

—_ 7 Z(m + 1)(n —2— m) (66;07m€a;07n3m + Tto,mt(),n—Zi—m .

m=0

Define a filtration degree function on generators e, t by
deg(€hm) =n+m, deg(tnm)=n-+m+2, (5.36)

and define the degree of a monomial in e,¢ by the sum of degrees of its components.
This induces a filtration on A%). For the convenience of later discussions, we write the &
generators as J; ., where J* are the sl generators with structure constant £ and Killing
form k.

Proposition 5.6.1. Commutators in A can be schematically written as

€2€3

[T s I = T g — 62 (ng — mp)—= e ——tnip—1.m+q—1 + lower degree terms, (5.37)
(tnm, Jp gl = (g —mp)Jy, 1 g1 + lower degree terms. (5.38)
[tnms tpgl = (Rg — MP)tpsp_1miq1 + lower degree terms. (5.39)
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Proof. The defining relations in Lemma 5.1.3 and equations (5.6), (5.34), and (5.35) are
obviously of the above form. In particular (5.37) is satisfied for (n,m) = (1,0),p = 0 and
all ¢, (5.38) and (5.39) are satisfied for m = p = 0, n < 3 and all ¢. Using the adjoint
action of t9 9, we see that (5.37) is satisfied for (n,m) = (1,0) and all (p, ¢), and (5.38) and
(5.39) are satisfied for m = 0,n < 3 and all (p, ¢). Then using the adjoint action of ¢, we
see that (5.37) is satisfied for n +m < 1 and all (p, q), and (5.38) and (5.39) are satisfied
for m +mn < 3 and all (p,q). Next we proceed by induction. Assume that (5.37), (5.38)
and (5.39) are satisfied for (n +m) < s and all (p, q), then

a 1 a 1 a a
[T 100 Tyl = —g[[tzl, Tl Il = —g([tz,la (T30, I5 1 = [J20s T2, Jpg)])
1
— —;[tm, fng;:JrM — mabsq%terp_l,q_l + lower degree terms|

1
+ E[J;O, (2¢ — p)J}, 1, + lower degree terms]
€€
= fcabJstrler,q - Hab(‘s + 1)(]%
so (5.37) is satisfied for (n,m) = (s+1,0) and all (p, ¢). Using the adjoint action of t; 2, we
see that (5.37) is satisfied for n +m < s+ 1 and all (p,¢). By induction on s, we see that

(5.37) is satisfied for m,n,p,q. The other two equations is proven using similar induction
argument. OJ

tstpq—1 1+ lower degree terms,

From the above description of commutation relations, we immediately see that the
associated graded algebra is related to the Poisson current algebra, defined as the universal
envelope of gl ® O(C?), where C? is endowed with a Poisson bracket.

Corollary 5.6.2. The associated graded algebra gr A% with respect to the filtration (5.36)
is the universal enveloping algebra of the Lie algebra gl @ O(C?) with Lie brackets
[A® [, B@gl=[A,B|® fg+ (A B)_=a,{f g}, (5.40)

where A, B € gl, and (A, B),ez%yl is the symmetric form that equals to —<k on slg and
1 on gly, and f,g € O(C?) with Poisson bracket {z,w} = 1. J2, is mapped to J* @ z"w™
and t,, ,, 1s mapped to 1x @ z"w™.

Since tg is central in AK) we can regard A%) as a Cley, €9, tgo]-algebra, and it is free
as a Cley, €3, 19 o]-module. Let us add the inverse square root t(; é to the algebra A%, and
consider the Cley, €2, é -subalgebra AK) ¢ AK) [to, é ] generated by

n+m _nt+m

~ - ~ —4.
a _ 2 a _ 2 n,m
J, m o t0,0 Jn,m? tn,m - t0,0 tn,m7
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then Proposition 5.6.1 implies that

~ _1 ~ 1
Corollary 5.6.3. A% is a free Cley, €, ty¢]-module, and A /(t,2) is the universal
enveloping algebra of the Lie algebra O(C?) @ gl /C - 1x with Lie bracket

Ao Bog= AR o+ AB) g (§ Gage), G

|z]=1 2miz

where m : C?> — C, (z,w) — 2w, and $_,_ . maps an one-form on C? to a function on C.
» \ < ’ |z|=1 P

J is mapped to J* @ 2"w™ and tnm is mapped to 1x @ 2"w™.

Moreover, there is a surjective Lie algebra map from O(C?) @ gl /C - 1k to the affine
Lie algebra &(K)_%J, where the latter has generators J%, a,, (m # 0), and c, and Lie
brackets [Jg, J0] = foPJC, . — n6n _m2ERC, [0y, Qi) = N0y —me, and other brackets are
zero. The map is given by

- . - 1
JO o= J Lty b Qe (R E M), T C.
n,m n—m m = ( 7é ) n = n4+1

Proof. Proposition 5.6.1 implies that the commutators are schematically of the form

[An,ma Bp,q] :[A7 B]n+p,m+q + 5n+p,m+q(Aa B)—%,l(nq - mp)tn-i-p—l,m—i-q—l

1 1
+t94 - (Polynomial in ¢, 7).

. N ~ 1
where A, B are J or t and we regard { as the diagonal gl; part of gl. Thus AY/(t,8) is
the universal enveloping algebra of O(C?) ® gl /C - 1x with the Lie brackets (5.41).

For the freeness of AK ), fix an order for the generators A, and we can form a putative
basis of A) given by the normal-ordered monomials in A,,,,. Note that normal-ordered
~ _1
monomials form a basis A%)/(t, ) by PBW theorem. In particular they generate AU
_1
as Cler, €2, ]-module by the graded Nakayama lemma. They also form a basis when

1 ~
localized to C[tig], because after localization A%) is the same as A% of which the set
of normal-ordered monomials form a basis. In particular normal-ordered monomials are

1
linear independent over Cley, 3,1, 5]. This shows the freeness of AE),

The surjective map to gA[(K )_ c2ca follows directly by computation. ]
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5.7 Meromorphic coproduct

Consider the rational map (Cé\igj X Cé\ﬁj --» Cé\i[;;’M sending (y%l), e ,y](\}l)) X (y§ ). ,yﬁ{z))
to (yg)7 e ,yﬁf, y§2), e ,yj(\z)) This is not a globally-defined map since yzm might collide

with yj(-2). Alternatively, one can consider the parametrized version of the above rational
map m : ChL x CY2 x P! —-» CHL™ sending (51", -+, y\)) x (017, L yly) x (w) to

disj disj disj
(y§1)+w, cee y](\}l)—kw, yf), e ,y]%)), where w is the coordinate on P*. Then the non-defined
loci for m on (Cévi;j X (Cé\gj x P! is union of hyperplanes ygl) +w = y](?) and the infinity divisor

w = o0. Since the hyperplanes do not intersect with the infinity divisor, we can take the
formal neighborhood of w = oo and localize to get a genuine map

m: (Cé\gj X Cg‘;’j x SpecC(w™1)) — (Cé\%J*N"’.

. . 1 2 1 1)\ — 2 2)\ — 1 2)\ — 2 1
It maps function ring Cly{”, 41, (i —y )~ (2 =y 2) 1 (0 —4i?) 1 to Clyt”, ), (4t

y)) ™ ) — ) (w ) by

1 1 2 2
w =y tw, g
1 1 1 1
— —
1) 1) 1) 1)’ (2) (2) (2) (2)
Y — Y, Y, — Yiy Y — Yy Yy — Yy (5.42)

1 oo
o_.®" dow Ty =y
Y~ — yj n=0

We call such map a meromorphic coproduct, denoted by A(w)n, n,. It is coassociative in
the obvious sense, in fact it satisfies a more basic property:

Lemma 5.7.1. Meromorphic coproducts are local in the sense that, if we decompose N =

N7 + Ny + N3 into three clusters, then for any f € O(Cé{sj), two elements

(Id @ A(w) Ny N3 )A(Z) Ny Noa s, (P @ 1d)(Id @ A(2) vy v ) A (W) Ny Ny 85 f

are expansions of the same element in O(CYL x C2 x CVI [z~ w™!, (z — w) ™[z, w],

disj disj disj
where P : O(Cévéj) ® O(Cévi;j) — O(Cé\if;j) ® O(CY2) is the permutation operator.

disj

(1) (1)

Wiy gy sy ®

Proof. After taking two-step meromorphic coproduct, y +w, Yy

J J
y,(;’), and those (y; — y;)~" are mapped accordingly and then expanded in power series.

Thus we immediately see that A(w)n, vy A(2) Ny NN f and A(2) Ny vy A(W) Ny Ny 48, f are
expansions of the same rational function. n
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The meromorphic coproduct can be defined for (twisted) differential operators as well,
i.e. there exists
A(w)ny x, = DE(PET1 x C)gii™) — D2 (P! x C)gty) @ D2 (P > C)gi) (w™)),
which also satisfies the locality in the Lemma 5.7.1. Restricted to the image of BE\I,() in
D ((PE~1 x C)L;), we obtain a formula for the meromorphic coproduct for the generators

disj
of B%() :

- n
A a -1 a n—m,a 1
(w)(eb,O,n) ® eb,(],n + mzzo <m) w 6b,O,m & )
(m+n+1)!
m!n!wn+m+2

A(w)(tz0) =1 ®@tog + 120 ® 1 —2¢; Z

m,n>0

(=1)"(€fp ® €bgm + €162t0.0 @ Lom)-

(5.43)

From the above formulae we see A(w)n, n, maps Bg\[,leQ to B%? ® B%? (w™1)), and the co-

product formulae are independent of Ny, Ny, thus the family A(w)n, n, induces a uniform-
in-N meromorphic coproduct A(w) : B¥) — B¥) @ B (w~')) and similarly a mero-
morphic coproduct for AK). It turns out the uniform-in-N locality for the meromorphic
coproduct can be put into more general framework called the vertex coalgebra.

Recall that a vertex coalgebra [96] is a vector space V' together with linear maps
e Coproduct A(w) : V — V @ V((w™)), and write A(w)v =", ., Ay (v)w™ ",
e Covacuum € : V — C,

satisfying the following axioms:

(1) Left counit: Yo € V,
(C@Id)A(w)v = v.

(2) Cocreation: Vv € V,

(Id ® ©)A(w)v € V]w], and iig%)(Id ® €)A(w)v = 0.

(3) Translation: let T'= (Id ® €)A_,, then

dw



(3) Locality: Vv € V, two elements
(Id ® A(w))A(2)v, (P®I1d)(Id® A(2))A(w)v,
are expansions of the same element in (V@ V @ V)[z71w™, (z — w) ][z, w].

We can similarly define vertex coalgebra over some base ring R.

Proposition 5.7.2. The meromorphic coproduct induce vertex coalgebra structures on
AE) and BE) over the base ring Cley, €).

Proof. We prove the theorem for A%, and the proof for B is analogous. Let us define
the covacuum € : AX) — Cley, €2] by mapping on generators €(ty,,) = €(ef.,, ,,) = 0 and
extending it to an algebra map. Then the left counit and cocreation axioms are easily
checked for (5.43), thus these two axioms are satisfied for all elements in A% since € ® Id
and Id ® € are algebra homomorphisms. It remains to check the translation axiom.

Note that the operator 7 = (Id ® €)A_y : AK) — AK) ig a derivation, since we can
write

. d
T = L1013%) @(Id ® €)A(w),

and the derivative operator is a derivation. Since T'(t2,0) = 0 and T'(ej,,,) = negg,, 1, we
conclude that 7" is the same as the adjoint action of ¢;,. For finite IV, the operator T
exists, in fact ¢, is mapped to Y1, 8, in D& ((PE~1 x C)}y), thus

A)wy v, T D, 52) = (1d @ T)A W)y no f (5, 42)

No Na
0
( 5,0 ) (" +w, ) + (Za “&) (" +w,y?) =D 0, (f(y()+w y(Q))>
k=1
d
<

k=1 k

Fy +w,y'?),

é\_fl +N2
isj
(PE=1xC)J by linearity. In particular, the translation axiom is satisfied for all A(w)y,,ny,

and it is therefore satisfied for the uniform-in-N coproduct A(w). O

for all functions f on C , and this equation extends to hold for differential operators on
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Chapter 6

Conclusion

Throughout this thesis, we concretely demonstrated in examples of 4d and 5d Chern-
Simons theories, the computation of the algebra of local observables in the boundary, and
the algebra of bulk-boundary universal coupling or scattering process. These examples
serve as toy models for the twisted holography duality.

The example of 4d Chern-Simons theory is a (quasi) topological subsector of the physical
AdS/CFT correspondence between 4d N' = 4 super Yang-Mills theory with a domain wall
and Type IIB supergravity on AdSs x S° with a probing D5-brane. The relation is given
by a certain topological-holomorphic twist and €2-deformation (§2.5.2).

The example of 5d Chern-Simons theory is a (quasi) topological subsector of the physi-
cal AdS/CFT correspondence between M2-brane SCFT and M-theory on AdS, x S back-
ground. The C., x TNZ® on which the Q-background is turned on can be regarded as
the transverse direction of an AdS, x S? inside AdS, x S7, and the AdS, x S2 is the back-
reacted geometry of the line defect in R x C%.. Note that the space of protected sphere
correlation functions in the M2 brane SCFT is identified with the space of twisted traces
of AU [65], it would be interesting to look into the space of twisted traces of A) | which
might help to understand better the structure of protected sphere correlation functions.

In the algebraic studies of M2 brane algebra A) (Chapter §5), some questions and
conjectures of Costello are answered and proved. One interesting fact we would like to
point out is that the algebra A% has a degeneration limit which is isomorphic to the gl
Kac-Moody algebra (Corollary 5.6.3), this completes the derivation of the emergence of
Kac-Moody algebra in the matrix model studied by Dorey et al [50].

An important lesson that we learn from these studies is
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e The perturbative method (Feynman diagram or Witten diagram) is powerful, one
could in principle compute the algebra of local observables in arbitrary order in .
However, as we have seen in our computation, the perturbative method has its limit
that as the loop order grows, the complication of integrals increases drastically. In
practice, one should not expect to compute the whole algebra unless there are small-
loop exactness result, like the uniqueness of deformation ([24, Theorem 12.1.1] and
[29, Theorem 16.0.1]).

The large- N presentation of the algebra of boundary observables, on the other hand, can be
studied by algebraic or algbro-geometric method, at least in the examples that we studied in
this thesis. One could argue that this is partly because our examples are well-engineered
such that the models manifest connections to mathematics. In fact, the connection to
mathematics can be traced back to the topological/holomorphic nature of these models,
and one could imagine this feature to present in other examples of twisted holography.
Here is one examples in this “wishing-list”:

e The bulk theory is 6d holomorphic Chern-Simons theory coupled to the BCOV theory,
one could put a holomorphic line (2d) defect and ask for the universal chiral algebra
that can be coupled to the bulk theory. This universal chiral algebra is interpreted as
the Koszul dual to the bulk algebra of observables. The mode algebra of this chiral
algebra is some kind of three-parameter quantum group, generalizing the dictionary
that in 4d Chern-Simons we get Yangian which is an one-parameter quantum group,
and in 5d Chern-Simons we get affine Yangian which is a two-parameter quantum

group.
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Appendix A

Techniques in 4d Chern-Simons and
2d BF Perturbative Computations

A.1 Integrating the BF interaction vertex

In this appendix we evaluate the integrals in (2.73).

"N

We split up each integral into two, based on whether the bulk point is above or below the
line operator. We use angular coordinates defined as in the above diagrams. One subtlety
is that, from the definition of the propagators in the Cartesian coordinate we can see that
the integrand! is even under reflection with respect to the line. So, we just have to make
sure that when we divide up the integral in the aforementioned way, even when written
in angular coordinates, the integrand does not change sign under reflection. With this in

WANCE ¢W - (A1)
b

lincluding the measure
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mind, the integrals we have to evaluate are:

. _ h2 oty 21 T ( P1+7 ¢p1—7 )
VP (e1,02) = s /0 a6, /qb o / a6 + / as) |
B2 2 . - d2m
afy — afy
VI'I (21, 22) (27?)3f /0 doy /1 dos </¢>1+7r do + /(}517r d¢) )
i B hg i 27 T ( 21 0 )
VII' (1, 29) = (27?)3f /0 doy /1 dos /¢>2+7r do + /(2527r do | .

All three terms are equal to % fob,

A.2 Quantum Mechanical Hilbert Spaces

A.2.1 Fermionic

The quantum mechanical action (2.16) is written in terms of fermions 1 and 1) that trans-
form under GLy x GLg according to the representations V := N®@ K and V := N@ K
respectively. The kinetic term in the action is first order in derivative, which establishes 1
and 1) as canonically conjugate variables, in other words, the phase space of the QM is:

VoV =TV, (A.2)

The Hilbert space of this theory can now be written as the space of functions on V' — since
V' is a fermionic vector space, functions on this space can be written as anti-symmetric
polynomials in the dual vectors:

W = G(V) = A(V). (A.3)

Let us look at the anti-symmetric polynomials of degree n, which can be defined as the
subspace of 7" where S, acts by sign — .S,, being the permutation group of n objects:

A" (V®n) = Homg, (5,V®n> =~ Homg, <€,N®" ®K®n> : (A4)

Here ¢ is the one dimensional sign representation of the symmetric group .S,,. Using Schur-

Weyl duality we can decompose spaces such as N®" into irreducible representations of
Sn X GLNZ

A" <V®”> _ @ Homg, <5, Ty & ’Hg ® Ty ®7—[_{f,) , (A.5)

YI=]Y"|=n
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where Y and Y’ are Young tableau, the sum is over tableau containing n boxes, 7y is the
irreducible representation of S,, parametrized by the tableaux Y, H¥, is the irreducible

representation of GLx parametrized by the tableaux Y’ and H¥, is its dual. Since we are
computing .S, equivariant Hom, we can focus on the .5, representations:

Homyg, (¢, 7y ® my+) = Homyg, (¢ ® Ty, myr) = Homg, (¢ ® my, 7y7) , (A.6)

where we have used the fact that representations of 5, are self-dual. Now, tensoring
with the sign representation exchanges the role of rows and columns in a Yaoung tableau
parametrizing a representation of S,,, and by Schur’s lemma, there is exactly one (up to
scalar multiples) map of representations between two irreducible representations if they
are isomorphic and no such map if they are not. These two facts tell us that:

HOInSn(eE@ﬂ'y?ﬂ'y/) = 5yT,Y/(C7 (A?)
where Y7 denotes the transpose of the tableaux Y. This leaves just one sum in (A.5):
A (V) = P i e HE (A.8)
[Y|=n

The full fermionic Hilbert space (A.3) is then the following sum:

He = PHY o HE . (A.9)
Y

Note that, this is a finite sum, since the tableau Y can have at most K rows and at most
N columns — this is of course a consequence of exclusion principle for fermions.

A.2.2 Bosonic

Let us replace the fermions in the action (2.16) with bosons and change nothing else.
Representations of the bosons are the same as their fermionic counterpart and therefore
we still have the phase space T*(V) where V = N @ K. The difference, compared to the
fermionic case, is that the Hilbert space now consists of symmetric polynomials in V (c.f.
(A.3)): B

HPos = Sym*(V). (A.10)

Then, instead of (A.4) we have:
Sym" <V®n> = Homg, ((C, Ne” ®K®n> , (A.11)

197



where C is the trivial representation of .S,,. Following a similar computation as we did for
the fermionic case we now end up with the following Hom between representations of S,
(c.f. (A.7)):

HOIHSn (7Ty, 7TY/) = 5y7y/(c s (A12)

which leads to the following description of the bosonic Hilbert space:

1 =PHY @ HE . (A.13)
Y

Note that, as opposed to the fermionic case, we now have no restriction on the number of
columns of Y (number of rows is restricted to be at most min(N, K)) and therefore the
Hilbert space is infinite dimensional, as expected given the lack of any exclusion principle
for bosons.

A.3 Yangian from 1-loop Computations

At the end of §2.4.6, by computing 1-loop diagrams, we concluded that quantum corrections
deform the coalgebra structure of the classical Hopf algebra U(gl[z]). Since A5 (Try) is
an algebra to begin with, we conclude that at one loop, we have a deformation of the
classical algebra as a Hopf algebra. We are using the term “deformation” (alternatively,
“quantization”) in the sense of Definition 6.1.1 of [24], which essentially means that:

o A5(Tpq) becomes the classical algebra U(gly[2]) in the classical limit A — 0.
o A5(Tpy) is isomorphic to U(glk[z])[A] as a C[h]-module.

o A5(Tpy) is a topological Hopf algebra (with respect to hA-adic topology).

The reason that we adhere to these conditions is that, there is a well known uniqueness
theorem (Theorem 12.1.1 of [24]) which says that the Yangian is the unique deformation of
Ul(glg[z]) in the above sense. Therefore, if we can show that our algebra A5(Tyy) satisfies
all these conditions and it is a nontrivial deformation of U(gly) then we can conclude
that it is the Yangian. From 1-loop computations we already know that it is a non-trivial
deformation. That the first condition in the list above is satisfied is the content of Lemma
2.4.5. The second condition is satisfied because h acts on the generators of our algebra
by simply multiplying the external propagators by A in the relevant Witten diagrams, this
action does not distinguish between classical diagrams and higher loop diagrams. Satisfying
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the last condition is less trivial. While it seems known to people working in the field, we
were unable to find a reference to cite, therefore, for the sake of completion, we provide
a proof in this appendix, that the algebra A5 (Tyy) is indeed an (h-adic)topological Hopf
algebra.

We shall prove this by reconstructing the algebra A5 (Tyy) from its representations.
As mentioned in §2.2.5, representations of this algebra are carried by Wilson lines, which
form an abelian monoidal category. A morphism between two representations V and U
in this category is constructed by computing the expectation value of two Wilson lines
in representations U and V'V and providing a state at one end of each of the lines. For
example, if o and ¢ are two homomorphisms from gl to U and V'V respectively, then for
two lines L and L’ in the topological plane of the CS theory and any ¢ ® x¥ € U ® V'V,
the expectation value (W,(L)W, (L)) (v ® x) is a morphism V — U.

Classically, these same Wilson lines carry representations of the classical algebra U (gl [2]).
When viewed as representations of the deformed (alternatively, quantized) algebra A5(Tyy),
we shall call the category of Wilson lines as the quantized category and viewed as represen-
tations of U(glk[z]) we shall refer to the category as the classical category. Given any two
Wilson lines U and V', any non-trivial morphism between them in the quantized category
is a quantization of a non-trivial morphism in the classical category.? In fact, there is a
one-to-one correspondence between morphisms between two lines in the classical category
and the morphisms between the same lines in the quantized category.

For the sake of proof, let us abstract the information we have. We start with a C-linear
rigid abelian monoidal category C = Repq(H) which is the representation category of a
Hopf algebra H. We then find a C[h]-linear abelian monoidal category Cj;, whose objects
are representations of some, yet unknown, Hopf algebra Hj, with the following properties:

e ob(C) = ob(C),

e Homg, (U, V) = Home (U, V)R] as C[A]-modules.

Given this information we shall now prove that Hj, is unique and that it is topological with
respect to h-adic topology.

2Recall that a morphism between two Wilson lines is the expectation value of the lines when provided
with a state at one end. A classical morphism is computed with classical diagrams and its quantization
amounts to adding loop diagrams. A zero morphism is constructed by providing zero states, this is
independent of quantization, i.e., a quantized morphism is zero, if the provided states are zero, but then
so is the original classical morphism.
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A.3.1 Tannakian formalism

The aim of this formalism is to realize certain abelian rigid monoidal categories as the repre-
sentation (or corepresentation) categories of Hopf algebras (possibly with extra structures).
To avoid running into some subtlety in the beginning (we shall explain the subtlety later in
this section), we first consider the reconstruction from the category of corepresentations.

Reconstruction from corepresentation. Let k be a field, C an abelian (resp. abelian
monoidal and End(1) = k) category such that morphisms are k-bilinear, and let R be a
commutative algebra over k — if there is an exact faithful (resp. monoidal) functor w from
C to Mod¢(R)? such that the image of w is inside the full subcategory Proj;(R)?, then we
shall say that C has a fiber functor w to Mod(R).

Theorem A.3.2 (Tannakian Reconstruction for Coalgebra and Bialgebra). With the no-
tation above, if moreover R is a local ring or a PID°, then there exists a unique flat
R-coalgebra (resp. R-bialgebra) A, up to unique isomorphism, such that A represents the
endomorphism of w in the sense that VM € IndProj;(R) 6

Homp(A, M) = Nat(w,w & M).

Moreover, there is a functor ¢ : C — Corepgr(A) which makes the following diagram com-
mautative

c—2 Corepr(A)

\‘
lforget

MOdf(R)
and ¢ 1s an equivalence if R = k.

Our strategy in proving this theorem basically follows [51]. First of all, we need the
following

Lemma A.3.3. C is both Noetherian and Artinian.

3finitely generated modules of R

finitely generated projective modules of R

SPID=Principal Ideal Domain

6TndProj f(R) means category of inductive limit of finite projective R-modules, which is equivalent to
category of flat R-modules.
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Proof. Take X € ob(C), and an ascending chain X; of subobjects of X, apply the func-
tor w to this chain, so that w(X;) is an ascending chain of finitely generated projective
submodules of finitely generated projective module w(X), thus there is an index j such
that rank(w(X;)) = rank(w(X)). Now the quotient of w(X) by w(X};) is w(X/X;), which
is again finitely generated projective, so it has zero rank, hence trivial. Faithfulness of w
implies that X/X; is zero, i.e. X = X, so C is Noetherian. It follows similarly that C is
Artinian as well. O

Next, we define a functor
® : Proj;(R) xC — C

by sending (R", X) to X", recall that every finitely generated projective module over a
local ring or a PID is free, thus isomorphic to R" for some n. Define Hom(M, X) to be
MY ® X. For VC M and Y C X, we define the transporter of V' to Y to be

(Y : V) := Ker(Hom(M, X) — Hom(V, X/Y))
We now have the following:
Lemma A.3.4. Take the full abelian subcategory Cx of C generated by subquotients of
X", consider the largest subobject Px of Hom(w(X), X) whose image in Hom(w(X)™, X™)

under diagonal embedding is contained in (Y : w(Y')) for all subobjects Y of X™ and all n.
Then the Theorem (A.3.2) is true for Cx with coalgebra defined by Ax := w(Px)".

Proof. Px exists because C is Artinian. Notice that w takes Hom(M, X') to Hompg(M, X)
and (Y : V) to (w(Y) : V), so it takes Px, which is defined by

() Hom(w(X), X) N (Y : w(Y)))
to
() (Endr(w(X)) N (w(¥) :w(Y))) .
Hence w(Pyx) is the largest subring of Endg(w (X)) stabilizing w(Y") for all Y € X™ and all

n. It’s a finitely generated projective R module by construction, and so is Ax. Note that
only finitely many intersection occurs because Hom(w(X), X) is Artinian.
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Next, take any flat R module M, since Cx is generated by subquotients of X, an
element A\ € Nat(w,w ® M) is completely determined by it is value on X, so A €
Endg(w(X)) ® M. Since — ®z M is an exact functor, we have:

() (Homp(w(X),w(X) @k M) N (@(Y) @ M : w(Y)))
= (M Enda@(X) N (@¥) : w(¥)) @ M.

This follows because there are only finitely many intersections and finite limit commutes
with tensoring with flat module. Therefore,

A S W(Px) % M.
Conversely, every element in w(Px) @z M gives rise to a natural transform in the way
described above. Hence we establish the isomorphism
Nat(w,w (9 M) = w(Px) QR M = HOHIR(AX, M) .

Ax is unique up to unique isomorphism (as a flat R module) because it represents the
functor M +— Nat(w,w ®@ M).

Next, we shall define a co-action of Ay on w, a counit and a coproduct on Ax which
makes Ax an R-coalgebra and w a corepresentation:

pE Nat(w,w X Ax) = EIldR(Ax)
corresponds to the identity map of Ay, and
¢ € Homg(Ax, R) = Nat(w, w)

corresponds to Id,,. The co-action p tensored with Id4, gives a natural transform between
w® Ax and w ® Ax ® Ax, whose composition with p gives the following commutative
diagram:

w—— w® Ay

¥ lﬂ@IdA X

W®Ax®AX

"Recall that a R module is flat if and only if it is a filtered colimit of finitely generated projective
modules.
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Take A to be the image of ¥ in Hompg(Ax, Ax ®r Ax). It follows from definition that
Ax is counital and p : w — w ® Ax is a corepresentation. It remains to check that A is
coassociative.

Observe that the essential image of w ® Ax is a subcategory of the essential image of
w, hence every functor that shows up here can be restricted to w ® Ay, in particular, p,
whose restriction to w ® Ax is obviously p ® Id4,,. It follows from the definition that

(p®Ida,)op=(Id, ® A)op € Nat(w,w® Ax ® Ax).
Restrict this equation to w ® Ax and we get
(p@Ida, ®Iday)o (p®Iday) = (Id, ® Ida, ® A) o (p®Id4,).
Composing with p, the LHS corresponds to (A ® Id4, ) o A and the RHS corresponds to
(Ida, ® A) o A whose equality is exactly the coassociativity of Ax.
It follows that VZ € Cx,
p(Z):w(Z) = w(Z) @r Ax
gives w(Z) a Ax corepresentation structure and this is functorial in Z, thus w factors

through a ¢ : Cx — Corepg(Ax).

Back to the uniqueness of Ax. It has been shown that it is unique up to unique isomor-
phism as a flat R module. Additionally, if ¢ : Ax — A’y is an isomorphism such that it
induces identity transformation on the functor M — Nat(w,w ® M) then, ¢ automatically
maps the triple (A€, p) to (A’ €, p'), so ¢ is a coalgebra isomorphism.

Finally, it remains to show that when R = k, ¢ is essentially surjective® and full:

e Essentially Surjective: If M € Corep,(Ax), then define

M = Coker(M ® w(Px) ® Px = M ® Px),

where two arrows are w(Py ) representation structure of M and Py respectively, then

—~

wM)=M ® w(Px)=M.
w(Px)

81n fact, ¢ is essentially surjective even without the assumption that R = k.

203



e Full: If f : M — N is a Ax-corepresentation morphism, then by the k-linearlity of
Cx, f lifts to morphisms

f®ldp, : M ® Px - N® Py,

and
f®Idypyy @Idpy - M @ w(Px) ® Px — N ®@w(Px) ® Px .

Thus, passing to cokernel gives rise to f: M — N which is mapped to f by w.

]

Next we move on to recover the category C by its subcategories Cx. Define an index
category I such that its objects are isomorphism classes of objects in C, denoted by X;
for each index 7, and a unique arrow from ¢ to j if X; is a subobject of X;. I is directed
because for any two objects Z and W, they are subobjects of Z @& W. Observe that if X
is a subobject of Y, then Cx is a full subcategory of Cy, so a functorial restriction

HOIHR(Ay, M) = Nat(wy,wy X M) — Nat(wx,wx &® M) = HOIHR<Ay, M) s

gives rise to a coalgebra homomorphism Ay — Ay. Futhermore, this homomorphism is
injective because w(Py) — w(Px) is surjective, otherwise Coker(w(Py) — w(Px)) will be
mapped to the zero object in Corepp(Ay ), which contradicts with w being faithful.

Lemma A.3.5. Define the coalgbra
A= h_H)lAXZ s
iel

then it is the desired coalgebra in Theorem A.3.2.

Proof. A is flat because it is an inductive limit of flat R modules. Moreover

Hompg(A, M) = lim Hompg(Ax,, M) = lim Nat(wx,, wx, ® M) = Nat(w,w @ M),
iel iel
which gives the desired functorial property and this implies that A is unique up to unique
isomorphism. Finally, when R = k, the functor ¢ is defined and it is fully faithful because
it is fully faithful on each subcategory Cy,. It’s also essentially surjective because every
corepresentation V' of A comes from a corepresentation of a finite dimensional sub-coalgebra
of A,? and A is a filtered union of sub-coalgebras Ax,, so V comes from a corepresentation
of some Ay, . O

9Take a basis {e;} for V, the co-action p takes e; to >_j€j ®aj;, then it is easy to see that span{a;; }
is a finite dimensional sub-coalgebra of A.
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Proof of Theorem A.3.2. It remains to prove the theorem when C is monoidal. This
amounts to including m : CXC — C and e : 1 — C with associativity and unitarity
constrains, where 1 is the trivial tensor category with objects {0, 1} and only nontrivial
morphisms are End(1) = k. Using the isomorphism:

Homp(A®r A, A®p A) = Nat(wRw,wRw® ARz A),
we get a homomorphism
7:Homg(A ®p A, M) — Nat(w R w,wXw® M).
It is an isomorphism because for each pair of subcategories (Cyx, Cy)

HOIHR(AX QR Ay, M) = HOIHR(A)(, R) SR HOIHR(Ay,M)
= Nat(wy,wyx) ®r Nat(wy,wy @ M)
=~ Nat(wyxy M wy,wx Rwy @ M)

and it is compatible with the homomorphism given above, so after taking limit, 7 is an
isomorphism. We also have a homomorphism:

Nat(w,w ® M) — Nat(w Kw,wRw® M),

by taking any a € Nat(w,w ® M), and composing with the isomorphism w X w(X XY') =
w(X ®Y). This homomorphism in turn becomes a homomorphism

w:ARrA— A.
And the obvious isomorphism
Hompg(R, M) = M — Nat(w,,w, ® M),
together with the unit functor e : 1 — C give a homomorphism
L:R— A.

All of the homomorphisms are functorial with respect to M so p and ¢ are homomorphisms
between coalgebras. Now the associativity and unitarity of monoidal category C translates
into associativity and unitarity of p and ¢, which are exactly conditions for A to be a
bialgebra. This concludes the proof of Theorem A.3.2. ]
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Remark A.3.6. In the statement of Theorem A.3.2, it is assumed that R is a local ring or
a PID, for the following technical reason: we want to introduce the functor

® : Proj;(R) xC — C

which is defined by sending (R", X') to X™. This is feasible only if every finite projective
module is free, which is not always true for an arbitary ring. Nevertheless, this is true
when R is local or a PID. It is tempting to eliminate this assumption when C is rigid, since
we only use the Hom(w(X), X) to define the crucial object Py, and there is no need to
define a Hom when the category is rigid. In fact, there is no loss of information if we define
PX by

(M) (Hom(X, X) N (v V)) ,
then the fiber functor w takes Px to
() (Endg(w(X)) N (w(Y) : w(Y))) ,

since w is monoidal by definition and a monoidal functor between rigid monoidal categories
preserves duality and thus preserves inner Hom. A

Following the above remark, we drop the assumption on ring R and state the following
version of Tannakian reconstruction for Hopf algebras:

Theorem A.3.7 (Tannakian Reconstruction for Hopf Algebra). Let R be a commutative k-
algebra, C a k-linear abelian rigid monoidal category (resp. abelian rigid braided monoidal)
with a fiber functor w to Mods(R), then there exists a unique flat R-Hopf algebra A (resp.
R-coquasitriangular Hopf algebra), up to unique isomorphism, such that A represents the
endomorphism of w in the sense that VM € IndProj;(R)

Hompg(A, M) = Nat(w,w ® M) .

Moreover, there is a functor ¢ : C — Corepgr(A) which makes the following diagram com-
mautative:

c—2 Corepg(A)

\
lfo'r’get

MOdf(R)
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and ¢ is an equivalence if R = k.

Sketch of proof. The idea of proof basically follows [103]. Accoring to Remark A.3.6 and
Theorem A.3.2, there exists a bialgebra A which satisfies all conditions in the theorem, so
it remains to prove that there are compatible structures on A when C has extra structures.

(a) Cisrigid. This means that there is an equivalence between k-linear abelian monoidal
categories

oc:C—C?,

by taking the right dual of each object, so it turns into an isomophism between R
modules

o : Nat(w,w ® M) — Nat(w?, w”? @ M) .

According to the functoriality of the construction of the bialgebra A, there is a
bialgebra isomorphism:

S:A— A%

put it in another way, a bialgebra anti-automorphism of A. To prove that it satisfies
the required compatibility:

po(S®@Id)oA=1oe=po(Id®8)oA,
we observe that ¢ o € gives the natural transformation
Id ® poay : w(X) = w(X) @w(l) — w(X)®pw(l)),

but 1 is the trivial corepresentation of A, so p(w(1)) is canonically identified with
w(1), so toe is just the identity morphism on w(X). On the other hand, po(S®Id)oA
corresponds to the homomorphism

wWX) = wX)@wX) @wX) - wX)wXY'®X) — wX)®w(l) =w(X)

which is identity by the rigidity of C, hence po(S®Id)oA = toe. The other equation
is similiar.
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(b) C is rigid braided. This means that there is a natural transformation:
roww—wKw,
which gives the braiding. This corresponds to a homomorphism of R-modules
R:A®A— R,

let’s define it to be the universal R-matrix. The fact that r is a natural transformation
is equivalent to the diagram below being commutative

W) @wV) 225 W) @w(V) @ A® AL wU) ow(V) e A

I Jro

w(V) @wlU) 2225 w(V)@wl)® Ao A vV ewl) e A

which in turn translates to the following equation of R:
Rizopigg 0 (A®A) =TRozopzomzo(ARA),

where 7: A® A — A® A sends z ® y to y ® x. The compactibility of r with the
identity

w(X) — w(X) ®@w(l)

b

w(X) +— w(l) ®w(X)

translates to R o (Id4y ® 1) = €. And symmetrically R o (1 ® Idy) = e.

Finally, the hexagon axiom of braiding;:

(WX) @w({)) @w2)

r®l \



translates to the commutativity of the diagram

AQAQA B8 A9 AQA® A

lﬂ@ld lR13~R24 )

A A R s R

1

and the same hexagon but with »~" instead of r gives another one:

AQAQA 288 4o A AR A

lld@u lR14'R23

A® A R s R

So we end up confirming all the properties that universal R-matrix should satisfy,
and we conclude that A is indeed a coquasitriangular Hopf algebra.

]

Reconstruction from representation It is tempting to dualize everything above to
formalize the Tannakian reconstruction for the category of representations. In other words,
we can take the dual of A instead of A itself, and a corepresentation becomes the repre-
sentaion, and when the category has extra structures, those structures will be dualized,
for example, when C is a k-linear abelian rigid braided monoidal category, it should come
from the representation category of a flat R-quasitriangular Hopf algebra, since the dual of
those diagrams involved in the proof of Theorem A.3.7 are exactly properties of universal
R-matrix of a quasitriangular Hopf algebra.

This is naive because the statement:
Hompz(U,V ® A) = Homg(U @ A*, V),

is not true in general, since A can be infinite dimensional, thus the naive dualizing procedure
is not feasible. To resolve this subtlety, we observe that A is constructed from a filtered
colimit of finite projective R-modules, each is an R-coalgebra, and any finitely generated
corepresentation of A comes from a corepresentation of a finite coalgebra, so it is natural
to define the action of A* on those modules by factoring through some finite quotient A%
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for some X € ob(C). Similiarly, the multiplication structure on A* can be defined by first
projecting down to some finite quotient and taking multiplication

i€l i€l

which is compatible with transition map Ax, — Ax, then taking the inverse limit gives
the multiplication of A*. For antipode S, its dual is a map A* — A*.

On the other hand, the comultiplication on A*, is still subtle. If we dualize the multi-
plication of A, cut-off at some finite submodule

AX1®AXJ _)A7

we only get an inverse system of morphisms from A* to A%, ® A}j and the latter’s inverse

limit is A*®A*, instead of A* ® A*. So we actually get a topological Hopf algebra with
topological basis

Nj :=ker(A* — A%),

so that the comultiplication is continuous. Similiarly the counit, multiplication, and
anipode are continuous as well. Finally when C is braided, there exists an invertible
clement R € A*®A*, and the dual of the structure homomorphism in A is exactly the
condition that R is the universal R-matrix of a topological quasitriangular Hopf algebra.

So we can restate Theorem A.3.7 in terms of representations of topological Hopf alge-
bras:

Theorem A.3.8. Let R be a commutative k-algebra, C a k-linear abelian rigid monoidal
category (resp. abelian rigid braided monoidal) with a fiber functor w to Mods(R), then
there exists a unique topological R-Hopf algebra H (resp. R-quasitriangular Hopf algebra)
which is an inverse limit of finite projective R-modules endowed with discrete topology, up
to unique isomorphism, such that H represents the endomorphism of w in the sense that

H = Nat(w,w) .

Moreover, there is a functor ¢ : C — Repg(H) which sends an object in C to a continuous
representation of H and makes the following diagram commutative:
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and ¢ is an equivalence if R = k.

Application to Quantization We now consider the case that we have a category Cp,
which is a quantization of the category of representations of some Hopf algebra H over C.
The quantization, namely Cp,, of Reps(H) is a C-linear abelian monoidal category which has
the same set of generators as Repg(H ), together with a fiber functor wy, : C;, — Mod(C[A])
which acts on generators of Reps(H) by tensoring with C[A], and

Home, (X,Y) = Home, (X,Y)/h = Homgep,. () (X,Y)

for any pair of generators X and Y. For example, the classical algebra of local observables
in 4D Chern-Simons theory is U(g|[z]), the universal enveloping algebra of Lie algebra g|z],
which has the category of representations generated by classical Wilson lines. Quantized
Wilson lines naturally generated a C-linear abelian monoidal category.

Applying Theorem A.3.8, (C,wy) gives us a (topological) C[A]-Hopf algebra Hj. Since
Cy and C shares the same set of generators, and the construction of those Hopf algebras as
C[A]-modules only involves generators of corresponding categories, so Hj, is isomorphic to
the completion of H ® C[A] in the h-adic topology:

H), := lim H, ® C[A] = limlim Hy, ® C[A]/(A")
el i€l n
> lim lim Hx, ® C[A])/(1")
n el
>~ lim H © C[A]/(1").

n

For the same reason, tensor product of two copies of H; and completed in the inverse limit
topology is isomorphic to the completion of Hj ®cpyp Hy, in the h-adic topology:

Hy®Hy, = lim Hy, @cpy Hy/(h")

n

From the construction of those Hopf algebras and the condition that a morphism in Cj
modulo 7 is a morphism in Repg(H), it is easy to see that modulo % respects all structure
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homomorphisms, thus H; modulo A and H are isomorphic as Hopf algebras. Finally,
structure homomorphisms of Hy are continuous in the A-adic topology because they are
h-linear. Thus we conlude that:

Theorem A.3.9. H; is a quantization of H in the sense of Definition 6.1.1 of [2]], i.e.
it is a topological Hopf algebra over C[h] with h-adic topology, such that

(1) Hy is isomorphic to H[h] as a C[h]-module;

(1) Hy modulo h is isomorphic to H as Hopf algebras.

In our case, H = U(g|z]) for g = glk[z], so Hj is a quantization of U(glx[z]), and
according to Theorem 12.1.1 of [24], this is unique up to isomorphisms. This proves
Proposition (2.4.1).

A.4 Technicalities of Witten Diagrams

A.4.1 Vanishing lemmas

We introduce some lemmas to allow us to readily declare several Witten diagrams in the
4D Chern-Simons theory to be zero.

Lemma A.4.2. The product of two or three bulk-to-bulk propagators vanish when attached
cyclically, diagrammatically this means:

V1 e oUy — Uy = (). (A.14)

Proof. Two propagators: We can choose one of the two bulk points, say vy, to be at the
origin and denote v; simply as v. This amounts to taking the projection (2.108), namely:
Rﬁo X ]Rﬁl > (vg, v1) — v1 —vy =: v € R%. Then the product of the two propagators become:

P(vo,v1) A P(v1,v0) — P(v) A P(—v) = —P(v) A P(v). (A.15)

This is a four form at v, however, P does not have any dz component, therefore the four
form P(v) A P(v) necessarily contains repetition of a one form and thus vanishes.
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Three propagators: By choosing vy to be the origin of our coordinate system we can
turn the product to the following:

P(vy) A P(vg) A P(v1,09) . (A.16)

We now need to look closely at the propagators (see (2.108) and (2.111)):
h Z; dyl N dEi + y; dz- N dl’l + 27; dxl VAN dyl

W) = o d(v;, 0)" (A.172)
h z19 dy12 A dZ1p + Y12 dZ12 A dxyn + 2212 dwie A dyio
P =— A.17b
(U17U2) 27]' d(Ul,U2)4 ) ( )
where v; = (24, Ys, 2, Zi), Tij = Ti — Tj, Yij = Yi — Yj» -+, and d(vy,v5)? = (27, + y5 +

2;jZij). Since the propagators don’t have any dz component the product (A.16) must be
proportional to w = A, (12} dx; A dy; A dz;. In the product there are six terms that are

proportional to w. For example, we can pick da; A dy; from P(v1), dZ; A doy from P(vy)
and dy;2 A dZ1o from P(vq,vs), this term is proportional to:

dl’l N dyl N dzg VAN dl’g N dy12 A dzu = —dflfl N dyl N dzg N dl’g N dy2 N dEl = +w. (A].S)

The other five such terms are:

dyy ANdzi AdZy Adag Ades Adys = —w,
dy; Adzy Adeg Adys AdZio Adas = +w,
dzy Adzy Adys AdZe Adxig Adyrs = +w, (A.19)
dzy Adey Adea Adys Adyia AdZis = —w,
dry Ady; Adys AdZy AdZig Adars = —w.

These signs can be determined from a determinant, stated differently, we have the following
equation:

dyl VAN dEl d?l N dl‘l dl’l VAN dyl

det dyQ A dzg dzg N dxg d$2 VAN dy2 = —6w s <A20)

dyia Adzi2 dzip Adzia drie Adyre
where the product used in taking determinant is the wedge product. The above equation
implies that in the product (A.16) the coefficient of —w is given by the same determinant
if we replace the two forms with their respective coefficients as they appear in (A.17).
Therefore, the coefficient is:

1 T Y1z

det [ o vy Zo =0. (A.21)
3 4 4 4
8 d(Ul, 0) d(’UQ, 0) d(Ul, Ug) Tia Yio 212
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The determinant vanishes because the three rows of the matrix are linearly dependent.
Thus we conclude that the product (A.16) vanishes. O

Lemma A.4.3. The product of two bulk-to-bulk propagators joined at a bulk vertexr where
the other two endpoints are restricted to the Wilson line, vanishes, i.e., in any Witten
diagram:

—0. (A.22)

Proof. This simply follows from the explicit form of the bulk-to-bulk propagator. Compu-
tation verifies that:

Lal'l/\azz (P(U7p1) /\ P(v7p2)) = 07 (A23)

where x; and x5 are the z-coordinates of the points p; and p, respectively. O

The world-volume on which the CS theory is defined is wa x C,, which in the presence
of the Wilson line at y = z = 0 we view as R, x R, x S?. When performing integration
over this space we approximate the non-compact direction by a finite interval and then
taking the length of the interval to infinity. In doing so we introduce boundaries of the
world-volume, namely the two components Bip := {+D} x Ry x S? at the two ends of
the interval [—D, D]. Our next lemma concerns some integrals over these boundaries.

Lemma A.4.4. The integral over a bulk point vanishes when restricted to the spheres at
infinity, in diagram:

lim Yo =0. (A.24)

D—o0 vo€EBLp

Proof. Symbolically, the integration can be written as:

lim dvolg, ,, to,na. (P(vo,v1) A -+ A P(vo,vp)) (A.25)
D=oo /B, p ‘
where y and Z are coordinates of vyg. Note that the dz required for the volume form on
B.p comes from the structure constant at the interaction vertex, not from the propaga-
tors. In the above integration the z-component of vy is fixed at +D, which introduces D
dependence in the integrand. The bulk-to-bulk propagator has the following asymptotic
scaling behavior:!?

P((D,y,2,%),v;) "~ D+ O(D7%). (A.26)

10Keep in mind that  has a (length) scaling dimension 1.
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The integration measure on B.p is independent of D, therefore the integral behaves as
D~?" for large D, and consequently vanishes in the limit D — oco. [l

A.4.5 Comments on integration by parts

Finally, let us make a few general remarks about the integrals involved in computing
Witten diagrams. Since the boundary-to-bulk propagators are exact and the bulk-to-bulk
propagators behave nicely when acted upon by differential (see (2.109)), we want to use
Stoke’s theorem to simplify any given Witten diagram. Suppose we have a Witten diagram
with m propagators connected to the boundary, n propagators connected to the Wilson
line, and [ bulk points. Let us denote the bulk points by v; for2 = 1,--- [, the points on the
Wilson line by p; for j = 1,--- ,n, and the points on the boundary as z; for k =1,--- ,m.
The domain of integration for the diagram is then M! x A,,, where M = R x R, x S§? and
A, is an n-simplex defined as:

Ay ={(p1 o) ERYpr <py <+ <pa} (A.27)

This domain may need to be modified in some Witten diagrams due to the integral over
this domain having UV divergences. UV divergences can occur when some points along
the Wilson line collide with each other. To avoid such divergences we shall use a point
splitting regulator, i.e., we shall cut some corners from the simplex A,,. Let us denote the
regularized simplex as A The exact description of A, will vary from diagram to diagram,
and we shall describe them as we encounter them.

When we do integration by parts with respect to the differential in a boundary-to-bulk
propagator, we get the following three types of terms:

1. A boundary term. Boundaries of our integration domain comes from boundaries of
M and A,,. For M we get:
OM =B UB_«. (A.28)

Due to Lemma A.4.4, integrations over JM will vanish. Therefore, nonzero con-
tribution to the boundary integration, when we do integration by parts, will only
come from the boundary of the regularized simplex, namely 0A,,. Schematically, the
appearance of such a boundary integral will look like:

/Mlx&nde/\(---):/Mlxazné/\(---)+---. (A.29)
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2. The differential acts on a bulk-to-bulk propagator. Due to (2.109), this identifies the
two end points of the propagator, schematically:

be {01}, /M o dQ/\P/\(---):/ OA(- )+, (A30)

MI-1xdbA,,

3. The differential acts on a step function left by a previous integration by parts. This
does not change the domain of integration.

The third option does not to lead a simplification of the domain of integration. Therefore,
at the present abstract level, our strategy to simplify an integration is: first go to the
boundary of the simplex, and then keep collapsing bulk-to-bulk propagators until we have
no more differential left or when no more bulk-to-bulk propagator can be collapsed without
the diagram vanishing due the vanishing lemmas from §A.4.1.

A.5 Proof of Lemma 2.4.8

All the diagrams that we draw in this section only exist to represent color factors, their
numerical values are irrelevant. Which is why we also ignore the color coding we used in
the diagrams in the chapter 2.

We start with yet another lemma:

Lemma A.5.1. The color factor of any Witten diagram with two boundary-to-bulk propa-
gators connected by a single bulk-to-bulk propagator, that is any Witten diagrams with the

following configuration:
H (A.31)

W v

upon anti-symmetrizing the color labels of the boundary-to-bulk propagators, involves the

following factor:
fut X, (A.32)

for some matriz X, that transforms under the adjoint representation of glyi. In partic-
ular, this color factor is the image in End(V') of some element of gl where V' is the
representation of some distant Wilson line.
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Proof. The two bulk vertices in the diagram results in the following product of structure
constants: f,,"f,,° where the indices 7 and p are contracted with the rest of the diagram.
Anti-symmetrizing the indices 4 and v we get f,,"f,,° — f,," f,,°, Which using the Jacobi
identity becomes —f,,°f,,". Once m and p are contracted with the rest of the diagram
we get an expression of the general form (A.32). Furthermore, any expression of the form
(A.32) is an image in End(V) of some element in gly, since the structure constant f,,

can be viewed as a map:
A% gle — glye, fityAt, — fwftg. (A.33)

Now composing the above map with a representation of gl on V' gives the aforementioned
image. [l

Let us now look at the color factor (2.158) of the diagram (2.157), both of which we
repeat here:

(A.34)

By commuting o(t,) and o(t,) in the color factor we create a difference which is the color
factor of the following diagram:

(A.35)

The key feature of the above diagram is the loop with three propagators attached to it.
Such a loop produces a color factor which is a gli-invariant inside (g[K)®3, explicitly we
can write a loop and its associated color factor respectively as:

14
iDﬁ K and fuo7T VpOfgﬂp : (A36)
§

The color factor is gl -invariant since the structure constant itself is such an invariant. To
find the invariants in (gl ) we start by writing gl as:

glg =slg®C, (A.37)
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where by slx we mean the complexified algebra sl(K, C). This gives us the decomposition
(9l)%° = (slg)® @ -+, (A.38)

where the “-- -7 contains summands that necessarily include at leas one factor of the center
C. However, none of the three indices that appear in the diagram in (A.36) can correspond
to the center, because each of these indices belong to an instance of the structure constant,
which vanishes whenever one of its indices correspond to the center.!! This means that
the glj invariant we are looking for must lie in (slx)®3. For K > 2, there are exactly two
such invariants [121], one of them is the structure constant itself, which is totally anti-
symmetric. The other invariant is totally symmetric. However the structure constant is
even (invariant) under the Z, outer automorphism of sl whereas the symmetric invariant
is odd. Since our theory has this Z, as a symmetry, only the structure constant can appear
as the invariant in a diagram.'? This means, as far as the color factor is concerned, we can
collapse a loop such as the one in (A.36) to an interaction vertex. As soon as we do this
operation to the diagram (A.35), Lemma A.5.1 tells us that the color factor of the diagram
is an image in End(V') of an element in gl. This shows that we can swap the positions of
any of the two pairs of the adjacent matrices in the color factor in (A.34) and the difference
we shall create is an image of a map gl — End(V). To achieve all permutations of the
three matrices wee need to be able to keep swaping positions, let us therefore keep looking
forward.

7

Suppose we commute o(t,) and o(t,) in (A.34), then we end up with the color factor
of the diagram (2.156). Now if we commute o(¢,) and o(t,), we create a difference that
corresponds the color factor of the following diagram:

(A.39)

The key feature of this diagram is a loop with four propagators attached to it. The loop
and its associated color factor can be written as:

3 1%
H o un o i e (A.40)
v 0

1Tn other words, the central abelian photon in gl interacts with neither itself nor the non-abelian
gluons and therefore can not contribute to the diagrams we are considering.

12This is also apparent from the way this invariant is written in (A.36), since the structure constant is
invariant under this Zs, certainly a product of them is invariant as well.
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As before, the color factor is a gly-invariant in (gl )®*. This time, it will be more con-
venient to write the color factor as a trace. Noting that the structure constants are the
adjoint representations of the generators of the algebra we can write the above color factor
as:

traq (Eutolute) - (A.41)

The adjoint representation of gl factors through slx, and the adjoint representation of sl
has a non-degenerate metric with which we can raise and lower adjoint indices. Suitably
changing positions of some of the indices in the color factor we can conclude:

trad(t#tot,,tg) = trad(tutgt,,to) . <A42)

Using the cyclic symmetry of the trace we then find that the color factor is symmetric under
the exchange of p and v, therefore when we anti-symmetrize the diagram with respect to
(1 and v it vanishes.

In summary, starting from the color factor in (A.34), we can keep swapping any two
adjacent matrices and the difference can always be written as an image of some map
gl — End(V). The same argument applies to the color factors of all the diagrams in
(2.156). This proves the lemma.
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Appendix B

Techniques in the Computation of
Hilbert Series of CIM(N, K)]

B.1 Hall-Littlewood Polynomials

In this appendix we review some background on symmetric functions, following section 3

of [91].

Definition B.1.1. For a partition A = (1**,2% ... ), the Hall-Littlewood polynomial P, (z; q)
is defined in n > I(A) = ;5 a; variables x1, - -, z, by the formula

PAw0) = Ty 2 w( gl 1_qu/$) (B.1)

Oé .
z>0 wWESy, i<j

Here aq is defined so that Y0, g = ag + I(A) = n, and 2* = -

standard ¢g-number notation

-z, and we use the

The Hall-Littlewood polynomial Py (x;q) is an interpolation between Schur symmetric
functions s, (z) and monomial symmetric functions m,(z), in fact we have

=my(z). (B.2)

Py(z;0) = sy(x), P(z;1)
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Definition B.1.2. The Kostka-Foulkes functions are coefficients of the expansion

sx(w) = Z KA&(Q)PE(@ q). (B.3)

In particular, by (B.2) we have

Ku(0) = 6y,

B.1.3 Jing operators and transformed Hall-Littlewood polyno-
mials

Naihuan Jing found a definition of Hall-Littlewood polynomials using vertex algebra [101].
Before giving his definition, we recall some plethystic notations.

The ring of symmetric functions over a base field F (assuming characteristic zero) is
freely generated by power sum functions py, that is

A = F[php% e ]

Let R be a ring containing F, A be a formal Laurent series with R coefficients in
indeterminates aq, as, - - -, we define pg[A] to be the result of replacing each indeterminate
a; in A by a¥. Then for any f € Ap, the plethystic substitution of A into f, denoted f[A],
is the image of f under the homomorphism sending py to pi[A].

FExample B.1.4. We list some special cases here.

e Let A=ay+ -+ ay, then pp[A] =a} +---+af = pi(as,--- ,a,), and thus for any
f € As, we have f[A] = f(ar, -+ ,ay).

e Let A, B be formal Laurent series with R coefficients, then pi[A+ B] = pi[A] £ pi[B].
e Let PE = exp (3 o, pe/k), then we have
PE[A + B] = PE[A|PE[B], PE[A — B] = PE[A]/PE[B].

For a single variable x, we have PE(x) = ﬁ, thus for a summation X = x1+x9+- - -,

PE(X) =]] ! - PE(-X) =[]0 — ).

i>1 i>1



For the rest of this section, we fix the notation X =z + 29+ - -.

Definition B.1.5. The Jing operators are the coefficients S, = [u™]S9(u) of the operator
generating function S?(u) defined by

SUu)f = f[X + (¢ — Du ' |PE[uX]. (B.4)
Proposition B.1.6. Jing operators SZ, satisfy relations:

SZ‘S’S@—H - quanrng = QSZHS?Z@ - Sgnsg+1' (B-5)

For a proof, see [101, Proposition 2.12], mind that our ¢ is denoted by ¢ there and our
S4 is denoted by H_,, there.

Definition B.1.7. Let pp = (1 > -+ > ) be a Young tableaux (partition), define the
transformed Hall-Littlewood polynomial by

Hﬁ(x; q) = Sh S Sgl(l). (B.6)
For a general array p = (p1,---, ) € lem we define the generalized transformed Hall-

Littlewood polynomial by the same formula above.

Using relations (B.5) recursively, we can bring a product of operators Si ---S? for an
array ju = (ju1,- -+, ) € ZL, into a linear combination of operators SZ, --~SZ/ such that
— = 1

l
py > -+ > p, in other words, a generalized transformed Hall-Littlewood polynomial can
be written as linear combination of usual transformed Hall-Littlewood polynomials.

The following proposition summarizes the fundamental properties of transformed Hall-
Littlewood polynomials, for a proof, see [91, 3.4.3].

Proposition B.1.8. The transformed Hall-Littlewood polynomials H, are related to the
classical Hall-Littlewood polynomials P, by

H,[(1—-q)X;q) = (1= )@ [ [les () Pu(; 0). (B.7)

=1

They are uniquely characterized by the following properties.

(i) Hu(z;q) € su(z) + Z[q] - {sa(x) : A > p},
(i) Hu[(1—q)x;q] € Zg] - {sa(x) : A < p}.
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And H,, is related to Schur functions by

Hu(z:q) = 3 Knul@)sa(a). (B.3)
A
It turns out that we can rewrite the definition of Jing operators without referring to
the generating function S7(u).

Lemma B.1.9. For an n-variable function f € Flpy,- -+ ,pn)(q), where pp(z) = 2§ + -+
xk  Jing operator S acts on it as

T

(SEf)(z;q) = ;f(%, QT T ) [0 - o)z (B.9)

Proof. Notice that

n

1 - 1 1
PE(uX) = = . B.10
(U ) 1_‘[1—U=Ti ;1_uxiH1_%/xi ( )

i= i

Without loss of generality, we assume that f = pg, - - - pg,, then by definition, S¢ is the
coefficient of 4™ in the series expansion

n

1 1
ki _ )Ry Fe 1)k '
(o (47 = Du) (e + (¢ = Du é;ﬂwg“wm

Let us fix an index 7 in the summation, then for this summand, its [u™] coefficient is

m
(pry + (6" = D)) -+ (pe, + (g™ = D) :
' Hj;éi(l — z;/%;)
xm
= (xkl +~--+qkle1 _|_..._|_1;fll)...(x’;5+...+qksxfs+...+xﬁs) ¢
! ijéi(l — ;/%;)
xm
:f('rla'“7qxi7'”7xn;Q> : .
11 — /i)
Summing over i gives the desired formula (B.9). O
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B.2 Affine Grassmannians and Geometrization of Jing
Operators

In this section we give a geometric definition of Jing operators SZ. Recall that

Kar, xox (pt) = Qa, - -+ 2, ¢F]5n. (B.11)
Here we take rationalized coefficients in the K-theory. Notice that Q[py,- -+ ,pn,q*] C
Kar, xcx (pt) is a subalgebra.

Consider the affine Grassmannian Grgr,, = GL,(K)/GL,(O), and let wy = (1,0,---,0)
be the first fundamental coweight of GL,, then the GL,(O)-orbit Gr** is isomorphic to
P! and it is fixed by the C*-rotation.

The category that we are interested in is Dl();Ln(O)x(CX (Grg, ), the GL,(O) x C*-
equivariant bounded derive category of coherent sheaves on Grgy,,. Here coherent sheaves
on ind-scheme like Grgy,, are defined to have finite type support, so for any F € DZE}LH(O)N cx (Grar, ),

we have X(JT") € KGLR(O)X]CX (pt) = KGLHX(CX (pt)

There is a convolution product on affine Grassmannian, defined as:

~ GL.(0)

Here the map sends (g1, g2) to g1g2. The convolution map of Grgr, induces a functor

F G = Rm,(FXG).
Passing to the K-theory, we obtain an map
* 1 Ko, 0yxcx (Grar,) ® Kar, 0)xcx (Grar,) — Kar,0)xcx (Grar,)- (B.13)

In fact, the x-product on KGLH(@)MCX(GrGLn) is associative, and moreover we have the
following.

Theorem B.2.1. The algebra Ky, o)yxcx (Grar,) endowed with -product is isomorphic
to SH,,, the spherical part of double affine Hecke algebra of GL,.

The part of story which is relevant to us is that the convolution between Grgr,
and the identity point makes Kqr, o)xcx(pt) = Q[zf, -, 25, ¢*]% into a module of
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Kar, 0yxcx (Grar, ), and we can realize Jing operators S, geometrically from Kqr,,(0y«cx (Grar, )
as follows.

There is a distinguished line bundle O(1) (determinant line bundle) on Grgr, [107,
1.5], and from the construction of O(1) we know that it is GL,(O) x C*-equivariant. Let
us use O(m)|ger to denote ,i*O(1)®™ where i : Gr** < Grgy, is the natural embedding.
Since 7 is GL,(O) x C*-equivariant, O(m)|ge: is also GL,(O) x C*-equivariant.

Proposition B.2.2. For F € Dl()}Ln(O)xCX<GrGLn)7 let x = x(F) € Q[zE, -zt ¢*]% be
the equivariant Euler characteristic of F, similarly let X = x(O(m)|grr x* F). Then

xm

X(Tq) =) x(x1, -+ ,qTi, ,Tn;q) - : (B.14)
; Hj;éi(l — /%)

Proof. Let p : Grar, XxGrar, — Grgr, be the projection to the first component map, i.e.
(g1, 92) = g1, this is a fibration with fibers isomorphic to Grgr,,. Then by the projection
formula we have

Y(O(m)|grer * F) = x(P"', O(m) @ Li*Rp, F). (B.15)

Here F = OXF is the twist of F on Grgr, xGrar,,. We use the localization on P71
to compute the right hand side of (B.15) as following. Let the maximal torus of GL,
be T, then T-fixed points of P*~! are [1,0,---,0],---,[0,-+- ,1,---,0],---,[0,--- ,1] (in
homogeneous coordinates of P*~1), label these points by ey, -+ ,e,. Observe that

(1) The fiber of determinant line bundle O(1) at e; has T-weight x;,
(2) The tangent space at e; has T-weights x;/x;,j € {1,--- ,n}\{i},

(3) The fiber of Li*Rp,F at ¢; has the same T-weights as x(F), but the C*-action
is different, because the fiber p~'(e;) is is identified with Grgy, via a translation
g — 2 “i-1g and the new C* acts through the diagonal of C x T;, where T;

rotation

is the 7’th C*-component of T. In other word, the fiber of Li*Rp,F at e; has the
T x C*-weights
X(I)(xla TG, T Q)

Then (B.14) follows from applying localization to O(m)® Li* Rp, F using three observations
made above. O
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Comparing (B.14) and (B.9), we have the following
Corollary B.2.3. If x(F) € Q[p1,- -+ ,Pn, ¢F] C Kqr, xcx (pt), then
X(O(m)|ern * F) = Spx(F). (B.16)
From this corollary we see that the operator O(m)|gwe1 * (—) is a geometrization of the

Jing operator S¢ . In fact, it extends the domain of S% to Kqr, xcx (pt) = Q[p1, -+, P, hiy b, ¢,
and negative m is also allowed.

Corollary B.2.4. Let = (p1,--- , ) be an array of nonnegative integers, then

Hy(z;q) = x(Grar,, O(p)|arer * - -+ % O(pu)aren)- (B.17)
Proof. Combine (B.16) with the definition of H), in terms of iterative action of S (B.6).
[
Corollary B.2.5. Let G be the closure of the GL,,(O)-orbit through 2“1, then
——Nw
X(Gr ™, O(k)) = Hyw (2:.9). (B.18)

Here (k™) is the partition consisting of N copies of k, i.e. (k,k,--- k).

Proof. Let m : GrGLTL;GrGLn e QGrGLn — Grgr, be the convolution map of N-copies
of Grqr,, it is easy to see from the definition of determinate line bundle that there is a
GL,(0O) x C*-equivariant isomorphism

m*O(1) 2 O(1K---KO(1).

It is known that m(Gr+'x - - xGr*') = @Nwl, and it is birational, thus m is a resolution

of singularities. It is also known that Gr™" has rational singularities (this is true for all
G(O)-orbit closure on affine Grassmannian of any reductive group G, see [105, Theorem
2.7)), therefore Rm,.O = O and Rm.m*O(k) = O(k), thus

——Nwi

x(Gr ', O(k)) = x(Gr*' x - - - xGr**, m*O(k))
= X(Grar,, O(k)|grr * - % O(k)|Grer)

= Hyny (23 q).
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Appendix C

Quantization of Quiver Varieties

C.1 Quantum Moment Map and Quantum Hamilto-
nian Reduction

Fix the base field to be C. Let g be a Lie algebra with an action on an associative algebra
A, i.e. a Lie homomorphism ¢ : g — Der(A).

Definition C.1.1. A Lie homomorphism u : g — A is called a quantum moment map if
Va € g,b e A,

[1(a),b] = ¢(a) - b. (C.1)
Lemma C.1.2. Let J be the left ideal A - 1(g), then J9 is a two-sided ideal of AS.

Proof. Let x =Y b;ju(a;) € J% and y € A%, then

vy =Y bip(ar)y =Y byp(as) + Y bilu(ar),y) = D biyplai) + Y bid(as) -y
= Zbiy,u(ai) e Js.

Definition C.1.3. Define the quantum Hamiltonian reduction A j/ g to be A%/.J%.
Assumption C.1.4. Assume that A is filtered such that

(1) [FrA, F}A] C Fyy_qA for a fixed positive integer d,
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(2) grA is commutative,
(3) w(g) C FyA.
Under the above assumptions grA obtains a Poisson structure of degree —d defined as
{a7 b} = [&7 B]v

where @ is a lift of a, b is a lift of b. It follows that the action of g on A preserves
the filtration, therefore the Poisson algebra grA inherits a g-action (denoted by ¢) which
preserves the Poisson structure. Note that the image of & in gr;A (denoted by 7)) is a
classical moment map, i.e. for a € g,b € grA,

{fi(a), b} = ¢(a) - b. (C.2)
We define the ideal I = grA - fi(g), it is easy to see that I? is a Poisson ideal of (grA)?, i.e.
{19, (grA)s} C I".
Definition C.1.5. Define the classical Hamiltonian reduction grA / g to be (grA)?/19.
Proposition C.1.6 (Classical Limit Commutes with Hamiltonian Reduction).

Suppose that g is reductive, and {e1,--- ,e,} is a basis of g such that {f(e;)}r, is a
reqular sequence in grA, then

ard [ 5= gr(A ) g). (€3)
Proof. By definition, gr (A // g) = gr(A9)/gr(J?), and since g is reductive, we have

gr(A /) g) = gr(A)°/gr(J)".
Therefore it suffices to show that I = grJ, in other words, if ) fiu(e;) € F,A then
Jdg; € F,,_4A such that > fiu(e;) = > giple;).
Suppose that > fiu(e;) € FpnA and f; € FpA such that £k > m — d, we claim that

3f; € Fr1A such that Y fiu(e;) = > fip(ei). To prove this claim, we can assume that
Vi, fi ¢ Fy_1A, and denote their image in gr,A by f,. Then we have

> Fii(e) = 0 in gy, 4A.

By the assumption that {fi(e;)}1, is a regular sequence in grA, we see that 3h;; € gr;,_,A
such that

fi= Zﬁijﬁ(ej)u hij + hji = 0,
J

because the Koszul complex associated to {fi(e;)}1, is exact. Let us fix a lift h;; € Fj_4A
such that h;; + hj; = 0, and take h; = f; — Zj hijp(e;), then
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e h; € F,_1 A, since its image h; in gr A is zero;

o > .(fi —hiple) = %Z” hiju(les, e5]) = %Zwk hi;jCijkpv(er), where Cyjy is the struc-
ture constant of g.

Hence we see that f/ = h; + %ij hjiCigi is in Fy_1 A and ) fiu(e;) = > flu(e;), which

proves the claim. O

C.1.7 Shift of quantum moment map
Let x : g — C be a character, then

py 8 — A, ar pa) — x(a) -1

is a new quantum moment map. More generally, we can put the family of characters C -y
together as following;:

i 9 — Altl, a— pla) - x(a) -t.

Definition C.1.8. Denote by J, the left ideal of A generated by p, (g), and denote by J,, the
left ideal of A[t] generated by pu,(g). Define the shifted quantum Hamiltonian reduction
A [y g to be A?/J?, and also define the 1-parameter family A /,;, g to be A%[t]/J} .

It is elementary to see that
Afxa=(Afing)/t—1) (C.4)
Proposition C.1.9. Under the Assumption C.1.4, and additionally assume that g is re-

ductive, and {e1,--- ,e,} is a basis of g such that {fi(e;) Y, is a reqular sequence in grA,
then

(erA/g)[t] = er (A Jig)- (C.5)

In particular, A [Ji, g is a free C[t]-module.

Proof. Apply Proposition C.1.6 to Aft], where we take the filtration degree of t to be
Z€To. [
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C.1.10 Quantum quiver variety

Let (@, V) be a quiver, where @ is a finite directed graph with vertex set Qo and edge set
Q1, and v € N9 is called the dimension vector. Define the representation space of (Q, v)
as

R(Q,v) = @D Hom(C¥tw), CV), (C.6)

ace@Qq

where h(a) and t(a) are head and tail of an arrow a € Q1. The reductive group G(v) =
[icq, GL(v:)/C* naturally acts on R(Q, v), where C* is the diagonal embedding of central
tori, which acts trivially on R(Q,v). Define D(R(Q, v)) be the ring of differential operators
on R(Q,v). The action of G(v) on R(Q),Vv) naturally extends to D(R(Q,V)).

Let us introduce a quantum moment map u : g(v) — D(R(Q,V)) as following. Fix a
coordinate X2 of R(Q,v), where a € Q1, a =1, , Vp(a), and B =1, -+, Vy(q), then for
a basis element e} of gl(v;), define

y 0 0
M(ep) - Z XaZaXV B Z Xa%aXv‘ (C.7)
a€Q1,h(a)=i W 4eQ t(a)=i aw
1<y<vi(a) 1<y<vi(a)

It is elementary to check that p is indeed a quantum moment map. Note that in the
classical limit by taking associated graded of D(R(Q,Vv)) with respect to the filtration
degree deg X2 = 0,degd, s = 1, grD(R(Q,V)) is the ring of polynomials on T*R(Q, v),
in particular D(R(Q,v)) satisfies the Assumption C.1.4 with d = 1. Moreover 7 is the
classical moment map in the context of quiver varieties, and in the classical setting, it is
conventional to write the Hamiltonian reduction as

M(@Q,v) = Spec (C[T"R(Q,v)] / 8(v)) . (C.8)
Definition C.1.11. Define the quantum quiver variety as C[h]-algebra
C'M(Q, V)] = Rees(D(R(Q,V)) / a(v)), (C.9)

the RHS is the Rees algebra of D(R(Q,v)) // g(v) with respect to the filtration degree
deg X} = 0,degdy s =1.

We can also define another algebra

ColM(Q, V)] = Du(R(Q,v))*™ [ (Du(R(Q,V)) - u(g(v)))*™, (C.10)
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where Dj(R(Q,V)) is the ring of h-differential operators on R(Q,Vv), i.e. the Rees algebra
of D(R(Q,v)) with respect to the filtration degree deg X,? = 0, deg Oy = 1. We observe
that there is an isomorphism

CHM(Q,v)l/(h—1) = D(R(Q,V)) / 8(v) = CilM(Q. v)I/(h —1). (C.11)

Then it follows from Rees construction that there is a graded C|[h]-algebra homomorphism
® : Co[M(Q, V)] — C'M(Q, V)],

such that ®[h~1] is isomorphism. We claim that ® : C,[M(Q,v)] — CMM(Q, V)] is

surjective. In fact,

ChM(Q, v)]/(h) = gr (D(R(Q,v))*™) / (grD(R(Q,v)) - u(g(v)))*™,
C'"M(Q,V)]/(h) = gr (D(R(Q,v))g(v)) Jgr ((D(R(Q,v)) ) u(g(v)))g(v)> ,

and it is easy to see that (grD(R(Q,V)) ~,u(g(v)))g(") C or <(D(R(Q, v)) - /L(g(v)))g(v)).

Lemma C.1.12. The following statements are equivalent:

(1) CLIM(Q, V)] is flat over C[h].

(2) ®: CoIM(Q, V)] — CIM(Q, V)] is isomorphism.

(3) The natural map C[T*R(Q,v)] J g(v) — gr(D(R(Q,V)) // g(Vv)) is isomorphism.
Proof. As we have explained, ®[h~!] is isomorphism, so the kernel of ® is h-torsion. Since
C"M(Q, V)] is C[h]-free by the Rees construction, the equivalence between (1) and (2) is
obvious. The statement (3) is equivalent to ®/(h) being an isomorphism, thus (2) implies
(3). Suppose that (3) holds, then the long exact sequence associated to — ®é[h} C implies
that ker(®) = A - ker(®). However D;(R(Q,Vv)) is graded with degh = 1 and the grading

is bounded below, thus ker(®) 2 % - ker(®) unless ker(®) = 0. This shows that (3) implies
(2). O

Definition C.1.13. We say that quantization commutes with reduction if one of the
equivalent statements in Lemma C.1.12 holds.

To state the next proposition, we need the following convention: let p(v) be the function

p(v) =1+ Z Vh(a)Vi(a) — Z ViVi. (C.12)

a€Q1 i€Qo
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Definition C.1.14. We say that (Q, V) is good if

. p(g) > S p(v®) for any decomposition v = v + ... + v into nonzero v(¥) €
N¥o,

Proposition C.1.15. If (Q, V) is good, then quantization of M(Q,Vv) commutes with
reduction. In particular

CHM(Q. )/ (h) = CIM(Q, V)], (C.13)
i.e. C'"M(Q,v)] is a flat deformation of C[M(Q, v)].

Proof. Since (Q, v) is good, and Crawley-Boevey [16, Theorem 1.1] shows that in this case
the classical moment map @ : S*(g(v)) — C[T*R(Q, V)] (& is extended to the symmetric
algebra of g(v)) is flat, in particular any sequence of basis of g(v) is mapped to a regular
sequence in C[T*R(Q,v)], which is exactly the condition in Proposition C.1.6, so we have

CHM(Q,v)]/(h) = gr (D(R(Q,V)) / 8(v)) = CIT*R(Q, V)] [ 9(v) = CIM(Q, V)].

C.1.16 Quantum Nakajima quiver variety

Let (Q,v,w) be a framed quiver with framing vector w (assume w # 0). Following
Crawley-Boevey, we define the associated unframed quiver (Q%,v"V) as QY = Qo [[{c0}
(union of vertices of () with an extra vertex denoted by o), and arrows in Q% are those
from @ and for each vertex i € )y attach w;-copies of arrows from oo to 7, and set v¥ = v;
it i € Qo and v = 1. From the construction we see that the group

G(v") = [] GL(vy)/c* = [ GL(v:) =: GL(v) (C.14)
€Qy 1€Qo

acts on R(Q%,v™). Then we have the quantum moment map p : gl(v) — D(R(QY,vY))
defined by the equation (C.7).

We can consider the shift of . Namely there is a character x : GL(v) — C* sending
(gi | i € GL(v;)) to [],det(g;). It gives rise to a |Qo|-dimensional family of quantum
moment maps fig, : gl(v) — D(R(Q™Y,v"Y))[t], here C[t] = C[t; | i € Qo], and p, acts on
basis element e of gl(v;) as

pex(ey) = pley) — Oyt
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Definition C.1.17. Define the deformed quantum Nakajima quiver variety as C[#, t]-algebra
C'M4(Q, v, w)] = Rees(D(R(Q™, V™)) [y 8l(V)), (C.15)

the RHS is the Rees algebra of D(R(QY, V™)) //t, gl(Vv) with respect to the filtration degree
deg X%, = 0,deg 9y o = degt; = 1.

Similarly, given a vector A € C?°, Define the A-specialized quantum Nakajima quiver
variety as C|h]-algebra

C'"MA(Q, v, w)] = Rees(D(R(Q™,v™)) //ax 8(V)), (C.16)
the RHS is the Rees algebra of D(R(QY,v"Y)) /xy8l(v) with respect to the filtration degree
deg X2 =0, deg 6Xa% = 1. It is elementray to see that

Ch[Mt<Q)V7W)]/(ti - /\Z | 1€ QO) = CE[MX(Q7V7W)]‘ (C]'?)
Proposition C.1.18. If (Q%,v¥) is good, then C"[M(Q,v,w)] is a free C[h,t]-module,

and
Ch[Mt (Qv v, W)]/(h) = C[Mt(Qa v, W)]a
CH[MA(Qv v, W)]/(h) = C[M/\(Qv v, W)}

In other words, C"[M(Q, v, w)] and C*"M(Q, v, w)] are quantizations of C[M(Q, v, w)]
and CIMA(Q, v, w)].

(C.18)

Proof. Isomorphisms (C.18) follow from Proposition C.1.15. In order to show the freeness
of CMM(Q,v,w)] (equivalently Cy[M(Q,v,w)]), as a C[h,t]-module, we modify the
Proposition C.1.6 by changing the definition of quantum moment map to its Rees version,
ie. Vae g,be A,

[u(a), b] = he(a) - b,

here A = Dy(R(QY,v%))[t] and g = gl(v). Introduce a filtration FyD(R(QY,v¥))[t] by
setting deg X ® = degh = degt; = 0, deg 8Xa% =1, then

grpDi(R(QY, v™))[t] = C[T"R(Q™, v™)][h, t],

and 1 agrees with the classical moment map for T*R(QY,v"Y), which maps a basis of
gl(v) to a regular sequence because we assume that (Q%,v%) is good, therefore the same
argument of Proposition C.1.6 shows that

CIT"R(Q™,v™)][h, t] [ gl(v) = grp (CalM(Q, v, W)]) .
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The LHS is a undeformed Hamiltonian reduction, since the deformation parameter ¢; is in
zeroth filtration part and is modulo out in the associated graded 7, therefore

CIT"R(Q™,v™M)][h. t] J gl(v) = (C[T"R(Q™,v™)] / al(v)) [h, t],
thus grp (Cp[M(Q, v, w)]) is a free ClA, t]-module. O

The following theorem is a special case of the main result of [163].
Theorem C.1.19. If (Q%,v"Y) is good, then Mx(Q,v,w) is reduced for all A € C?.

Remark C.1.20. It can be shown that if C[M(Q, v, w)] is a flat C[t]-module, then (QY,v¥)
is good. This is a corollary of Crawley-Boevey’s criterion on the flatness of classical moment
map for quivers [16, Theorem 1.1]. We give a sketch of proof to this corollary. Let
pa s T*R(QY,v¥) — gl(v)* be the geometric version of classical moment map. The affine
space Z := SpecC[t] embeds into gl(v)* as the dual of gl(v)/[gl(V), gl(v)]. C[M(Q, v, wW)]
being a flat C[t]-module implies that ;' (Z) — Z is dominant. It is easy to see that the set
of A € Z such that v¥ € ¥, (see comments after [10, Theorem 1.2] for notation) contains
the complement of union of finitely many hyperplanes in Z, therefore 9\ € Z such that
vV € X, and g ()\) is nonempty. According to [16, Corollary 1.4], this implies that

dim p5* () /GL(v) = 2p(v™),

and by the flatness of M;(Q, v, w), we see that dim p*(0)/GL(v) = 2p(v"%), and according
to [18, Theorem 1.1], this in turn implies that (Q%,v"Y) is good.

Remark C.1.21. We can write the condition for (Q%,v") being good in terms of framed
quiver (Q),v,w). Note that p(v¥) = p(v) + w-v — 1, here w-v = >, w;v;, and
p(v) =1-— %V - Cgv, here Cg is the Cartan matrix of (). Any decomposition of v into
nonzero element in N is of the form vOV+vM ... 4y where v = vO v .. .4y
is a decomposition of v into elements in N9 such that v(¥ # 0 for ¢+ > 0. Thus (Q%,v¥)
is good iff

ZW v > Z v . Cov®, (C.19)
t=1

0<t<u<lr

for all decomposition v = v(® + v 4+ ... 4+ v into elements in N? such that v # 0
for t > 0.

Remark C.1.22. Nakajima gave a sufficient condition for (QY,v") being good in some
cases [127, Proposition 10.5]. Namely, assume that @) has no edge loop, and
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(1) w-0 > 2 for all imaginary root § of @,
(2) w— Cov € 255,

then (QV,v%) is good. For example, if @ is of finite type (i.e. ADE quivers), then (Q%,v")
is good if w — Cpv € Zgg.

C.1.23 Sheaf version of quantization

Let (Q,v,w) be a framed quiver such that (QV,v%) is good, choose a generic stability
6 € Q. then the stable moduli space M?(Q,v,w) is smooth over the base SpecC|t].
Moreover the natural projection p : M?(Q,v,w) — M(Q, v, w) is projective, and for all
A€ C% py: MS(Q, v, W) — M,(Q, v, w) is a symplectic resolution. By the construction

in [115], there is a sheaf of flat C[A]-algebras on MY(Q,v,w), denote by O, such
that 5Mf/(h) is the structure sheaf O,. By [L19] there is a natural Clh, t]-algebra
homomorphism

CHMI(Q,v.w)] = T (MUQ. v, w), Oy )
and moreover we have

Proposition C.1.24. Under the above homomorphism Cp[M?(Q,v,w)] is identified with
C*-finite elements in I’ (Mf(@,v,w),@Mf), where C* acts on quiver path generators
with weight one and on h,t with weight two.

C.1.25 Calogero representation

Let (Q,v,w) be a framed quiver such that (Qv,v"Y) is good, and moreover assume that
the f-stable locus of R(Q%,v"), denote by RY(QY,v¥), is nonempty, then T*R%(Q™, v"™)
is contained in the f-stable locus of T*R(Q%,v"Y), and it is GL(v)-stable, therefore there
is an open embedding

T*R(Q™,v™) Jlox GL(v) = M{(Q. v, w).

Note that T*R%(Q™,v¥) /s, GL(Vv) is the t-twisted cotangent bundle Ty N?(Q, v, w) of
the affine quotient

NQ,v,w) = R(Q™,v™)/GL(v).
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Here t-twisted cotangent bundle is defined as the affine bundle over N?(Q, v, w) x SpecC]|t]
modelled on T*N?(Q, v, w) x SpecC[t] and determined by the class Y, o c1(L;) @ t; €
H'(Q'), where £; is the tautological line bundle associated to the 7’th node.

After passing to quantization, O MO TENO Qv ow) 18 naturally identified with h-adic com-
pletion of the sheaf of t-twisted h-differential operators on N(Q, v, w). Since Ty N (Q, v, w)
is open and dense in M?(Q,v,w), composing the embedding in Proposition C.1.24 with

the restriction map I’ (Mf(Q,V,W),@Mf) — T (T;NG(Q,V,W),@W), we obtain an
embedding of C[h, t]-algebras

Ch[Mg(Q>V7W)] - D%(NH(Q,V,W)), (020)

where the right-hand-side is the ring of t-twisted A-differential operators on N?(Q,v,w).
We call such embedding a Calogero representation of C;[MY(Q, v, w)].
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Appendix D

Integrals in the 5d CS Perturbative
Calculations

Lemma 1.
We will compute the following integral.

6163/ dw1 A le A azlpl(vg, 1)1> VAN 822&4,1]32(1)17 U2)(2%w18316w114) (Dl)
U1

Computing the partial derivatives, we can re-write it as
Z1 Wy _
616% (deT(wlzle)) [P(Uo, Ul) A dw1 N zldzl AN P(’Ul,vg)]
01 412

Note that we ignore all constant factors here. We see that

dzidwidt; , _ _ _ _
#(2011012&2 — Zo1t12dWs + Wo1t12d 20
dpydiy

P(Uo,’l}l) A P(Uh’l}g) =
— Wo1 Z12dts + to1 Z12dWe — to1W12dZs)
Including Adw; A (21dz1)A, we can simplify it:

P(Uo,’l)l) A P(Ul,vg) A\ (wldwl) N (zldzl) = déldzldwldwldtl (|z1|2|w1|222) X
{8— (201w12dt2 — Zo1t12dws + Wort12dZe — Wor Z12dts + o1 Z12dWe — 75011012052’12>

dg,dY,
_ Oz, (Zo1W12dts — Zo1t12dWe + Wo1t12dZs — Wo1 Z12dts + to1 Z12dWe — to1W12dZ12)
dg,dY,
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By integration by parts, the the integral over ¢, z1, Z1, wy, w; of all terms in the first two
lines vanishes.

Therefore, we are left with

|21 |2 we | 2o (1odty — tiodins)

(@
dg i,

— / dtldzldildwldu_)l (DQ)

v1
Lemma 2.

We can use Feynman integral technique to convert (D.2) to the following:
/ /1 du F(?) \/ $3(1 — $)7|21‘2|U)1‘222(7I)12dt2 — tmd’d)g)
wdo  TB/2)L(9/2) (1= z)(|z1 P+ |wi* + ) + (|21 wia* + 1,))7

/ /1 d (F factors)\/ 1'3(1 — x)7|z1|2|w1|222(w12dt2 — tlgdwg)
= i
vy JO <|Zl

— CL’ZQ|2+|U}1 — xw2|2 + (tl — C(It2)2 + .T(l — x)(|22|2+|w2|2 + t%))7

Shift the integral variables as
21— 21+ X2, Wy — Wi+ Wy, 11 — 1+ xts

Then the above becomes
/ /1 " I'(7) V3 (1 — )7 21 + 22| |wy + 2ws|* 2,
wdo  T(5/2)T(9/2) (|z1PHwi? + 17 4+ (1 — 2) (22| +|wa|? + 13))7
X ((’Lf)l + (ZC - 1)1172)6[152 - (tl + (23 - 1)t2)dw2)

Drop terms with odd number of ¢; and terms that has holomorphic or anti-holomorphic
dependence on z; or wy:

/ /1 d F(?) I‘3<]. —.’L’)g(|21|2+$2|ZQ|2)(|U)1|2+$2|WQ|2)22(1D2dt2 —thU_JQ)
wdo  T(/2)L(9/2) (21 +lw]? + 8 + 2(1 = 2) (|22 *+|wa|* + £5))7

After doing the v; integral using Mathematica with the integral measure dt dz,dz;dzedZs,
we get

Zo(Wedty — todws) ( (D.3)

C1 w3 | C3%z5  Cuzaws >
5 7 7 9
dgy — doy  dpy oy

Lemma 3.
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We will compute the integral over the second vertex.

Z22 ¥ wo

/ P A GW2P3(U2, U3) VAN dZQ VAN dw2(22w28 82 A)

v2

B / DA Wo (Zo3dWadty — WozdZydty + trzdZadily)

— d7 N dUJQ A\ dZQ
23

v2
Now, compute the integrand:

Zo(Wadty — todie )Wy (Zagdedty — WazdZadty + togdZadis)

A dwsy A dzy
dgadls
2 4
to —t3—t
:\22’ ‘w2|dg 27 3 2)dt2d52dw2dwgd22
02%23
2 4
29| wa|*t
_ %dhd@dwmﬂ@ substitute t3 = ¢, then,
02%23
2 4
2o |w
— hcy—dfledtgdfgdu_}gdledZQ
02423

We can rescale € — 1, without loss of generality, then it becomes

_\22\2|w2\4

dtQ dfg dwg d’u)g d22
diady

Lemma 4.

(D.4)

(D.6)

Now, it remains to evaluate the delta function at the third vertex. In other words, substi-

tute
wg — 0, 23—0, t3—e=1

and use Feynman technique to convert the above integral into

R (U - P el
[(5/2)T(7/2) vy (2(25 w3 4 (t2 — 1)2) + (1 — x) (23 + w3 +13))5
_ P(6) / dm/ Va3 ( 1 — )5 222 wo |*
I(5/2)T(7/2) v, (73 + W3+ (ty — )2 + (1 — x))"
B F(G) \/m|22| |w2|4
T T(5/2)0(7/2) / /2 (22 +ws+t2+2(1—1))
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In the second equality, we shift ¢y to to + x. After doing v integral, it reduces to

I'(6) ™ ! 5 ['(6) s
T(5/2)0(7/2) 2880/0 dex(l = 2)" = F 5T 772) 3880

Finally, re-introduce all omitted constants:

F(6) F(7) (271‘)2(27T)2L

(First Term) = = R 7 73) T(5/2)0(0/2) 2850

Similarly, we can compute all the others without any divergence.

I'(6) I'(7) 2 g T

) . I'(6) ['(7) 2 T
(Third Term) = T(5/2)0(7/2) T(5/2)T(9/2) (2m)*(27) S640

B I'(6) ['(7) 2 g T

Hence, every terms in (D.3) are integrated into finite terms.
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