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Abstract

Chern-Simons theory is a special class of Conformal Field Theory. It possesses various interesting
duality relations. These relations, or more accurately, these bosonisation duality relations connect
the correlators of two different theory, namely the free fermionic Chern-Simons theory and critical
bosonic Chern-Simons theory. These two theories are dual to each other. The correlators in
these theories are calculated in the large N limit, up to all orders at the t’ Hooft coupling. These
expressions for the correlators can be derived from the free theories. Here, the verification of such

duality relations are performed.
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Chapter 1

Introduction

Quantum field theory (QFT) is a fundamental concept within theoretical physics, combining
quantum mechanics and special relativity to elucidate the actions of particles and fields. Its utility
extends across a broad spectrum, aiding in our comprehension of how matter and forces function in
the cosmos. But yet this is not the full story. There has been made a lot of attempt in combining
QFT with general relativity (GR) aiming for a grand unified theory (GUT), describing all the
fundamental forces of nature. And, string theory remains the most promising candidate for this.
Here, comes Conformal Field Theory (CFT) as a gateway to string theory. CFT is a class of QFT,
which maintain the angles relying on in the system but not the distances. It has an vast application
in the realm of theoretical physics. One such example of CFT is the Chern-Simons (CS) matter
Theory. (see [1], [2], [3])

Working with quantum field theory (QFT) entails comprehending the basic laws of the universe,
and it involves resolving intricate scenarios that present challenging analytical problems. In such
instances, perturbative QFT has been greatly valuable for making approximate calculations and
predictions regarding physical occurrences. This approach of perturbation is particularly useful
for systems where the exact solutions to the quantum field equations are extremely complex or
impossible to obtain. But the perturbation technique looses much of its functionality when it
comes to the cases of strongly coupled systems. Non-perturbative techniques are to be taken in
such scenarios. Currently, we are working in the CS matter theory. An intriguing aspect of CS
matter theory is the ability to extend perturbative techniques to address even strong couplings.
(see [4], [5], [6], [7])

Chern-Simons (CS) theory represents a 3-dimensional topological quantum field theory. This



Chapter 1. Introduction

theory refers to the coupling of CS theory with matter fields, such as fermions or scalars. CS theory
exhibits numerous fascinating characteristics and holds a prominent position in multiple realms of
theoretical physics and mathematics. Its mathematical and physical importance remains a vibrant
field of study, intertwined with leading-edge subjects across various domains of contemporary

physics. (see [8], [9])

Moreover, three-dimensional CS matter theory is exactly solvable. It is a basic class of a
non-trivial CFT, and it could thus be used to study various phenomena, such as, strong-weak
dualities and the AdS/CFT correspondence. It also has many applications in dualities. For instance,
the free fermionic theory coupled with CS theory is dual to critical bosonic theory (it is a bosonic
theory aimed to study the system at the critical points, namely Wilson-Fischer fixed point) coupled
to CS theory; this is known as bosonisation duality. These kinds of theories are named quasi
fermionic theories. Thus, the correlators in these theories are also related by a few interesting
relations. (see [2], [10], [11]).

Correlation functions within CFT play a vital role as mathematical instruments which are
used to calculate diverse physical parameters. They offer understanding into how fields behave at
distinct spatial locations and are fundamental for grasping the characteristics of CF'Ts. Interpreting
correlation functions in CFT entails examining the connections among various operators and their

impacts on the system, revealing insights into the theory’s fundamental physics and structure.

In this project work, we want to explicitly compute such few correlators. The computation in
CFT has been mostly explored in position space. We have done our calculations in momentum
space. There can be a lot of symmetries addressed in momentum space which simplify the theory
to a considerate level but is not easily accessible in position space. However, the calculations for
3-point or 4-point correlators even in momentum space are quite intricate, so we will transition to
a region where all external momenta are aligned with the z-component, making the calculation
easier. Additionally, we employ the light-cone gauge and other certain strategies that facilitate
the task and make it more manageable. Furthermore, we dedicate some time to calculate a few

correlators using a covariant approach in a perturbative manner. (see [2], [12], [13])

Subsequently, we move forward with one of our primary objectives. We utilize a few previously
computed correlators from the literature and direct our calculations towards the explicit proof
of bosonisation dualities conjectured in CS matter theories. ([12], [13]) These dualities provide a
powerful tool for understanding the dynamics of these systems and for deriving new results. They
are effective for addressing conformal field theories in three dimensions and can also be applied to

investigate thermal correlators in large N CS matter theories.



This thesis is organised as follows. In Chapter 2, titled Preliminaries, we introduce fundamental
concepts crucial for understanding the entire narrative and specific calculations. These concepts
serve as the foundational principles essential for the theory and the ongoing progress of this
project. Chapter 3, Background and Establishment, offers a concise discussion to contextualize the
problem and enhance comprehension. It presents various aspects and the underlying purpose of
the completed work. Chapter 4, Formalism, delves into the specific assumptions and methodologies
employed to address the problem of interest. The strategies outlined in this chapter prove beneficial
in simplifying complex computations that would otherwise be daunting. Chapter 5, Computation
and Analysis, details the methodology for computing correlators and relevant calculations. Chapter
6, Results and Discussions summarizes the noteworthy results obtained, accompanied by discussions
on these outcomes. Finally, Chapter 7 serves as the conclusion, summarizing the overall progress

of the project and briefly outlining potential future directions.
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Chapter 2
Preliminaries

2.1. Chern-Simons Matter Theory

Chern-Simons theory is a special class of CFT. It provides exact solvability and a few applications
of duality, which make this theory interesting. In general, in 3 or higher dimensions, computation

work becomes very cumbersome. So, we proceed with 3-dimensional Chern-Simons Matter Theory.

2.2. Lagrangian

The action of the CS theory is proportional to the integral of the Chern-Simons 3-form, which is a
topological invariant of the gauge field, which means its values are quantized and not affected by
small perturbations/ deformations of the spacetime. The Lagrangian (Euclidean) for the abelian
CS theory is,

IR
‘CCS = —ETT(ACZA)

= - AL, A (2.1)

™

Here, A is the gauge field, x is the coupling constant known as Chern-Simons level.
The Lagrangian (Euclidean) for the non-abelian CS theory with gauge group SU(N) in

5
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fundamental representation is,

1K 1
= ——Tr(AdA + e A3
ECS . 7”( d + 3f )

UK v a a 1 abc fa Ab Ac
— R A0, A+ S ALALA

m
iN v, a a 1 abc fa Ab pAc
— e [ A0, Ap AL (2.2)

Here, A = % is the t” Hooft coupling. In the context of non-perturbative phenomena, where
traditional perturbation theory does not apply, the 't Hooft coupling is used to quantify the
strength of the interactions in the study of strongly interacting systems. Taking the limit N — oo,
At Hooft — oo leads to significant physical implications. To put it simply, the 't Hooft coupling
at infinity indicates a deep relationship between gauge theories and quantum gravity, implying
that certain gauge theories can encompass gravity in higher-dimensional spacetime. This idea is
crucial to the AdS/CFT correspondence, where lower-dimensional gauge theories are equivalent to
higher-dimensional gravitational theories, offering valuable insights into quantum field theory and

gravity interactions.

Now coming to CS matter theory, the Lagrangian (Euclidean) for the CS theory in SU(N)

gauge group coupled with free fermionic field is given by,

N 1 - |
£ = —%(ENVP AZ&/AZ + gfabCAZAgAz + Z¢¢¢ (Where, DN = aﬂ — ZgAu)

Similarly, the Lagrangian (Euclidean) for the 3-dimensional CS theory in SU(NN) gauge group

coupled with complex scalar field is given by,

K 1
L= —o @ | ALO, AL + S [ ALALAL L + (Do) (D"6)

T ptrviip

Now it is very straight forward to fetch the feynman rules for the corresponding theories.



2.3. Feynman Rules

2.3. Feynman Rules

2.3.1. Free Fermionic Theory coupled with CS theory

The relevant rules for the CS theory with SU(N) gauge group coupled with free fermionic field are,

jvb ’ i,CL =1 k (52
_Zﬁ ]
B,p D A p — _Z‘47TEWP%5AB
K
A, p
k
q p _ i pvp pABC
n 127T6 /
B,v C,p
Ap
k
q p » “
= ig (") (1)
j,b 1,a

2.3.2. Scalar Theory coupled with CS theory

The relevant rules for the CS theory with SU(N) gauge group coupled with complex Scalar field
are,

= o’

1—¢€ v, 76ab
K H Pp2
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a, i
T ,/,
k o
‘s\~q :7/ 2{ta tb}
p o g ) 1]
b,v .y
a, L

1K
_ urp rabe
p = 5

/q \ 127

b,V G, p

N =ig(p + @)t

Abbreviations

A few abbreviations that frequently appear in this thesis work, are gathered here for convenience.

F.F. =— Free Fermionic
C.B. = Ciritical Bosonic
Q.F. = Quasi Fermionic

Odd = Parity Odd Contribution



Chapter 3

Background and Establishment

In this chapter, we explain the objective of this project. Initially, we present background information
to illustrate the complexity and scope of the issue being tackled. Next, we outline the approach to

be taken, and finally, we detail the goals we aim to achieve.

3.1. CFT Correlators

In general terms, conformal field theories are Euclidean quantum field theories that possess a
symmetry group that includes, along with Euclidean symmetries, local conformal transformations

that maintain angles but not distances.

As a genuine quantum field theory, the condition of conformal invariance is highly restrictive.
Specifically, due to its scale invariance, all particle-like excitations in the theory must be massless.
(see [14])

Conformal field theories serve as simplified models for real interacting quantum field theories,
they depict critical phenomena in two dimensions, and they hold a significant position in string
theory, currently considered the leading contender for a unified theory encompassing all fundamental
forces. (see [15])

There is a special class of CF'T, the ‘quasi fermionic’ theories, which have a large N limit and
the large N spectrum of operators consists of conserved high-spin currents and dimension two scalar
operators. The theory of N free fermions coupled to SU(N); Chern-Simons interactions and the

theory of N critical bosons (or simply, free bosons, in our case) coupled to SU(N); Chern-Simons

9



Chapter 3. Background and Establishment

interactions are example of such ‘quasi fermionic’ theories. (see [1])

In these theories, due to conformal invariance, the 3-point correlation function of conserved
currents are constrained to contain at most three different conformal structures in the large N limit
(see [16]),

<J81 J52J83> =G <J81 J82J83>F.B. + ¢ <J81J82J83>F.F. + Codd <J51 J82J83>odd (31)

where, J is the conserved current and si, s, and sz are the associated spins, and ¢, ¢y and coqq
are the corresponding coefficients. The F.F. term and F.B. term correspond to the correlators
of the theory of free fermions and free bosons, respectively. The odd term is not generated by
free theories and refers to independent conformally invariant contributions to the correlators that
appear only in interacting theories. It is also important to mention that whenever, the conserved

currents obey the ‘triangle rule’(see [15], [17]),

8; < S; + Sk (Where, {iaja k} € {17 273})

the odd term contribution is nonzero. But if the triangle rule is violated, that is,

S; > S; + Sg (where, {i,5,k} € {1,2,3})

then, for conserved-current correlators, there is no parity-odd contribution. Now, if the slightly
broken high-spin (SBHS) symmetry is imposed on these theories, in the large N limit, the 3-point

correlators get further constrained to the following functional form,

N - -
<’]81 Jsz J83> = m [<J81 J82 JSs)F.B. + )‘2 <J81 Jsz JSS)F.F. + A <']81 Jsz J83>odd} (32)

where, the notation is such that (as in [16]),

10



3.2. Dual Theories

A =tan — .
an — (3.3)

There is another interesting property of 3-point functions. If the spin of two conserved current

are identical and the third one has an odd spin, then the correlator becomes zero. (see [1], [18])

(JsJsJs) =0 (for s/ odd)

3.2. Dual Theories

The previously mentioned examples of ‘quasi fermionic’ theories are dual to each other. In other
words, in the large limit N, the theory of N free fermions coupled with CS theory with the gauge
group SU(N)y, also known as Free Fermionic (FF) theory is dual to the theory of N free bosons
coupled with CS theory with the gauge group SU(N)y, also known as Free Bosonic (FB) theory.

(see [2])

Beginning with the free fermionic theory, introducing the CS coupling, ), and then taking it to
infinity (reaching the strong coupling limit A — 1) leads to the critical bosonic (Wilson-Fischer)
theory. The corresponding bosonisation duality establishes a connection between free fermionic CS
theories with strength A and critical bosonic theories with strength % coupled to CS. The bulk
duals are represented by the type-B Vasiliev 6 theories, which are characterized by 6 €[0, w/2].
(see [2], [19])

The critical bosonic theory is an advanced and refined version of the free bosonic theory, which
focuses on examining the system at critical junctures, specifically at the Wilson-Fischer fixed point.
Vasiliev Type-B theories belong to a category of internally coherent gauge invariant nonlinear
equations in the realm of higher-spin theory. Higher-spin theory, also known as higher-spin gravity,

deals with field theories encompassing massless fields with spins exceeding two, such as the graviton.

(see [20])

11
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SU(N) Free Fermions

+)CS ’ SU(N) Free Fermions ‘

Ao oo |

T

SU(N) Crtical Bosons
+1/XCS

‘ SU(N) Critical Bosons

Vasiliev type-B 6 theory

Figure 3.1: The Quasi Fermionic Theories: the Duality relations

3.3. Conjectured Bosonisation Dualities

As the free fermionic and critical bosonic theories are dual to each other, it is quite obvious that
there might be some interesting relations between the theories. One of such relations hold the

following mathematical form,

Xqr. = A(Xpr. + AXoaa + N XcB.)
€ (Xpr. — XcB.) = £iX0aa
€ Xr.F.-c.B. = £1X0dd (3.4)

where, X is some conserved-current correlator in the quasi fermionic theory and A denotes some
overall normalization factor coefficient multiplied with the expression in the right. Besides, the F.F.,
C.B. and Odd terms represent the free fermionic, critical bosonic and parity-odd contributions.

The F.F. and C.B. are the parity-even contributions. These bosonisation relation conveys that

12



3.3. Conjectured Bosonisation Dualities

the parity-even contributions for some correlators in the quasi fermionic theories are related to
the parity-odd contributions by a functional form. (see [1], [14]) And the transition is attained by
following an abstract technique known as ‘epsilon transformation’ (E.T.). These duality relations

can be found in [18].

These bosonisation duality relations already found to be obeyed for 3-point correlators, (for
example T'JJ, where T is the stress-energy tensor and J is the spin-1 current). [17] But it is also
suggested that these duality relations also hold for 4-point correlators. Let us first introduce the

epsilon transformation and then come back again to the duality relations.

3.3.1. Epsilon Transformation

This is a transformation method which converts a parity-even term into a parity-odd term and
vice versa. It applies to the conserved currents (see, [17], [12], [13]). Epsilon transformation for the

spinor-helicity variables can be written down as,

€ Xmenon = %xﬁal“““ (3.5)

p
where, X is some correlator and p is the momenta associated with the operator inside the
correlator and €“? is the Levi-civita tensor and the conserved current operators are the ones
associated with the p and v indices (here, in this depiction). Furthermore, it is crucial to emphasize
that this transformation must be applied symmetrically to all conserved current operators within

the correlator. The conserved current condition can be simply found as in [1],

gt =0 (3.6)

Therefore, a clearer representation would be,

e (X{X5Xg )
E,uab u Euab “ Eaab "
= S XXX ) b (X X X )+
y4 b2 b3

(XTI X5 Xz ) +-- (37

13



Chapter 3. Background and Establishment

3.4. Verifying Bosonisation Dualities

Now, we want to explicitly check the bosonisation dualities achieved by the epsilon transformation.
But for that one needs to have the expression for the correlators, which is a cumbersome task to
do. Hence, we first show the validity of this duality relation for the 3-point correlator (7'.J.J) ([16]),
where this is relatively easy to visualize. Then, we move to check a few 4-poit correlators. We
make use of some available expression for the correlators (JJOQO) and (JJJJ) ([2]). Besides, we
try to compute (T'JJO) and then verify the suggested relations.

14



Chapter 4

Formalism

In this section, we explore the general strategies used in computation and illustrate the techniques

employed to obtain correlators.

4.1. Working Regime

Our goal is to derive the complete expression of correlators within a perturbative framework.
However, obtaining the all-loop result for any correlator proves excessively intricate. Therefore, we
focus on a simpler regime that allows for more manageable calculations. Here, we provide guidance

on achieving this.

4.1.1. Light-Cone Gauge

To begin, we transition to the light-cone coordinates (Dirac coordinates) and then utilize the
light-cone gauge. Light-cone coordinates has demonstrated its utility in intricate scenarios. ([21],

22]) In this context, the light-cone transformation for the Euclidean signature is defined as follows.

1
vt =a; = —=(a! +ir?) (4.1)
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In Cartesian coordinates, ds* = (da')? + (dz?)? + (dz?)?
In Light-cone coordinates, ds* = 2(dx™)(dx™) + (dz®)? (4.2)

So, the metric in the light-cone gauge is given by,

010
=100 (4.3)
0 01
Hence, it is quite obvious,
=2 fad =200 =22, 0 (4.4)
1
+ 1 2
= =—(p £1
P =Dz ﬂ(p P’)
1
AT = A = (A +4A%
+ \/5( )
pi=pi+ps=2ptp (4.5)

Now, the light-cone gauge is defined as At = A_ = 0, as previously used by [3], [23]. This is
achieved using Wick rotation. This is a similar implication of light-cone gauge in the Euclidean
signature coming directly from the standard light-cone gauge in the Lorentzian signature. It is
crucial to notice that A™ = A_ = 0 is achieved as an analytic continuation of the Lorentzian space,
otherwise one could have obtained A, = (A_)* = 0. (see [3], [2]). This gauge fixing brings about
substantial modifications to the Feynman rules of this theory. It eliminates the self-interactions of

gluons and leads to a revised description of the gluon propagator, as follows,

(A3 (p)AL(—q)) = — (AUp) A% (—q)) = ——— x (2m)*3(p — q)0"" (4.6)

16



4.1. Working Regime

It is very important to note here that, we will frequently be interchanging between (x, 27, 2%)

and (x*, 27, 2%), while, 23 and x* denotes the same. Moreover, " = z_, 2~ =2, and 2° = z..

4.1.2. Collinear Perturbation Theory

While correlators provide valuable insights into the theory, their determination remains a chal-
lenging endeavor. However, as demonstrated by [2], [11], [24] and [25], it becomes feasible when
computations are conducted within a framework where all external momenta align along the

z-component. Therefore, we make use of the following simplification. For any external momenta, p,

p=p.=p° (4.7)
— p= (anapz)

This approach, known as “collinear perturbation theory”, has been previously employed to
calculate two-, three-, and even four-point correlators of single-trace operators, with expressions
being directly dependent on the 't Hooft coupling. A significant application of this method,
which has motivated our work, can be found in [24], where this method of representing external
momenta for deriving the expression for (OOOQO) was first utilized (although later corrected by
[25]). Additionally, in [11] a procedure has been outlined for calculating all n-point functions of
the form, (OOQQ - --) within the collinear regime (at leading order in 1/N).

It is essential to highlight that this regime of collinear momenta also influences the epsilon

transformation method. For instance, directly from 3.7, it can be shown that,

€ (XPXGXG ) = " sgn(py) (X Xy X5 )
+ e sgn(ps) (X{' X2 X5 o) + € sgn(ps) (X Xy XKoo )+ (48)

It is worth noticing that all the dependence on the explicit form of momentum associated with
certain operators now has shifted only to the signature of the corresponding momenta. This is
exciting as it simply transforms the complex expressions into just an overall summation of different

correlators of different helicity combinations.

17



Chapter 4. Formalism

4.2. Computation Method

Within this segment, we provide a detailed guide on deriving the expressions for the desired
correlators. Both approaches utilizing the ‘exact’ and ‘free’ (to be elaborated shortly) formulations

of the vertices and propagators are discussed.

4.2.1. Computation with exact vertices and propagators

To obtain the complete expression for certain correlators up to all loops, the conventional approach
involves adding successive 1-loop corrections, 2-loop corrections, and so forth, which can be
exceedingly intricate and demanding. However, there exists a modification that can be used to ease
the process, that is, reducing the number of diagrams that may contribute to the corrections. The
‘free’ vertices and ‘free’ propagators are now replaced by ‘exact’ vertices and ‘exact’ propagators
(see [10], [2]). In this context, the term ‘exact’ vertex (or propagator) refers to the combination
of the ‘free’ vertex (or propagator) with all loop contributions. This integration encompasses all
vertex corrections and propagator self-energy corrections within the ‘exact’ expressions, simplifying

the calculation process. Here, a simple depiction of the ‘exact’ vertex is shown,

£

Figure 4.1: An illustration showcasing the exact vertices and free vertices. The diagram on the left
featuring a circled cross represents the exact vertex, the middle diagram with a cross represents
the free vertex, and the diagram on the right depicts the all-loop correction to the free vertex.

Y
\
[
\
X
\
+

» »
> >

Given that our focus is on a 4-point correlator, we develop a methodology tailored specifically
for 4-point correlators. Presently, the all-loop contributions solely focus on diagrams featuring a
gauge propagator connecting any two non-adjacent sides of the correlators. As illustrated in [2], in
the context of a 4-point correlator, for a certain alignment of operators at the vertex, the relevant
diagrams can be categorized into ‘box’ diagrams and ‘ladder’ diagrams. Different configuration of
operators result into different set of box digrams and ladder diagrams. Box diagrams correspond to
the contributions at tree level, while ladder diagrams account for the all-loop contributions using
‘exact’ vertices and propagators. Ladder diagrams are presented as a collective sum of corrections.

These are depicted in the following diagrams.

18



4.2. Computation Method

p 1 TPT4 T
® . ©

pP+q, +q+qs
s qs

Figure 4.2: The diagram on the left is a box diagram, while the diagram on the right features a
ladder diagram with a large blob in its center. (Image Credit: [2].) In these diagrams, the vertices
labeled 1, 2, 3, and 4 represent four operators, and the propagator momenta are indicated as p in
the box diagram and as r and k in the ladder diagram. The external momenta are represented as
q1,92,q3, and q4 respectively.

\ / k - k+q,+q.
%G k +q, Qe q,-

k k+q,+q, / T \

|
+
+

r T-qs-qs
\ k+q, /
[0 o —
N\ < (
(1 < \) k k-1 k+q,+q,
r—q,
Q4 qs 1 l+q,+q.
r I-r r+q,+q,

AN

Figure 4.3: The ladder diagram, for a specific arrangement of operators at the vertices, consolidates
all loop contributions into a unified 1-loop-like contribution. (Image Credit: [2].) Here, k, r and 1
represent the propagator momenta and ¢1,q2,q3, and ¢4 respectively represent the external momenta.
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Chapter 4. Formalism

Moreover, the ladder diagrams can be visualized as illustrated in the figure, 4.3. For a clearer
representation, the blob-like component in the ladder diagrams can be redefined as an ‘effective
vertex’, signifying contributions from all loops. (see, figure 4.4.) Essentially, all loop corrections
arising from gauge propagators connecting opposite sides can be summed linearly to create the
impression of a single loop correction. These methods, previously employed with success by [2], are
briefly outlined here to provide guidance for the research conducted in this project. Therefore, the

comprehensive expression encompassing all loops can be derived as,

k k+gq
T A Yy | r+4q A Y

Figure 4.4: Effective vertex. (Image credit [2]). In this depiction, the blob-like element on the left
signifies the effective vertex, while the right side illustrates loop contributions of all orders.

————=Tr[S(k+q +q) Oy S(k+q)O1 S(k)V*S(r)Oy4 S (r — q4) O3

B / dr &k
(27)? (2m)°

S(r—a—aq)7]Guk—-1) +

Tr[S(k+aq1+q2) O2 S(k+ q1) O1 S(k)v*S(1)v*S(r)O4

- / Br Bk d¥
(2m)3 (2m)3 (27)3
S(r—qa) O3S (r—ags — q) S+ a1+ 42) V] G (k — 1)Gpo (I — 1)
+ (4.9)

where, the O and S represent the ‘exact’ vertices and the ‘exact’ propagators, with the subscripts
indicating their respective positions. After using spinor indices and performing some algebraic

manipulations, this expression can be reduced to,

d3r A&k S
- —/ (271—)3 (27T)3 [ S (k + « T QQ) 02 S (k + ql) Ol S(k)]] Fzm (ka q1 + QZJ’)

[S(r)O4 S(r—q1) O3 S(r — g3 — qu)],, (4.10)
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Here, F{,’;(k, q,r) denotes the effective vertex, which is a complex equation involving various
gamma matrices and summation of products of several propagators. Since we are operating
within the collinear perturbation framework, the expression can be reformulated into a recursive
Schwinger-Dyson equation and resolved using the techniques outlined in [26]. Upon transformation
into a different basis, denoted as 2" (k, ¢, ) in accordance with [25], it emerges as a 2 X 2 X 2 X 2

matrix and can be represented as,

Do (k,q,7) = Tap(k,q,7) (7’4)” (73)7' (4.11)

where A, B € {+,—,3,1}, and 7/ = 15,5. This expression can be inverted as,

1 m 7 in
FAB(ka q, T) - Z (/VA)n (’YB)]’ Fgm(ka q, T’) (412)
Finally, we arrive at,
d3r  d3k A
=~ | Gy T[S+ 01+ @) 08 (k4 ) O1 (k) ()05

S(r—qs) O3 S(r—qs—q) VB} Cag (k1 + q2,7) (4.13)

The expressions for T 45(k, ¢,r) can be found in [2], appendix A.

At this point, it becomes evident that, for any 4-point correlator and a specific configuration of
the operators at the vertices, given the exact expression for the corresponding operators and the
propagators, one can obtain the explicit expression for that correlator in the large N limit up to all

orders.

But the computation of ‘exact’ vertices is nevertheless an easier problem to tackle. Now we
move to compute these kinds of vertices. It is worthwhile to mention that, using the techniques

decribed in [10], the ‘exact’ vertex expressions for O and J operator have been computed.
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Chapter 4. Formalism

4.2.2. Computation of Exact Vertices

The infinite tower of conserved current are denoted by, Js (0Js = 0). Their definition is provided
by [3], [2]. We write down them here.

Jo =)
It = i
JHkts Yy DE2 | D))y — ( traces ) (4.14)

The concept of the exact vertex can be visualized as shown in Figure 4.1. With all computations
conducted in the light-cone gauge and collinear perturbation regime, we can deduce the exact

vertex in the following manner,

d*k ABS (k)™ (p,k)S(k — p)y]
2m)? (q—k)+

V¥ (p,q) = Vo (p, q) + 2miA / ( (4.15)

where, V#(q,p) and V{"(q,p) represents the exact vertex and free vertex with propagator
momenta ¢ and external momenta p and S(k) represents the exact propagator with propagator
momenta k. Moreover, the (¢ — k)t part signifies the gauge propagator. It is important to note
that, both, the directions of the gauge propagator are considered. This methodology is derived
from [10], where they have previously computed the exact vertex formulations for O (or Jy), J*,

and J~ (J = J;) operators.

Prior to delving into the resolution of this intricate equation, it is essential to pause and
contemplate, aiming to introduce some simplifications. One notable simplification that can
significantly reduce complexity stems from relations derived directly from light-cone coordinate

algebra. This outcome is detailed in [3] and [10]. For a 2 x 2 matrix A = a,v* + a;I, it satisfies,

ABlANH = 2 (a[”er — a,I) (4.16)

Now, the complicated numerator has only the relevant contributions from v~ and 1.
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4.2. Computation Method

4.2.3. Computation with free vertices and propagators

As illustrated in 4.1.1, the comprehensive formulation for all-loop contributions involves intricate
integral equations requiring gamma trace algebraic manipulations. Consequently, in some scenarios,
the resulting expression becomes too unwieldy to handle, making it challenging to extract. In
such cases, reverting to ‘free’ vertices and ‘free’ propagators becomes necessary to assess the loop
contributions effectively. Therefore, we present the methodology for computing tree-level and

1-loop contributions for 4-point correlators using ‘free’ vertices and propagators, here.

The tree level diagrams for any 4-point correlator are given by,

A _ D A _ c A _ a
q—D1 q—Dn q—DP1
Aq q—p1— P2y AQ q—p1— P33y 4Aq q — p1— p3vy
4—P1—P2—P3 4—P1—P2—P3 49— DP1—P2— P4
B C B D D B
A ~ B A ~ B A - D
q— D1 q—D1 q—p1
Aq q—pP1— P4y Aq q—pP1— P4y AQ q — p1— P2y
4—P1—P3— P4 4—P1—P2— P4 q—P1—P2— P4
D C C D C B

Figure 4.5: Where, A, B, C and D represent 4 operators and their corresponding external momenta
are pi, p2, p3 and py respectively. The propagator momenta here are q. Moreover, the momentum
conservation rule, i.e, p; + ps + p3 + ps = 0 is in action.

At this point, it is quite essential to introduce concise and efficient notations to manage these

intricate diagrams effectively. Therefore, we introduce,
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g :=q— P, ki =k — P, and P, = ij (4.17)
j=1

The 1-loop correction diagrams for the configuration (anti-clockwise) ABCDA (the first diagram

in figure 4.5) are given below. The vertex correction diagrams are,

A D A k) A D

ky
AL / AQ I
(k=a)" goy y
g

Q
—
) 4
)
—

(k—q)t 92
Ak \

Aq bA 4
% by a
B C B C B C
Figure 4.6: Vertex correction diagrams for a 4-point correlator.
The propagator self energy diagrams are,
A _ D A _ D A _ D A _ D
01 \kj/ T T 0¥ 1 Aq a1
(k—q)"
Aq P2y AT (k—q)t| SkaY AQ @y AkLS|(k—qt Gy
(k—q)"
\ A
4 o T e TRWye ] Y g
B C B C B C B C

Figure 4.7: Propagator self energy diagrams for a 4-point correlator.

Previously, these two sets of diagrams were not taken into account for ‘exact’ vertices and
propagators, but they play a significant role in this context. Now, turning to the ladder diagrams,
which are also there in the ‘free’ formalism, it can be noticed that these diagrams are basically
a gauge propagator connecting the opposite sides and cutting the 4-point box diagram into two

symmetrical parts.
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A . D A R D
g 2 T
Aq Qv
4 (k—q)"
A (k—q)t koY
Ak koY
4 fy %
B c B c

Figure 4.8: Ladder diagrams for a 4-point correlator.

So, it is pretty clear that, for a particular configuration of operators, a 4-point correlator
demands 10 1-loop corrections and in total for any particular 4-point correaltor the total 1-loop

corrections become 60!

4.3. Key Calculations from Existing Literature

In this section, we gather all the available expressions relevant for our calculations.

4.3.1. Exact Expressions

The ‘exact’ expression for the fermionic propagator is given by, [2], [3] and [10],

(Vi(p)d/ (=) = 61S(p) - (27)°6°(p — q)
— P g, + N YT+ Ags

S(g) = "
g (1 — \? gt + 7 Ii)\
— S(q):—ﬂ q ( )+72q +77q. + 17 qs:_ZR(QQ)
q q
= R(g) = (v7q" (1= N) +77¢" +77¢ + [irg,) (4.18)

Directing from equation 4.14, the ‘exact’ expressions for the O, J* and J~ operators, which

have already been computed by [10], are listed here for convenience.
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Jo=0=9V%
JF=J"=yVty
Jr=J =4V ¢ (4.19)

where, V°, V= and V7 are the ‘exact’ vertices for the corresponding operators.

+ Fponat 1 20T
Vi(p,q) =g (y)y +7f (y)
2 2

S W)

V7 (p,q) =17 +

VO(p,q) = Aq(fgo(y)'y+ + f(y) (4.20)

while the complicated functions involved in the ‘exact’ expressions are,

|: 21)\ tan’1 (A)— tanl(y))]

- _ L o o —2i5\tan’1(y)
O 2y2 [1-2iky ]

l\D\N [\D\

—Z)\y+ 1+Z/\y> 21)\(tan’1(A) tan™ ()):|

- —2iAtan~1(y) Y

g() = 55 [(1+w)e (1~ iy)]
14+ 672i;\tan_1(y)

fo(y) = _ 93 -1 /
1 4+ e—2iAtan (A)

) = 1—idy — (1 + idy)e 2 tan™' ()

5\?/ |:1 + 672i5\tan*1(A’)}
2. 2A A
Yy = q ) N = T A=A Sgn(p) (421)

p| Pl

It is crucial to emphasize that ¢ represents the propagator momenta and p denotes the external

momenta. Therefore, with p = p,, the expression sgn(p) = sgn(p,) is meaningful.
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4.3. Key Calculations from Existing Literature

4.3.2. All-loop Expressions

Within this section, it is crucial to remember that the findings presented are sourced directly
from existing literature, and are presented in their original state. This may lead to confusion
due to the various notations and indices used. But, to avoid any ambiguity, we explicitly clarify
the relevant notations for each result, emphasizing their relevance within this particular context.

Unless mentioned, all the variables follow the natural flow narration in this article.

The complete expressions for the 3-point correlator, (T__.J,J,) in the scalar theory coupled

with CS theiry, worked out by [16], is expressed in the below.

(T-_(=q)J+ (=¢') I (=¢"))

N 1 —miN (4 ) —miN' ( n4 2 12
:_327r)\qq’q” [6 (q —qq )"'6 (q —qq )+
q/2q//2€—7ri(5\’+5\”) . e”j‘q‘l + q/q// (4q/2 + 7q/q// + 4q//2> N 12)\2q/q//q2:| (4.22)

where, ¢, ¢ and ¢” are the external momenta.

The parity-even and part of (T__.J,J,) can be written down as,

N si Y 3 /3 "3 A
N sin(md) ((la® | Jd1” "7 e (72
32 A 9" q¢"  q¢ 2

3 /13 3 1" 1| A
N ('f]'” N IqIN L |, 4" ld 1+ d g |>sin2 (ﬂ)} (4.23)
79" qq qq q 2
Similarly, the parity-odd part of (T__J, J,) can be found as,
N' / 7 ! I
(Ia-odd = ﬁ [4 (3)\2 + cos(mA) — 1) q+ sin2(7rx\)|q||q’+qq] (4.24)
@ q

Now, moving towards 4-point correlators, it is quite essential to describe the following notation,
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(o) = {(.nEm)*6( sz (4.25)

where, p;’s are the external momenta. The ¢ denotes the momentum conservation.

The 4-point correlator, (J*J~OO) in the free fermionic theory coupled with CS theory, worked

out by [2], is expressed in the below.

<<<><

0()))

[1q\p!+p|(J\+6|5\+5H 1—\5|—\€!+!€I+€!+IQ+5\]+
]\7 1+)\2 €+ 0 q+€)(Q+5) 4 qp

O(e)O
( lqlq + [plp) (0° — ¢*) + (€2 4+ 6°) (lalqg — |plp)
5|

(p—
[ 2pq 1 pa(p+9)(p+e€)(p+q) >(Sgn(€)+sgn(5>)
\p+€| p+ 12 | (alpl + plg|) sgn(e) sgn(d) + €[] + d]e]
(o)~ s ”] o [ S EDIET)
\6!!5\(!p+ €|+ [p+0]) + (le| +10))ed  (qlg| + plp|)(1 + sgn(e) sgn(0))
4pged + 4pq(e + ) D (4.26)

where, p, q, € and § are the external momenta. It is worth mentioning that the notation from

equation 3.3 is currently being utilized. Also, we make use of another short notation, (follwoing [2])

~ 1

= UNa e

~ 1

T= =, (4.27)

Now, the relevant parity-even terms are simply the A\° and A2 terms and the parity-odd

contributions come from A\ term.

The detailed expression for (J*J~J"J7) in the free fermionic theory coupled with CS theory,
can be located in the appendix B of [2]. Due to its extensive nature, the complete expression is not

included here.
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Computation and Analysis

Within this section, we present all the computed results and offer a concise overview of the insights
gained from each calculation.

5.1. (TJJ)

Directed from equation 4.23, and using the notations in equation 3.3, we get,

<'>ACVCD
-N 3 13 3 3 3 13 20¢" '] + ' |g" _
_ ] !f/JIHJr \qIH N ’CI|/ N !f/JIHJr \qIH N ’CI|/ _ AN+ MDY 52| 5
64(14+ A%) [\d'¢" qq qq 79" qq qq q

Similarly, from equation 4.24, we get,

2]\75\ 2(’61/’ ’q//‘ + q/q//>

o = 64(1 + \2) q

(5.2)

Regarding the parity-odd expression, the initial term can be safely disregarded as it represents

a contact term that transforms into a delta function in position space, ensuring no loss of generality
in this context. (see [16])
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At this point, directly following from equation 3.2 it can be easily checked that,

1 (g 1P 1" 20q"|d| +d |d"])
T (=) Ty (=) T (=) e = — _
< ( Q) +( Q) +( q >>F.F. 64 <q/q//+ qq// + qq/ q

3 3
<T77(_Q)J+ (_q/) J+ (_q//>>CB — ;1 <|q|3 i |q,| + ’q//| >
.B. 64 q/q// qq// qq/
—i ¢'q"[sgn(q’) sgn(q”) + 1]
32 q

(T-(=q)J+ (=¢") T4 (=4") gaa = and, (5.3)

<T77(—Q)J+ (—Q’) Jy <_q//)>F.F.-C.B,
=(T__(—=q)J (=) T4 (=" Npp. — (T-— (=) T+ (=) T+ (=¢")) ..
~2(¢" gl + 4 14"])

64q
q/q// Sgn(q/) + Sgn(q//)
- dolbenle) + son(d') (5.4)
Now, following from equation 4.8, the epsilon transformation on
(I__(=q)J+ (=¢") J+ (—=¢"))g .. g has the following functional form,
e (T (=q)J+ (=) J+ (=4")pr o,
= e sgn(=¢) (T (=) T (=) T4 (=4")) o o,
—z+ _on N VANE A/
+ e san(—q") (T (=) (=) T~ (=d")), . o
= (sgn(—¢') +sgn(—q")) (T-—(=q)J+ (=¢') J+ (=¢"))pr.c.
q/qllan/ +an//
— _(sen(q) + sen(q") ¥ [sen(¢') + sgn(q")]
32q
__q'q"[sen(q) sgn(q”) +1] (5.5)

16¢

Here, it is quite essential to notice that epsilon transformation only acts either on the J vertices

or on the T vertex.

Therefore, we find,
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5.2. (JJOO)

5.2. (JJOO)

Directly following from equations 3.2, 4.26 and 4.27 and recalling the notations in equation 3.3
and 4.25, the parts of (JJOO) are found to be,

S~ | (alpl +plal) sgn(e) sgn(0) + €[] + dle|
((5-00)),.. = [ o
ellol(p + el + Ip+01) + (lel + [0)ed , (algl +plpD{ + sgn(e) Sgn(5))]
4pqed 4pq(e + 0)
g _ | Lalpl + plg| + €ld] +dle] | 1—[6] —[e] +[q+ €[ + |g + 4
<<‘] J OO>>CB - LL (e+d)(g+e)g+d) 4 qp 1
T _ =9 1 <(|Q|CI+ plp) (0° — ) + (¢ +6°) (lglg — Iplp))
<<J / OO>>Odd [ 2pq i pa(p+0)(p+e€)(p+q)
N lp+e€l—|p+4d]
4pq

(sgn(e) +sgn(d)) (sgn(0) — Sgn(e))] (5.7)

where, p,q,e and ¢ are the associated external momenta with the J*, J~, O and O vertices,
respectively. Now, the epsilon transformation of <<j+(p)j _(q)0(6)0(5)>>FF_CB (following

from equation 4.8) gives,

Now, a deep simplification of these expressions leads to the following relation,
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(sen(p) — sen(q)) ((J* ()] (0)O(e)O(6)) ) +1.<<J+<p>i-<q>é<e>0<5>>>0dd=X (5.9)

FF-CB. ¢

Now using the momentum conservation equation, 4.25, we get the term X to be zero, for all

possible physical kinematic regime. Hence,

(5.11)

where, a,b, c and d are the external momenta associated with the J*,J~, J* and J~ vertices,

respectively. Now, the epsilon transformation gives,

— (sgn(a) — sgn(b) +sgn(c) —sgn(d)) ((J*(@)J~ ()T ()T~ (d))) . .. (5.12)



5.4. T Exact Vertex

Hereafter, again using the equation 4.8, we find,

(sen(a) — sen(b) + sgn(c) — sen(d) ((J*(@)T- BT (T (D)),

=i ((JH@) T~ (0) T ()T (d))),,. + Y (5.13)

Now, using momentum conservation equation 4.25, we came across an interesting result. The

Y term is such that when the following condition is satisfied,

sgn(a) = sgn(c) = —sgn(b) = —sgn(d) (5.14)

it becomes exactly equal to the parity-odd term, otherwise it is zero. Basically, when the
external momenta associated with the J* vertices are of the same sign but opposite to the sign of
the external momenta associated with the J~ vertices (here, in our case, the alternate momenta),

the extra term becomes,

Y = (T ()]~ (0) ] ()T (@))), . (5.15)

Otherwise, the extra term Y is zero.

5.4. T Exact Vertex

One of our objective is to calculate the T'JJO correlator up to the leading order in 1/N and
all orders in the 't Hooft coupling A\. To achieve this, the exact expressions for all vertices and
propagators are required. Therefore, obtaining the exact expression for the stress-energy tensor, T’
(denoted as J3), is crucial. The methodology for deriving the exact expression for the stress-energy

tensor mirrors the approach outlined in [10].
The definition for the T" operator is given by,
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T = J = 4py " D)) — (traces)
1 - 1 -
=¥ D+ DAY — S VDT DE g
1 - . v v ; N
=S¥ 0" (0" —igA”) +97 (0" —igA")[ Y — "Dyt

= —%w V(¢ + gA”) +97(¢" + gA")] (5.16)

Since, we are working on massless limit, the Dirac equation gives, QZ’YMDuI/J = 0 and the
propagator momenta here is depicted by ¢ and p denotes the external momenta. Therefore, the

free vertex expression is,

V¥ (00) = —2 (0" + 94%) 47 (¢" + gA¥) (517)

It is straightforward to see that, Vi (p, q) = —iy*(¢" + gA*) and V¥ (p,q) = V" (p, q).

Since we are working in the light-cone gauge, A" = A_ = 0, the free vertex expressions for
THH, 7T, T+ and T~ are given by,

Vot =—ivTgt = —igyt, Vo T =—ivT (@7 +9A7) = —i(gr +9AL )y and,

o i S i .
W =W"=-3 [V @ +947) +77(¢" +gAh)] =3 V@940 +r g (5.8)

Now, using equations 4.15 and 4.18, the exact vertex expression can be achieved as,

&k APIR(k)VH (p, k) R(k — p)y™!
2m)? k2(k —p)*(q = k)*

V*(p,q) = —; V(" + gA”) + 7" (¢" + gA*)] — 27TM/ (

(5.19)

where, the updated propagator contributions in the numerator are simply,

34



5.4. T Exact Vertex

R(k) =~Tk=(1 = N) + v kT + %k, + Ti\k,
=k (1 = X)) + 9kt +9%(k. — p) + Ti\k, (5.20)

(Since, p is the external momenta, only the z-component survives, and p = p,.)

Now considering R(k)V*"(p,k)R(k — p) as the A matrix, and following equation 4.16, the

relevant parts can be found and the exact vertex expression becomes,

‘ 3

uw gy 5 v L /dk: aryt —a_I
V*¥(g,p) = —5 V(0" + 9A7) + 7" (0" + gA")] = dmid [ TR0k — 92 — k)T (5.21)
and, R(K)V*(p,k)R(k —p) = ayv" +a-v + a7 +a;l (5.22)

5.4.1. Computation of T+ vertex

Considering T+ vertex, equations 5.21 and 5.22 becomes,

d*k aryt —a_l
(2m)* k2(k — q)*(k —p)*
and, RV (p, k)R(k — p) = ayvt +a_v™ +a.y* +arl (5.24)

(5.23)

Vit(p,q) = —ivTq™ + 4m>\/

Now, from 5.23, it is clear that the exact Tt vertex cannot have any dependence on v~ and

~v*. So, we can ansatz the exact expression as the following way,

Vi (p,q) == vi(p. v +vi(p, q)1 (5.25)

Now, implementing equations, 5.20, 5.24 and 5.25 into the exact Tt vertex expression, 5.23

and working out a lengthy algebra, produces,
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= (20Aks + g2 )k oy (p k) + [2K7R (1 =A%) + (k: + p)kz = NRJor(p, )
a_ = 2(k™) v (p, k) + [—pk™ + 2iNkskTur(p, k) (5.26)

Hence,

d3k: (2iMks + p)kToy (p,q) + [K2(1 — 20%) + (k. + ¢.)k.]vr(p, k)
. 4 )\/ ) s z z)hz s
U+(p7Q) Zq + 4m k2(k—p)2(k—q)+
or(p.q) = —47?1)\/ d3k 2 k+ 2oy (p, k) + [—pk™ + 2iNkskTvr(p, k)
k2(k —p)*(k —q)*

(5.27)

From these equations and depending on the regime we are working for the external momenta,
it is quite obvious that V" (g, p) can only depend on ¢, ¢_ and p. Now, we shift to cylindrical
coordinates (ks, 0, k.). So, the z-component integral is quite easy to do. After doing this integral,

the expressions look like,

kedks 27 dO (2iNks + p)ktoy(p, k) + 2k2(1 — A®)v;(p, k)

vy (P, q) = —ig" + 4mi) /

0 % p2k3[1 + (2ks/p)2](k - Q)+
B kydk, 27 d0 2(k+) (g, k) + [—=p + 20Nk ko1 (g, k)
rlpa) = —tmid [T | L+ 0o = )T (5.28)

Now, checking the tensor structure of these expressions and following from dimensional analysis

and rotational invariance in the x-y plane, it is quite easy to guess the functional form as,

vi(p,q) =q gp.q)  vilp.q) = f(p,q) (5.29)

= vi(p k) =Kl k)  ui(p k) =

where, g(p,q) and f(p, q) are some functional form which we have to discover. Inserting this

updated ansatz, leads to,
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20N /oo dkg(z%%“)g(p, k) + (B2 (L= N)f(p. k) 2 do (kT)>2

1+ (2. /p)? o 2m(k—q)*
2(61*)2 B 4M 9(p, k) + [=1 + A2k /p)If(p, k) (> df (KF)°
/ dks 1+ (2ks/p)? o 27 (k—q)t (5:30)

Here, at this point, we use the identities for the polar integration,

2 df (k)" A 1
/ / o k p)t /ps dks(p”)

(for n > 0 and A is the cut-off implemented from cut-off regularization)

2T d@ + n Ds 1
/ / 7+:— ; dks(p™) (for n <0)

The derivation of these identities are elaborated in the appendix. These identities further

simplify,

N A (iA(2ks/p) + 1)g(p, k) + (2ks/p)*(L = N°) f(p, k)
qg(p,q)——zq +iAg" /qéd<p> 1+ (2k,/p)?

22)\(q+)2 r ( > + [=1 + N2k /D)) f (D, k)
p gs 1+(2ks/p)2

(5.31)

We also take on a few notations, x = |2k|, Yy = Q‘ZT, A=\ sgn(p), A = % and b = i\. The

complicated expressions now become quite simpler in the new notations,

Iy A (L) f(x) + (1 + br)g(x)
gly)=—i+b dx 2

¥ (1= ba)f (@) = gla)
y 1+ 22

fly) =0 (5.32)

Now, solving these recursive integral-differential equations, the solutions can be found as,
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f(y) _ _3 [1 . 62b(tan’1(/\’)—tan*1(y))}
2

gly) = —i = (1 +by) f(y) = —% [1= by + (1 + by)e?ton (W) =ten )] (5.33)

Following the same procedure as T+, may lead to the exact expressions for 77—, T~F and

T~~ vertices.

5.5. (TJJO)

In this section, we demonstrate the processes to be followed for the complete computation of the
(T'JJO) correlator. We begin with, TT+tJTJT0O, as the exact expressions for Tt is relatively

easier to work with.

5.5.1. Computation of Tt JTJT0O

Now that the exact expression for all the 7% J* J™ and O vertices and the exact propagator S(p)
are known, it is straight forward to put all the functions into ‘ladder’ type diagrams as demonstrated
in figure 4.8 and then insert into the reverse Schwinger-Dyson equation described in equation
4.13 for the all order expression. But at this point, it is quite cumbersome task to accomplish,
as it requires computing the trace algebra of 12 gamma matrices and then simplifying all the
contributions by summing, and then, integrating all that giant expression twice. The integration
involves various complex terms like eiMan™ (W) and many more. So, it is quite unfortunate that
this is a too hard task to complete, at least using Mathematica. And, there is a need of few more
simplifications for further progress. That is why, it is very obvious to turn back to the [problem
with the ‘free’ vertices and ‘free’ propagators. Therefore, we spend some time on calculating the
tree level and 1-loop level contributions for this configuration, with the use of free vertices and free

propagators.

Tree Level

The relevant diagrams for this configuration can be directed to the figure 4.5 and then fixing the
A, B, C and D vertices to 771, J*, J* and O operators respectively. Now, we start with the first
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kind of diagram, the ABCDA (anti-clockwise) diagram. And, the tree level can be written down as,

B / d3q tr[(qwﬂgfﬁﬂﬂlz%]
(

B 2m)3 ¢ GG

As usual, ¢ denotes the propagator momenta and the « in the beginning accounts for overall
constant factor, which has to be determined at the end of all calculations. Now, working out (i)
the trace algebra first, then carefully doing (ii) the addition algebra with the thought in mind that
the external momenta have only the z-component nonzero, and then (iii) shifting from light-cone

coordinate to cylindrical coordinate, we rewrite the expression as,

. (5.34)

o q.dqs [*™ df / dq. 8paq?t
0 21 2 ¢ ¢ @

0 2

Hereafter, it is pretty easy to notice that (iv) the polar integration will simply give this entire

expression to be zero, as ¢q_ can be written as \q/% e,

Similarly, the ABDCA diagram tree level can be interpreted as,

. / d3q trl(g-v ") d, 4,77 d,]
(

2m)3 P q @ g

Now, the same simplifications done for the ABCDA diagram can be followed here also, and it

gives,

Sd s [T d@ © dq, 8Spsq*

0 —0 2T ¢? ¢ ¢ 43

Now, again considering the polar integral, the expression becomes zero.

For the ACBDA diagram, the expression is,
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. / d*q trila-y")dd; v 4,7 ¢,
(

2m)3 P q @ 3

Continually, we follow the same procedure, and head towards,

sdqs (27 d dg.  8Ps¢t
*q q/ / q 34 i (5.36)

0 o2 ¢ ¢ ¢ @G

Yet, again, the polar integration makes this expression zero. Moreover, it is quite important
to notice that the expression for this configuration of vertices becoming zero is due to the polar
integration, hence, the permutation of the J* vertices will also produce the same result. Hence, it
is worth mentioning that the tree level diagram for the correlator consisting T+, J*, J* and O

operators is simply zero, independent of the configuration chosen.

1-loop Level

Now, we want to compute the one-loop diagrams. The diagrams associated with 1-loop contributions
can be redirected to the figures 4.6, 4.7 and 4.8, while fixing the A, B, C' and D vertices to 7",
JT, JT and O operators. For all of these diagrams, we again follow the same steps as described for

tree level computation.

(i) Write the expression of that particular diagram.
(ii) Simplify the gamma trace algebra.

(iii) Complete the addition algebra of various terms coming from different configurations of

gamma traces.
(iv) Shift from light-cone coordinates to cylindrical coordinates.

(v) Compute the polar integral.

But, it is quite shocking to note that all of these diagrams for any permutation of vertices
(T*+*,J, J" and O) individually becomes zero, all thanks to the polar integral. Hence, the 1-loop

level contribution for T7+.J*J* QO is simply zero.
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5.5.2. Computation of Tt~ J"JTO

The exact expression for 7%~ is going to be way more complex than 77", hence, it is quite obvious
that the computation of T~ J*J"O would be naturally harder than Tt J*J*O with ‘exact’
vertices and ‘exact’ propagators. Therefore, we head towards calculating tree level and 1-loop level

contributions for T+~ JTJ* O, but with free vertices and free propagators.

Tree Level

The tree level diagram for T~ J*tJTO can be redirected to the 4.5 diagram, while A, B, C' and D

vertices can now be considered as T+, J*, J* and O operators respectively.

After following all the same steps as demonstrated for TTtJ*J*O in 5.5.1, the ABCDA

(anti-clockwise) diagram can be expressed as,

/ d*q tri(lg~ +9A I + a7 ) e, 4]
(

IRACHE PRGBS
_ o, [T 9dgs [ df / dqz 4% 2 (20A - + @)+ ¢. (PP + ¢2) — (PL + P) @2 + ¢
o 2m Jo RITETAE
=0 (5.37)

where, o denotes the overall constant factor to be determined at the end of the calculation.

Similarly, the ABDCA (anti-clockwise) diagram can be written down as,

q trlle + gAYy + a7 )y 4,7 ]
Oé/ 3 22,2 .2
(2) ¢*qia3q3
QSdQS /27r de / dQZ 4p3q 29/47(]— + q- (Pl - QZ) + qz)
*qid3as

0

Il
o

(5.38)

Likewise, the ACBDA diagram simplifies to,
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/ d*q tr(([g~ +gA7]yv" + q+7_)¢§137+¢27+¢1]
(

2m)3 VRVl
— QSdQS /27r do / dq,z 4q 2P39A_qf + (p2 + D3 + q,z) qg + q,z(q,z — Pl)(Qz - PS)]
o oo 27 PRBE
=0 (5.39)

As before, the symmetrization of the J* does not affect the result, as it is the polar integral
that makes the expressions to become zero. Hence, the tree level contribution for TT~J*JTO is

also coming to be zero, for any permutation of the vertices.

1-loop Level

Hereafter, we move to calculate the 1-loop diagrams for 77~ J*tJ*O. The diagrams are the same
as 4.6, 4.7 and 4.8 for any configurations of the vertices of our interest. Moreover, we follow the
same recipe as before in 7ttJTJ*O in 5.5.1 and come to that particular same conclusion, that is,

the polar integral makes all the expressions to become zero!

5.6. (0O0000)

After doing computation of various different correlators we also spend some time in working out
some covariant calculation. The simplest operator O is taken into consideration. But there has
been several attempts to compute 4-point correlators of this scalar operator. So, we jump to get

the expressions for 5-point correlation function.

As a basic introduction, we first demonstrate the computation for 2-point tree level O operator.

gib i.a This diagram simplifies to ‘p | where ¢

is the propagator momenta and p is the
external momenta.

Figure 5.1: The tree level diagram of the OO Operator
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Similarly, the tree-level diagram for the 5-point O operator can be found as,
/q// X

__f

q

Figure 5.2: The Tree Level 5-point diagram of the O Operator

which simplifies to,

I v P o Y
. 4o 41 492 43 44 a
=/ VYo Yo 1) (5.40)
/q @ adaaq e

The trace of gamma matrices include one levi-civita tensor as there are odd numbers of matrices,
which means it is a parity-odd contribution, and we can take the liberty to exploit this property

and reduce it to a simpler form,

m
=B </ 262]22> + Ba(gs = q4) + Bs(q2 = q1) + Ba(q1 = qu) + Bo(qo = @) (5.41)
7 90919293

where, the B’s are the corresponding coefficients of the subsequent integrals, which are some
complex functions of the external momenta. Now, these integrals can even be simplified to a simpler
form, using the ‘inversion technique’ as demonstrated in [19], [27] and [11] and the ‘Schouten
Identity’ provided in [19] and [28]. These techniques reduce the terms in the denominator but
increases the complexity in the numerator, which still remains very complicated, yet these methods

are the easiest and effective for the computation of these integrals.
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Chapter 6

Results and Discussions

6.1. Results

From the previous chapters, we have listed down the crucial results relevant to our predictions.

6.1.1. Verification of Bosonisation Duality Relations

The computations worked out in this project, clearly validates the applicability of the epsilon

transformation over the correlators T'JJ and JJOQO. To put it mathematically,

N i )
(T T dy) = A5 (T T T o, + MT- T oda + A (T I Ty e |

and € [<T**J+°]+>F.F. - <T**J+J+>C.BJ =i (T J+J+) o

and,

N FR(ITT00) X7t 00) ]

C.B. d F.F.

(J*J00) = 4, . [(JT1-00)

and e [(JTTT00) —(JtTT00) | =i(J"I700)

F.F. Odd

where, A; and A, are some overall factors multiplied. Clearly, the epsilon transformation is

obeyed up to a factor of 2i. Hence, the bosonisation duality relations are nicely maintained.
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6.1.2. Bosonisation Dualities Relations to Ponder

Now, the epsilon transformation of JJJJ correlator emphasizes,

N

(P = e () M R ),

and € [<J+J_J+J_>F.F. a <J+J_J+J_>C.BJ =1 [<J+‘]_‘]+J_>Odd + Y]

where, the Aj is some overall factor multiplied. Interestingly, the extra term here appearing,
Y is something not observed in the cases of T'JJ and JJOQO. This extra term has the shocking
property that, when the opposite external momenta or the external momenta associated with the
same kind of helicity operator have the same sign, Y becomes exactly equal to the parity-odd term

and otherwise simply becomes zero. In other words,

) = —sgn(b) = —sgn(d),
Y=< Ha)J(b)J(c)] <)>Odd

otherwise, Y =0

when, sgn(a) = sgn(c

Though the epsilon transformation relation almost gets validity, it is still a good place to

investigate for the extra term.

6.1.3. (TJJO)

The most prominent and significant proof for this duality could be provided by the computation of
(I'JJO). We have been able to produce a few relevant results regarding this. Exact expressions

and loop level contributions for correlators have been computed. We list them here for convenience.

(i) The exact expression for the T+ is found to be,

TH(p,q) =0V (p,qv  and VT =5%g(y) + 1 f(y)
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6.2.

where,

l

f(y) _ 5 [1 o by + (1 + by)eQb(tan’l(A’)ftanfl(y))}

gly) = _% {1 _ €2b(tan_1(A’)ftan_1(y))}
_ 2q, A 2A

Iyl ol
b=\, A= \-sgn(p)

Y

while ¢ and p are the propagator momenta and the external momenta, respectively.

With free vertices and free propagators, the tree level and the 1-loop level contributions for
all kinds of configurations of the 77+ J*JTO and T~ J*JTO correlation functions are zero

and only for T-~JTJTO, the contributions are nonzero.

Discussions

As the results summarize, it has very neatly proven the validity of epsilon transformation
relation and significantly the applicability of the bosonisation dualities of interest. It
strengthens the literature by providing explicit proofs and opens up a broad channel for

further works and shows the scope of possible attacks for unraveling the true nature of CFT.

Although for the JJJJ correlation function, there is a thin cloud of visualization regarding
the duality relations, as it even though superficially satisfy the relations, but fails to follow
the explicit functional form. Hence, there is much room for further understanding and

exploration.

Bosonisation relations are some very recent developments in the literature. Validating its

applicability will solve some stranded problems.

The exact computation of spin-2 conserved current enriches the theory and help develop the
regime. Moreover, the all order calculation can be extensively helpful to understand the

underlying field, and it can provide some clues to do the computation covariantly.

The methods used here can be used as a well demonstrated and summarized tool for

doing perturbative calculations efficiently, as here we not only gather techniques of some
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previously available methods, but also connect them and create a few more for smoothing

the computation work.

o Moreover, the covariant approach made in the end of this project work provide a scope to

understand the possible symmetries and compatibility of methods with the actual expressions.
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Chapter 7

Conclusion

The Chern-Simons matter theory is a unique subset of Conformal Field Theory, distinguished by
its intriguing bosonisation duality relations that establish connections between distinct theories.
This project is dedicated to explicitly confirming these relations and outlining potential directions
for future exploration. Our approach involves computing various correlation functions of conserved
currents and referencing prior research to deepen our understanding. Our primary goal is to validate
these bosonisation duality relations, and while we have achieved success in some instances, there are
areas where further work is needed. In these cases, we have meticulously outlined the methodologies
required to derive the specific expressions of interest. To get through the duality relations, we have
computed various correlation functions of conserved currents. These computations not only aid in
comprehending the theory but also contribute to its advancement. Throughout our investigation,
we have unearthed noteworthy analytical results that enrich the existing literature. Additionally, we
have delved into mathematical expressions that facilitate smoother and more efficient computations,

enhancing the overall research endeavor.

Hence, our conclusion highlights the potential for validating bosonisation dualities within the
Chern-Simons matter theory. It is evident that confirming these dualities necessitates substantial
computational efforts, representing a significant undertaking. Streamlining the computational tools
can offer profound insights into the theory, as demonstrated in our investigation. While the current
status indicates the validity of these relations, further exploration is essential to ascertain their
true nature and implications within the theory. This underscores the importance of continued
study and analysis to unravel the full extent of these bosonisation dualities and their impact on

the Chern-Simons matter theory.
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Appendix A

Polar Integrals

The polar integral identities can be obtained in the following way,

7 df (k)"
o 2m(k—p)*

= [

— (") /27: dg (k*)"!

o 2m(k—p)*

Therefore, for n > 1

o df (k)" _ ot 2 df) (k)
o 2tth—pr ) 2m(k—p)t
= (pT)"t mdf kT

o 2m(k—p)t

Therefore, for n < —1
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27 dfg (kﬂr)nfl
o 2w (k—p)*

. . ) .
(Since, kt = *aet? and, 77 Lemnd =

= (p")

(for, |n| > 1 integer)

N

2

9 27 @ (k-}—)n—Z

0

2m (k —p)*

2w

0)



Appendix A. Polar Integrals

2 do 1

1 2r df 1

o 2m (kM)"(k—p)*

Now,

1 2r do 1

(p?) o 2m (kF)"=1(k — p)*
1 e dp

(p)2Jo 2m (k)" —2(k — p)*
1

- (pt)—1 Jo %lﬁ(/{:—pﬁ

1 d) 1
(pt)™Jo 27w (k—p)*t

27 @ kHr
o 2m(k—p)t
2 df) ket

0o 27 kee? —pt

1o
2mi ) z—pt

=1 if z>p"
or,=0 if z <pt
= if kg > ps
or,=0 if kg < ps

Hence, it is straight forward to achieve,

(where, z = kye®)

(Using Cauchy’s Residue Thorem)

(Using, 2zz* > (or, <)2p*p7)

2 df (k)"
7(7>+ = (p+)n_1 lf ks > ps
gy 1 o 2w (k—p)
0 %W — 0 lf ks S Ps
1 [ )kt I d@] (forn=1)
— () o (b — D)+ o 20 d (k)"
(p*) [Jo 27 (k—p) 0 2 L GaD I, ke > ps
—0 if k > p. 0 2m(k=p)
. = —(p+)n71 if ks < Ps
OT,:—F it ks < ps (fOI‘TLSO)
(A.2)
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Appendix B

1-loop Calculation Simplifications

The manipulations, shown in Appendix A, can be used to simplify the 1-loop calculations in the

following way.

/ /271' do, / /27r C;ff Q+ / /27r do, /qs 5 ( +)n—1—m

(for n and m > 0)

/27r d@k / /2Tr de, /qs dk; jn-tom

(for n and m <0)

/0 dg, /% df, /

Clearly, these integrals do not vanish only when, n —m — 1 = 0 condition is satisfied. This
restricts the polar integrals to two certain forms. Now, if this condition is obeyed, the results are

given as,
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(K1)
(

q_

e :—/Omdqs Oocgj: (for n and m > 0)

60

/ dQS qs

(for n and m <0)
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