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Abstract

In this thesis, we study different classes of four-dimensional N = 2 super-Yang-Mills (SYM)
theories, including both conformal and non-conformal setups. The extended but non-maximal
supersymmetry of these models enables the development of non-perturbative approaches, such as
integrability, gauge-gravity dualities, and localization techniques, while retaining a non-trivial
low-energy dynamics. As a result, N' = 2 SYM theories provide an interpolating framework
between maximally supersymmetric A/ = 4 configurations and more realistic scenarios where we
can improve our understanding of quantum field theory beyond usual perturbative regimes.

In the first part of this work, we study special N = 2 superconformal models known as quiver
theories. These setups offer a controlled playground for investigating several non-perturbative as-
pects of quantum field theory and are expected to exhibit higher-dimensional dynamics in certain
regions of their parameter space. This phenomenon, known as deconstruction, was originally
studied in ordinary (quiver-like) Yang-Mills theories where, however, the higher-dimensional
dynamics appears in the low-energy regimes, thereby preventing explicit computations. In con-
trast, the N' = 2 quiver theories combine supersymmetry and conformal invariance, allowing us
to explore their quantum dynamics through powerful non-perturbative tools, such as supersym-
metric localization. More specifically, we study protected correlation functions which, in the ’t
Hooft limit, are mapped by localization to special Fredholm determinants of Bessel operators.
These determinants are closely related to the celebrated Tracy—Widom distributions of random
matrix theory and provide a representation of the observables valid for arbitrary parameter
values. By exploiting the determinant formalism, we systematically explore the dynamics of
quiver theories and obtain closed-form results at strong coupling. In particular, we show that in
the deconstruction limit these models display effective five-dimensional dynamics with massive
excitations propagating along an emergent dimension. The corresponding mass spectrum is de-
scribed analytically by the zeros of Bessel functions and can be interpreted within an effective
one-dimensional field theory.

The remarkable effectiveness of the matrix model description in conformal scenarios natu-
rally raises the question of whether it can be extended to non-conformal theories in flat space.
To address this problem, we consider A/ = 2 models with massless matter and non-vanishing
B-function, where conformal symmetry is dynamically broken at the quantum level. We study
two classes of localizable observables: the expectation value of supersymmetric (half-BPS) Wil-
son loops and the correlation functions of chiral operators. In flat space, these quantities are
computed through standard Feynman diagram techniques and renormalization procedures. De-
spite the breaking of conformal invariance, we demonstrate that supersymmetric localization on
S4 reproduces the corresponding perturbative results in flat space within a specific regime of
validity. This agreement extends the applicability of matrix-model methods beyond conformal
settings and opens new directions for exploring the strong-coupling regimes of A/ = 2 theories
with non-vanishing g-function and their possible holographic duals.
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Preliminaries



Introduction

Quantum field theory (QFT) represents the fundamental language in which modern theoretical
physics is formulated. Historically, it emerged from the attempt to reconcile the principles
of quantum mechanics with those of special relativity within the study of elementary particle
physics. While traditional quantum mechanics provides remarkable predictions for the dynamics
of atomic and molecular systems, it fails to describe relativistic phenomena. Quantum field
theory resolves this limitation by promoting particles to excitations of spacetime fields, thereby
offering a unified framework for describing interactions and revealing that the true fundamental
building blocks of nature are, in fact, the fields themselves rather than particles.

Within this framework, a fundamental class of models is represented by gauge theories, where
interactions are determined by local symmetries. The Standard Model of particle physics, our
best description of the electromagnetic, weak, and strong forces to date, is formulated entirely us-
ing this language. Among its components, Quantum Chromodynamics (QCD), the non-Abelian
gauge theory of strong interactions, provides a striking example of the complexity of such mod-
els. At high energies, interactions are weak and can be consistently treated by perturbation
theory, allowing precise predictions for particle processes. At low energies, however, the theory
becomes strongly coupled and involves non-perturbative phenomena, such as confinement.

The theoretical understanding of the low-energy dynamics of non-Abelian gauge theories
remains one of the most intricate open problems in modern physics, reflecting the structural
richness and complexity of quantum field theory. Except for free models and a few integrable
cases, solving a quantum field theory exactly is notoriously difficult. Nevertheless, several pow-
erful methods have been developed to improve our understanding of this formalism.

Among these, symmetries play a central role: they restrict the possible form of interactions,
give rise to conservation laws and selection rules, and, in the case of spontaneous symme-
try breaking, predict the appearance of Goldstone modes. Closely related to symmetries are
anomalies, which in the modern formulation are understood as obstructions to gauging a global
symmetry [1,2]. They provide deep insights into the internal consistency and global structure
of a theory, especially along its renormalization group flow [3].

Other remarkable and powerful tools are provided by dualities and enhanced spacetime sym-
metries. More specifically, dualities allow us to reformulate strongly coupled theories in terms of
weakly coupled ones, which can then be treated with standard perturbative techniques. Concrete
realizations of this principle range from the Kramers—Wannier duality in statistical systems [4]
to the celebrated AdS/CFT correspondence [5-8]. Conversely, enhanced spacetime symmetries
allow us to gain insights into the quantum dynamics of fields by introducing additional con-
straints in the theory. An explicit realization of this method is provided by supersymmetry and
conformal symmetry, which lie at the heart of this thesis.

Supersymmetry is an enhanced spacetime symmetry that establishes a connection between
bosons and fermions, making their dynamics more constrained than in standard gauge theories.
In certain cases, the rigid constraints imposed by supersymmetry lead to remarkable cancella-
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tions of quantum corrections, stabilizing the calculation of specific observables and allowing them
to be exactly computed in regimes that would otherwise be intractable in ordinary models. These
features make supersymmetric setups an ideal playground for exploring strong-coupling dynam-
ics and developing non-perturbative techniques, including supersymmetric localization [9, 10]
and integrability [11].

Conversely, conformal symmetry extends spacetime invariance by including scale and special
conformal transformations. It emerges in various areas of theoretical physics, from the descrip-
tion of critical phenomena in statistical systems to two-dimensional models, where the conformal
algebra becomes infinite-dimensional [12]. In higher dimensions, the conformal group is finite
but still imposes strong constraints that can be exploited to develop powerful non-perturbative
techniques, such as the conformal bootstrap.

When conformal symmetry is combined with supersymmetry, the resulting theories exhibit
superconformal invariance. The natural framework where such models arise is string theory,
which provides an exceptionally powerful theoretical laboratory where the interactions of the
Standard Model can be reconciled with gravity at the quantum level. In this context, one of the
most remarkable and successful dualities in theoretical physics was discovered: the AdS/CFT
correspondence. In its canonical formulation, it relates a four-dimensional superconformal gauge
theory with maximal supersymmetry, namely N = 4 super-Yang-Mills, to a Type IIB string
propagating on AdSsx.S%, providing a concrete realization of the long-sought connection between
gauge and gravitational dynamics.

Although supersymmetry does not appear to be realized in nature at experimentally ac-
cessible scales, four-dimensional supersymmetric gauge theories, especially N' = 2 and N = 4
super-Yang—Mills, provide an effective framework to explore non-perturbative dynamics at the
quantum level. Moreover, these idealized models can also shed light on more realistic scenarios,
such as QCD. A notable example is the empirical principle of mazimal transcendentality [13],
which relates the term of highest transcendental weight for several perturbative quantities com-
puted in N' = 4 SYM, such as the cusp and twist-two anomalous dimensions [13-18], to the
corresponding counterparts in QCD.

While this principle is not universal, it highlights the effectiveness of supersymmetric gauge
theories as theoretical laboratories to improve our understanding of quantum field theory. These
considerations naturally motivate the study of models with a lower degree of supersymmetry,
i.e. N =2 super-Yang-Mills theories. With their extended, yet not maximal, supersymmetry
these models provide an interpolating framework between maximally supersymmetric N' = 4
theories and more physical scenarios, allowing the development of non-perturbative methods
and exhibiting rich low-energy dynamics, such as confinement [19] and the Seiberg electric-
magnetic dualities [20-22].

A remarkable feature of N' = 2 supersymmetric gauge theories is that they exhibit a rich
and elegant mathematical structure, connected with different areas of research, including ge-
ometry, topology, and the study of random matrices. We will discuss explicit examples of such
correspondences throughout this thesis, whose primary goal is to study the dynamics of various
N = 2 models, including conformal and non-conformal setups. More specifically, we focus on
special classes of N = 2 superconformal theories, known as quiver models, which arise from orb-
ifold projections of the maximally supersymmetric ' = 4 configuration, and on N = 2 theories
with massless matter and non-vanishing S-function, where conformal symmetry is dynamically
broken at the quantum level.
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Outline

The content of this thesis builds upon the original analyses developed in the following works
[23-28]:

« M. Billo’, L. Griguolo, A. Lerda, and A. Testa, “Correlators in non-conformal N = 2
gauge theories from localization”, JHEP 08 (2025) 282, arXiv: 2505.03940.

e G.P. Korchemsky and A. Testa, “Correlation functions in four-dimensional superconformal
long circular quivers”, JHEP 07 (2025) 223, arXiv: 2501.17223.

e L. Griguolo, L. Guerrini, and A. Testa, “Into the wedge of N = 2 superconformal gauge
theories”, JHEP 07 (2025) 125, arXiv: 2411.04043.

o M. Billo’, L. Griguolo, and A. Testa, “1/2 BPS Wilson loops in non-conformal N' = 2 gauge
theories and localization: a three-loop analysis”, JHEP 02 (2025) 076, arXiv: 2410.14847.

« M. Billo’, L. Griguolo, and A. Testa. “Supersymmetric Localization and Nonconformal
N =2 Supersymmetric Yang-Mills Theories in the Perturbative Regime”, Phys. Rev. Lett.
134 (2024), arXiv: 2407.11222.

« M. Billo’, L. Griguolo, and A. Testa. “Remarks on BPS Wilson loops in mon-conformal
N = 2 gauge theories and localization”, JHEP 01 (2024) 160, arXiv: 2311.17692.

These papers are distributed by the Journal of High Energy Physics (JHEP) and Physical
Review Letters (PRL) under the Creative Commons license CC BY 4.0. This license permits
any use, distribution, and reproduction in any medium, provided that the original author(s) and
source are credited. Accordingly, copyright is retained by the authors, and I have permission to
use the results of these papers (or portions thereof) in my dissertation.

This thesis is organised as follows. We begin in Chapter 1 by reviewing the essential features
of supersymmetry and conformal symmetry in four dimensions. After recalling the structure
of the supersymmetry algebra, we introduce N’ = 2 and N = 4 super-Yang—Mills theories and
the corresponding irreducible representations of the supersymmetry algebras. We emphasise the
role of supersymmetry in constraining these models by providing a general overview of their
properties at the quantum level.

Chapter 2 is devoted to the technique of supersymmetric localization on the four-sphere S*.
We first review the general principles underlying localization and describe how path integrals in
N =2 gauge theories reduce to finite-dimensional matrix models. We then discuss the specific
form of these matrix models, highlighting both the similarities and key differences between
conformal and asymptotically free setups, where the S-function is non-vanishing. This framework
provides the starting point for the analyses presented in the following chapters.

In Chapter 3, we turn our attention to a class of A = 2 superconformal gauge theories known
as quiver models. After introducing their structure and main features, we focus on special
correlation functions of chiral operators, which serve as powerful probes for the underlying
dynamics. We show how these quantities can be computed via localization and how, in the
planar limit, their matrix-model representation can be reformulated in terms of special Fredholm
determinants, also known in this context as generalisedd Tracy—Widom distributions. These
tools allow us to probe interesting phenomena and limits, such as deconstruction mechanisms
at strong coupling, where quiver theories are expected to exhibit higher-dimensional dynamics.

Chapter 4 develops this analysis further by employing the determinant formalism to explicitly
compute the correlation functions introduced in the previous chapter across the parameter space
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of the theory. We present explicit results at both weak and strong coupling, discussing the
emergence of an extra dimension and interpreting the resulting massive excitations within an
effective field theory. In particular, we provide an analytic expression of the corresponding mass
spectrum, thereby giving a concrete realization of the deconstruction mechanism in this class of
models.

In Chapters 5 and 6, we move beyond conformal setups and investigate N = 2 super-Yang—
Mills theories with massless hypermultiplets and non-vanishing S-function. Within the matrix-
model description, we analyse two classes of localizable observables, namely chiral correlators
and half-BPS Wilson loops, with the aim of understanding whether, and under which conditions,
the results obtained on the four-sphere can still be related to their flat-space counterparts despite
the quantum breaking of conformal symmetry. We show that, within well-defined perturbative
regimes, this correspondence persists, thus extending the range of applicability of localization
techniques beyond the conventional conformal domain.

Finally, in Chapter 7, we summarise the main results of this work and outline several possi-
ble directions for future research. A number of technical details are collected in the appendices,
where we summarise the conventions used throughout the thesis and present perturbative cal-
culations.



Chapter 1

Supersymmetric gauge theories in
four dimensions

In this chapter, we present a self-contained overview of four-dimensional super-Yang—Mills the-
ories with extended supersymmetry algebras. The aim of the following sections is to outline
the fundamental features of these models, which form the main building blocks of the analysis
developed throughout this thesis. Specifically, Section 1.1 discusses the general structure of
supersymmetry in four dimensions, briefly describing its algebraic structure and some founda-
tional concepts that play a central role in this work. Section 1.2 reviews conformal symmetry
and outlines the peculiar features of conformal field theories in four dimensions, while Sec-
tion 1.3 introduces supersymmetric gauge theories, describing the irreducible representations of
the corresponding supersymmetry algebras and the distinctive aspects of these models.

1.1 Supersymmetry in four dimensions

Supersymmetry is a novel spacetime symmetry that extends the conventional framework of
quantum field theory by unifying bosons and fermions within a common algebraic structure .
It was originally introduced to evade the constraints of the Coleman-Mandula no-go theorem [32],
which states that under certain assumptions, such as analyticity of the S-matrix, locality, and
the presence of non-trivial scattering processes, the symmetry group of an interacting quantum
field theory in any spacetime dimension greater than d = 1 + 1 necessarily factorizes as

Poincaré x Internal Symmetries . (1.1)

In four-dimensional Minkowski spacetime with metric 7];“,2, the Poincaré group encodes
translations and Lorentz transformations. These are generated, respectively, by the four-momentum
operator P, and by the antisymmetric tensor M. Conversely, the internal symmetries are gen-
erated by a set of conserved charges, such as the isospin or baryon number, which are Lorentz
scalars and collectively denoted by T'. The complete symmetry algebra is then spanned by the

'For a detailed review, we refer the reader to [29-31].
2In this section we follow the notations and conventions of [33].
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generators P,, M, T, which satisfy the following commutation relations

[P P)] - (1.22)
(M, Mpa] (UWMVP + MpMpuo = NupMyo = Mo Myp) (1.2b)
[M,uz/aPp] Z(77,01/ w— Mol ) - (1.2¢)
[T, Pu] = [T, Mw]=0. (1.2d)

As already anticipated, the factorized structure imposed by the Coleman-Mandula theorem
(1.1) relies on several key assumptions. Some of these are deeply physical, such as locality and
causality, while others can be relaxed, leading to interesting loopholes. Historically, two of these
loopholes have proven particularly relevant.

The first concerns the existence of a mass gap. Since the theorem is formulated in terms
of the S-matrix, it presupposes the presence of asymptotic states, which are well-defined only
in massive theories. However, many important models in modern theoretical physics, including
those describing critical phenomena in statistical systems, are massless. Such theories frequently
exhibit conformal invariance, which extends the usual spacetime symmetries of the Poincaré
group (1.2) in a non-trivial way.

The second loophole is supersymmetry, which bypasses the Coleman-Mandula theorem by
introducing a fundamentally different type of spacetime symmetry. Algebraically, its underlying
structure is not a standard Lie algebra, as in the Poincaré case (1.2), but a Zy-graded Lie algebra,
in which the generators obey both commutation and anticommutation relations.

More concretely, in a four-dimensional Minkowski spacetime the supersymmetry algebra is
generated by the Poincaré charges (1.2) together with a set of left- and right-handed Weyl
spinors ( é,@é), where I = 1,..., N labels the number of independent supersymmetries (or
supercharges), while o, & = 1,2 are spinor indices associated with the fundamental and complex-
conjugate representation of the double covering group SL(2,C) 3. Explicitly, we have

[Pané] =0, (1.3a)
(M, QL] =i (o), ’BQé ; (1.3b)
(M, Q"] = i (7,0)" 5Q I8 (1.3¢c)
{Ql,Q7} =20",P." (1.3d)
{QL.Q%} =eapz’ , 2" =-2"", (1.3¢)
[Q4.Tu] = (B, Q1 - (1.30)

Quantum field theories equipped with supersymmetry display novel structural properties.
Some of them can be inferred directly from the algebra (1.3).

First, equation (1.3a) guarantees that P2 = P,P" is a Casimir operator. As a result, irre-
ducible representations of the supersymmetry algebra, also known in this context as supermul-
tiplets, retain the standard particle-state interpretation of Poincaré representations. However,
unlike ordinary multiplets, supermultiplets necessarily contain both bosons and fermions. This
follows from the relations (1.3b) and (1.3c), which show that the supercharges have spin % As
a result, acting with them on a bosonic state yields a fermion, and vice versa. Moreover, all
states within a given supermultiplet satisfy the identity

ng=mnp , (1.4)

3The spinor conventions of this section follow those presented in the second chapter of [33].
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where n; and ny denote the number of fermionic and bosonic states, respectively. This equality
is a direct consequence of the anticommutation relation (1.3d), which captures the fundamental
idea that supercharges act as “square roots” of translations. At the level of quantum field
theory, the balance (1.4) manifests itself through remarkable cancellations of divergences, making
supersymmetric models considerably more tractable.

Furthermore, in theories with extended supersymmetry (A > 1), the algebra may include
additional antisymmetric central charges Z!7 (1.3¢), which are Lorentz scalars that commute
with all other generators. Their precise form and physical interpretation are model-dependent.

Finally, relation (1.3f) clarifies the interplay between supersymmetry and internal symme-
tries. Unlike the ordinary Poincaré charges, which commute with the internal symmetries (1.2d),
supercharges may carry a representation of the internal symmetry group, known in this context
as the R-symmetry group. In four dimensions, the maximal R-symmetry group consistent with
the spinor structure is U(N)g

1.2 Conformal symmetry and correlation functions in CFTs

In the previous section, we introduced supersymmetry as a way to evade the constraints of
the Coleman-Mandula theorem (1.1). Another possibility to extend the Poincaré group arises
from including spacetime symmetries that preserve angles but not necessarily distances. These
transformations appear naturally in massless theories and, together with translations, rotations,
and boosts, form the conformal group.

The goal of this section is to introduce conformal symmetry in flat spacetime, focusing on the
relevant aspects for the remainder of this work. For a more detailed review, we refer to [34-36].

For concreteness, we consider a d-dimensional Minkowski spacetime with metric 7, =

diag(-1,1,...,1). A coordinate transformation 2* + z'* is conformal if its Jacobian satisfies *
ox® o

=Q(x)A%,(x), where AeO(1,d-1). (1.5)
Ox'H ’

This condition ensures that the metric transforms by a local rescaling, i.e. 7, = Q*(2) -
Moreover, it is straightforward to observe that both Poincaré transformations and dilatations
satisfy (1.5) with Q(z) =1 and Q(x) = const, respectively.

To study the conformal algebra, we consider infinitesimal transformations

zh = M+ M (x) + O(6?) . (1.6)

By imposing (1.5), it is straightforward to derive the following conformal Killing equation
0oy + 0,0, = ?Z(Oaéo‘)nw . (1.7)

In two dimensions, (1.7) admits infinitely many solutions [37], while for d > 2, we find that
6 (x) = a* + W xy, + oy, + Ha® - 227 (b- x) . (1.8)

In the previous expression, a” generate translations, w*” Lorentz transformations, a dilata-
tions, and b* special conformal transformations. Denoting the generators of special conformal

*In Euclidean space, the conformal group is defined by the condition (1.5) with A € O(d).
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transformations and dilatations by K* and D, respectively, we find that they satisfy °

[Kmpu] = Qi(nuuD - Muu) )
[Kpa MW] = l(npuKu - npuKu) )
(D, Pu] =iFy (1.10)
[D,K,]=-iK, ,
[KuaKv] = [DaM/w] = [Pmpu] =0

Combined with the Poincaré algebra (1.2), the commutation relations (1.10) generate the
full conformal algebra in d dimensions, which possesses (d+2)(d+1)/2 generators and is locally
isomorphic to the Lie algebra so(1,d + 1). The structure of (1.10) allows us to deduce some
interesting features of conformal field theories (CFTs).

First, unlike ordinary quantum field theories, CFTs do not admit the usual interpretation in
terms of particle states. This follows from the fact that P? is not an invariant Casimir of the
conformal algebra, meaning that asymptotic states and an S-matrix description are no longer
meaningful. Instead, all physical information is encoded in local correlation functions.

Moreover, the algebra (1.10) reveals that scale invariance, generated by the dilatation oper-
ator D, does not automatically imply conformal invariance. Indeed, the generators M, , P, D
form a closed subalgebra, and the full conformal group arises only if the theory satisfies addi-
tional consistency conditions [38,39].

Finally, it is important to emphasise that classical conformal symmetry does not necessarily
survive quantization. The prototypical example is provided by pure Yang-Mills theories. Clas-
sically, these models exhibit conformal invariance, while at the quantum level this symmetry
is broken as a mass scale is generated. In general, a quantum field theory preserves conformal
symmetry only if it lies at a renormalization-group fixed point, where both the S-function and
the trace of the stress-energy tensor vanish [40,41].

Correlation functions

We previously mentioned that in conformal field theories, physical observables are encoded in
correlation functions. However, only correlators of primary operators are fundamental quantities.
To clarify this aspect, we have to discuss the irreducible representations of the conformal algebra
(1.10). These are completely specified by the representations of the subalgebra {K,, M,,,D}
which, when exponentiated, leaves the origin invariant.

To study the representations of such a subalgebra, we consider a generic local operator ¢(x)
inserted at the origin. Under Lorentz transformations and dilatations, we have

Muu¢(0) = S,ul/(b(o) ) (111&)
Dé(0) = —iAG(0) | (1.11D)

®We obtained the conformal algebra (1.10) by representing the generators as differential operators acting on
functions of spacetime

P, =—id, ,
M, =i(z.0, —,0,) , (1.9)
D =-iz"9, , '

K, = -i(2z,2"0, - 2°8,) .
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where S),, is the spin matrix, describing the irreducible representation of the Lorentz group car-
ried by ¢, while A defines the conformal dimension of the operator, which controls its behaviour
under dilatations x — Ax, i.e.

$(x) > A 2o(Ar) .

It remains to specify the action of K*. According to (1.5), K* lowers the scaling dimension of
a local operator. However, in unitary conformal field theories, the spectrum of scaling dimen-
sions is bounded from below. This means that any (unitary) irreducible representation of the
conformal algebra must contain a lowest-weight operator ®(z) such that

K,®(0)=0. (1.12)

Local fields satisfying this condition are called primary operators which, together with their
quantum numbers {S,,,, A}, entirely determine the unitary representations of the conformal
algebra (1.10). The remaining elements of the representations are obtained by repeatedly acting
on the primary with the momentum generator P,. This action generates an infinite tower of
local fields with increasing scaling dimension known as descendants.

This construction clarifies why the only fundamental correlations in CF'Ts are those involving
primary operators. Therefore, our final goal is to show how we can constrain the structure of
these correlation functions by imposing conformal invariance. To begin with, we consider the
one-point function of a primary operator ®(x) with scaling dimension A. By requiring invariance
under the Poincaré group and dilatations, it is straightforward to show that

(®a(z)) =0 (1.13)

The first non-vanishing correlator of primary operators is the two-point function. This is con-
strained by translational and Lorentz invariance to depend on

T12 = |[L’1 —[E2| s (114)

while dilatations and special conformal transformations impose the conservation of the scaling
dimension. As a result, the two-point function of primary operators takes the following form

G oA, 0,

(@, (21) P, (22)) = —x75,— - (1.15)
Z12

where G(A21) is usually a function of the theory parameters, which can always be reabsorbed into
a redefinition of the fields ® but is not fixed by symmetry arguments.
Finally, we consider the three-point functions. Their kinematic structure is still fixed by
conformal symmetry which leads to the following expression
(3)
A1,A2,A3

<(I)1(281)<I>2(l'2)(1)3($3)>= A1+A2-A3 _Ao+A3z-A1_ Aj+Az-Ag ’ (116)
L12 Ta3 T13

where Gfl), Ay Ag 15 8 theory-dependent factor which, in contrast to the two-point functions,
cannot be eliminated by a field redefinition.

Nevertheless, we can remove the operator-normalization dependence of two- and three-point
functions by considering the ratio

(3)
Al,Az,A3

C A
Srdefs TS GOA,

10

(1.17)
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which defines the structure constants of the theory. These play a fundamental role in conformal
field theories as they enter the Operator Product Expansion (OPE). This is a powerful method to
constrain higher-point functions [42], which relies on the idea that the product of two operators
inserted at nearby points can be expressed as a sum of local fields at a single point. Schematically,
if we denote by @, (x) and ®a,(0) two scalar primaries, then their OPE is

(I)A1 (x)(I)AQ(O) = Z CAI,AQ,Acp?C(b(y?ay)?@(y)

primaries ®

\yzo . (1.18)

In generic quantum field theories, the OPE usually leads to an asymptotic series, whereas in
conformal field theories the expansion (1.18) is convergent and provides the starting point for
powerful non-perturbative techniques, such as conformal bootstrap.

1.3 Super-Yang—Mills theories with extended supersymmetry

The supersymmetry algebra (1.3) is characterized by a certain number N of supercharges, which
defines the degree of supersymmetry. In four dimensions, the minimal supersymmetric models
are based on the N/ = 1 super-Poincaré algebra. This can feature a U(1) g R-symmetry and its ir-
reducible representations include the ' = 1 vector, chiral, and supergravity multiplet. The latter
corresponds to locally supersymmetric theories, which involve dynamical gravity with particles
of spin higher than one. In this thesis, however, we are interested in globally supersymmetric
gauge models, which are commonly denoted as super-Yang—Mills (SYM) theories and do not
comprise dynamical gravity.

The fundamental building blocks of N' = 1 super-Yang-Mills theories are the vector and
chiral multiplets, whose (on-shell) field contents are

N =1 vector-multiplet = (4,, \) , (1.19a)
N =1 chiral multiplet = (¢, %4,) . (1.19b)

In (1.19a), A, is the usual Yang-Mills field, while A\, is a two-component Weyl fermion, also
known as the gaugino in this context. Both fields transform in the adjoint representation of the
gauge group and are necessarily massless. Conversely, the components of the chiral multiplet
(1.19b) may acquire a mass and transform in some representation of the gauge group. In general,
the NV =1 supersymmetry and the associated U (1) R-symmetry allow us to specify the gauge
group, (properly complexified) couplings and mass terms, as well as superpotential interactions.
As a consequence, it is possible to construct chiral N =1 gauge theories, where left- and right-
handed components experience different forces in analogy to the Standard Model.

Increasing the number of supercharges, we obtain more constrained theories. In four dimen-
sions, the only models with global extended supersymmetry are those with N' = 2 and N = 4
algebra. Both play a central role in this thesis, and in the rest of this section we will discuss
their underlying structure and properties.

N =2 super-Yang—Mills theories

N = 2 super-Yang—Mills theories are built from two types of irreducible representations: the
vector multiplet, which encodes radiation, and the hypermultiplets, which describe the matter
sector. More specifically, the (on-shell) field content of an A/ = 2 vector multiplet can be obtained
by combining one N =1 vector multiplet with one adjoint N' =1 chiral multiplet, i.e.

N =2 vector multiplet = (A,, o) ® (¢, %a) - (1.20)

11
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All fields in (1.20) are massless and transform in the adjoint representation of the gauge group.
Similarly, the (on-shell) spectrum of an A = 2 hypermultiplet in a representation R of the gauge
group is described by two independent A = 1 chiral multiplets

N =2 hypermultiplet = (q,74) ® (¢,7a) » (1.21)

where ¢ and ¢ are complex scalars, while 7, and 7], are their fermionic partners.
In NV =2 field theories, the R-symmetry group is realized as follows

U(2)r~SUR2)rxU(g . (1.22)

In particular, the two gauginos of the vector multiplet (1.20) and the two matter scalars ¢, ¢ form
doublets of the non-Abelian factor SU(2) g, while the remaining fields are singlets but can carry
a U(1)g charge. Importantly, this R-symmetry forbids self-interactions among hypermultiplets,
meaning that A = 2 theories admit only gauge-matter interactions. More generally, an N = 2
theory is completely specified by the gauge group and the representation R in which matter
transforms. As a result, it is not possible to construct A/ = 2 chiral models.

The extended supersymmetry of N = 2 theories makes them powerful laboratories for control-
ling the dynamics of fields at the quantum level, while still permitting rich low-energy physics.
In particular, the non-Abelian R-symmetry and non-renormalization theorems ensure that A/ = 2
theories are one-loop exact [43-48]. Perturbatively, this means the S-function takes this form

dg. Bo 3
*) = = - % 9 1.23
B(g-) M " " 16m2Y (1.23)

where g, denotes the renormalized coupling evaluated at the renormalization scale p, while fq is
a group-theoretic coefficient depending on the gauge group and the matter representation. For
a general Yang-Mills theory with simple gauge group G, real scalars and Weyl fermions, the
general form of [y is given by [49]

50:1—?)102(G)— > llR‘ > 2i7zf, (1.24)

scalars 6 fermions 3

where C3(G) is the quadratic Casimir (B.2b) of the adjoint representation, while iz, and ig,
denote the Dynkin indices (B.2a) of the scalar and fermion representations, respectively.

Throughout this thesis, we will consider theories with gauge group SU(N) and massless
hypermultiplets in a generic representation R. In this case, replacing in (1.24) the matter
content of the N = 2 supermultiplets (1.20,1.21) and using the group information summarised
in Appendix (B.1), we find that fy takes the following form [23-26]

Bo =2N - 2ig . (1.25)

As a consequence, massless theories with matter content such that iz = IV are conformal at the
quantum level. Conversely, when the S-function does not vanish classical conformal invariance is
broken by quantum effects. In what follows, we will analyse asymptotically free theories, where
Bo > 0. These models are weakly coupled at high energies, while in the infrared interactions
become strong. The dividing line is the physical © energy scale

g2

A = pe PosE | (1.26)

5The mass scale A (1.26) is a physical quantity as it is invariant under the renormalization group flow.

12
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generated by dimensional transmutation.

A remarkable feature of A’ =2 SYM theories is that, despite their strongly coupled nature in
the infrared, their dynamics can still be captured exactly. This breakthrough was achieved in the
seminal work of Seiberg and Witten [19,20], who derived the low-energy effective action of N' = 2
gauge theories by exploiting holomorphy, electric-magnetic duality and the special geometry of
the moduli space of vacua. In particular, they showed that the physical information of the low-
energy description is encoded in a family of Riemann surfaces, known as Seiberg—Witten curves.
Subsequently, the Seiberg—Witten prepotential was derived through equivariant localization by
Nekrasov [10,50], who provided a non-perturbative confirmation of the Seiberg—Witten solution.

N =4 super-Yang—Mills

Finally, we turn our attention to N = 4 super-Yang—Mills, which represents the maximally
supersymmetric gauge theory with global supersymmetry in four dimensions. These models
consist of a single irreducible representation, i.e. the N = 4 vector multiplet, constructed by
combining one N =2 vector multiplet (1.20) with an adjoint A/ = 2 hypermultiplet (1.21)

N = 4 vector multiplet = (A, ¢™, ¥L) , (1.27)
where we denoted with ¢™ six real scalars (m = 1,...,6) and with ¢! four Weyl spinors (I =
1,...,4). All fields are massless and transform in the adjoint representation of the gauge group.

The R-symmetry group is SU(4), with fermions and scalars transforming in the fundamental
and in the rank two antisymmetric representation, respectively.

Unlike the A = 2 case, where the interplay between supersymmetry and gauge dynamics still
allows a non-trivial renormalization group flow and rich low-energy dynamics, N = 4 super-Yang—
Mills theories enjoy remarkable simplifications: they are perturbatively finite and conformal at
the quantum level, as the [-function vanishes identically [51-54]. These unique properties
make N = 4 SYM an ideal laboratory for developing non-perturbative approaches, such as
supersymmetric localization [55], integrability [11] and gauge-gravity dualities [5, 6].

13



Chapter 2

Matrix models on S4

In this chapter, we discuss the framework of supersymmetric localization in the context of N = 2
super-Yang—Mills theories. More specifically, Section 2.1 introduces the general principles of
this technique, which can be applied to N = 2 theories on S* to reduce the computation of
a broad class of protected observables to interacting matrix models. Two distinct cases will
be considered: theories with a vanishing S-function, for which the resulting matrix model is
well-defined and presented in Section 2.2, and theories with a non-vanishing S-function, where
a suitable regularization procedure is required. The latter case will be discussed in Section 2.3.

2.1 Supersymmetric localization

Supersymmetric localization can be understood through the deformation-invariance approach
[9,55-57]. We consider a Lagrangian theory with a global fermionic symmetry Q, such that Q2
generates a bosonic charge, and we deform the Fuclidean path integral as follows

Z(t) = fD J-tovie] (2.1)

where t is a real parameter and V is a functional which preserves the asymptotic behaviour
of the path integral and such that Q?V = 0. Assuming that D[®] is invariant under Q, it is
straightforward to show that Z(t) is independent of ¢

—Z = / D[® [®]e [‘I’]—tQV[‘P]) =0, (2.2)

where the last equality follows from Stokes’ theorem. Obviously, the same argument holds if we
insert an arbitrary operator O [®] which is annihilated by Q.

If the bosonic part of QV is semi-positive definite, we can safely take the limit ¢ — oo, thereby
constraining the original path integral to localize over the bosonic zeros @ of the localizing action
QV. This is usually achieved by the following canonical choice of V'

v- Y [(enfesuion)], (2.3)
Wefermions
where the sum extends over all fermions of the theory. With this choice, the bosonic part
of QV is a sum of absolute squares of supersymmetry variations, and is therefore manifestly
semi-positive definite.
Expanding the fields about the configurations ®( as

1
=Dy —d (2.4)

Vi
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we find that
16%(QV)

S+tQV:S+2 552

'+ Ot 1?) . (2.5)
d=P(

Substituting (2.5) into (2.1), the integral over ®' becomes Gaussian and leads to

Z - /B D [00]e 501 2, 100 [@0] Zinst [Po] - (2.6)

In the previous expression, B denotes the space of configurations ®g, sometimes known as the
localization locus, Ziys encodes possible instanton solutions of the equation QV' = 0, while Z;_j50p
is schematically given by
Zrtop = St (Drer)
det (DBos) ’

where Dpos and Dge, are the quadratic operators for bosonic and fermionic fluctuations, respec-
tively. Computing (2.7) is generally challenging and requires an infrared (IR) regulator. For
this reason, supersymmetric localization is usually applied on compact manifolds.

Finally, we observe that when the configurations ®( are constant, the dimension of the locus
B is finite, and the partition function (2.6) reduces to a matrix model. This is precisely what
occurs when localizing N = 2 super-Yang-Mills theories on the four-sphere S*.

(2.7)

2.2 The general structure of the matrix model on S5*

We consider an A = 2 theory with gauge group SU(N) and massless hypermultiplets in an
arbitrary representation R. When these models are defined on a four-sphere of radius R, super-
symmetric localization reduces the path integral describing the partition function and certain
protected observables to an interacting matrix model [55]. This arises from the specific struc-
ture of the localizing action of these theories !, which forces all fields to vanish except for the
complex scalar ¢ of the N = 2 vector multiplet and gauge field A,. The latter is restricted to an
(anti-)instanton contribution, while the scalar ¢ reduces to a constant N x N traceless Hermitian
matrix a € su(N). Upon integrating and summing over this set of critical configurations, the
partition function takes the following form

Z-= /Da Z(a,R,q) (2.8)

where ¢ is the coupling constant of the theory.

In this work, we employ the so-called full Lie algebra approach [58], where the partition
function (2.8) is obtained by integrating over the components a, (with b=1,..., N2 - 1) of the
matrix @ with respect to a basis of fundamental su(N) generators to 2, i.e. a = apt’. In this
parametrization, the integration measure is flat and takes the following form

N2-1
Da= [] day . (2.9)
b=1

The integrand in (2.8) consists of three different factors

Z= ch Zl—loop |ZIns‘c|2 ; (210)

!See in particular Section 3 of [55] for more details.
?We summarise in Appendix B.1 our notations and conventions for the SU(N) group.

15
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where Z1_j,0p and Ziyst encode, respectively, the one-loop determinants and the instanton con-
tributions, while Z. denotes the classical term of the partition function. The latter arises when
we evaluate the action on S* at the localization locus and takes the following form [55]

Za(a, g, R) = e Sa(a:0.R)

2,2
—SWQR tra
g

(2.11)

2

=€

The dependence on the radius R highlights that Z is determined by the coupling of the vector-
multiplet scalar ¢ with the curvature of the four-sphere 2.

The presence of non-trivial one-loop determinants and instanton corrections is one of the
distinctive features of the partition function (2.10). Nevertheless, the instanton contribution
to (2.10) is irrelevant for our purposes, as we will primarily work either in perturbation theory
or in the large-N limit, where Z1,s; — 1. To see this, we expand Zj, over different instanton
sectors [10]

Zist(a,g,R) = > ™™ 7, (a, R) , (2.12)
k=0
where 7 = % + %, while the functions Zj, arise from the integration over the multi-instanton

(quasi)-moduli [10]. Independently of the presence of the #-angle, which we will set to zero
throughout this work, we observe that both in perturbation theory, where g — 0, and in the
large-N limit, where N - oo and A = ¢g?N remains fixed, the functions Z; are exponentially
suppressed except for Zp_g = 1. Therefore, we can set Zi,g = 1 in these regimes.

Let us finally turn our attention to the structure of the fluctuation determinants. Accord-
ing to the results derived in [55], the function Z)_joep receives contributions from the N = 2
vector multiplet and from the matter sector of the theory. If the latter only involves massless
hypermultiplets in an arbitrary representation R of the gauge group, then we find that [55]

oo 200 2102 \"
zl_loopﬂ( Maco B (a-a)’ +n ) | 213

Muwew (r) B? (w- a)® +n?

n=1

where ® denotes the root space of the Lie algebra su(N), W(R) is the weight space of the
representation R, while « - a denotes the eigenvalue of the matrix a acting on the eigenspace of
the adjoint representation corresponding to the root «. Similarly, w - a denotes the eigenvalue
acting on the eigenspace of the representation R corresponding to weight w.

An immediate consequence of (2.13) is that the matrix model of A" =4 SYM does not receive
one-loop contributions. Indeed, this theory is characterized by a single massless hypermultiplet
in the adjoint representation, which compensates the contributions of the vector multiplet and
leads to Z1_150p = 1.

The infinite products in (2.13) are divergent and must be regularised. To do so, we replace
them by [55]

% 22 n 22
H(z)=]] (1 + —2) e n (2.14a)
n=1 n
log H(z) = Z(—l)p%z%? , (2.14b)
p=1

3The coupling between the vector-multiplet scalar field ¢ and the curvature of the four-sphere, given by %(;52,
is essential to preserve rigid supersymmetry [59].
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where (2.14b) is valid for z - 0. Going through the calculation, we find that

IBO(anl %)RQ tra? Hae(b H(ROZ i (l)
[wew(r) H(Rw-a) ’

Zl—loop =€ (215)

where we recall that 5y is the one-loop coefficient (1.25). Importantly, (2.15) is affected by a
divergent * a-dependent factor that only disappears when fy = 0, that is when the B-function
(1.25) vanishes. When fj # 0, the matrix model requires an additional regularization which we
will discuss in the next section.

If we assume that the g-function vanishes but R is not the adjoint representation, we can
express the contribution of the one-loop determinants (2.15) by a ratio of functions H (2.14)

Haecb H(Oé i (I)
Moewr) H(w-a) ’

Z1-100p = (2.16)

where we set R =1 since the theory is conformal in flat space. Combining together (2.11) and
(2.16), we obtain the matrix model of an SU(N) N =2 gauge theory with massless hypermul-
tiplets in an arbitrary representation R and vanishing A-function °

Z:[Da e_traz_slnt(avg)

(2.17)
- fersm),

In the previous expression, we neglected the instanton contribution and we used the subscript
0 to indicate that the expectation value is evaluated with the Gaussian measure

fDa e e’ -1 )
(2.18)

where we recall that the subscripts b,c = 1,...,N? — 1 denote the components of the su(N)
matrix a.

The interaction potential Spy of the matrix model (2.17) encodes the contribution of the
fluctuation determinants and takes the following form

SInt(a7 g) = —log Zl—loop(aa g)
( Jiog # (\/ £
= (Trr —Trag; ) log H —a
4 872 (2.19)
/ g
=Trp log H 52

where we introduced the primed trace Tr7, [60]. At weak coupling, we can use (2.14b) to expand
the interaction action (2.19) in powers of g

i 92 mCQm—l /I 2m
SInt(a,g):—Z - - Trp ™ . (2.20)

m=2 87T2

4The divergence arises from the pole of the Riemann function ¢, = Yons1 # inz=1.
®To derive (2.17), we rescaled the integration variable as a — ﬁa to obtain a unit Gaussian term and we
omitted the Jacobian of the transformation since it disappears in any properly normalized observable.
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For an arbitrary representation R, the primed trace Tr% in (2.20) is non-vanishing and
precisely describes the matter sector of the so-called difference theory [60,61]. This arises when
we subtract the field content of N' =4 SYM from that of N = 2 theories with hypermultiplets in
the representation R. This means that in perturbative field theory, the matrix model suggests
that the relevant interaction contributions can be constructed by considering diagrams with
matter lines in the representation R to which we subtract identical corrections with R = Adj.

In N = 2 superconformal theories, the matrix model predictions have been tested at high
orders in perturbation theory for various observables [60-64], confirming the effectiveness of the
interaction potential in organizing Feynman diagrams. These results further support the natural
expectation that, in conformal setups, the localization predictions on S* can be extended to the
flat space and exploited to probe the dynamics of the underlying theory. This approach gives
access to interesting regimes, such as the strong coupling dynamics in the large-N limit, where
certain models are expected to admit dual holographic descriptions [58,65-70].

The success of the matrix model in superconformal theories naturally raises the question of
whether it can also be employed to probe non-conformal models in flat space. A natural first
step in this direction consists of considering N = 2 theories with massless hypermultiplets in an
arbitrary representation R and non-vanishing S-function, where classical conformal symmetry
is broken at the quantum level. These models bring us closer to more realistic scenarios, such as
QCD, where the coupling constant runs and the low-energy dynamics involves non-perturbative
effects that cannot be described within the framework of perturbation theory. However, due to
a non-vanishing S-function, it is no longer obvious whether the localization predictions on S*
extend to R*. We consider this problem in Chapters 5 and 6, where we show that, within a
specific regime of validity, the matrix model on S* still captures perturbation theory in flat space
at high orders. Therefore, our next goal is to introduce a regularization procedure to properly
define the matrix model for theories with 8y # 0.

2.3 The matrix model of N = 2 theories with non-vanishing (-
function

Let us consider an SU(N) N = 2 theory with massless hypermultiplets in a representation R
such that the associated [-function is non-vanishing. Due to the lack of UV finiteness, the
matrix model generated by supersymmetric localization on S* is ill-defined (2.15).

To avoid this issue, we introduce additional hypermultiplets of mass M in a representation
ﬁ, such that the total matter content transforms in the direct sum

R=ReR. (2.21)

The key idea is to choose R such that the corresponding S-function vanishes, i.e. iz = N. This
set of massless and massive hypermultiplets defines the matter content of a new UV-finite model,
denoted as the regulating theory, which triggers a flow from a superconformal configuration in
the ultraviolet to the original asymptotically free theory in the infrared. Indeed, at energy scales
much higher than M, the mass terms are negligible and the theory is effectively superconformal.
In contrast, at energies much lower than M, the massive hypermultiplets decouple and can be
integrated out, leaving a theory with only the original massless hypermultiplets in the repre-
sentation R. Since the regulating theory has a vanishing S-function, the corresponding matrix
model on S* is well-defined. This strategy provides a controlled framework to regularise the
matrix models of A/ = 2 theories with non-vanishing S-function [23,55].

Let us therefore consider an SU(N) N = 2 theory on S* with matter representation R
(2.21). We denote with M the mass of the hypermultiplets in the representation R and with G«
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UV : Conformal Theory

Regulating theory

IR: N =2 theory with massless matter

Figure 2.1: Flow triggered by a partial massive deformation of a superconformal N = 2 theory. At high
energies, the deformation is irrelevant, and the theory flows to a conformal point. At low energies, the
massive sector decouples, leaving a non-conformal theory with massless matter. This picture is inspired
by the one employed in [71].

the coupling constant. The matrix model generated by supersymmetric localization takes the

following form
2 R2 t

_8mTRT 1.2 . . 9
@)= [ Dac & 2 (M) Zin (MDF (2.22)

According to [55], the function Z} |

(M) is given by
Zl—loop

(HweW(ﬁ) (R2 (w-a+M)>? +n2) (R2 (w-a-M)? +n2))%

foloop(M) = H ) (223)
n=1
where Zi_jo0p is defined in (2.15) and encodes the contribution of the massless hypermultiplets

in the representation R and the N = 2 vector multiplet. By expressing the infinite products in
terms of the H-function (2.14), the final result reads

=

Moco H(Ro - a) [] H(R(w-a+M))H(R(w-a-M)) . (2.24)

Z1 100p(M) o<
1-loop HweW(R) H(Rw ’ (I) weW (R)

where the overall proportionality constant depends on M and is still divergent but, in contrast
to (2.15), is independent of a. Consequently, any properly normalized observable is unaffected
by this divergent term, and we are free to redefine the partition function by omitting it.

To derive the matrix model for A’ = 2 theories with massless hypermultiplets, we decouple
the massive degrees of freedom by taking the low-energy limit. On the four-sphere S*, this
corresponds to M R — co. Going through the calculation, we find that

sn2Rr2 . o 8r2R2 . 2
e 7 g (My=e # TOSm0
1-loop
2.2
_SWQQR tra2+(N—ig )R2log(RM)? tr a2 Sp; +... (2.25)
=e *

2
8m 2
- tra®->S;
gg Int

In the previous expression, the logarithmically enhanced term in the second line arises from the
large argument expansion of the H-function 5 (2.14), Sy is the interaction potential (2.19) and

5The asymptotic expansion of the H-function (2.14) for large values of the argument is

2
log H(z) :—%zﬁogz+%(1—2ny)+(’)(10ng) , (2.26)

where vg is the Euler constant.
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we introduced
1 1 B

— = log (RM)? 2.27
2 16m2 g (RM) (2.27)

where the colour factor fy is given by (1.25).
From the field theory perspective, g is known as the running coupling constant evaluated

at the scale 1/R. Its dependence on R is determined by one-loop exact S-function

152_2g3 . (2.28)

1 99
MOR

=B(g) =~

Integrating the previous expression from the reference value g, at the scale M to g at the scale
1/R, we reproduce (2.27). As a result, in the asymptotically free theory, g. is no longer a
constant but rather is interpreted as the renormalized coupling evaluated at the scale M.

The evolution equation (2.28) can be used to construct the usual strong coupling scale A
(1.26) which separates the non-perturbative and perturbative regimes. The latter correspond to
the range

1
A=« M 2.29
<M (2.20)

where g — 0 and we can suppress the instanton contributions Zj, (M) in (2.22). To see this,

we expand again Z} (M) over different instanton sectors and we find that

82

Z 4t (M) = e 9" Zy(a, R, M)
R=0 (2.30)

(L) zaran
=S (=) Zu(a,RM
o\ M

where in the second line the exponential factor is replaced by the strong coupling scale A (1.26)
due to dimensional transmutation. As a result, in the perturbative regime (2.29), all the contri-
butions with k> 0 are suppressed, while Zj_¢ = 1 and we can set Z} (M) = 1.

Combining everything together, the perturbative matrix model for an SU(N') asymptotically-
free N = 2 theory with massless hypermultiplets in an arbitrary representation R reads [23,60]

Z(g) = [Da e~ tra®=Smi(ag)

= (7o) (2.31)

0 ?
where we recall that the interaction action is given by (2.20).
It is interesting to observe that, in the perturbative regime (2.29), the structure of the
matrix model (2.31) coincides with that of superconformal N = 2 theories (2.17). The key
difference between the conformal and non-conformal scenario is that in the latter case g is no
longer a constant but rather, it evolves with the scale 1/R according to (2.27). Nevertheless, the
similarity between the two matrix models suggests a partial restoration of conformal symmetry
in the perturbative regime (2.29) and therefore a possible connection with the results in flat
space. In Chapter 6, we will demonstrate this explicitly by computing two classes of observables
in perturbation theory: the expectation value of supersymmetric Wilson loops and correlators
of extremal operators.
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Part 11

Solving N =2 quiver theories by
Tracy—Widom distributions
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Chapter 3

N =2 quiver theories

Info: Part of the content and figures of this chapter have been published together with G.P.
Korchemsky in [28].

3.1 Motivations

In this chapter, we begin the analysis of special superconformal N = 2 theories known as circular
quivers. These setups arise from an orbifold projection of A/ = 4 SYM and provide a rich
framework to study various non-perturbative aspects of N' =2 models [65, 66, 72-82], through
gauge-gravity dualities [6], integrability [11] and localization techniques [9], but also to explore
ideas that remain inaccessible in realistic theories, such as deconstruction effects [83,84].

The field content of the A = 2 quiver theories is conveniently described by the diagram de-
picted in Fig. 3.1, where each node represents an SU (V) vector multiplet with coupling constant
gr (with I =1,... L), while lines connecting neighbouring nodes denote massless hypermultiplets
in the bi-fundamental representation of SU(N) x SU(N). As a result, each coupling constant
g1 receives contributions from 2N fundamental flavours and the corresponding S-function (1.23)
vanishes, implying that classical conformal symmetry is preserved at the quantum level.

Figure 3.1: Diagrammatic representation of the circular quiver theory. Each node represents a
SU(N) vector multiplet, while lines connecting neighbouring nodes represent hypermultiplets in the
bi-fundamental representation of SU(N) x SU(N).

The N = 2 quiver theories are closely related to N' =4 SYM and this connection becomes
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3.1. MOTIVATIONS

more evident when all the L gauge couplings are equal g; = --- = g1, = gy, - In this case, the
resulting model, denoted by Qp,, exhibits an additional symmetry under the cyclic shift of the
nodes I — I + 1, which drastically simplifies its properties. Indeed, at the leading order in the
large-N limit, certain observables, such as the free energy on a four-sphere and the circular
half-BPS Wilson loop, coincide with their A = 4 counterparts for arbitrary 't Hooft coupling
A= giM'N [69,77,78,81]. Nevertheless, the two theories are not planar equivalent, as specific
classes of protected correlation functions differ between the two models. These observables play
a fundamental role in our analysis and provide an effective tool to probe the relationship among
theories that exhibit different degrees of supersymmetry [65,66,80, 85, 86].

For our purposes, the quiver Qy, theories are particularly interesting because they are ex-
pected to exhibit novel properties in the limit L — oo [70,87-93]. In this regime, the nodes of the
quiver diagram in Fig. 3.1 become continuously distributed along a circle, suggesting the emer-
gence of an additional dimension. This mechanism, known as deconstruction, was originally
proposed in conventional four-dimensional gauge theories [83,84] defined on quiver diagrams
analogous to that shown in Fig. 3.1. In the limit L — oo, such models remain four-dimensional
at high energies, while their low-energy effective action describes a higher-dimensional gauge the-
ory with a discretized extra dimension. The transition scale between the regimes is determined
by the vacuum expectation value (v.e.v) of the link fields.

The same mechanism was later extended to A = 2 superconformal quiver theories [94]. In
this case, the fifth dimension emerges on the Higgs branch, where all chiral multiplets acquire the
same vacuum expectation value and conformal symmetry is spontaneously broken. The resulting
low-energy effective action describes a five-dimensional Lorentz-invariant supersymmetric gauge
theory, in which the effective lattice spacing along the fifth dimension is inversely proportional
to the 't Hooft coupling and to the chiral multiplet v.e.v [95-97]. In these deconstruction
scenarios, the emergent higher-dimensional theories are typically strongly coupled, precluding
explicit computations of observables.

The situation changes drastically in the case of N = 2 superconformal Qy, theories, where we
insist on working at the origin of the moduli space. As a result, conformal invariance is not broken
and holds for an arbitrary number of nodes L, forbidding the appearance of a dimensionful lattice
spacing. This indicates that if the theory exhibits higher-dimensional dynamics, its properties
are expected to be different from the examples previously described. Nevertheless, the main
advantage of working in these setups is that the limit L — oo can be effectively studied by
supersymmetric localization on the four-sphere, which provides complete control over both the
weak and strong coupling regimes.

The remainder of this chapter is structured into four sections, which together lay the foun-
dations for our analysis of N/ = 2 quiver theories. More specifically, Section 3.2 introduces a
special class of correlation functions that encodes the parameter space of the theory. These ob-
servables play the role of probes for studying the dynamics of the model and can be evaluated by
supersymmetric localization on S*. The details of the calculations are reported in Section 3.3,
while in Section 3.4, we show that the planar limit of these observables can be expressed in
terms of special Fredholm determinants that are closely related to the celebrated Tracy—Widom
distributions. Finally, Section 3.5 describes the parameter space of these observables and the
associated quiver theories, highlighting the different regimes we are interested in exploring.
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CHAPTER 3. N =2 QUIVER THEORIES

3.2 Twisted correlators
We consider correlation functions of local gauge-invariant operators [65,66]
Op (@) = tr (),
On(a) = tr o] (a), (3.1)

where ¢7(z) and its complex conjugate ¢7(z) are scalars fields of the I-th vector multiplet taking
values in the su(N) Lie algebra. These operators are conformal primaries of dimension A =n
and annihilate supersymmetry charges (1.3) of fixed chirality, ¢.e.

[Q,0L(z)]=0, [Q,0L(x)]=0. (3.2)

As a result, Ol (z) and its complex conjugate are half-BPS and possess a fixed chirality. More-
over, one can show that the constraint (3.2) relates the U(1)g-charge r of the R-symmetry group
SU(2)r xU(1)R to the conformal dimension A through the relation A = r-.

As we previously observed, the Q, quiver theory is invariant under the cyclic shift I - I +1
of the diagram nodes. This suggests to expand the operators (3.1) over Fourier modes of definite
quasimomentum pq = %TO‘ by the relation

Ton(w) = Z el Oy (a (3.3)

where v = 0,..., L-1. The operators Ty, 5, are conformal primaries with scaling dimension A, =n
and transform non-trivially under the Z; group. Indeed, shifting ¢; - ¢;.1, we find that

Ton(z) = e L Toyn(). (3.4)

Depending on the corresponding value of the quasimomentum p, = %Ta, it is convenient to
distinguish between twisted (p, # 0) and untwisted (po, = 0) conformal primary operators. The
latter transform trivially under the action of the group Z, and their correlation functions exhibit
the same properties of the half-BPS single-trace operators in N' =4 SYM [65, 66].

Conformal symmetry dictates the structure of the two- and three-point functions of primary
operators (see (1.15) and (1.16)). As a result, we can use these constraints in addition to the

invariance under the Zj, group to construct the correlators of twisted operators (3.5), 4.e. !

nl,nzé(pal - pa2 )

2
(Tal,nl(wl) a2, nQ(w2)> Ggq),nl |CL‘1—£L'2|2”1 i (353)
(Sn no,n 6 a1 T Pas — Pa
(T s (21) T (22T (00)) = G, Srenzns O + Doy — ) (3.5)

|71 = w32 2o — 25[2

In the previous expression, the normalization factors G&% and G,()i)m depend on the quantum

numbers n; and p,, the number of nodes L and the coupling constant g ,, . Moreover, they
carry an intrinsic dependence on the normalization of the operators which, however, can be
removed by considering the structure constants (1.17), i.e

a®
Cai ni = D) “2 - 2 '
V62,,69,,69,,

!The delta-functions in (3.5) fix the conservation of the quasimomentum p, modulo 27 and arise from the
requirement that the correlation functions are invariant under the action of the group Zr,.

(3.6)
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3.3. THE MATRIX MODEL OF THE QUIVER THEORIES IN THE LARGE-N LIMIT

Although the correlation functions (3.5) are an extremely natural family of observables in
quiver theories, their dual counterparts, described by the correlators of chiral operators (3.1),
play an equally important role in our analysis. For this reason, we conclude this section by
presenting their explicit form. In particular, applying the discrete Fourier transform (3.3) to
(3.5), we find that

oY 6nm
(O} (21)0;, (2)) = fo)m ; (3.7a)
(OL (21)0, (22) 0, (x3)) = G Onsnamg . (3.7b)

T |y — w3Pri|wy - 23?2

Obviously, the normalization factors Gf]) and Gg)K are related to G&Q,)L and G&?Z)m by (3.5)
and carry the dependence on the diagram sites, the number of nodes L and the gauge coupling
constant g, .

In the following sections, we will show how the matrix model generated by supersymmet-
ric localization on S* allows us to naturally calculate the structure constants (3.6) and the

normalization factors G&Z,)l and G(()i)m (3.5) in the large-N limit.

3.3 The matrix model of the quiver theories in the large-N limit

In this section, we introduce the matrix model describing the Q;, quiver theory on §*. We work
in the large-N limit, where N — oo and \ = giM'N remains fixed. Within this regime, we
apply the formalism developed in [69,70] to compute the correlation functions (3.5). We also
develop a new technique to handle the normal-ordering procedure of single-trace operators as
N — oo. This method allows us to reproduce the planar predictions for the structure constants
(3.6) obtained in [66,67,82] and provides a systematic framework to include subleading 1/N
corrections.
Using (2.17), we deduce that the partition function of the Q, theory on S* is given by

L
2q, = [ DAexp(— Z (tra% + Stnt ((1],(1[+1)))
=1

L
- <H oSt (a17a1+1)> 7
0

I=1

(3.8)

where the subscript 0 emphasises that the expectation value is evaluated with a Gaussian mea-

sure. Moreover, the matrices a; are subjected to the boundary condition ay,; = ay, while the

integration measure is given by DA = []; Day and satisfies the normalization condition (2.18).
In the large-N limit, the interaction potential Sty (ar,ar1) takes the following form [70]

1 o0
S = —g 25 Ciy (V) (Oilar) - Oi(arn)) (Oj(ar) - Oj(arn)) (3.9)
i,5=2
where O;(ar) denotes the normalized single-trace operator
0i(a) = tr(i)i (3.10)
i ) .

The expansion coefficients in (3.9) are encoded in a semi-infinite matrix C;; that depends on
the 't Hooft coupling A and is non-vanishing only for indices ¢ and j with the same parity.
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CHAPTER 3. N =2 QUIVER THEORIES

Introducing the notation Cy;o; = C’;j and Co;s1,2j+1 = Cj;, we find [70]

) AN T(2(i+ ) +2

Cij()‘) =8 (@) (1) ! C(2(i+j)+1) I‘(Q(z' f;;—g();jr +)2) ) (3.11a)
N A \it) s (20 + i

Cii(A) = 8(8?) (=17 Cagingy-1) T2 5 1(;;(§;)+ % (3.11b)

Exploiting the invariance under the cyclic shift a; — a1, we can simplify the interaction

action by expanding it over Fourier modes of definite quasimomentum p,, = ZWTO‘, i.e.
1 L-1 .
O;(ay) = ﬁ elpal(’)avi , (3.12a)
a=0
~ 1 L s
Oa,i = NG Y e Pl Oi(ar) . (3.12b)
I-1

The reality constraint Og(aj) = O;(ay) implies that (53(1 = (5_a,i. Substituting (3.12) into (3.9),
we finally find that Si,¢ becomes quadratic, i.e.

L 1 Ll 2 Pa 5 A
Y Smi(ar,ar) = =5 Y Cij(N)sin” = 0;00j o
I=1 2 a=1 2

o (3.13)

=-3 > Cii(N)500;.00j o
a=1

where the sum over repeated indices 7,7 > 1 is understood and we introduced the notation

Sq = sin? %. Note that in (3.9) the Fourier mode O; does not contribute since s, = 0.

Hubbard-Stratonovich linearization

Since the interaction potential (3.13) is quadratic, we can linearize it by a Hubbard-Stratonovich
transformation [69, 70]

1 L-1 o L1 . . 1 . .
exp (5 > Cz'jOi,an,—a) = f DJ ] eXp(Jz'(—pa)Oz,a - gCilei(pa)Jj(—pa)) ;o (3.14)
a=1 a=1 a

where the integration measure is defined as follows

1 dj;(pa) dj;(_pa)
VdetCsy...80-154 V27 Vor

Combining together (3.14) with (3.8), we find that the integration over the matrices a; can be
performed straightforwardly and the final result takes the following form

DJ =

(3.15a)

. L-1 1 . . .
ZQL = f DJeXp(— Zl Eclez(pa)Jj(—pa) + Seff(J)) s (316)
where the effective action Seg is induced by the potential (3.13) and is given by [70]
- ) 1 L-1 - "
eXp(Seff(J)) = exp Z mGilmin Z Jis (Pay) - - - Jis (P )d (Pay + -+ - + Paryy)
n=2 1% at,...,an=1

(3.17)
(e} 1 . ~
= exp( Z WG”ZRJ“ *x oLk Jln) .

n=2
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3.3. THE MATRIX MODEL OF THE QUIVER THEORIES IN THE LARGE-N LIMIT

In the previous expression, the d-function enforces the conservation of the quasimomentum pg,
while G;, .. ;, denotes a general connected correlator evaluated with a Gaussian measure, i.e.

Gil,...,in = <O“(6L) cee Oin(a))oﬁ . (3.18)

The net effect of the transformation (3.14) is to map the partition function of the Q7 model
to an effective theory in the variables J. This description involves an infinite tower of interaction
vertices, captured by the effective action Seg (3.17) and proportional to the Gaussian correlators
(3.18). In the large-N limit, these functions scale as (see in particular Appendix A of [69] for
more details)

. 1 1
Gil,m’in _ /8“]\7” /287*71 (Pn 3+ NQP mPrHB + .. ) s (319)

and consequently, they can naturally be interpreted as coupling constants for the effective theory

(3.16). In particular, we denoted with Px a symmetric polynomial in the variables i1,1i9, ..., i,
of degree K 2, while the factors §; are explicitly given by
I'(2¢ _ 1 (2i+2
Bai = B = 2!/ i) Bai1=f; =27 s 1(242) (3.20)

()2’ L(i+2)C)

3.3.1 Matrix correlators of twisted operators

To compute the correlators (3.5), we first need to identify the matrix counterparts of the op-
erators Th; (3.3). At first sight, the Fourier modes O; , (3.12b) might appear to be a natural
choice. However, their two-point function violates the charge conservation and therefore cannot
reproduce the correlator (3.5a). The reason is that, within the matrix model of the Qr, theory
(3.8), the operators O, , (3.12b) mix with those of lower dimension.

To clarify these aspects, we consider in detail the two-point function

~ ~ 1
<0i1,a1 Oiz,Otz > = ZQL

L
(H e—SInt(aI,aHl)Oihal (’)i27a2> . (3.21)
I=1 0

To systematically expand the matrix integrals in the large- N limit, we observe that (51-706 couples
to the field J;(—pas) by (3.14). As a result, we can express (3.21) as follows

0

v escff(j) , (3.22)
=1 0J e(_pae)

J=0

<6i1,a16i2,a2 :ZQ /DJ He 25040” JZ(pa)JJ(_pa)
L

where Seg(J) is the effective action (3.17).

To proceed with the calculation, we observe that the planar correction to (3.22) is determined
by contributions that do not involve the functions G;,,_;, (3.18) with n > 3, since they scale as
1/N™2. Going through the calculation, we find that

(51'17041 @viz,az) = 5(pa1 _pa2)Gili2 + GilmGizn (*z(_pa1)*};(pa2)> oo (3'23)

The expectation value in the second line of (3.23) is the two-point function of the field J;(-pa),
which can be evaluated by standard Feynman diagram techniques. Following [69,70], we combine

2In particular, for K = -1, we have P_; = 2/(i + j + ¢), where ¢ = 1 if the indices are odd and ¢ = 0 if they are
even.
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CHAPTER 3. N =2 QUIVER THEORIES

the quadratic term in the effective action Seg (3.17) with that in (3.23) which involves the matrix
C~1, and we introduce the free propagator

(jg(pa)j}(pﬁ»o = [Sac (1 - SaGC)_l]U 6(1704 +p,8)

(3.24)
= ij(sa)(s(pa +pﬁ) )

where we recall that the matrix C' is defined in (3.11), while Gj; is a two-point correlator in the
Gaussian matrix model (3.18). Diagrammatically, we can represent (3.24) as follows

Pa
Xij(sa): i+ .o

j (3.25)

Using (3.25), we can construct the usual Feynman rules resulting from the effective action
Set (3.17) and calculate arbitrary correlation functions. For instance, the two-point function in
the second line of (3.23) admits the following diagrammatic expansion

- - Pay DPay Pay (326)
(Ji(=Par)Tj(Pan)) = ———>— + - RS
1 J 1 J

where the black dot depicts the interaction vertices arising from effective action Seg (3.17).
According to the structure of the effective action Seg (3.17), we observe that the second
diagram in (3.26) is proportional to the Gaussian correlator Gjjx;, which scales as 1/N? (3.19).
Consequently, the planar correction to (3.26) arises from the first diagram, i.e. from the free
propagator (3.24). This involves the Gaussian correlator G;; which, in the large-N limit, scales

as N° and takes the following form [65,69]
2
Gr = BB ——
1
o f;“ (3.27)
where the notation was introduced for Gi_j = G2i41,2j+1 and G;-“j = Gg;,2; and we recall that the

B-factors are defined in (3.20). Moreover, we can decompose these correlators as follows *

Gij = (UUT);; + O(1/N?) . (3.29)

In the previous expression, U;; denotes a lower triangular matrix which vanishes when its indices
have different parity and its explicit form is given by [69]

- V25 +1T(2i+2) (U )) = (~1) 22 oI (i +j + 1) (3.30a)
W20 (i -+ DT (i+j+2) Jt I(2i+2)0(=i+j+1) ' '
v o YT+ (U3t = (-1 V2T ) (3.300)

U9 (i-j+ D)I(i+j+1) I(2i+1)(=i+j+1)"

3The matrix U in (3.29) has a simple meaning: it allows us to construct an orthonormal basis of operator
O;(a) with canonically normalized two-point function in the Gaussian ensemble, i.e.

Oi(a) = (V) O4(a)

(0i(a)0;(a)), , = b - (3.28)
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3.3. THE MATRIX MODEL OF THE QUIVER THEORIES IN THE LARGE-N LIMIT

where we employed the usual notation UZ-; = Us; 25 and UZ»;. = U2is1,2j41-
Substituting (3.29) into (3.24) and introducing the matrix K = (UTC'U)7 we finally find that

- 1 -
Xig(sa) = (U7 T sl 7 U7!) +O(N?) (3.31)
1- SQK ij
Combining the previous expression with (3.23) and taking into account (3.29), we can determine
the planar approximation of the two-point function (3.22), i.e.

(0i10 ) = 0(res ~ ) Ui Drs(p)UT . where Dinap) = (1= (3.32)
Sa mn
depends on the quasimomentum p, and on the 't Hooft coupling A through the function s,
(3.13) and the matrix K, respectively. In what follows, we will omit the dependence on p, of
the matrix D to avoid cumbersome notations.

A remarkable property of the matrix K is that it can be expressed as a convolution of
Bessel functions. Indeed, recalling that the matrices C' and U are defined in (3.11) and (3.30),
respectively, and vanish for indices of different parities, we find that K inherits the same structure
and takes the following form [66,69]

Ky =(UTCU), = (—1)“1\/7ij°°%Ji(ﬁ)Jj(ﬁ)x(g) : (3.33)

where the notation was introduced for

(VA 7 (3.34)
47
1
X = - 3.35
() sinh? % ( )

As we will shortly see, it is convenient to describe the matrix K with even and odd indices by
introducing

" - - oo dt t
(Kf)ij _ (_1)z+]\/21+€—1\/2] +€—1‘/0 7J2i+4_1(\/E)J2j+z_1(\/Z)X(\2/5\_) . (336)
As a result, it is straightforward to show that
Kaioj = (Kp=1)ij = K Kaiv12j+1 = (Ke=2)ij = Kjj - (3.37)

Normal ordering procedure

As we previously anticipated, the two-point function (3.32) violates the charge conservation
since it is not diagonal in the indices i and j. To circumvent this problem, we introduce a basis
of normal-ordered operators. These are constructed through a Gram—Schmidt orthogonalization
procedure [62,98-100] and represent the proper matrix counterparts of the operators (3.3).
Although the Gram—Schmidt procedure is algorithmic, a closed-form expression for the
normal-ordered operators, valid for arbitrary values of the parameters, is typically not avail-
able and requires a case-by-case analysis. However, in the large-N limit, the orthogonalization
drastically simplifies. In fact, at leading order, 5%',04 only receives contributions from its lower-
dimensional counterparts, while composite * operators only contribute at the non-planar level.

4 . 1 5 A
Here “composite” refers to products of several modes O; q, such as O; o Oj 3. ...
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CHAPTER 3. N =2 QUIVER THEORIES

To see this explicitly, we introduce the normal-ordered basis at leading order in the large-N
limit as a linear combination of the operators O; o (3.12b)

Toa=MPOjo ... (3.38)

where the coeflicients Mi(ja) form a lower triangular matrix that depends on A and the sector
index «, but is independent of N. Their explicit form is fixed by the orthonormality condition

<7;’°‘7;'TB> - Mi(g)Mj(f) (6171,016;75) +...

= M MU, D UL 6 (pa —pp) + ...
(3.39)

= Vlsg)v;(nﬁ) Dmn(s(pa _pﬂ) LR

=80 (pa —13)
where in the second line we substituted the correlator with its leading-order expression (3.32)
and introduced the lower triangular matrix V(®) = MU Since U (3.30) vanishes when its
indices have different parities, V(@) inherits the same structure.

In this construction, we work with a unitary normalization of the operators, such that the
two-point functions of the normal-ordered basis 7;, are canonically normalized. This choice
is particularly convenient, as it provides a powerful framework to systematically expand the
structure constants (3.6) in the large-N limit (see (3.45)).

However, since our goal is to explore the behaviour of quiver theories across their parameter
space, we are also interested in determining the un-normalized two-point functions G((le (3.5),
which exhibit a non-trivial dependence on the number of nodes L. However, computing these
functions does not require a separate formalism since the same mixing coefficients that define
the normalized (normal-ordered) operators (3.38) can be used to reconstruct the un-normalized
correlators. At the planar level, it is straightforward to see that

G = (MY 24 (3.40)

We will now verify that the previous expression indeed reproduces the results derived in [82,85].

The lower triangular matrix M (@) is defined by the relation (3.39), in which it enters through
the matrix V() = M(® U, where U is defined in (3.30). To calculate (3.40), we have to determine
the diagonal elements of M (@) which, in turn, are related to the diagonal elements of v (@) by
the relation V;ga) = Mi(ia)UZ-i.

We begin by considering the case in which V® has odd indices, i.e. VQ(ii)lﬂj 41 = Viga)’*.
Since this matrix is lower triangular, its diagonal elements coincide with its eigenvalues and
consequently, they take the following form

2 _
1 detDi
( ) = ——— D = Rogi . (3.41)

vioT) o detbpy

where Di’j = Doj41,2j+1, while DEZ.) denotes the ixi upper-left submatrix of D™, with the convention
DEO) =1. As a result, we find that

M(a)v_

i

2
( ! ) =(U");; Ra2i1
(3.42)

241

5 Ry 2i41 s
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3.3. THE MATRIX MODEL OF THE QUIVER THEORIES IN THE LARGE-N LIMIT

where Mi(ia)’ MQ(Z +)1 2041 and we obtained the last equality by the explicit form of the matrix

elements U;; = U2z+1,21+1 (3.30a). The calculation of the even case yields an identical result with
the replacement 2i + 1 - 2i. Consequently, the two-point function (3.40) is simply given by

n

G&Z}L =GnRapn+..., where G, = ST

(3.43)

in agreement with the result derived in ® [82,85]. Finally, using (3.17) of [85], we find that the
ratio (3.41) can be expressed in terms of the matrices K* (3.37) as follows

det (1= 5K,y ) | (3.44)

det (1 - saK[;])

det(l—saK[_Hl]) By

9

e )

where K, [*i] denotes the matrix obtained by removing the first k — 1 rows and columns from K=.

Three-point functions and structure constants The advantage of working with the nor-
malization (3.39) is that the three-point functions of normal-ordered operators (3.38) are already
normalized with respect to the two-point functions. As a result, we can extract the leading planar
correction to structure constants (3.6) by examining the correlator

(7;1,0117;2,042TT > M(C‘fl)M(OQ)M(O‘S) (Om alon QQOT

i3,03 im ia2m i3p D, a3> - = COéz‘Jz‘ ) (345)
where we recall that the mixing coefficients Mi(ja) are defined through the relation (3.38).

The calculation of the three-point correlator on the right-hand side of (3.45) is similar to
(3.22). The starting point is

~ ~ 0 7
(Oil,aloi%ag@%as Z [DJ H e 23 Cif Jipe) i (-pa) H— Ser()) (3.46)
QL (=1 aJ z(_paz) F=0

where we recall that the effective action Seg(.J) is given by (3.17). Going through the calculation
of (3.46) by using the free propagator (3.31), we find that the leading contribution in the large- IV
limit takes the following form

~ ~ ~ 1 _ -
(Oil,al Oiz,az OT ) =—=X (Uilml D(pm)mlm Unllrl) X (Uizsz(paz )mznz UTZQITQ) x

wesl /L (3.47)

x (Ui:amsD(pas)msns UY:gl'I’g) GryryrsO(Pay + Pay = Paz) + -+

where we recall that the matrices D(p,) and U are defined, respectively, in (3.30), while Gy, is
the three-point Gaussian correlator (3.18). In the large-N limit, we apply (3.19) to deduce that

Gijk = %ﬂi/@jﬁk +O(1/N?%) | (3.48)

where we recall that the explicit expression of the S-factors depends on the index parity and is
given by (3.20). Substituting (3.48) into (3.47), we encounter the combination

V2Uj 0 B = Vi . (3.49)

5To be precise, in [82,85] the function G, also involves the factor N™. In our case, we reabsorbed it into the
definition of the matrix operators (3.10). Moreover, since it is independent of A and the number of nodes L, it is
irrelevant for our analysis.
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Substituting the previous expression into (3.47), we find that the leading contribution to the
three-point correlator takes the following form

<6i1,a16i27a25T > = ! (Ui1m1d£)?11)) (Ui2m2d§r?22)) (Ui3m3d£r?33)) 5(p0¢1 *+ Pas — pocs) oo,

(3.50)

where we introduced -
d® = 3 pi/m . (3.51)

m=2

Finally, to obtain the structure constants (3.45), we contract (3.50) with the mixing coeffi-
cients (3.38). The final result factorizes into the product of three functions, i.e.

\/N1nagng

Coéi,m - W al,nlvazmzvas,m : (3'52)

In the previous expression, each factor Vg, n, is given by

1 o0
Vai=—= 3 Vimdl® (3.53)

1 m=2

where we recall that the matrix V(®) was introduced in (3.39). This factorized structure matches
the results derived in [66,82,85] and, as we will shortly see, it is connected to the two-point
functions.

3.4 Relation to Fredholm determinants

In this section, we relate the results obtained by the matrix model on S* to a special class of
determinants, also known as generalisedd Tracy—Widom distributions [101]. This formulation
turns out to be extremely useful to study the correlation functions GEE,{ (3.5a) and Ggi’)nz (3.5b)
across the parameter space of the theory.

For simplicity, we begin with discussing the two-point function Gg% which, at the planar
level, is explicitly given by (3.43) and involves the ratios R, (3.44). These can be treated in a

unified manner by employing the one-parameter matrices (3.36) as follows

G det(1 - 5o Kp-1)

(3.54)

where we recall that s, is defined in (3.13). This function captures the dependence of R, , on
a and L. As a result, it is straightforward to observe that the correlation functions of untwisted

operators, i.e. o . Ro-0,n, are independent of X [66,82,85] and R, , satisfies the relations

a=0,n
Ram=Ri-an=Ran. (3.55)

Conversely, the dependence of (3.54) on the 't Hooft coupling A is encoded in the matrix K/
(3.36). At finite coupling, such dependence can be properly understood by relating K, to an
integrable Bessel operator K, [70,102]. This acts on a smooth function f as follows

VY
2\

Kef ()= [y Ko (V) 100, (3.56)
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3.4. RELATION TO FREDHOLM DETERMINANTS

where we recall that X is defined in (3.35), while the kernel K,(z,y) is expressed in terms of the
Bessel functions [28,102]

Ve de (V) Je(VY) = /9T (VY) Je (V) .

Ky(x,y) = ;wi(w)wi(y) = 2y (3.57)
In the previous expression, 1;(z) denotes an orthonormal basis of functions
b = (1) o122 V),
NI
(Wilh;) = fo dz i(z)hj(z) = 045 . (3.58)

Using these relations, it is straightforward to show that (Ky);; = (1:|K¢|1)j). As a result, (3.54)
can be written as a ratio of Fredholm determinants

Rop = ¢ miFn1 (3.59)

e’ = det(1 - s, Ky) . (3.60)

The function F is extremely special as we can identify it with a generalisedd Tracy—Widom
distribution. Indeed, the determinant e”¢ evaluated for the special symbol X(z) = (1 - z)
determines the probability that all the eigenvalues of a random matrix in the Laguerre ensemble
fall outside the interval [0, 2] [103]. Remarkably, e’* can be found in terms of a Painlevé
transcendent [101,104]. In our case, however, the symbol X is the rapidly decreasing function
(3.35) for which Fy cannot be found in closed form. However, the method of differential equations
[105-110], allows us to determine the strong expansion of the determinant. Moreover, exploiting
(3.60) and the properties of the Bessel functions, it is possible to show that  [28,111,112]

Xaaj\ (Fos1 = Fooq) = 20 (2T Fer-Fen 1) (3.61)

This relation holds for arbitrary values of the parameters and symbol X and as we will shortly
see, it allows to express the structure constants (3.52) in terms of the two-point function Gg?%

Three-point functions Having determined the two-point function Gﬁf}l, we can combine its
expression with the structure constants (3.6) and derive the planar correction to the three-point

functions Ggi)m (3.5b). By inverting the relation (3.6), we find that

1 3
Gt(j?nz = m H V niGt(NQi?niVal,mVa27n2V0437n3 LEEEED (3‘62)
=1

where we recall that V, , is defined in (3.53).

The function V,,, is closely related to the two-point correlator GE?L (3.43). We can show
this by using the constraints imposed by the normal ordering condition (3.39). To begin with,

we recall that V, , involves the function dga) (3.51), which satisfies the following functional

6An explicit proof of the relation (3.61) can be found in Appendix A of [111].
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relations (see (B.3) of [85])

m-1 n-1
didS) = vam 2 V25D, (pa) + V21 > V25D, (pa) + (n+m+A0y) D (pa) » (3.63a)

m—1 n-1
déilldgcrgﬂ =V2m+1 Z; V2s + 1D, (pa) + V2n+1 Z; V25 + 1Dy, (pa)

+(n+m+1+X0x\)D,,,(pa) , (3.63b)

m n—-1
didS) = V2m+ 1 > V25D%, (pa) + V21 > V25105, (a) | (3.63¢)
S= S=

where we employed the usual notations Doy, 2n(Pa) = Dy (Pa) and Dot 2n+1(Pa) = Dy (Pa),
with Dy, (pa) being defined in (3.32) and vanishes when its indices have different parities. For
concreteness, we begin with considering the odd case and analyse the quantity

2
2 1 — (@) (a)
Va,2i+1 - 2% +1 mz:; V2i+1mdm

2
L [ y@y@
= V" d 3.64
2 +1 (mZ::l im 2m+1 ( )
1 d a),—y-(a),- ;(a o
= 2 + 1 m%::l ‘/an) thgl ) dé’rn)+1dén?i-1 )

where VQ(ﬁ)sz 1= Vzéa)’_ and we obtained the second line by recalling that ‘/;Sa) =0 for j > 1.

To proceed with the computation, we need the explicit form of the matrix elements Vifs)’_,
which can be extracted from the defining condition (3.39). It is straightforward to show that

V. , (D&)); (Pa) (3.65)

for ¢ > m and we recall that M;) denotes the i x i upper-left submatrix. Substituting (3.63b)

into (3.64) and using the explicit form of the matrix elements A (3.65), we find that only
the derivative term survives, i.e.

1 ‘ o) m e (a) = _
V2,2i+1: 2% ( Z Vifn)’ Vlgl ), (n+m+1+X0y) Dnm(pa))

+1 m,n=1
_ ! Z V(@ (9 114 00,) Dy, (pa) (3.66)
20+ 1\ 50 ™ " o
=1+ Z VO VA0 D (pa)
2 +1 im i AT

m,n=1

where the second equality follows from the fact that D™ is symmetric, while in the last line we
exploited the explicit form of the matrix elements Vig.a) (3.65). Similarly, the last term can be
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manipulated as follows

Y Vi VI TAD(pa) == Y (D), e VTV

m,n=1 myn=1

-2 Z v.fj”*(Dgi)) (o) AOAV )™

mn—

(3.67)

V( @),-
= A0y log

1
(Vi)

= A0\ log Ry 2i41

where the last line follows from (3.41). Combining everything together, we finally find that

V2 i1 = @,2i+1 - (3.68)

The calculation of the even case goes along the same lines and result is given by (3.68) with the
replacement 27 + 1 — 2i. As a result, the different cases can be treated in a unified manner as

vm:\/l L9 o - (3.69)
2n 9\

Finally, we employ the Toda-like equation (3.61) to express all the relevant quantities in
terms of the functions Fy (3.60), i.e

1 1
Voz,n = €exp (]:n - Efnfl - §fn+1) y (370&)
G?) = G exp (Fuut — Fuc) . (3.70D)
G(3) 3
Gf(ﬁi?m = \/OZ HeXp (Fni = Fny-1) - (3.70¢)
=1

In the previous expression, we denoted with G((]2) and G(()3) the two- and three-point functions
evaluated at A = 0. Being independent of the number of nodes L, their explicit form is not
relevant to our analysis. Finally, let us note that the right-hand side of (3.70c) and (3.70b)
are invariant under the interchange of any pair («;,n;) and well-defined for arbitrary «; and
n;. However, according to (3.5), we are interested in the specific case where ng = nj + ng and
a1 +az—a3=0 (mod L).

3.5 The long-quiver regime as a continuum limit of a 1d periodic
lattice
The correlation functions (3.5) depend non-trivially on different parameters: the 't Hooft cou-

pling A, the scaling dimension of the operators A; = n;, and the number of nodes L. Crucially,
the hierarchy of these parameters governs the behaviour of these observables.
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To make this point concrete, we consider the two-point function G((f)l ~ Ry (3.5a). The
parameter space of this observable is spanned by (A, a,n), with a = 7, and we can identify the
following physical regimes [28]

(i) generic operators: n finite , a finite | (3.71)
(ii) heavy operators: n — oo , a finite | (3.72)
(iii) long-quiver limit: a -0, n finite . (3.73)

In regime (i), the correlation functions are controlled directly by the Fredholm determinants
(3.60). The weak and strong coupling limit of this regime provides the starting point for under-
standing the long-quiver scenario and the infinitely heavy operators. The latter arise when we
send n — oo at fixed a. In this limit, the weak-coupling corrections to the correlation functions
vanish (see (4.20)), while the entire % expansion breaks down, requiring a complete resum-

mation to obtain a consistent result. Finally, regime (iii) is the long-quiver limit, defined by

7 — 0 at fixed n. This case is of primary interest as we expect that the theory can undergo the

deconstruction mechanism and be approximated by a five-dimensional model.

3.5.1 A first look at the long-quiver limit

We can gain some intuition into the physical properties of the long-quiver limit by observing
that the matrix integral (3.8) can be interpreted as the partition function of a one-dimensional
periodic lattice model of length L. The nodes of the quiver diagram depicted in Fig. 3.1
correspond to the sites of this lattice, which possess N? — 1 degrees of freedom represented by
the su(N') matrices ay, whose dynamics is determined by the interaction potential Spy (3.9).
Intuitively, for L - oo the nodes of the quiver diagram become continuously distributed along
a circle, suggesting that this regime can naturally be interpreted as the continuum limit of the
discrete lattice. The crucial question is whether this continuum picture indeed corresponds to a
local theory, and if so, what its properties are. It turns out that the answer depends sensitively

A

A qualitative explanation of this result, for which we will provide an analytical proof in
what follows, can be inferred from the structure of the interaction potential Sy (3.9) of the
matrix-model, which involves the coefficients C;;. These scale as ~ A(@+9)/2 (3.11) and govern
the interaction strength between two lattice sites I and J which, in turn, scales as cl=71. As
a result, at weak coupling and fixed L, where A - 0 and A < L, we expect that the interaction
strength rapidly decreases with node separation. Indeed, in this regime the correlation functions
are exponentially suppressed as the node separation increases (see (4.19)). Viewed through
the lens of the dual lattice description, this implies that the system is characterized by short-
ranged interactions. In the limit L — oo, excitations propagate along the lattice with small
quasimomenta p, and the system can be effectively described by a one-dimensional field theory,
implying that the quiver model involves a higher-dimensional dynamics. However, the emergence
of the additional dimension occurs differently than in usual lattice models, where one recovers
the continuum limit by sending to zero the lattice spacing. Indeed, in this context the lattice
spacing is a dimensionless fixed quantity and the emergence of an additional dimension occurs
through an effective description of short-ranged interactions by means of a local field theory.

on the ratio

At strong coupling the situation changes dramatically. Indeed, for VA » L > 1 the in-
teraction strength becomes nearly uniform across all sites. Correlation functions grow polyno-
mially with the separation of sites (see (4.49)), and the notion of spatial ordering along the
quiver diagram is lost. In this case, excitations propagate with finite quasimomentum and the

36



3.5. THE LONG-QUIVER REGIME AS A CONTINUUM LIMIT OF A 1ld PERIODIC LATTICE

lattice collapses onto a point, while the quiver theory remains a genuinely strongly coupled
four-dimensional model.

o
long-ranged correlations N ’

G
/x)l’,
7’
7’

. five-dimensional model

L

Figure 3.2: Phase diagram of the long-quiver limit in the (L,v/A) plane. The dashed line marks the

crossover % ~ 1. For % <« 1 (red region) interactions are short-ranged and the quiver admits a five-

dimensional effective description. For % > 1 (blue region) interactions are long-ranged, the lattice

effectively collapses, and the theory remains four-dimensional

This analysis suggests that a five-dimensional description emerges in the limit L — oo when

@ remains finite. This is equivalent to moving along the dashed line in the phase diagram
depicted in Fig. 3.2. In this case, the quasimomentum p,, becomes continuous and the operators

(3.3) and (3.1) are promoted to their five-dimensional counterparts, i.e.
Ton(z) = Th(z,p), Ol(z) » On(z,y) , (3.74)

where p is the excitation momentum and y is the emergent fifth coordinate. Of course, O, (x,y)
and T, (z,p) are related by a Fourier transform and their correlation functions inherit the same
structure of (3.5) and (3.7).

For instance, the correlator of two operators O, (z,y) is expected to take the following form

Gn(y1 - 1y2)

|IL'1 _ x2|2n

(On(xlayl)an(x%y?)) ~ ) (375)

where G,,(y) is obtained from the normalization factor Gf]) (3.7) by the long-quiver limit.

From the viewpoint of the five-dimensional description, the factorization of the correlators
(3.75) into a product of functions that depend separately on the four-dimensional coordinates z
and y, implies that the Lorentz group is broken. Physically, this means that the four-dimensional
modes remain massless, thereby preserving the conformal invariance of the Qr, theory, whereas
the excitations propagating along the emergent fifth dimension become massive. This decoupling
signals that the resulting five-dimensional model is intrinsically non-relativistic. The aim of the
following chapter is to make these considerations quantitative by explicitly determining the
function G,,(y) at weak and strong coupling.
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Chapter 4

Correlation functions in the
long-quiver limit

Info: Part of the content and figures of this chapter have been published together with G.P.
Korchemsky in [28].

In this chapter, we analyse the correlation functions introduced in Section 3.2 across the pa-
rameter space of the theory. The weak coupling regime is discussed in Section 4.1, while the
strong coupling limits are analysed in Sections 4.2 and 4.3. Our analysis reveals the presence
of deconstruction effects, where the theory exhibits an additional dimension. This manifests
through a local effective field theory describing massive excitations propagating along the emer-
gent direction. These phenomena and the properties of the effective description are analysed in
Section 4.4. Finally, Section 4.5 presents the study of three-point functions at strong coupling,
Section 4.6 provides a connection between our analysis and the dual holographic description of
the Qr, theories, while Section 4.7 outlines some future directions that our analysis naturally
hints at.

4.1 Weak coupling regimes

In this section, we compute the two-point correlation functions (3.5a) and (3.7a) at weak coupling
and analyse their behaviour across the different regimes outlined in (3.71).

4.1.1 Fredholm determinants at weak coupling

We begin with considering the two-point function GE?L (3.5a). In the large-N limit, the depen-
dence of the observable on the 't Hooft coupling constant A is encoded in the ratio of Fredholm
determinants (3.40). At weak coupling, they can be approximated by an expansion in powers of
the matrix K, (3.36). Changing the integration variable in (3.36) according to ¢ — (2At)? and
replacing the Bessel functions with their expansion around the origin, we find that ! the ratio
(3.54) takes the following form

Ron = 1—sa<trKn+1—trKn_1)+O(5\4n), (4.1)

'Note that the matrix elements scale as (K;)i; = O(A2(*1*71)(3.36) after the rescaling t — (2At)2.
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where the last term describes the subleading corrections. These are suppressed by a factor
M7 relative to the first contribution and their structure involves products of traces with higher
powers of the matrices K.

The traces appearing at the leading order in (4.1) can be calculated by employing the defi-
nition of the matrix K, (3.36). Going through the calculation, we find that [102]

+ 277’1)'(26 +2m + 2)!C2Z+2m+1

A = o (20
PR 2. (-1) ml[(m+ e+ DI+ m)

m=0

(4.2)

where we recall that the symbol X is defined in (3.35). Being combined with (4.1), the previous
expression allows us to derive the perturbative expansion of (4.1), i.e.

< 2 . 2N +2 A
Ran=1- 4)\2”sa( ”)g(zn ~-1)+ 8)\2"+23a( ”:1 )nC(Qn +1) + O\ (4.3)
n n

This relation coincides with the result derived in [65] by a diagrammatic calculation of the
two-point function (T, ()T Ta»(0)). In this approach, the O(A\*") term in (4.3) arises from a
Feynman diagram in which n scalar lines connect the points x and 0 via an irreducible n - n
transition vertex (see Section 3 of [85] for details).

The subleading corrections to (4.3) can be organised according to the power of s,. Specifi-
cally, the terms proportional to s}’ arise from traces of m matrices (3.36) and their contribution
to (4.3) starts at order O(A?™). As a result, the expansion (4.3) takes the form of a double
series in A and s (3.13), i.e.

Ra,n =1+ Z (sa 5\271)7” Qm(j‘Q) ) (44)

m>1

where Qm(j\z) can be expanded in powers of 5\2, with expansion coeflicients expressed as multilin-
ear combinations of odd Riemann zeta-values of a homogeneous transcendental weight (see [106]
for details). Schematically, the general structure of the expansion functions @, is

Qm=>. AP > Chy koo G2k =182k =1 - - - Gkt 5 (4.5)
p>0 {k}

where the sum goes over m positive integers ki > ko > ...k, > n satisfying the relation
m
Y (2ki-1)=m(2n-1)+2p. (4.6)
i=1

The expansion coefficients ¢k, k,... k., in (4.5) are rational numbers depending on p and they
can be calculated by matching (4.3) with the general form (4.4) order-by-order in perturbation
theory. For instance, the simplest example is the m =1 case. Replacing Q1(5\2) in (4.4) with its
general expression (4.5), we find that

2 2n + 2
cn=—4( n)’ cn+1=8n( nr ), e (4.7)
n n+1
For arbitrary m > 2, the leading O(X°) term in (4.5) has ki = --- = kmym = 2n — 1 and the

corresponding coefficient takes a remarkably simple form ¢, ., = c;' leading to

Qm = [CnCQn—l]m + 0(5\2) ; (48)
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where ¢, is given by (4.7). Substituting this relation into (4.4) and neglecting O()\?) correc-
tions to @y, we find that the different contributions can be resummed in terms of a geometric
progression

1

Ron = - +.o.., (4.9)
1- Sa)\annCQn—l

where s, is defined in (3.13) and encodes the dependence on the quasimomentum p,.
A distinctive feature of (4.9) is that it develops poles for complex values of the quasimomen-
tum p,, in analogy to the usual one-dimensional massive Euclidean propagator

1pIT

D(x,m) = f dp_ ™ _ Lefm‘g”| . (4.10)
2r p?2+m2  2m

It is however interesting to observe that the singularities of (4.9) are not present at any fixed order

in the weak coupling expansion of R, ,, (4.3) but rather, they only emerge upon the resummation.

In particular, the closest pole to the origin is located at p, = +ip,, where p, ~ nlog(1/\) sets

the weak-coupling mass scale and grows logarithmically.

The appearance of singularities in (4.9) implies that the excitations propagating across the
quiver diagram acquire non-zero masses and correlations between different sites of the lattice
quiver model are suppressed as a function of their separation. This is what we anticipated in
Section 3.5 and our next task is to make the analysis quantitative.

4.1.2 Correlation functions at weak coupling

The correlations between different sites of the quiver diagram depicted in Fig. 3.1 are encoded
in the two-point function G%) (3.7), which is connected to G&Z% (3.5a) by a discrete Fourier
transform. The cyclic symmetry of the Qy theory implies that G%) actually depends on the

separation Y =|I — J| and takes the following form

@ _ 1 oy o
GY = Z Z e'Pe Ga,n
a=0

= (4.11)
~G, ZelpaYRam+...:gnfy+... ,

a=0

where in the second line we replaced G((f% with its leading behaviour in the large-N limit (3.54)
and introduced the function fy, which tacitly also depends on L and on n.

We can combine (4.3) with (4.4) to derive the perturbative expansion of the function fy
(4.11). For instance, the first two terms look as

~ 2n ~
fy =90y, + (dy,1 — 20y,0 + dy.-1) AQ”( N )C2n71 +O(N"?), (4.12)

where the Kronecker delta-function dy,, imposes the condition ¥ = p (mod L) on the lattice.
From a physical point of view, the three terms inside the brackets in (4.12) describe the prop-
agation of excitations to the adjacent sites on the lattice. Similarly, the corrections in the sum
(4.4) describe the propagation of excitations to the adjacent m sites and they contribute to fy
as

fr=0vo+ 2 N fry Qm(N?) . (4.13)

m21
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In the previous expression, the partial waves f,, y arise from the discrete Fourier transform of
the function s’ (3.13), i.e.

1 L=l 2miy
Fmy = 2 e BV
a=0
ad (-1)YEr(2m +1)

- gx 4mT(m+Y 4L+ DT(m =Y + L+ 1) (4.14)
The previous expression holds for arbitrary integer Y and non-negative integers m. Moreover,
the sum over ¢ ensures that f,, y is periodic on the lattice, fy,y = fm v+, and satisfies the
relations fr, v = fm,-v = fm,-y- As a result, fy inherits the same structure and we can restrict
the node separation Y to the interval 0 <Y < %

Combining (4.13) with (4.14) and replacing the functions Q,,(A\?) with their perturbative
expansion (4.5), we determine the function fy at weak coupling for arbitrary number of nodes
L, and the scaling dimension of the operators, n. In particular, the leading behaviour of fy
comes from the first term in the sum in (4.13) and takes the following form

fy =AY fyyQy (V) +--- = [P"C%_I(Q:)]Y +o, (4.15)

for0<Y < % Conversely, when Y > % we have fy = fr_y.
It follows from (4.15) that the correlation function decays exponentially fast with the sepa-
ration Y between the two sites in the weak coupling regimes, i.e.

. 2
fy = 6_M"Y7 tn = —log (A2n<2n_1( n)) . (416)
n
This relation holds for arbitrary 0 < Y < % up to corrections suppressed by powers of A2 and
confirms that the parameter pu,, defines the ‘mass scale’ (or inverse correlation length) at weak
coupling.

—20F

—25[

_30F ° .

-35F

I I I I I I
0 2 4 6 8 10

Figure 4.1: Dependence of the correlation function (4.11) on the distance between the sites Y = |I - J|
for n =2, A=0.1 and L = 10. The horizontal and vertical axis represent Y and log fy, respectively. The
correlation function is symmetric about Y = L/2.

To test (4.16), we set n =2 and L = 10, and compute fy for A =0.1 and integer Y's within
the interval 0 <Y < 10. The results are shown in Fig. 4.1 and in agreement with (4.16).

4.1.3 The long-quiver limit at weak coupling

The relation (4.15) accounts for the leading correction to fy at weak coupling. This poses the
question of whether higher-order corrections to (4.15) alter the exponential behaviour described

41
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in (4.16). To address this question, we consider the resummation (4.9) and calculate its discrete
Fourier transform 2

1 L2t

Jr= Eaz_m 1+4sin? (T2) etn’

2mia
e L Y

(4.17)

where i, is defined in (4.16). Going through the calculation, we find that this sum can be
calculated in closed form

( 9 )2Y
fy = e Y — |:11+x/1(+4e‘/‘” — )L] +(Y >L-Y), (4.18)
V1+de b [1 - L

1+V1+4e Hn +2e~Hn

where i, is defined in (4.16). This relation is valid for 0 <Y < L and it is obtained by neglecting
O(A?) corrections in (4.9). Moreover, the two terms in (4.18) correspond to the two different
paths that excitations can follow to propagate between sites I and J across the quiver diagram
in Fig. 3.1 and ensure the invariance of fy under ¥ - L-Y.

At weak coupling, the mass scale in (4.16) becomes large and the relation (4.18) can be
expanded in powers of e #»

fyr=et Y [1-21+Y)e ™ +(2+Y)(3+2Y)e " + O(e™) ]+ (Y - L-Y).  (4.19)

The first term dominates for 0 < Y < £ and the second one for £

5 5 <Y < L. The turnover
occurs at Y = % Importantly, the first term in (4.19) differs from (4.16) only by the subleading
corrections to fy, which are given by a series in e™#» = (9(5\2"). Since the coefficients of this
series are polynomials in Y, the asymptotic behaviour of fy at large Y is unchanged.

As we previously remarked, the expression (4.18) holds for arbitrary conformal dimension n
and consequently, it can be employed to study the heavy-operator regime (3.71). In particular,
the dependence of (4.19) on n, enters through the mass scale u, (4.16). At fixed coupling and
large n, this parameter scales as p, ~ nlog 422 and grows linearly with n. Consequently, for
fixed Y # 0 the function fy vanishes exponentially fast at large n, i.e.

lim fy =6y (4.20)

This relation also follows immediately from (4.12).
Let us conclude the weak coupling analysis by considering the long-quiver limit L — oo.
In this regime, the sum (4.17) can be approximated by an integral, suggesting that the quasi-
momentum p, becomes continuous and takes values within the first Brillouin zone [-m,7).
Consequently, in the continuum limit, for L — oo, and for fixed Y the relation (4.17) reduces to
lim fy = f " dp © - e-unY(1+V“24e‘“” )2Y (4.21)
L—oo - 27 1 + 4sin?(p/2)eHn V1 +4dekn

ipY

We verify that this relation is in a perfect agreement with (4.18).
We conclude that, in the weak coupling regime, the correlations between different sites in
the quiver diagram in Fig. 3.1 decrease exponentially with site separation Y. The corresponding

2We use the symmetry of the sum in (4.11) under @ — L — « to change the range of a.
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4.2. TWISTED CORRELATORS AT STRONG COUPLING

mass scale (4.16) depends on the scaling dimension of the operators A = n and scales logarith-
mically with the coupling constant, j, ~ nlog4A?. By combining together (4.21) and (4.19), we
find that fy can be effectively described by the one-dimensional Feynman propagator (4.10)

lim fy ~ D(Y 1) . (4.22)

with mass scale p, (4.16) and separation Y, which can be now continued to arbitrary real values.
Let us finally observe that the structure of (4.22) confirms the qualitative discussion we pre-

sented in Section 3.5. However, the effective description collapses to a free propagation without

interactions. As we will shortly see, the strong coupling regimes possess a richer structure.

4.2 Twisted correlators at strong coupling

We now turn our attention to the strong coupling regime of the correlation functions (3.70). In
this limit, it is convenient to regard the determinants in (3.54) as generalisedd Tracy—Widom
distributions (3.60). Our first goal is to review the properties of these distributions in the large—\
limit and then, compute the correlation functions across the different regimes (3.71).

4.2.1 Asymptotic behaviour of the generalisedd Tracy—Widom distributions

For arbitrary values of the parameters, the strong coupling expansion of the function Fy (3.60)
was determined in [69,102,109,110]. In terms of the ratio a = ¥ and the rescaled 't Hooft

coupling A (3.34), we find the following general form
. 1 . .
fg:47r)\a(1—a)—5(2£—l)log)\+Bg+A]:g()\). (4.23)

Each successive term on the right-hand side of (4.23) is smaller than the preceding one. The
constant term By can be expressed in terms of Barnes—G functions [70] and satisfies the relation

1
Byi1 — By =logl - 5 log(4s4), (4.24)

while the logarithmic enhanced term log )\ arises from the singular behaviour of the combination
1—-X(x) around the origin [113].

The function AF,()\) vanishes as A - oo. It accounts for subleading terms in (4.23) of two
different types: ‘perturbative’ corrections, proportional to powers of 1/ A, and ‘non-perturbative’,
exponentially small contributions that are proportional to

T 0] (4.25)

These parameters are related by the transformation o - L — o and satisfy the relation A2A? =

e~ The resulting expression for AF@(S\) takes the form of a transseries

AF(A) = FOOG) + ST A A (R (4.26)

n,m

where the coefficient functions .7:@(0’0)(5\) and ]:g(n’m)(jx) are asymptotic series in powers of 1/
and related to each other by transformation @ - L — .
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CHAPTER 4. CORRELATION FUNCTIONS IN THE LONG-QUIVER LIMIT

The first term on the right-hand side of (4.26) encodes the perturbative corrections at strong
coupling

FOO - _w%(ze—l)(ze—?))h— (20-1)(20-3)I}

6412

) 30712&3 (20-1)(20-3)[(20 - 5)(20 + 1) I + 1617 ]
) 204185\4 (20-1)(20-3)[(20-5) 20+ DL L + 41} ]+ O(1/X°),  (4.27)

where the expression for the subleading terms in the previous expression can be found in [106].
To all orders in 1/, the expansion coefficients in (4.27) are proportional to (2¢—1)(2¢-3) and
they are given by multilinear combinations of the shape functions I,, = I),(a)

(-D"

= Gy i(an =2y

(67D (a) + 6@ (1-a) -2 D(W)] . (@28)

where (™ (z) = (d/dx)™ ¢ (z) is a derivative of Euler function ¢ (z) = (log'(z))’. Note that the
expansion coefficients in (4.27) involve powers of I;. All such terms depending on this function
can be eliminated through the redefinition of the coupling constant

N=A- %Il(a) . (4.29)

The reason why (4.26) takes the form of a transseries is that the expansion coefficients in
(4.27) grow factorially at large orders [102,109,110], making the series divergent and necessitating
a regularization. The non-perturbative terms in (4.26) compensate the inherent ambiguities
arising from the choice of Borel resummation for the functions ]:Z(O’O)(j\) and }"E(n’m) ()), which
are related to each other by resurgence relations [114,115]. In particular, the leading non-
perturbative function in (4.26) is given by

FOO - ays(fs REDECD | @-n)Ee-3 - DD

16ma) 512(ral’)?
L (20-5)(20-3)(20 - 1)(20 +1)((20-T)(2 +3) +6)
24576(ma’)3
. (20-5)(2¢-3)(20-1)(2¢+1) ((2¢ - 7)2(2¢ + 3)% + 768(ma)3 L) Lo,
1572864 (ma) )
(4.30)

where the coupling ' = X (a) is defined in (4.29) and S(a) is the Stokes constant

I'(1-2a)%(1+a)
I(1+2a)2(1-a)’

S(a) = (4.31)

Using the transformation a - 1 —a in (4.30) we can determine *7:@(071)v while the explicit expres-
sions for the subleading corrections to (4.30) can be found in [109,110].
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4.2. TWISTED CORRELATORS AT STRONG COUPLING

Correlation functions of twisted operators at strong coupling

Using the expressions for the strong coupling expansion of the function Fy (4.23), we determine
the large-\ behaviour of R, (3.54) and V5, (3.69), i.e.

Ran = (”A— 1)n « R(0:0) [1 + e 8mha p(10) | -87A(1-a) p(01) | '_]’
4)\2s,,
Van = n-l x Y0 [1 e 8mAaY(L0) | o-8rA(1-a) )(0.1) | ] . (4.32)
n

In the previous expression, R(09) and YO0 are connected to ]:E(O’O) by (3.70) and yield the
leading asymptotic behaviour at large ;\, while the subleading corrections are suppressed by
powers of the non-perturbative parameters A2 (4.25).

The perturbative functions R(%% and V(9 are given by an asymptotic series in 1/ \ with
coefficients that are polynomial in I,,(a). Going through the calculation, we find that

00 (;')2@-” [1 _(-DEn-3)En-1)

~

(a)

A 96’3
_3(n-1)(2n- 5)1(5;14(—);,1(271 “DE )y 0(1/&’6)],
P(00) _ (%)1/2 [1 L 2n ‘1?2’;&2;”‘ D)
L 3(2n- 5)(2n8—1;;>)2;2,? )RS PR 0(1/5\/,6)] ' (4.33)

Note that the expansion coefficients of the series within the brackets are polynomials in n with
a degree that matches the power of 1/5\’ for R(9) while it is one degree lower for V(00

Turning our attention to the first non-perturbative contributions in (4.32), we find that their
expressions are given by

R(1L0) _ i(-1)"S(a) (n _5\%) [1 N (2n-3)(2n-1)

a 16ma)
2n-3)2n-1)(4n®>-8n-1 .
+( n )( n )(A n n )+O(1/>\3):|,
512(mwa")?
2 _
p0) - —2i(—1)”$(a)[1 + w
16ma)
n-3)2n-1)(4n?-8n+7 .
, Zno3)@n 1) (4e? -8n )+O(1/)\3)], (4.34)
512(mwa)’)?

where S(a) is given by (4.31) and we note that the expansion coefficients in (4.34) are polyno-
mials in n with a degree that is twice the power of 1/A’. The functions R(%") and V(1 can be
obtained from (4.34) by replacing a - 1 —a.

For finite a = ¥, the relations (4.32) can be used to describe the functions R, and Vap
at strong coupling. In this regime, the non-perturbative corrections to (4.32) are exponentially
suppressed at large 5\, while they become significant in the transition region where A= O(1).

The situation changes significantly for small a, or equivalently, in the long-quiver limit
L — oo. First, the expansion coefficients in the perturbative functions (4.33) become singular as
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CHAPTER 4. CORRELATION FUNCTIONS IN THE LONG-QUIVER LIMIT

a - 0. Second, the parameter A? = e~8mha approaches 1 in the limit ¢ — 0. Consequently, the

non-perturbative corrections to (4.32) proportional to powers of A2, become indistinguishable
from the perturbative contributions. Moreover, the functions (4.34) develop 1/a poles, similar
to their perturbative counterparts in (4.33). Therefore, determining the functions R, ,, and Vi,
in the long-quiver limit L. - oo requires the resummation of an infinite series of non-perturbative
contributions in (4.32). As we will shortly see, this scenario mirrors the resummation we per-
formed in the weak coupling regime (4.9).

4.2.2 The long-quiver limit

The relations (4.32) are valid at strong coupling for arbitrary a = ¢ and n. Our next goal is to
examine their behaviour in the long-quiver limit L — oo, or equivalently, a — 0. As follows from
(4.28), the functions I,,(a) diverge in this limit as

(_1)n+1

I,(a) = W

0 (a®). (4.35)

Substituting this relation into (4.33) and (4.34), we find that the strong coupling expansion
effectively runs in powers of 1/(a)). This suggests to consider the following double scaling limit

“ _ 2ra)

8

= fixed. (4.36)

As a non-trivial test, we verify that the expressions in (4.32) approach a finite value in this
regime. In particular, the function R, , takes the following form

Rop=(n-1)ne 2ROV [1+ % R0 4 0(e19)], (4.37)

where we introduced a tilde to indicate that this relation only holds in the limit (4.36). Since

the parameter A2 = ¢~87A(1-0) vanishes in the limit (4.36), we find that the non-perturbative
corrections to (4.37) run in powers of A% = e2¢ with coefficient functions expressed in terms of
asymptotic series in 1/¢. For instance,

500 1 =1 1 o oy L Vo -5\ (on - 4
RO 1= B (= 1)(20-3) - (= 1) (20-5)(2n-3) + 0.
1
128¢3

E@®:2K—U"@f1)l+ !

: 8—5—2(4n2—8n+7)+

(4n® - 8n+7)(4n” - 8n +11) + O (1/¢*)
(4.38)

It follows from (4.37) and (4.38) that the function R, has a different behaviour at small
and large £. Indeed, at large £, the non-perturbative corrections in (4.37) are exponentially
suppressed and the resulting expansion of R,, ,, is in one-to-one correspondence with the conven-
tional 1/5\ expansion of the AdS/CFT duality. This regime describes the correlation function
(3.5a) of twisted operators (3.3) at strong coupling in a quiver theory with a large number of
nodes. At small &, all terms inside the brackets of (4.37) become equally important, requiring
the resummation of an infinite series of non-perturbative corrections to find R, in this limit.

46



4.2. TWISTED CORRELATORS AT STRONG COUPLING

Resummation in the long-quiver limit

The resummation of (4.37) in the small-£ limit can be performed by observing that the functions
(4.32) can be found in a closed form for arbitrary £. The key observation is that, in the dual
lattice model description of the quiver theory, the limit (4.36) corresponds to describe excitations
that propagate across the quiver diagram with vanishing quasimomentum p,, (3.12b). As a result,
we can simplify the integral representation of the matrix (3.36) by replacing the symbol X(z)
(3.35) by its leading behaviour at large A [28,70], i.e.

() - e w0

t

where we used (3.35) and took the limit (4.36). Applying this transformation to (3.36), the
matrix K, becomes tridiagonal and its Fredholm determinant (3.60) is given by [70]

Fo=log (T(£) £ 1,1(29)) , (4.40)
where I;_1(2¢) is a modified Bessel function of the first kind. Finally, we substitute (4.40) into
(3.70) and we find that

Eam =(n- 1)nﬂ

§2In2(26)

S5 [ami] Baee 17
Von = - [In_2(22)1n(2§)] ) (4.41)

These relations hold in the double scaling limit (4.36) for arbitrary £. The dependence of the
functions (4.41) on & is shown in Fig. 4.2. At large &, they behave differently, while for small £
they approach the same value.

1.0

0.8

0.6

0.4

0.2

0.0

Figure 4.2: The dependence of the functions R, , (blue curve) and V,,, (red curve) defined in (4.41)
on ¢ for n = 2. The dashed line indicates the limiting value of V, ,, for £ - co.

Replacing the Bessel functions in (4.41) by their asymptotic behaviour at infinity, we verified
that the expansion of Ea,n at large £ is in agreement with (4.37) and (4.38). Similarly, the large-§
expansion of V,, coincides with (4.32) in the limit (4.36).

At small &, or equivalently for L > \, we find from (4.41)

~ 262 (5n+1)¢4
Ron =1 = s 1) T o D2n(n = 1)+ 2) +0().
~ 2 3(2n+1)¢4

Va,n =1- (TL — 1)n(n + 1) * 2(n - 1)2n(n + 1)2(n + 2)

+0(£9). (4.42)
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It is interesting to note that, although this relation was derived in the strong coupling regime, the
asymptotic behaviour of the functions Ea,n and Va,n as £ — 0 closely resembles the weak coupling
expansion (4.3). This universality arises because, in both regimes, the coupling constant is much
smaller than the quiver length. Consequently, for L > 5\, the correlation functions (4.11) are
expected to exhibit the same exponential behaviour (4.16) with respect to the distance between
sites, regardless of the value of the coupling constant. We explicitly demonstrate this in the
next section and calculate the mass scale ,u,n(j\) in the strong coupling regime.

4.2.3 Heavy operators limit

Following the analysis of the weak-coupling regime, we discuss the heavy-operator limit n > 1
(3.71) before entering the analysis of the correlations in the long-quiver limit.

To begin with, we observe from (4.33) that, at large n, the strong coupling expansion of the
perturbative functions R(%9 and V(%9 runs in powers of % As a result, we find it convenient
to consider the double scaling limit

>
\
8
3>

= fixed . 4.43
™ (4.43)

It follows from (4.32) that for finite a = ¢ the non-perturbative corrections vanish in this limit
and the functions R, , and V,, only receive perturbative contributions. In particular, we use
(4.32) and (4.33) to obtain in the limit (4.43)

A 1
log Ron = 2logn —log sq — 2011 (a) - §ﬁ312(a) + O(ﬁs) , (4.44)

where the hat on the left-hand side indicates that this relation holds in the regime (4.43).

The subleading terms in (4.44) involve odd powers of n accompanied by functions Ij(a)
defined in (4.28). Following [106], we can show that the series in (4.44) admits the following
compact integral representation
27 oo dzlog(l-sax(2))

logRy0=-— [ =
s n z z2—n

+O(1/N)

cosh z — cos(27a)

o0 dz
-— 1
T fn 22 -2 og( coshz -1

where we replaced X(z) and s, by their expressions (3.35) and (3.13). The corresponding
expression for the function V, o(A) can be obtained by the relation (3.69), i.

. sin?(ma) coth(z/2) <9
e = 1 . 4.4
Ve, 277)\ ./ —n2 cosh z — cos(2ma) +O0/A) (4.46)

) +O(1/N) , (4.45)

We stress that the previous expressions are valid up to corrections that vanish in the limit (4.43).

The relations (4.45) and (4.46) hold in the limit (4.43) for arbitrary a = ¥. For a = %, or
equivalently s, = 1, the relation (4.45) coincides with the result derived in [102]. For a = 0
both functions coincide with their value in a free theory, Ro n = Vo n =1, in agreement with the
properties of untwisted operators.

Let us conclude the analysis by examining the behaviour of the functions (4.45) and (4.46)
in the limit L - oo. This regime is closely related to the long-quiver limit (4.36). We therefore
expect that the relations (4.45) and (4.46) have to match (4.41) upon appropriate identification
of the parameters. To observe this agreement, it is important to note that (4.41) was derived
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4.3. CORRELATIONS AT STRONG COUPLING

at large coupling \ with n kept fixed. To recongile this with the regime specified in (4.43), we
consider n to be large but much smaller than A. This corresponds to the limit of small 7 in
(4.43), where the dominant contribution to (4.45) and (4.46) comes from integration around

z=n. We find at small a = %

2
N 2
Rna: )
’ |:1+\/1+4§2/n2:|

~ 1/2
Vam = [n L, ! ] , (4.47)

no ny/1+482/n?

where ¢ is defined in (4.36). This relation holds for 1 « n « A and a « 1 with fixed ratio
A

ne

f—l =27ma

It is straightforward to verify that the expansion of (4.47) for small and large % aligns with
the relations (4.42) and (4.38), respectively, up to subleading corrections suppressed by powers
of % and 1. For arbitrary £ = O(n) and large n, the equivalence of the relations (4.41) and
(4.47) can be established by the asymptotic behaviour of the Bessel functions in (4.41) at large
order.

4.3 Correlations at strong coupling

We now turn our attention to the strong coupling behaviour of correlations between different
nodes of the lattice model in the long-quiver limit. According to (4.11), these correlations
are encoded in the function fy, which is given by the sum of R, , over possible values of
the quasimomentum p,. In particular, R,-o, is protected, while for 1 < o < L — 1 the ratio
R, admits the strong coupling expansion (4.32). Substituting R, in (4.11) with its leading
behaviour at strong coupling (4.32), we get

fy = !

L-1 . _ .
s emey (o bn g5y, (4.48)
a=1

4\?

S
|

Sa

where the first term on the right-hand side comes from a = 0.
Replacing s, with its definition (3.13), we find that at large L the sum (4.48) receives the
dominant contribution from « <« L and (L — ) < L. Going through the calculation, we find

; _ 1, (n-DnL[l 2Y(L-Y)
Y7L 12 |3 L2

] +O(1/N%). (4.49)

We observe that, at large A and L, the second term on the right-hand side behaves as O(L/S\Q).
Furthermore, taking into account (4.32), we find from the original definition of the function fy
(4.11) that the subleading corrections to (4.49) scale as O(L*/A**1). Consequently, the strong
coupling expansion (4.49) is well-defined for L < A. In this regime, (4.49) reveals that correlations
between different sites of the lattice grow polynomially with their separation Y. This means that
all the sites of the lattice model are equally correlated and interactions are not short-ranged. As
a result, we do not expect the emergence of an additional dimension.

In the opposite limit, for L > 5\, the non-perturbative corrections in (4.32) become comparable
to the 1/ A contributions and the strong coupling expansion diverges. Computing the function
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fy for L > X requires a resummation of the series (4.49) to all orders in 1/ A. To start with, we
use (3.55) to rewrite the sum in (4.11) in a more symmetric form

1 L/2_1 2mice o
fr=7 % e Ran(}). (4.50)
a=-L/2

At large A and L, the dominant contribution to the sum comes from small 7- In this region,

the function R, , can be replaced by its asymptotic expression (4.41) in the limit (4.36), i.e.
_ (n-1)n L2t oiPaY In(25\pa)
AL a=—L/2 Pi In—2(2)‘pa) 7

where the sum runs over possible values of the quasimomentum in the first Brillouin zone
- < pa < m. To be precise, the sum should be restricted to [¢| <« 1, which corresponds to

Iy (4.51)

[pal < 1. However, at large ), the contribution from p, = O(1) to (4.51) is suppressed by a
factor of 1/A? compared to contribution from small p, and consequently, it does not affect the
leading behaviour of (4.51).

The relation (4.51) holds for large X and L with their ratio f held fixed. Consequently,

it can be used to interpolate between L > A and L <« X. In the latter case, by isolating the
a = 0 term in the sum (4.51) and replacing the ratio of the Bessel functions for a # 0 with
their expansion at large argument, we arrive at (4.49). Conversely, for L > 5\, the sum in (4.51)
becomes independent of L and can be approximated by an integral over the quasimomentum

_ (n-1)n 7rd_peipy L,(2\p)

Iy z2 2T p2L,9(24p)

(4.52)

This relation is valid at strong coupling for A< Las L — oo.

fy
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0.03 -

0.02}-

0.01}

0.00}/
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Figure 4.3: The dependence of the function fy (black line) defined in (4.51) on the coupling constant
1<A<100 for L =50, Y =10 and n = 2. The red and blue lines represent its asymptotic expressions for
A> L and A < L given by (4.49) and (4.52), respectively.

The dependence of the function (4.51) on the coupling constant is shown in Fig. 4.3. We
observe that it agrees with the asymptotic expressions (4.49) and (4.52) for A > L and A < L,
respectively.

4.3.1 Correlations in the long-quiver limit

We showed in Sect. 4.1 that the function fy decreases exponentially with the distance Y (4.51)
at weak coupling. Moreover, in the long-quiver limit, it collapses to a free one-dimensional
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massive propagator D(y, p,) (4.22). This behaviour of the function fy is intimately related to
the fact that A <« L.

At strong coupling, the situation changes drastically. Indeed, our analysis emphasises that
the behaviour of fy crucially depends on the ratio % For L <« A, the function fy is described by

(4.49). It depends on the quiver length L and its leading O(1/ 5\2) correction displays polynomial
dependence on Y. This implies that correlations in the lattice model spread uniformly and the
quiver theory remains a strongly coupled four-dimensional model. Conversely, for L > A\, we
apply (4.52) and change the integration variable p — p/(2)) to find at large A

fy = 2(n_ 1)” [00 d_peipy In(p) , (453)

A 0o 2T p?1,-2(p)

where y = Y/(2)) is kept fixed in the large—\ limit.

The relation (4.53) should be compared with the analogous result (4.21) in the weak coupling
regime. In both cases, the leading large-Y behaviour of the integral over p is determined by
the singularity of the integrand closest to the origin. At weak coupling, this singularity arises
from a pole at p = iu,, where pu, is the weak coupling mass scale (4.16). At strong coupling,
the singularities originate from the zeros of I,,_2(p) in the integrand of (4.53). They are located
along the imaginary axis at p = imy, where my, is the k-th zero of the Bessel function J,,_2(z)

Jn,Q(mk)=0, (k=1,2,...). (4.54)

To avoid clutter, we do not display the dependence of my on n.
To calculate the integral (4.53), it is convenient to express the ratio of Bessel functions in
terms of an infinite sum over poles at p = +imy

L) & Am-1)
pla-a(p) 5 mi (p?+m?)

(4.55)

Each term on the right-hand side contains the factor of (p? +mi)’1, describing a one-dimensional
Euclidean propagator (4.10) of a particle with momentum p and mass my. Substituting (4.55)
into (4.53) and closing the integration contour in the upper half-plane, we find for y > 0

CAdn(n-1)7 & v

fr (4.56)
A iaom
At large y, the sum is dominated by the term involving the minimal mass myq, i.e.
-y 2L
fY ~ e_yml =e 2\ . (457)

Remarkably, this relation exhibits the same exponential dependence on the distance between
the nodes Y as in the weak coupling regime (4.16). According to (4.57), the corresponding mass
scale u, at strong coupling is given by

2\

[in (4.58)

which decreases as A — oo.

The function (4.56) describes the correlation function (4.11) of two operators inserted at
different nodes Y = |I — J| in the limit L > X > 1. Viewed through the lens of the quiver
lattice model, the exponential suppression of correlations (4.57) at large separations Y indicates
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the presence of short-ranged interactions, with correlation length 1/u, = (’)(5\) This result is
in agreement with the findings of [70] and suggests the emergence of an additional dimension
through a local description of these interactions.

Before turning our attention to this aspect, we examine the relation (4.56) in the limit
(4.43), where the scaling dimensions of the operators in (4.11) become large. The dependence
on n enters the sum (4.56) through the zeros of the Bessel function (4.54). In the limit of large
n, the zeros of the Bessel functions J,,_2(z) have the following properties. The minimal zero my
is given by (see [116], Eq. (10.21.32))

my =n+cen'®+ 000, (4.59)

where c is a real positive number, while the remaining zeros approach a nearly uniform distri-
bution with a spacing of approximately w. Taking these properties into account we get from
(4.56)

4 4 y2
fy=Te_yn+"'=Te 2>\+, 460
. ; (4.60)

where the dots denote subleading corrections suppressed by powers of 1/n and e™¥. The corre-
sponding mass scale (4.58) approaches a finite value in the limit (4.43)
n
== = ’fl . 461
= s (4.61)
Thus, for the operators with large scaling dimension the correlation length 1/, remains finite
at strong coupling.

4.4 Constructing a five-dimensional theory

In the previous sections, we computed the correlation fy (4.11) between two different nodes of
the quiver diagram in Fig. 3.1 across the different regimes (3.71). We determined the dependence
of fy on the node separation Y and showed that in the long-quiver limit L — oo, fy approaches
a finite value both at weak- and strong-coupling. This suggests that fy can be interpreted as a
correlation function in a one-dimensional field theory, which arises as an effective description of
the lattice model when L — oo. Our final goal is to identify the properties of this theory.

At weak coupling, where A - 0, fy reduces to a massive free propagator on the real line
(4.22). This means that the lattice model is essentially described by a free model at the leading
order of the long-quiver limit. Moreover, combining (4.22) with (4.11), we can identify the
function G,,(y) (3.75) at weak coupling, i.e.

Gr(y) ~ GuD(ys ptn) (4.62)

where G, is the colour factor introduced in (3.54), D(xz,m) is the massive one-dimensional
Feynman propagator defined in (4.10), while pu, is the weak-coupling mass scale (4.16).

The situation changes drastically at strong coupling, where the two-point function fy is given
by a linear combination of one-dimensional free propagators (4.56). This structure suggests to
introduce a spectral density

() = %gﬂf—mi), (4.63)
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where the sum runs over zeros of the Bessel function (4.54). Moreover, by examining the leading
asymptotic behaviour on both sides of (4.55) for p — oo, we find that p,, is properly normalized

fooo di?pa(p?) = 1. (4.64)

As a result, the two-point function fy (4.56) takes the form of a Kdllén-Lehmann representation
[117]

fn(y) = Wfomdﬁpn(u?w(y,u), (4.65)

where the masses of the excited states are identified with the zero of the Bessel functions (4.54).
As a result, at strong coupling the effective description is interacting and by substituting the
previous relation into (3.75), we determine the function G, (y), i.e.

Guy) ~ [ dn*ou(u®)D(y. ). (4.66)

4.5 Three-point functions

So far our discussion was restricted to the two-point functions (4.11). We observed that in the
long-quiver limit, these observables behave differently at weak and strong coupling. In the latter
case, we showed that the effective theory describing the lattice model as L — oo is interacting and
we determined the spectrum of excitations. To gain some further intuition into the interaction
structures of this effective field theory, we extend analysis to the three-point function (3.7b) in
the long-quiver limit at strong coupling.

Applying the discrete Fourier transform (3.3) to each operator in (3.5b), we obtain the
following representation for the three-point function in the long-quiver limit

Vmnens  fa(y1,y2,93) (4.67)

N |LU1 — :U3|2”1|1‘2 - $3|2n2 ’

<OTL1 (xla yl)OHQ (x27 yQ)Ong (.’,13‘3, y3)) = gn1”2n3

The normalization factor G, nons = Ony+no,ns\/Gni GneGns, Where Gy, is defined in (3.54), is non-
vanishing only when ng = ny + ng, while the function fy(y1,v2,y3) depends on the separations
between the operators y;; = y; — y; and their scaling dimensions n = (n1,n2,n3). In particular,
fn arises from the long-quiver limit of (3.70c), i.e.

| R ) O T _
fa(y1,y2,y3) = Iz Y et (Yi5+a2¥es) TT oFni Pt (4.68)
a,ae=0 i=1

where we keep fixed Yj; = I; - I; = 25\(yi -y;), and we recall that F,,, (3.60) depends on the
quasimomenta p; = 275 through the function s, (3.13). Following the approach we developed
for the two-point functions, we can replace the sums in (4.68) by integrals over a continuum
variable p as follows

Ta(yi,y2,y3) = _[oo dyo Gy (Y1 = Y0) Gy (Y2 = ¥0) Gns (Y3 = v0) - (4.69)

The function G, (y) is given by a Fourier integral

Guly) = [T By FuFr UL [Ty a ) (4.70)
27 A Jw2m pLia(p)

93



CHAPTER 4. CORRELATION FUNCTIONS IN THE LONG-QUIVER LIMIT

where in the second relation we replaced F,, with its expression (4.40), changed the integration
variable as p — p/(2)) and took the limit of large A. The integral in (4.70) is similar to that in
(4.53) and it can be evaluated in the same manner. We use the properties of the Bessel function
to replace in (4.70)

In—l(p) _ Z 2 (471)

ploa(p) Sipr+mi’

where the sum runs over zeros of the Bessel function (4.54). In this way, we obtain the following
representation of the function (4.70)

1 & e_mk|y|

Culy) ==Y

A o Mg

1 .[ i i
= — d n D(y,p), 4.72
23 Jo " pn (1) D(y, 1) ( )

where the spectral density p,, is given by (4.63), while D(x, m) is the usual massive propagator
on the real line (4.10). Similar to (4.57), the leading behaviour of G,,(y) at large y is determined
by the minimal zero m; of the Bessel function (4.54)

-1
Gly) ~ Sl (4.73)

AVp,

where v, =m; depends on n (see (4.59)). Substituting this relation into (4.69) we find that the
three-point function (4.69) rapidly decreases for y; > ys2,ys as follows

fa(y1,y2,y3) ~ 7Y, (4.74)

where v = min(vp, , Vn, + Vng)-

The relations (4.73) and (4.74) are in agreement with our expectations that, due to a fi-
nite mass of excitations propagating in the fifth dimension, the correlation functions should be
exponentially decreasing functions of the separations of the operators.

4.6 Dual holographic description

The N =2 quiver theories under examination admit a dual holographic description in terms of
an AdSs x S° geometry [118,119]. We now want to compare the results of our analysis at strong
coupling with those previously obtained using the AdS/CFT correspondence.

The correlation functions (3.5) are holographically described by the dynamics of fields propa-
gating in the AdS space [6]. The effective action for the supergravity modes dual to the operators
Ton(z) (3.3) was derived in [66,82,119,120]. Using this effective action, the two- and three-point
correlation functions (3.5) were computed in [66] in terms of effective Witten diagrams. The
resulting expression for the OPE coefficients (3.52) obtained in the AdS/CFT approach is *

C. - V(n1-1)(ng - 1)(n3 - 1)
o VLN

3Strictly speaking, this relation only holds for the twisted operators with a; # 0. For the untwisted operators
with a; = 0 one has to replace \/n; — 1 - \/n; in (4.75).

+O(1/A), (4.75)
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where the last term describes the subleading correction coming from the stringy modes. This
relation aligns with the analogous result (3.52), derived from localization, after replacing the
functions Vg, », (3.69) with their leading behaviour at strong coupling (4.32).

An important question is whether (4.75) provides a good approximation for the OPE coef-
ficients at strong coupling. We observe that the leading term in (4.75) is independent of the
quasimomenta po, = 2ma;/L of the operators. This dependence arises when we account for the
subleading corrections to (4.75) in 1 /5\ We demonstrated in the previous sections that for small
values of the quasimomenta, or equivalently in the large L limit, these corrections run in powers
of 1/ (;\pa). As a result, for L > )\, the subleading corrections become comparable with the
leading term in (4.75), thus invalidating the strong coupling expansion of Cy, n,.

Applying (4.41), we find that the structure constants (3.52) are given in the long-quiver limit
by

o~ V-1 =D -1 31[ 12, (26) )]1/2, (476

where &; = 27ra¢5\/L. As we previously explained, the last factor in this relation takes into
account both perturbative corrections in 1/;\ as well as non-perturbative exponentially small
contributions.

The relation (4.75) corresponds to the limit of (4.76) when all &; are sent to infinity. Another
interesting feature of the relation (4.76) is that for o; > 0 (or equivalently & — 0) it correctly
reproduces the OPE coefficient for the untwisted operators

lim C = Y2 (4.77)

In the dual holographic description, the last factor in (4.76) should arise from the effective
action of the Kaluza-Klein (KK) mode 74, », dual to the operators Ty, »,(z) (3.3). We can use
the results of the previous sections to construct this action.

In the long-quiver limit, the Q, theory living at the boundary of the AdSs becomes effectively
five-dimensional. This suggests to interpret the quasimomentum p, carried by the conformal
primary operator as a momentum in the fifth dimension Ty, n, = Ty, (pa,). Consequently, the
KK modes also carry this momentum 7, n, = 7n,(Pa,) and their effective action depends on
Pa-

Due to the factorized dependence of the two- and three-point correlation functions on the
quasimomentum and the space-time coordinates of operators, the dynamics of the KK modes in
the fifth dimension is decoupled from the one in AdSs. This allows us to neglect the dependence
of T,,(p) and n,(p) on the AdS coordinates and concentrate on their dependence on p. The
resulting effective action of the KK modes takes the form

Seft = Shdry + S@ 4B (4.78)

The first term describes the coupling of the local operators with the KK modes at the boundary
of the AdS space

Sty =3 [ 32 ) Ta(-p) + Tu(whm (1) (179)

The two additional terms in (4.78) are quadratic and cubic in the KK modes, respectively. Their
general form, consistent with the conservation of U(1) charge and momentum along the fifth
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dimension, is given by

d
s& = f ﬁS(p)nn(p)ﬁn(—p), (4.80a)
3
dp; i
§@ =% f q % S(p1,2,03) 10y (01) 0y (P2) 7Ty (3) Oy +1g,mg O (P1 + P2 +p3) +c.c., (4.80b)

where the dependence of S(p) and S(p1,p2,p3) on the charges n; is tacitly assumed. We would
like to emphasise that these relations hold for small values of the momenta p;.

The S—functions in (4.80) can be determined by comparing the correlators (0|7}, (p1 )T;[2 (p2)]0)
and (0|7, (p1)Th, (102)’_1’23 (p3)|0) computed within the effective theory (4.78) with their expres-
sions predicted by the localization in the long-quiver limit. This procedure yields

2, (n=1DIL,(2\p)

S(p) = w?N?L—~ —, (4.81a)
(Ap)? In—2(2Ap)
S (ni = DI_1(22p:)
S(p1,p2,p3) = W’ N’L . e (4.81b)
7,11 Api Ln;—2(2Ap;)
where w is a normalization factor. The OPE coefficients (4.76) are given by
S(p17p27p3) (482)

S S)S ()8 (ps)

We recall that the untwisted operators carry vanishing momenta along fifth dimension. The
effective action of the corresponding KK modes 7,,(0) should be independent of the coupling
constant. Indeed, we verify that for p; - 0 both relations in (4.81) cease to depend on g and Cs
coincides with its value (4.77) in a free theory. For nonzero p and g — oo the function S(0, p, —p)
coincides (up to a normalization factor) with the analogous function defining the cubic term in
the effective action proportional to 70, a,ns7-a,n; and involving one untwisted and two twisted
KK modes carrying small quasimomentum p, = 2w« /L (see (5.64) in [66]).

4.7 Discussions and Future Directions

In this second part of the thesis, we analysed a special class of superconformal N = 2 theories,
known as quiver models. Our purpose was to employ these setups as protected playgrounds for
exploring physical effects that remain elusive in more realistic scenarios. The primary example
we considered in our analysis is the limit of long-quiver, where the theory is expected to undergo
the deconstruction mechanism [94] and behaves as a higher-dimensional model.

We revisit this mechanism by investigating protected correlation functions (3.5) of chiral pri-
mary half-BPS operators. Using supersymmetric localization, these observables can be expressed
as matrix integrals which, in the planar limit, reduce to Fredholm determinants of semi-infinite
matrices (3.36). This powerful representation, which is closely related to the celebrated Tracy—
Widom distributions [104], allowed us to investigate the properties of the correlation functions
across the parameter space of the theory.

We analysed the correlation functions at weak and strong coupling, and in various limits of
the number of nodes and the operator scaling dimensions. We showed that their properties are
naturally interpreted in terms of a one-dimensional lattice model (3.8) defined on the quiver
diagram (Fig. 3.1). The emergence of a fifth dimension in the long-quiver limit, understood
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as the continuum limit of this lattice model, crucially depends on the hierarchy between the
't Hooft coupling A and the number of nodes L. A fifth dimension arises only in the regime
L > /), where interactions in the lattice model become short-ranged and can be described by
an effective local field theory. This involves massive degrees of freedom which remain, however,
decoupled from the four-dimensional ones. Consequently, for L > /X the quiver theory behaves
as a five-dimensional model in which Lorentz invariance is broken.

At weak coupling, the two-point correlation functions have a well-defined scaling behaviour in
the limit L - oco. They decay exponentially fast with the node separation and the characteristic
mass scale grows logarithmically with A. This scaling is consistent with the propagation of
massive particles along the emergent fifth dimension. In this case, the effective description
collapses to a free field theory as the interaction strength between the diagram nodes goes to
zZero.

At strong coupling, the semi-classical AdS/CFT expansion of the correlation functions di-
verges as L — oo. By including both perturbative corrections in 1/ VA and an infinite tower
of non-perturbative, exponentially suppressed contributions, we derived a remarkably simple
expression for the observables in the long-quiver limit. These exhibit an exponential behaviour
with the node separation which is analogous to that of the weak coupling regime. In this case,
however, the effective description is interacting and possesses a well-defined spectrum of masses
which are in one-to-one correspondence with the zeros of Bessel functions.

Our analysis poses the natural question of whether the behaviour in the long-quiver limit is
preserved at the non-planar level. To address this question, the method developed in Section 3.3
to calculate the observable at the planar level can provide an efficient approach to systematically
include the non-planar corrections. For the free energy and expectation value of circular Wilson
loops this was done in [69, 70, 81]. Determining these observables at the non-planar level can
shed new light on the holographic description of the emergent five-dimensional theory describing
quiver models in the deconstruction limit.
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Chapter 5

Localization predictions in
non-conformal theories

Info: Part of the content and figures of this chapter have been published together with
M. Billo’, L. Griguolo and A. Lerda in [23-26].

5.1 Motivations

In the previous chapters, we applied supersymmetric localization on the four-sphere S* to study
special N = 2 superconformal models. In this case, conformal invariance ensures that the ob-
servables computed on the sphere can be naturally related to their flat-space counterparts. This
correspondence allows us to exploit the matrix model derived from localization to explore regions
of the parameter space that are otherwise inaccessible by standard perturbative techniques.

In four-dimensional superconformal N = 2 and N = 4 super-Yang—Mills theories, the corre-
spondence between matrix models on the sphere and flat-space dynamics has been extensively
explored for a wide range of observables, including BPS Wilson loops [27,55,121-123], families
of BPS local operators [58,62,63,80,124-128], and Bremsstrahlung functions [75,129-132].

The remarkable effectiveness of the matrix model description in these conformal settings
naturally raises the question of whether supersymmetric localization predictions on S* retain a
physical meaning in flat space when we move beyond conformal setups.

When the theory involves dimensionful parameters, such as a mass term in N = 2* models
or a scale generated by dimensional transmutation, the properties of the theory at short and
long distances change, and we generally expect a mismatch between the results in flat space
and on the sphere. In particular, in massive theories, observables on S* exhibit a dependence
on both the mass scale and the radius through their product, which is usually different from
the flat-space counterparts. This scenario was analysed in [133], where the authors studied the
half-BPS Wilson loop in A = 2* SYM and found that two-loop perturbative computations on
S* match the matrix model predictions, whereas the analogous flat-space calculation exhibits a
distinct behaviour.

While a mass deformation explicitly breaks conformal symmetry, in theories with massless
matter and a non-vanishing S-function, the breaking occurs dynamically at the quantum level.
Nevertheless, as we showed in Section 2.3, supersymmetric localization on S* remains applicable
and maps the expectation values of protected operators to a matrix model whose effective
coupling depends on the radius of the sphere through the one-loop exact running coupling
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g (2.27). This mirrors the usual structure of flat-space renormalization, naturally leading to
the question of whether the two descriptions remain connected despite conformal symmetry
breaking.

In this final part of the thesis, we address this question by studying localizable observables
in N = 2 SYM theories with gauge group SU(N) and massless hypermultiplets in a generic
representation R. Within this framework, we focus on two classes of observables: correlators of
multi-trace chiral operators and the expectation value of half-BPS Wilson loops. On the four-
sphere, supersymmetric localization maps these quantities to the matrix model (2.31) discussed
in Section 2.3. Our analysis demonstrates that, within a specific regime of validity, the flat-space
computations of these observables at high orders in perturbation theory precisely match the
matrix model predictions, establishing a non-trivial bridge between supersymmetric localization
on S* and flat-space dynamics beyond the conformal domain.

The remainder of this chapter is organised as follows. In Section 5.2, we introduce the
observables under consideration, namely, the half-BPS Wilson loops and the chiral correlators,
and in Section 5.4 we present their evaluation within the matrix model framework on S*.

5.2 Supersymmetric Wilson loops and chiral operators

The high-energy behaviour of non-Abelian gauge theories, such as QCD, is well understood
within the framework of perturbation theory through the mechanism of asymptotic freedom. In
this regime, dynamical quarks are treated as light degrees of freedom in the action and the theory
can be probed perturbatively. At low energies, however, these models exhibit confinement:
quarks cannot freely propagate and only appear as bound states.

An efficient approach to probe the strongly coupled regimes of non-Abelian gauge theories
consists of introducing external heavy quarks, which are no longer dynamical but are kept at a
fixed distance in time. The physical observable that naturally encodes their interaction potential
Vyq(r) is the expectation value of the Wilson loop.

Originally introduced in [134], this operator captures the phase factor acquired by an external
quark moving along a closed path. In non-Abelian theories, it provides one of the most general
non-local (gauge-invariant) observables, and it is defined as the holonomy of the connection

Ap(x) = A (0)Tr

W = dinll’RTrR P exp {igYM' [CdTA“(J:(T))j:N(T)} . (5.1)

Here, g, ,, is the gauge coupling constant, dim R denotes the dimension of the representation
R, and C' is a closed curve parametrized by the coordinates x*(7). Moreover, P denotes the
path-ordering symbol, which accounts for the non-commutativity of the gauge-algebra valued
matrices A,(z(7)) and acts as

P ﬁ Ay(x(r)) = Ap(z(m)) Ap(z(m2)) ... Ap(z(1))0(T12) - O(Tre1m) + - .., (5.2)

where 6(x) is the Heaviside step function and 7;; = 7; — 7;. The path-ordering operator P is
required to define the non-Abelian holonomy consistently, while the trace over the representation
R ensures gauge invariance of W.

One of the reasons why the expectation value of the Wilson loop (5.1) is extremely important
in gauge theories is that it can be interpreted as an order parameter for confinement. To see
this, we consider a rectangular Wilson loop in Euclidean space with temporal extent T" and
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spatial separation r, which describes a quark-antiquark (gq) pair created at ¢t = 0 and held fixed
at distance r (see Fig. 5.1). In this setup, one can show that

(W)= e Vi) (5.3)

where Vq(r) is the static potential of the quark pair at distance r in the limit 7' - oo. In the
confining phase, the potential grows linearly with the distance, V,4(r) ~ r, meaning that quarks
cannot be separated by a finite amount of energy. Conversely, in the deconfined (or Coulomb-
like) phase, the behaviour is similar to electrodynamics, with V,g(r) ~ 1/r. These two regimes
translate into distinct behaviours of (5.3): in the confined phase the observable follows an area
law, depending on A = rT', while in the deconfined phase it scales as k = T'//r. Accordingly,

lim (W) ~e™? >0, confined phase,

lim (W)~e®+0,  unconfined phase.

T7—>00

(5.4)

This illustrates why the Wilson loop expectation value serves as an order parameter for confine-
ment.

r

Figure 5.1: Rectangular Wilson loop in the (z,t) plane.

5.2.1 Supersymmetric Wilson loops

In supersymmetric gauge theories, one can construct generalisedd versions of the Wilson loop
(5.1) that preserve part of the underlying supersymmetry. This idea, originally developed by
Maldacena in the context of the AdS/CFT correspondence [5,6], consists of modifying the
operator (5.1) by introducing additional couplings to the scalar fields of the vector multiplet.

In NV = 4 super-Yang-Mills theory, the resulting operator, known as the Maldacena—Wilson
loop, takes the following form [135]

Whares = dirrll’R,TrR P exp (gY.MA yng (ig':“(T)Au(:c(T)) + |:C(T)|n“qbu(x(7')))) ) (5.5)

where g, ,, is the gauge coupling constant, n* (with u =1,...,6) is a unit vector in the internal
space of scalar fields, and C' is a closed contour parametrized by z* (7).

Under supersymmetry transformations, the variation of the gauge term in (5.5) can be
compensated by the scalar coupling. This mechanism imposes non-trivial constraints on the
contour C and on the choice of the vector n", determining the preserved fraction of supercharges.
For example, if C'is a straight line or a circle in R* and n" is constant, the operator (5.5) preserves
half of the global supersymmetry. More general contours usually preserve smaller fractions of
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supersymmetry and were systematically classified in [136—138], revealing a rich interplay between
geometry and supersymmetry.

In this section, we focus on N = 2 super-Yang-Mills theories, where only two real scalars
from the vector multiplet are available to couple to the Wilson loop and the general construction
reduces to (5.5) with u=1,2, i.e.

Wivms = e Pesp (g dr (1(7) 4, (o)) + ()] (1 (7)o () + n2<T>¢z<m>(>5)6))'

Despite the lower amount of supersymmetry than the N' = 4 case, one can still construct
half- and quarter-BPS Wilson loops: the former are associated with straight lines or circles,
whereas the latter correspond to special contours lying on a two-sphere S? [27,61].

For our purposes, the half-BPS circular Wilson loop serves as an effective probe to examine
the dynamics of A/ = 2 theories. Its expectation value is a non-trivial function of the theory
parameters and, remarkably, can be computed exactly through supersymmetric localization on
S* [55]. This makes it a natural candidate for testing the relation between localization results
on S* and standard field-theory techniques in flat space beyond conformal settings.

In general SU(N) N =2 SYM theories defined in Euclidean space, the half-BPS circular
Wilson loop in the fundamental representation is given by

W= %u P exp {gB fc dr [iA“(x(T))iu(T) + %(qs(x(r)) + ¢(x(7)))]} : (5.7)

where gp is the bare coupling constant, while tr denotes the trace in the fundamental represen-
tation. Moreover, the gauge field A, and the complex scalar ¢ are integrated over a circle C' of
radius R, canonically parametrized by

x# (1) = R(cos7,sin7,0,0) , with 0<7<27. (5.8)

In theories with a non-vanishing g-function, conformal invariance is broken at the quantum
level, making the agreement between the flat-space predictions and those on the four-sphere S*
no longer automatic. Nevertheless, the half-BPS circular Wilson loop can still be consistently
defined on both manifolds. In particular, to apply supersymmetric localization on S%, the
operator must be placed on a maximal circle of S* [55]. This requirement fixes the configuration
in flat space, where we consider a circular loop of radius R such that, under stereographic
projection, is mapped to the equator of S%. As a result, the radii in the two geometries coincide
(see Fig. 5.2), providing a clear and natural geometric bridge between flat space and the sphere.

5.3 Chiral and anti-chiral correlators

The second class of observables we consider are the correlation functions of gauge-invariant
multi-trace operators

¢
Oi(z) = Hggf tro"i(zx) , (5.9)
i=1
where ¢ denotes the complex scalar field in the vector multiplet, gg is the bare coupling, and

the integers n; are collectively encoded in 7 = (n1,n2,...,n7). These operators belong to the
chiral ring of the theory, whose structure is protected by supersymmetry.
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Figure 5.2: Relation between the circular Wilson loop defined on R* and its counterpart on S*. A
circle of radius R in flat space is mapped to the equator of S*, which is the configuration required by
supersymmetric localization.

The operator Oy (x) preserves half of the supercharges, as it arises from a composition of
chiral single-trace operators (3.1), and possesses a bare scaling dimension

n=y n;, (5.10)

Me\

i=1

together with a U(1) charge which, in our conventions, coincides with n.

Since the scalar ¢(z) takes values in the gauge algebra su(N), it can be expressed as a linear
combination of generators ! T (with a = 1,...,N? - 1), i.e. ¢(x) = ¢*(x)T?. Consequently,
Oy /() can be expanded as

On(z) =g RS ¢™(x)...¢""(x) , (5.11)
where R:' " is an SU(N) completely symmetric tensor defined as
RSl...an _ trT(al---Tanl tr 79141, Tn1+na Tan,1+m+nz,1+1mTan) ) (5'12)

By replacing ¢ with its complex conjugate ¢ in (5.9), one obtains the anti-chiral operators Os,
characterized by the same scaling dimension of Oy (x) but negative U(1)-charge.

The object of interest is the two-point correlator (O (z) O (0) ). In N = 2 superconformal
theories, the operator Oy (z) is a conformal primary. This implies that the kinematic structure
of the two-point function is fixed by conformal symmetry (1.15), i.e.

Gam

9 _o\n 5nm 9 .
(in2a2)" (5.13)

(05 (2) O (0) ) =
where the normalization factor Gy 5 is a non-trivial function of the gauge coupling and of the
rank of the gauge group V. In these setups, G 7 can be computed from the partition function on
S4 with insertions of chiral and anti-chiral operators at the north and south poles, respectively;
supersymmetric localization reduces this observable to a matrix model [62,98-100,139-143].

LOur conventions for the generators of su(N) are outlined in Appendix B.1
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By contrast, in theories with non-vanishing S-function, conformal invariance is broken at
the quantum level. As a result, G5 5 acquires a dependence on the separation z? through the
running coupling, which signals the presence of anomalous dimensions [26, 144]. Nevertheless,
the matrix model on S* can still be employed to compute G, provided that the chiral and
anti-chiral operators (5.9) are inserted at antipodal points on sS4 [98,143]. This requirement
sets the scale of the observable and provides the geometric connection between the description
in flat space and that on S*. More concretely, the operator separation in flat space |z| is related
to the radius R of S* by the relation (see Fig. 5.3)

|z =2R . (5.14)

e —— e —

Figure 5.3: A three-dimensional representation of the relation between operators at antipodal points
on the sphere are related to those in flat space by a separation |z| = 2R.

In the following, we will provide a detailed analysis of the supersymmetric Wilson loop and
the correlator (5.13) both in flat space and on the four-sphere. Working in A = 2 theories with
non-vanishing S-function, we will show a non-trivial agreement at high orders in perturbation
theory between the predictions in the two descriptions.

5.4 Localization predictions

In this section, we analyse the vacuum expectation value of the half-BPS Wilson loop (5.7) and
the two-point function Gj 5 (5.13) using the matrix model generated by supersymmetric local-
ization on S*. We consider ' = 2 SYM theories with massless hypermultiplets in an arbitrary
representation R and non-vanishing S-function, for which the matrix model was extensively
discussed in Section 2.3. Although our analysis is completely general, we sometimes focus on
theories with Ny fundamental, Ny symmetric and N, anti-symmetric flavours, where the matter
representation R takes the following form

R=N;0eN,[eN,H . (5.15)

The corresponding one-loop coefficient 5y (1.25) of the S-function can be calculated by applying

the group information outlined in Appendix B.1 and is given by
Bo = 2N - 2i5

(5.16)
= 2N = Ny = Nuo(N =2) - Ny(N +2) .

5.4.1 Supersymmetric Wilson loop

We begin with considering the vacuum expectation value of the half-BPS circular Wilson loop
on S*. Defining the operator (5.7) on the equator of a four-dimensional sphere S* of radius R,
supersymmetric localization maps the observable to a matrix model [55].
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In the A = 2 theories under examination, the observable can be written as follows 2 [23,24]

1
W(g) = [ Dac™ ™S5m0 wa,g)

:l/Dae—tranSInt(“vg) itrexp 29 )
E N V2

where Z is the partition function (2.31), g is the running coupling constant (2.27), while tr
denotes the fundamental trace of su(N).

At weak coupling, we can expand the matrix integral (5.17) in powers of the interaction
action Smyt(a,g) (2.20) and reduce the calculation to a set of expectation values evaluated with
a Gaussian measure, i.e.

W(g) = WO(g) - (W(G,g) Slnt(a7g))0,c R

2 \2
G
=Wo(g) + (#) 53

(5.17)

5.18
(W(a,g) Tr%za4)oc+... , (5-18)

where to obtain the second line we replaced the interaction action St,; with its perturbative
expansion (2.20). Moreover, we denoted with a subscript ¢ the connected part of the correlator
and with Wy the expectation value of the half-BPS Wilson loop in the free matrix model or,
equivalently, in /' = 4 SYM. By employing the recursive relations of [62], we find that

T/V():fDaeftm2 Wi(a,g)

9°Cr . g'Cr(2N? - 3) . gCp(N*-3N?+3)

=1+ +.o,
4 192N 4608 N2

(5.19)

where Cr = (N2 - 1)/2N is the fundamental Casimir. Crucially, Wy can be expressed in terms
of the first generalisedd Laguerre polynomials of N2 -1 [121,122]

2 2
W = %L}H (—91) exp(‘%(l - %)) . (5.20)

As we will shortly see, each contribution in (5.19) corresponds to a ladder-like corrections in
perturbative field theory ®. These contributions are associated with Feynman diagrams that only
involve the free propagations of the gauge field A, and the scalar ¢ on the Wilson loop contour
(5.7). Remarkably, this implies that the observable does not receive quantum corrections in
N =4 SYM [121,122].

Turning our attention to the contributions of the interaction action (5.18), we note that
these become evident only at three loops, i.e.

) 2
(i) - (W(a,g) Try a4>o,c B ( & ) 99_2““2 Tr a4>0,c +0(g")

8r2) 2 8r2] 24N
6
9°GC .
- 29?;417 (12 (CRZR—NZ) +Nfo) +0(g%) (5.21)

where [y is defined in (1.25), while ix and Cg are, respectively, the Dynkin index and the
quadratic Casimir of the representation R (see (B.2)). Moreover, to obtain the second line of
(5.21), we evaluated the correlator by Wick’s theorem with the basic contraction (2.18).

2In (5.17), we suppressed the instanton contributions as we work in the perturbative regime (2.29).
3See (6.11) and (6.19) for explicit examples of ladder-like diagrams.
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CHAPTER 5. LOCALIZATION PREDICTIONS IN NON-CONFORMAL THEORIES

Combining together (5.21) and (5.19), we derive the three-loop prediction of the matrix
model for the circular half-BPS Wilson loop [24,25], i.e.

¢%¢CF
2974

W(g) = Wo(g) + (12(Crir - N?) + NBy) + O(g°) . (5.22)

The structure of the term proportional to (3 in (5.22) consists of two contributions. The first
one involves the combination Crig —N? and was originally reproduced in superconformal models
defined in Euclidean space by standard perturbative techniques in [60,61]. Conversely, the term
involving the coefficient By (1.25) of the S-function is a distinctive feature of non-conformal
theories, and its presence makes the agreement with flat-space results highly non-trivial.

Finally, we stress that (5.22) is valid only within the perturbative regime (2.29). Beyond
this limit, the observable receives power-like corrections of the form C,, (AR)", where A is the
strong coupling scale (1.26). Since these terms are infrared contributions *, we expect that they
take a different form on the sphere and in flat space.

5.4.2 Chiral correlators

We now turn our attention to the calculation of the two-point correlator Gy s (5.13). In order
to compute this observable on S*, we need to identify the matrix counterparts of the chiral
operators Oz (z) (5.9). As we already observed in Section 3, this identification requires us to
apply a Gram-Schmidt procedure on the basis of operators

14
Oi(a) = J]g™ tra™ . (5.23)
i=1

This procedure leads us to a normal-ordered basis, in which each element is orthogonal to those of
lower dimension. To maintain the analysis completely general, we can keep the orthogonalization
implicit and represent the normal ordered version of the operator (5.9) as follows

On(a) = : Op(a):

{
9" tra™: (5.24)
i=1

=g" R ca™ L a™
where the fully symmetric R tensor is defined as in (5.12), while g is the running coupling
constant (2.27). The use of colons stresses that Oy (a) is orthogonal to the operators of lower
dimensions.
In the A/ =2 SYM theory under examination, the correlator (5.9) on S* can be represented
by the following matrix integral [26]

Gim = % / Da e_trGQ_SI"t(a’g)Oﬁ(a)Om(a) , (5.25)

where we did not include the contribution of the instantons as we are working in the perturbative
regime (2.29) and we recall that Z is given by (2.31).

At weak coupling, we can evaluate (5.25) by following the approach employed for the Wilson
loop. We expand the integrand in powers of the interaction action and we find that

4In certain models, such as N = 2° or the massive deformation of conformal A = 2 SQCD, the coefficients
C,, were calculated by the matrix model on S* [71]. Let us note that the instantons, which we neglected in our
analysis, also contribute to the observable by power-like corrections.
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G = (On(a) Os(a)), — (On(a) Osa(a) Sl 9)), , + -

2 (5.26)
(05(a) O(a)), + (%)2 % (05(a) Op(a) Tegat),  +...

where to obtain the second line we replaced the interaction action with its perturbative expansion
(2.20) and we employed the subscript ¢ to denote the connected part of the correlator.

The first contribution on the right-hand side of (5.26) is the chiral correlator in the free
matrix model. It can be computed by Wick’s theorem and the contraction (2.18), i.e.

(0(a) O (a)), = g*" nl R& - Rt-an = g2 GO) (5.27)

In the previous expression, the factor of n! counts the different ways in which the n indices of the
two symmetric tensors Ry and Rj; can be contracted. Notice that the vectors 7 and m can be
different, but the sum of their components must be equal because of U(1) charge conservation.

For future reference, we provide a few explicit values of GT("lO?)ﬁ for operators of low dimensions

2 2 2 4
0 _N°-1 0 _ 3(N"-1)(N”-4) 0) _N*-1
20= 5 Gy SN  Glpen ™ 3 (5.282)
0 (N?-1)(2N?-3) o (N2-1)(N*-6N?+18)
Gﬁ(l,()ﬂ) - oON ' Gii - AN2 : (5.28b)

The expressions of Gg?ﬁ for higher dimensional operators can be calculated straightforwardly
using the fusion/fission identities presented in [62].

Let us now consider the interacting part in (5.26) proportional to (3. The calculation of this
connected correlator is more involved than (5.21). Therefore, we find it convenient to adopt a
diagrammatic approach to highlight the nature of the different contributions. We depict the

quartic vertex as
Tt a' 4+— , (5.29)

while the operator Oy, (a) is represented by a black dot with m lines. Computing all possible
Wick’s contractions then corresponds to connecting the lines between the vertex and the oper-
ators with the free propagator (2.18). However, it is important to recall that self-contractions
between lines belonging to the same operators Oz (a) are forbidden, as they are normal or-
dered (5.24). Conversely, the quartic vertex (5.29) it is not normal ordered and admits self-
contractions. Going through the calculation, we find that the final result is given by the sum of
two diagrams

On(a) Om(a) = g™ 12nn! Corbrdd phicr-cno1 phicicnoy (5.30a)
Oi(a) Om(a) = g*" 6n(n—1)n! Corozbibz pa1azer—cn-2 phibscicnz (5 3()p)
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In the previous expression, the notation was introduced for
—~ 1/~ —~ —~ —~ —~ —~
C;zbcd _ 6(C«abcd i Cacdb 4 Cadbc 4 Cabdc i Cacbd 4 Cadcb) 7 (531&)
Ol = (Teg TTPTT® — Trpq; T°T°T°T°) . (5.31b)

The overall coefficients on the right-hand side of the diagrams in (5.30) correspond to the
symmetry factors arising from the different ways of contracting the operators with the vertex
(5.31a). For instance, the factor 12nn! corresponds to 2 (;1) ways of selecting an ordered pair of
indices in the tensor Cy (5.31a), n ways of connecting one index of Ry (5.12) with Cj, n ways
of connecting one index of R;;, with Cy and (n—1)! ways of contracting the remaining indices
of Ry and Ry, with each other. The coefficient 6n(n — 1) follows from similar arguments.

Combining together (5.30a) and (5.30b), we find

(0 (a) O (a) Tr a4>(c) = 692"[2n nl Corbrdd garei-cnot phici.cnoy
+n(n-1)n! 5g1a251b2 R%1a2cl--~cn—2 Rfi?llb2cl~~-cn—2:| ) (5.32)

The contributions appearing in the previous expression can be further simplified by employing
the following relations that we will prove in Appendix B.2

~ N
2nnl Cslbldd R?llq...cn-l Rf%m...cn-l =92n (CR R — ]\f2 + 1—50) Gg’)zﬁ s (5.33&)
| ~aiaz2b1bo ai1asci...cn—2 pbibaci...cn_o _ 7~ N/BO (O)
n(n—-1)n!Cy RZ R} = Gim _nTGﬁJh , (5.33b)
where G%?T)ﬁ is the tree-level coefficient we introduced in (5.27), while Q\@m is given by
G\ﬁ,m _ n(n _ 1)n!5a102b1b2R,’C’;Lla2cl7~~-7Cn—2RZ;QQCly--~7C7L—2 . (5.34)

Combining together (5.33) with (5.32), we find that the terms proportional to NSy cancel
each other and the final result takes the following form

Gon =G0, 4 g (L V36 2n(Crin - 82) G, + G

2 2
=g GO 1+ (L) el + 00| (5.35)
n,m 871'2 n,m

where
G
a0

¢ —on(Crir - N?) + (5.36)

As we already remarked in the case of the supersymmetric Wilson loop, the prediction
(5.35) is valid within the perturbative regime (2.29). By relaxing this condition, the observable
receives additional non-perturbative infrared corrections of the form C, (AR)" that we expect
to be different in flat space and on the sphere.
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Chapter 6

Chiral correlators and BPS Wilson
loop in perturbation theory

Info: Part of the content and figures of this chapter have been published together with
M. Billo’, L. Griguolo and A. Lerda in [23-26].

In this chapter, we turn our attention to the calculation of the chiral correlators and the expec-
tation value of the half-BPS Wilson loop in flat space. We provide a detailed analysis of the
half-BPS Wilson loop in Section 6.1, while the chiral correlators are considered in Section 6.2.

6.1 Half-BPS circular Wilson loops in perturbation theory

We now turn our attention to the calculation of the half-BPS circular Wilson loop (5.7) in flat
space by standard perturbative approaches. Before turning our attention to the calculation of
the observable, we present the Euclidean actions for SU(N) N =2 SYM theories with massless
hypermultiplets in arbitrary representation R.

Let us recall that the N' = 2 vector multiplet (1.20) consists of one gauge field and one
complex scalar, denoted as A, and ¢ respectively, along with their fermionic partners 1) and A,
known in this context as the gauginos. In Euclidean space, the dynamics of this supermultiplet
is described by the following gauge-fixed action [24]

SEauee = f dtz T&«[ - %FWFW - 2iAd" D\ - 2ipa" Dytp — 2D, D* ¢ — 28uED“c:| :
(6.1)
: o T 3a 712
Sint = / d4ﬂf Tr|:21g3\/§(¢{)\ 71/}(1} - ¢{¢d7 A }) - 5(8MA“)2 - g%[d)ﬂ ¢:| :| )
where the intertwining matrix o* is defined in (A.6), while ¢ denotes the ghost field. Let us note

that with these conventions the actions are negative-definite and consequently, they appear as
¢ in the path integral. The field-strength and the adjoint covariant derivatives are given by

Fu=0,A,-0,A,—-igB[Au, Av], Dy=0,-igs[Au,e] . (6.2)

In the N = 2 language matter sits in the hypermultiplets (1.21). The field content of this
supermultiplet consists of two complex scalars, denoted as ¢ and §, along with their fermionic
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partners 1 and 7). In particular, ¢ and n transform in the representation R, while the ¢ and 7 in
the conjugate one, i.e. R*. The spacetime dynamics of these fields is encoded in the actions

5S¢ = f d%:[ - D,gD"q —ifj5" D,;n — D,gD"q — iﬁa“DMﬁ] :
s = [ d'a [iﬁgg(m ~iAG) +1V2g5(767 — iion) + iv2gn(ndd - dvn) . (63)
+iv2g(a07 - iipa) + V252 - 1Aq) - 9BV (6,4, q)] ,
where V (¢, q,q) is the scalar potential describing quartic interactions

V =4{¢,0}4+q{o,¢}a - (aTra) (7TRa) + 2(7TR Q) (4TRq)

1 —ma —ma 1 ~a = ~a = (64)
+ 5 (@TRa) (qTRa) + 5 (4TR4) (GTRY) -
In the previous expressions, 7% denotes the generators of the Lie algebra su(n) in the rep-
resentation R of the gauge group. The covariant derivative for a field transforming in this
representation is defined as
Dy =0, -igpA;Tx . (6.5)

Organizing perturbation theory We begin by observing that, in theories with non-vanishing
B-function, the expectation value of the half-BPS circular Wilson loop (5.7) receives ultraviolet-
divergent contributions. To regularise these singularities while preserving the extended super-
symmetry, we dimensionally reduce the theory from four to d = 4 — 2¢ dimensions [121]. In
this scheme, the gauge field A, is a d-dimensional vector, while the real scalars generated by
the reduction are denoted by A;, with ¢ = 1,...,2¢. Since the bare coupling constant gp is
dimensionless only when d = 4, this regularization scheme breaks classical conformal symmetry,
implying that the dimensionally regularised observable can only depend on the radius of the
supersymmetric Wilson loop R by the combination

g =Rgp . (6.6)
Perturbatively, we expand the expectation value of the half-BPS Wilson loop (5.7) as follows
(W) =W =Wi + W + Wy + Ws + O(3%) , (6.7)

where the quantities Wy, are proportional to Q2Bk (6.6) and can be organised as follows
War, = Wl + W™ + WE (6.8)

The first two contributions capture, respectively, the ladder-like diagrams, in which the gauge
field A, and the scalar field ¢ freely propagate on the Wilson loop contour, and the interaction
corrections involving internal vertices and lines of the vector multiplet only. These contributions
are in common with the A/ = 4 theory. By contrast, W;% denotes the diagrams with internal
lines associated with the matter hypermultiplets in the representation R.

In N =4 SYM, where matter transforms in the adjoint representation, only the ladder-like
diagrams contribute to the expectation value of the Wilson loop in the limit d - 4 [121,122].
This means that the interaction contributions have to satisfy the general identity

v.m. Adj v.m.
Wy = WAl sy (6.9)
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where 6W3;™ denotes an evanescent correction: it vanishes for d = 4 and can be expanded in

power series of € = (4 —d)/2. As we will discuss in Section 6.1.4, upon renormalization, the

ultraviolet poles of the bare coupling constant gp can interfere with these evanescent terms,

producing finite higher-loop corrections. In particular, the renormalized expectation value at

three loops receives non-trivial contributions from the evanescent corrections §WV; ™.
Substituting (6.9) into (6.8), we find that

Wai, = WhE + Why + WS™ | where  Why = Wit - Wil . (6.10)

By definition, the interaction term W), is constructed by subtracting from W;%; analogous cor-
rections with R = Adj and consequently, it precisely encodes the difference-theory contributions
predicted by interaction potential (2.19) of the matrix model.

6.1.1 One- and two-loop corrections

At order g%, the expectation value of the half-BPS Wilson loop only involves the following
ladder-like contributions

W n = 7 (6.11)

where we depicted with a straight and wiggly line the tree-level propagators of the adjoint scalar
and of the gauge-field, respectively. In d dimensions, we find that !

(6(21)0"(22)), = 6 A(x12) |
<AZ(‘7:1)A?/($2)>0 = 5uuéabA($12) s (612)

where we introduced the notation x19 = x1 — z2, while the function A(z2) is given by 2
I'(1-¢)

Azg) = — -9
T e )

(6.13)

Expanding the Wilson loop (5.7) at order g%, and employing the free Wick contractions
(6.12), we obtain the following representation for the diagrams (6.11)

0.0 91230F 2 2 ..
W2”=T‘¢d T(R —x1'$2)A(aj‘12)

6.14)
2 C R (

_9B-r %dQTA(ZL‘lg) .

2
In the second line of the previous expression, we introduced the effective (tree-level) propa-
gator A(z12), which can be expressed in terms of trigonometric functions by employing the
parametrization (5.8), i.e.
I'(1-e¢)

A(z12) = By (4R2 sin? (%)) . (6.15)

'We perform the calculations in the Feynman gauge.
2This corresponds to the s = 1 case in (C.14), since in momentum space the tree-level propagator is simply

1/p?.
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Substituting (6.15) into (6.14), we can perform the integration over the contour by (6.23b).
The final result takes the following form

Wyt = g5 CrB1 (6.16)

_I"(1-¢) sec(ne)l(-ne)
Bn(e) = 8¢ T'(1+mne)l'(-2ne)

(6.17)

As we will shortly see, diagrams dressed with higher-loop corrections to the propagators can be
expressed in terms of the function By, (€) with n > 1.
6.1.2 Two-loop corrections

At two loops, the expectation value of the supersymmetric Wilson loop receives contributions
from the following class of diagrams

l b
(
|
)
d

which we will analyse in turn.

, : (6.18)

Ladder-like diagrams FExpanding the Wilson loop operator (5.7) at order g4B and employing
the tree-level propagators of the adjoint scalar and gauge field (6.12), we find that the two-loop
ladder-like diagrams can be expressed as follows

4
= gﬁB ﬁ)d‘lr ( Ccaab (A(z12)A(z34) + A(214) A(23) ) + C“b“bA(ﬂils)A(éUM)) ,

(6.19)

where the domain of integration D denotes the ordered region 71 > 7 > 73 > 74, the effective
propagator A(z) is defined in (6.15) and we introduced the SU(N) tensor

cabed = gy ertTer? (6.20)

Using the non-Abelian exponentiation of the Wilson loop [145,146], we find that (6.19) takes
the following form

1 i ~ -
=S )+ L (10, 7°))° f dtr B (a1 Ba) (6.21)

where W4 is the one-loop ladder-like contribution (6.16), while the second term in (6.21) defines
the so-called mazimally non-Abelian part of the diagram. This involves the trigonometric integral

2-d/2 2-d/2
fD dir (4 sin? %) (4 sin? %) , (6.22)
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which arises when we replace the effective propagators A (z) (6.15) with their explicit form and
employ the coordinate parametrization (5.8). The nested integration in (6.22) can be performed
in arbitrary dimension d by the Fourier expansion of the real even function 1/ sinm(%) [147],
i.e.

1 1 ad

W = §ao(04) + nz::lan(oz)cos n (6.23a)
an(a) = sec(ma)l(n + «) (6.23b)

IF2a)T(1-a+n)

Applying the identities (6.23) to the calculation of (6.22), we find that the nested integration
becomes elementary and (6.21) assumes a remarkably simple form

4 Cr(2N? - 3)
B 12N

1 CrNG

Wit =g B -ejp—s— +0(e)”, (6.24)

where the function Bj(x) (6.17) emerges from the ladder-like correction W4 (6.16), while the
term proportional to (3 arises from the maximally non-Abelian part of the diagram.

Interacting diagrams We now turn our attention to the interacting diagrams in (6.18),
starting from the contribution that involves internal virtual corrections to the propagators.

In the Feynman gauge, the expectation based on supersymmetry is that the one-loop prop-
agators of the gauge field A, and the adjoint scalar ¢ coincide up to spacetime indices. Indeed,
the detailed analysis of these corrections, reported in Appendix C, shows that

5ab92 Pubv
(p238 (5W - ;—2)7r(1)(p2) 7

(6.25)
Sab9% (1) (.2
oy T ADPT)
(r*) ¥
where the one-loop polarization operator 7(1)(p?) takes the following form
, 1 T(e) I'*(l-¢
M (p*) = -2irgh () I°(-o) (6.26)

p2¢ (4m)2 €D (2 - 2¢)

The previous expression only depends on the matter content of the theory through the Dynkin
index i of the representation R. This result is emphasised in (6.25) by the dashed lines, which
signal that only matter fields run in the virtual loop.

Substituting (6.25) into the second diagram in (6.18), we find that

(6.27)

Since the bubble-like contribution (6.27) is the only two-loop diagram with internal lines in the
representation R we denoted it by WJ according to the decomposition (6.8).
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Before analysing (6.27) in detail, we consider the third class of diagrams in (6.18), i.e
Wy = . (6.28)

The correction Wj™ only involves internal interactions associated with the N =2 vector mul-
tiplet and consequently, it is in common with N =4 SYM. In this theory, the diagrams (6.28)
were originally studied in [121], where it was shown that

In the previous expression, the internal bubble denotes the one-loop corrections to the adjoint
scalar and gauge field propagator in ' = 4 SYM, where we have a single adjoint hypermultiplet.
Consequently, this class of corrections can be deduced by (6.25) with R = Adj.

Let us observe that (6.29) provides a concrete realization of the relation (6.9) at two loops
with the evanescent correction 6W; ™ that takes the following form [121]

SWE™ = e gégj)]\ff gé;jf) [ ar@s < § @) Sg;f;f +O(e)? . (6.30)
In the previous expression, the notation was introduced for
Q = af(l-cosT2) + fy(1—cosTes) + ya(l —cosTi3) , (6.31)
dF =dadfdyé(l-a-8-7), (6.32)
e(7) =0(712)0(123) — 0(113)0(732) + permutations . (6.33)

The path-ordered integral in (6.30) is completely regular in the limit € — 0 and is evaluated
in Appendix C.4.1. Using (C.148), we find that

1 .
fo dF (afy)™ 95 437 5(7)S2;—f2lj = 1672 (3 + O(e) . (6.34)
Substituting this expression into (6.30) and expanding the prefactor about ¢ - 0, we finally
arrive at the following result

QBCFNCS

oWy o

+0(e)? . (6.35)

Finally, we discuss the bubble-like contributions in (6.27) and (6.29). By combining together
these corrections, we find that they take the form of difference-theory diagrams, i.e.

Wi = Wi - Wi = (6.36)
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This class of diagrams naturally arises from subtracting the corrections of the N' = 4 theory
from those of ' =2 SYM, and precisely describes the content of the interaction potential of the
matrix model (2.20). Consequently, one might expect that it provides a complete description of
the two-loop interaction contributions. However, this is not the case as it does not account for
corrections (6.28) which give rise to the evanescent term (6.35). In theories with a non-vanishing
B-function, such contributions become relevant: they interfere with the ultraviolet poles of the
bare coupling and yield finite effects at higher orders, whereas in superconformal setups they
can be safely neglected.

The contribution (6.36) involves the one-loop propagators of the adjoint scalar and gauge
field propagator in the difference-theory approach. The explicit form of such corrections is
obtained by subtracting from (6.25) an identical contribution with R = Adj, namely

Sabgp ( PuPv
Opw — L )H(l)(pQ) )

() \"
.- (6.37)
5abg%
2B 171 (p2)

(r?)
In the previous expression, we denoted by II(?) the one-loop polarization operator in the difference-
theory approach, i.e.

5, 1 T(e) T%(1-¢)
B p2e (47)2-¢T(2 - 2¢)
which depends on the coefficient By (1.25) of the S-function and consequently, it vanishes in

superconformal models. Switching to configuration space by (C.14) and expanding the Wilson
loop (5.7) at order g%, we finally find that 3

M (p%) = Bog (6.38)

2 C R
Wi =2EE § a2 A (o) (6.39)

In the previous expression, we introduced the one-loop effective propagator on the Wilson loop
contour

2 2
A (1) _ 9BPo T7(1—€) /5 \2
AT(m2) = 274=2¢ ¢(1 - 2¢) (+2)

2 2 2¢

r=(1-

_ st T1-¢) (4R2 sin? (2)) , (6.40)
27m4-2¢ ¢(1 - 2¢) 2

where to obtain the second line we employed the parametrization (5.8). Performing the integra-

tion over the contour by (6.23), we finally arrive at the following result

. Bo

Wi=§pCrPaBy, where Py(e)= ——s- 6.41

1= JpCr Py By, where Py(e) TonZe(1-20) (6.41)

captures the ultraviolet pole of the diagram and we recall that By is given by (6.17). Since P,

involves the coefficient 5y (1.25), it vanishes in superconformal theories.

Combining together the relations we derived in this subsection, we find that the two-loop
corrections to the observable can be written as follows

Cr(2N*-3) .5 4 3CPNG

Wy=ijp—— B2 §3Cp Py By — e

4=9B 19N 1 T9pLr 252 - ¢€gp 1672

3Let us note that the one-loop correction to the gluon propagator (6.25) involves the tensor structure Pupv. In
the bubble-like contribution (6.36), this is contracted with the tangent vectors &}'¢5 and, upon Fourier transform,
gives rise to total derivatives integrated over a closed path. These contributions obviously vanish.

+0(e)? . (6.42)
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6.1.3 Three-loop corrections

The calculation of the three-loop diagrams is significantly more involved and technical than its
two-loop counterpart. However, the logical steps are identical except for the fact that we do
not have to calculate the evanescent corrections since they contribute to four loops. This means
that we can apply (6.10) to cast the three-loop corrections as follows

We = Wy + Wi+ OCe) . (6.43)
The ladder-like diagrams Wg_g_ in d = 4 dimensions are captured by (5.19), i.e.

~ §SCOp(N*-3N? +3)
- 4608 N2

+0(e) , (6.44)

while the three-loop interaction contributions are encoded in the difference-theory term Wy =
Wéz - I/VéA 4 This consists of the following diagrams

(6.45)

To facilitate the analysis, we organise these corrections in three families of diagrams according
to the number of insertions on the Wilson loop contour.

Diagrams with two insertions We begin by considering the first contribution in (6.45).
This diagram is a single-exchange correction dressed with the two-loop corrections to the adjoint
scalar and gauge field propagator in the difference-theory approach. The relevant self-energies
are extensively discussed in Appendix C.1.2, while here we only present the final result. In
momentum space, it follows from (C.35a) and (C.35b) that

5ab.g2 PuPv
ﬁ(  — )H(2)(p2) :

o (6.46)

6abg%
@ (p?)
(p?)? (

where TI®)(p?) is the two-loop polarization operator. According to (C.36) and (C.44), the
polarization operator takes the following form

IO = 3 1D (1) (6.47)
=1

where we denoted with fi(Q)(e) a set of meromorphic functions of the analytical continuation
parameter €, which are explicitly given by (C.45) and depend on the matter representation R.
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Switching to configuration space by (C.14) and expanding the Wilson loop operator (5.7) at
order g%, we find that

(6.48)

where, in analogy to the corrections (6.14) and (6.36), we defined a two-loop effective propagator
on the Wilson loop contour
g5T(1-3¢) 1
3+4e2—€ -3e
23+4em2=e(1 + 2¢) (22,)

X 4
A® (z15) = > f¢(2) (¢)
i

6.49
gET(1 - 3¢) 1 (649

i-1 ‘ 23+er2=<D'(1 + 2¢) (4R?sin? %)_36 7

where to obtain the second equality we employed the parametrization (5.8). Substituting (6.49)
into (6.48) and performing the integration over the contour by (6.23), we find that

4
Wiy = 95 S F2) (6.50)
i=1
7@ _ f.(z)(e) CrI'(1-3¢)  sec(3e)'(—3¢) ' (6.51)
’ ! 23+4er—eT(1 + 2¢) T'(—6€)T'(1 - 3¢)
Finally, by replacing the functions fim)(e) with their explicit form (C.45), we obtain
Cri B
F1(2):— F2’R 253 +0(e)
872 e(1-2e)
F(2) _ _CF N PQB3
2 = 2 ’
1672 €(1 - 3¢)
F(2) _ CFN P233
3 = 2 )
3272 €(1+e¢)
@ _Ci 3@
== .52
4 N(47T)4+O(E) ) (65 )

where we recall that the functions By, (€) and P»(e€) are defined in (6.17) and (6.41), respectively,
while Cj is a colour factor which depends on the Dynkin index ix (B.2a) and the quadratic
Casimir Cr (B.2b) of the representation R as

Ci=2NCp (CRZ'R - (6.53)

Diagrams with three insertions We now turn our attention to the three-loop diagrams
with three insertions on the Wilson loop contour i.e.

(6.54)
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The first contribution describes the reducible corrections to the pure-gauge and gauge-scalar
vertex. It arises when we dress the internal lines of the diagram (6.28) with the one-loop correc-
tion to the propagators of the adjoint scalar and gauge field in the difference-theory approach
(C.28). The analysis of these diagrams is described in Appendix C.2 and closely resembles that
presented in [121] for the analogous one-loop corrections (6.29). The calculation shows that

QM—FNC?)) +

o . (6.55)

N
- g% (2F2(2) +2r® 4+ ZF®)
R

where we recall that the functions F 1(2) are defined in (6.52) and describe single-exchange con-
tributions at three loops (6.48). It is interesting to observe that the structure of (6.55) mirrors
(6.29). In that case, however, the term proportional to (3 involves an evanescent factor which,
according to (6.30), is generated by an integration over the contour. Conversely, in (6.55) the
(3 term is finite. The reason is that the diagrams (6.55) naturally come with an ultraviolet
pole associated with the one-loop self-energy which compensates the evanescent (3-like factor
generated by integration over the contour. This interference effect leaves a finite result.

The second class of diagrams in (6.54) describes the irreducible corrections to the pure-gauge
and gauge-scalar vertex in the difference method. These corrections are one of the novelties of
this analysis and are evaluated in Appendix C.3. The complexity of the calculation arises from
the structure of the internal interactions, which involves the famous triangle-like integrals [148].
These have to be integrated over a path-ordered contour in arbitrary dimension d due to the
presence of UV singularities. Although the computations are extremely technical, the final result
is remarkably simple, i.e.

.6 9CrN Bo(3

~ 2
= gﬁBFQ( ) +9p 984 (656)

The structure of the result is extremely similar to (6.55) and the meaning of the different
contributions is analogous as well.
By combining together (6.55) and (6.56), we finally find that

CrN By
iR 2674

N
e (—Fl(2) - —2p® - g3) +O0(e) . (6.57)

Diagrams with four insertions Finally, we consider the three-loop corrections in (6.45)
that involve four insertions on the Wilson loop contour. This class of contributions is obtained
by dressing the internal lines of the two-loop ladder-like diagrams (6.19) with the one-loop
correction to the adjoint scalar and gauge field propagator in the difference approach (C.28).
The intermediate steps of the calculation are reported in Appendix C.4, where we show that
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(C.133)

. Crp(2N%-3 333
= 3% ( FO 4 F(G—N)Bl(e)Bsz —CFstLWf) +0(e) , (6.58)

where we recall that Fég) is the three-loop bubble-like contribution defined in (6.52).

6.1.4 Renormalization

Combining together (6.50), (6.57) and (6.58), we observe partial cancellations between the
bubble-like contributions Fi@) (6.52) and the three-loop correction (6.43) takes the following
form

IN2-3 CGho Cp  3(s
B{BsP, - N + 4 +0(e)
1o 2874 N 2874Cp (c)

where we recall that the functions By, (€) and P»(€) are defined, respectively, in (6.17) and (6.41),
while the colour factor Cj is given by (6.53). Being combined with the one-loop (6.14) and two-
loop corrections (6.42), the previous expression allows us to derive the dimensionally regularised
observable at three-loop accuracy

Wi = §5CF (PQ?B3 + (6.59)

2N2-3
12N

3
W=1+§3CrB) +§5Cp ( B? + PyBy —eN 63 )

1672
N*-3N%2+3 2N2%2-3

!
. N 7¢380 3¢3Cy
4608 N2 6N

B1ByPy + PiBs - o 28W4NCF), (6.60)

+QBCF(

where we suppressed terms of order O(e€) as they are irrelevant for our analysis.

The expectation value of the supersymmetric Wilson loop (6.60) develops both simple and
double poles in the € — 0 limit, through its dependence on Py(€) and P$(¢) (6.41). Since the
operator is defined over a smooth curve, the singularities must be reabsorbed by the charge
renormalization [149-151] which, in terms of g = ggR®, is given by 4

g5 = g.(RM e 2148 ™Y 7 = (R Z,, (6.61)

where ~ is the Euler-Mascheroni constant, g. is the renormalized coupling evaluated at the
renormalization scale M, namely the mass scale used to regularise the matrix model on S*, while
Zg, (€) encodes the so-called subtraction terms. These can be easily calculated by employing the
explicit expression of the S-function (1.25). We find that [23,24, 144]

B 9« dt (et + 5(t)
Zg.(€) —eXP(—/O 7w)

(6.62)

=

2\~ 2
= 1+ﬁog* :1_ﬁog* +o...
1672€ 3272e

“In (6.61), we included the exponential factor e~ 2 (374108 ™) ¢4 remove scheme-dependent contributions.
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The renormalized Wilson loop average is obtained by replacing in (6.60) the bare coupling
gp with the renormalized one g, and taking the limit € — 0, i.e.

W, = 1in6W(gB)| (6.63)

an=g+(RN ) 2y,
As a result, the overall dependence on the renormalization scale M vanishes and W, satisfies a
Callan-Symanzik equation [23]. This constrains the dependence of the observable on M, g. and
R, making these parameters appear in the running coupling constant g (2.27).

To see this more explicitly, we begin by examining the terms

95Cr (B1+ g5 PaBa+ G5 Py Bs) (6.64)

To proceed with the computation, we use (6.17) and (6.41) to expand the functions B, (¢) and
P, (e€) in the limit € - 0 and we replace the bare coupling constant in (6.64) with the renormalized
one (6.61). Using the explicit expression for the subtraction terms Z,, (¢) (6.62), we find that
the final result is finite in four dimensions and takes the following form

. ~2 ~2 ~4d D2
lim 35(B1 + 33 P2Bs + 5 P5 Bg)‘ngg*(RM)eZg*

. R
:Z*(l—,é’ogzlogM2R2+ ng((logMQRQ) +?))+O(g§)

2
- gZ +0(g®) + O(log? RM) , (6.65)
where we recall that 3y is the one-loop coefficient (1.25) of the S-function, while g is the running
coupling constant (2.27). To obtain the last equality, we exploited the fact that the radius of the
Wilson loop, identified with the radius of S* under the stereographic projection (see Fig. 5.2),
has to satisfy the condition (2.29). As a result, the logarithmic contributions log RM, associated
with the short-distance behaviour of the theory, grow and dominate over the constant term of
order (’)(log0 RM) in the second line of (6.65). To keep the perturbative expansion under control,
these logarithmic corrections must be resummed into the running coupling g, as predicted by
the Callan-Symanzik equations [23].

Repeating the calculation for the divergent terms proportional to the colour factor (2N?-3)
in (6.60), we find that

4
lim g% (B2 +26% By By P . =L L0 . 6.66
lim gy (B + 29751 B2 P2) \ng*(RM) 215106 (6.66)
As we anticipated, the result is free of divergences and all the singularities were reabsorbed

via the charge renormalization (6.62). Finally, we consider the regular corrections in (6.60).
These are proportional to (3 and contribute to the renormalized observable as follows

4 (-2Cs 3¢ CrNG Bo .o

. CrNG - 4Cy 3G3
a 93(93N287r4 1672 (3€+7167T293)) N

2874 g N 2874

=-¢°Bo

in=g+(RM) 7,

(6.67)

Crucially, the term proportional to §y arises from an interference effect between the evanescent
contribution 3¢ and the ultraviolet poles of the bare coupling encoded in the subtraction terms
(6.62). Importantly, the interference is only sensitive to the short-distance properties of the
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theory, as it involves ultraviolet poles, and consequently, we expect that the contributions to
the observable associated with these effects take the same form in flat space and on the sphere.
Indeed, collecting all the results we derived in this subsection, we find that the renormalized
observable within the regime (2.29) is given by

W, =W, +g6C_i 3¢3 — SCENB i+0(g8)
T 0TI N 984 FE 098
6
9°GC .
= Wo(g) + 29:;417’ (12(Crir ~ N*) + NBo) +... , (6.68)

where W was introduced in (5.19) and to obtain the second line we replaced the colour factor C
with its explicit form (6.53). As anticipated, (6.68) precisely matches the three-loop prediction
of localization (5.22) within the perturbative regime (2.29). Although restricted to this range,
the agreement of the calculation in flat space (6.68) with the results on S* provides a non-trivial
extension of the localization results beyond the usual conformal settings.

6.2 Chiral correlators in perturbation theory

We now turn our attention to the calculation of the two-point function (6.80) in flat space. For
this class of observables, we can employ the A = 1 superfield formalism ° [30,60,62,152-155] to
simplify the analysis.

In this approach, the adjoint scalar field ¢(z) of the N = 2 vector multiplet corresponds to
the lowest component of an adjoint A/ =1 chiral superfield ®, i.e.

é(z) = (x,0,0) , (6.69)

6=0=0

where 0 and 6 are complex-valued Grassmann coordinates. Similarly, the complex conjugate
scalar ¢(x) sits in an anti-chiral adjoint superfield, i.e.

o(z) = d'(z,0,0) (6.70)

0=0=0

The dynamics of an SU(N) N = 2 vector multiplet (1.20) can be described through the
N =1 formalism by combining together an N = 1 vector and an adjoint N =1 chiral superfield.
In Euclidean space, the gauge-fixed action takes the following form 6

Syange = LQ( [ dzdou(wew,) +h.c.)+2 [ dwd?d0 a2V of 02V o)
895

(6.71)
- %fd‘*z %0 d%0 tr(D>V D*V) |
where W, is the chiral superfield-strength of V', namely
W, = _% D2(e-29VDa e2gv) , (6.72)

SNote that the superfield formalism cannot be applied to the perturbative calculation of the supersymmetric
Wilson loops (5.7), as it is not manifestly expressed in terms of fundamental superfields.
5We summarise in Section A.1 our convention for the integration of Grassmann variables.

81



CHAPTER 6. CHIRAL CORRELATORS AND BPS WILSON LOOP IN PERTURBATION THEORY

with 9 5
Da = +% + iago.ﬁaau s Dd = —&W - ié?aagdau . (673)
The last term in (6.71) implements the gauge fixing, with £ = 1 corresponding to the Feynman
gauge '. With our conventions, the action Sgauge, as well as the matter actions we will shortly
describe, are negative-definite and consequently, they appear in the path integral as o Jzanse
Expanding the superfields on a basis of fundamental generators t* of SU(N) as V = V%,
and ® = ®%,, we find that the action (6.71) up to second order in V' with £ = 1 becomes

Sange = [ 2 d0d%0 (- VOV 4 @100 4 2igp fI pVI0C 2] pote et gl g s
(6.74)
where f%¢ are the structure constants of SU(N) (B.1).

In the N = 1 language, the dynamics of an N = 2 massless hypermultiplet in an arbitrary
representation R of the gauge group consists of two chiral multiplets Q and Q transforming
in the representation R and in the conjugate R*, respectively, together with their anti-chiral
partners QT and Q. The action for these massless hypermultiplets is

S = fd4xd29d2§(QT 298V () 4 @e*%BV@T) + (i\/éngd4xd29©<bQ 4 h.c.) . (6.75)
which, up to second order in V', explicitly reads

So = [ d'ad0 40 (QLQu+295 QLV TS, Qu+29% QLV T,V 'TL,Q.
+QuQl - 295Q, VT Q1 +2¢% Q, VT, VTS QF + -
+iV295 QuO°TE,Qu 0% - V295 Q|01 T5, (1 6%) . (6.76)

In the previous expression, u and v are the indices of the representation R, i.e. u,v =1,...,dimR.

In the N = 1 superfield formalism, we regularise Feynman diagrams in superspace by first
integrating over the Grassmann-valued coordinates in four dimensions and subsequently, con-
tinuing the resulting momentum integrals to d = 4 — 2e dimensions [60,62,144,156]. Most of the
diagrams we will consider in what follows were originally calculated in [144], where the authors
studied the correlators (6.80) in non-conformal N =2 SQCD. Here we generalised those results
to theories with massless matter in an arbitrary representation R, by including novel classes of
diagrams that were not considered in [60].

Before entering the analysis of the chiral correlator (6.80), we report the explicit expression
for the propagators in superspace. These are a straightforward generalization of those considered
in ordinary spacetime and can be extracted from the actions (6.74) and (6.75). For instance,
the free propagators of the N' =1 vector and N =1 chiral superfield take the following form

Sub o
- —7”9520%2A(x12) , (6.77a)
V() Vb (22)
—>——— =0apA(21,22) , (6.77b)
() @T’b(zg)

"While in general the gauge choice (i.e. different values of € in (6.71)) is a matter of taste, in a supersymmetric
field theory the choice of the Fermi-Feynman gauge (£ = 1) is obligatory, since otherwise the auxiliary field in the
vector multiplet with zero canonical dimension has a logarithmic propagator. Note that Sgauge should contain
also a ghost contribution, which however is not relevant for our calculations, and thus we omit it.
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where A(z) is defined in (6.13) and we introduced

d ip-
A(zi, z5) = ol (0:0 054030 0;-20;0 0;)-0s, d% e?*
N O
— ei(Oio 97;+9]‘0' 9j72 01'0' 4‘)])8:,31 A(l’@]) . (678)

In the previous expression, we introduced the notation z; = (2, 6;,6;), the intertwining matrix
o is explicitly given by (A.6), while to obtain the second equality we performed the integration
over p and expressed the result in terms of the massless propagator A(z) (6.13).

Analogously, the Feynman propagators for the A = 1 matter superfields are given by

—————— - = 6uwA(21,22) , (6.79a)

R B, = SuuA (21, 22) . (6.79b)
Q" (21) QM (22)

Organizing perturbation theory In theories with a non-vanishing S-function, the (dimen-
sionally regularised) correlator (6.80) takes the following form [144]

(03(2) 0 (0) ) = Grm (98, 7, €) A™(2) S (6.80)

where A(x) is the massless scalar propagator in d = 4 — 2¢ dimensions (6.13), while the function
G, depends non-trivially on the spacetime separation of the operator, signalling the presence
of anomalous dimensions. In perturbation theory, it can be expanded in powers of gp as follows

Grnm(9B,T,€) = g%” Gg?h[l + Z gjzgk gé’%(q:,e)] , (6.81)
k=1

where we factorized the tree-level contribution Ggl)ﬁ (5.27) while gé’f% denotes the corrections
at k loops. When the notation is not ambiguous, we will omit the dependence on 71 and M.

Following the approach developed in Section 6.1 for the supersymmetric Wilson loop, we
decompose the loop corrections G (k) as

G" =g® + g (6.82)

where g%k ) and gé’% capture, respectively, the diagrams with internal hypermultiplet lines in the
representation R and those involving vector-multiplet lines only. Of course, the decomposition
(6.82) also holds for N' = 4 SYM, which can be seen as an N = 2 theory with an adjoint
hypermultiplet. This means that in the maximally supersymmetric model we can write (6.8)
with R = Adj. On the other hand, it is well-known that in N' =4 SYM the loop corrections to
the correlator (6.80) identically vanish in d = 4 and consequently, we must have

gtk = -G + oG, (6.83)

where Q/(Qj captures all the corrections with internal hypermultiplet lines in the adjoint repre-
sentation, while the second term is an evanescent correction in four dimensions.

In a generic N = 2 gauge theory, the contribution arising from the N = 2 vector multiplet
Q\(,krfl is in common with A/ =4 SYM and consequently, we find that

g g _ gt + 5g® = g'®) 4 yigh) (6.84)
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where ¢’ *) encodes the usual difference-theory corrections, analogous to those encountered in
the analysis of the supersymmetric Wilson loop.

For non-conformal N = 2 SQCD, the functions G' (k) were computed in [144] for k = 1,2, while
the evanescent corrections §’G *) are a novelty. In what follows, we generalised the calculations
of [144] to an arbitrary matter representation R, and show that, by including interference effects
between the evanescent contributions and the UV poles of the bare coupling, the renormalized
correlators perfectly match the localization predictions up to two loops.

6.2.1 Tree-level

At tree-level, we find a unique diagram which can be simply computed by using the free propa-
gator of the adjoint scalar field (6.12). Going through the calculation, we obtain

(0a(@)On(O))] = = 0 = 95 GL% A (@,€) S | (6.85)

tree

where we recall that Gg)?)ﬁ is given by (5.27). The previous expression encodes tree-level correc-

tion to the correlator (6.80), which is regular in four dimensions and matches the structure of
(6.81).

6.2.2 One-loop corrections

At one-loop accuracy (k = 1), the two-point function (6.80) receives contributions from the
following classes of diagrams

0, x@O, x@o, (6.86)

where the internal interactions involve the propagation of wvirtual N' = 1 superfields. More
precisely, the dashed and dotted lines represent, respectively, the A = 1 chiral superfields in the
representation R and R*, which give rise to the A = 2 matter hypermultiplets, while the wavy
line denotes the propagation of the N =1 vector multiplet (1.19) sitting inside the N = 2 vector

multiplet (1.20). In terms of the decomposition (6.8), the first diagram accounts for g“), while
the second and third diagram yield Q\(,lrll
We can conveniently combine together the first two contributions in (6.86) and represent

their sum as
. a 0, (6.87)

where the grey bubble stands for the one-loop correction to the propagator of the adjoint scalar.
Thus, our task is to evaluate diagrams dressed with a one-loop scalar self-energy and with an
internal vector exchange.
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Diagrams with a one-loop correction to the propagators The one-loop correction to
the scalar propagator in the N = 1 superfield formalism receives contributions from the following
diagrams

T, a 0,b r,a v 0,0 x,a 0,b
= = . (6.88)

To simplify the calculation, we observe that in the A/ = 1 superfield formalism the total one-loop
correction to the scalar propagator N' = 4 SYM identically vanishes in any dimension . As a
result, we can write

- - : (6.89)

where the loop on the right-hand side is associated with the hypermultiplet in the adjoint
representation. Substituting the previous expression into (6.88), we find that

.-
z,a 0,b T,a v 0,0 z,a 0,b
> > -

z,a 0,b
OV o807

where we employed the familiar double dashed/continuous line to emphasise that this combina-
tion of diagrams is a difference-theory contribution and defined

(6.90)

(rx2)¢ T'(1-¢)

Pl = e 1 2e)

(6.91)

where [y is the S-function coefficient (1.25). This function exhibits a UV divergence, associated
with the pole in €, and vanishes in superconformal models where §y = 0.
Using (6.90), it is straightforward to find that

x “ 0 = g%n+2nv271(l‘,E)G%?%An(l‘,e), (6.92)

where n is the symmetry factor corresponding to the insertion of the bubble in each of the n
propagators. According to the decomposition (6.84), we have

G\ (@, €) = nuai(x,e€) (6.93)

since (6.92) is a pure difference-theory contribution.

8This is a peculiar feature of the A = 1 superfield formalism, which maintains manifest supersymmetry. In
contrast, working in the Wess-Zumino gauge, as we did in Appendix C, the propagator of the adjoint scalar field
receives non-trivial contributions from the matter sector. These different results are expected as propagators are
not gauge-invariant quantities. For a more advanced analysis of these effects we refer to [157-161]
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Diagrams with internal vector lines We finally turn our attention to the rightmost diagram
in (6.86). Since this correction was not considered in [60], we present a detailed derivation of
the calculation.

To begin with, we consider the building block diagram

z,aq O,bl
= puehibz(g) (6.94)
x, a2 O,bQ

which arises from the cubic interaction ®'V® of the pure-gauge action (6.74). In particular, by
employing the propagators in superspace (6.77), we find that

naiazbibz _ —Ng,Q3 C’“la?ble[dzgdz4 932,4 53%4 A(z3,24)A(x, 23) A, 24) A(23,0) A(24,0)
= g5 C1 N2 N () (6.95)

where the functions A(z;,2;) are defined in (6.78), the integration measure dz is given by
dz; = d*x; d%0; d20;, while the colour structure of the diagram is encoded in the SU(N) tensor

Ca1a2b1b2 — _% falb1c fCLQbQC ] (696)

To proceed with the calculation of (6.95), we replace the functions A(z;, z;) with their integral
representation in momentum space (6.78) and we obtain

B d d d —204p04 ipx
EZ_N_/d294d292/ dpddkdd£d22 - 2 - 2 2
(2m) (2m)d (2m)d L2 k2 (L-k)? (k+p)2 (L +p) (6.97)
d?% d% A% p? elP?

- (2m)d (2m)d (2m)d 22 (0 - k)2 (k+p)2 (£ +p)?

where to obtain the second line we integrated over the Grassmann variables 6, and 64 by Taylor
expanding the exponential factor. The resulting integrations over the momenta k& and ¢ are
considered in Section C.1. In particular, using (C.12) and (C.13), we finally find that °

3N (e (2?)T(2 - 3¢)
412 g2+ (1 - €)2T(1 + 2¢)

Y(z) = eg1(w,€) A%*(2,€) with egy(2,¢€) = (6.98)

Combining together (6.98) with (6.94) and exploiting the fusion/fission rules of SU(N) to
compute the colour factor of the corresponding correlator as explained in [144] ) we obtain

x 0 = g5 nes(z,€) G A" (z,¢) . (6.99)

9We checked that the expansion around € — 0 in (6.98) coincides with the result reported in [162].
10Gee in particular Eqs. (2.36)—(2.39) of [144].
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This is an explicit realization of an evanescent contribution and thus, according to (6.84), we
can write

G\ (w.€) = —nean(z,e) - (6.100)
Combining together (6.93) and (6.100), we find that the total one-loop result is given by

G (2.€) = G (@) + 3G (2,€) = nlva (2,€) — e (w,€)] - (6.101)

The previous expression confirms that, up to evanescent terms, the one-loop corrections are
encoded in the difference-theory term g- 7 g1ven in (6.93). At two loops, we exploit this fact to
reduce the number of diagrams we have to compute.

6.2.3 Two loops

We now consider the two-loop contributions (k = 2). Since we are interested in computing
correlators up to order g2"+4 we can focus on the difference-theory terms and discard the two-
loop evanescent parts which only affect the result at order g%"+6. Most of the difference-theory
diagrams at this order were already computed in [144] for the non-conformal N' = 2 SQCD.
In what follows, we will generalised these results to a generic representation R, including the
one-loop evanescent factor e 1(x,€) that was not considered in [144].

Diagrams with one-loop propagators At two loops, the correlator (6.80) receives contri-
butions from diagrams in which lines are dressed with the one-loop self-energy (6.90). We find
two distinct classes of corrections. The first one takes the following form

A 1
TS NE i N e

where the symmetry factor n(ngl) encodes the combinatorics of the possible bubble insertions,
while the second class of corrections is described by

Sanms e
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nv%,l(:v,e)G,%?,)ﬁ A" (z,€) (6.103)
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Diagrams with two-loop corrections to the propagators The two-loop correction to the
scalar propagator is described by the following diagrams evaluated in [144]

TRt

x,a 0,b x 0,b x,a
= +
(6.104)

+ »—‘—» +

_ 4 ab

= gpv22(x,€) A(z,€) 67,

where
(71':82)26

Nﬁo) NG I?(1-¢)
4 42 (1-2¢)(1+¢)

oo (z,€) = [6 @,(CR in - N?+ +O(e) . (6.105)

(8m2)?

In the previous expression, Cr denotes the quadratic Casimir of the representation R (B.2b). For
the specific matter representation (5.15), the overall coefficient of (3 inside the square brackets
becomes

_3(& . Nuo(N -2)(4+2N - N?) N N,(N +2)(4-2N - N?) +N2) |

(6.106)
2N 2N 2N

which reduces to the one given in [144] for SQCD. Notice that the term in (6.105) proportional
to (3 is regular when € — 0, while the second term proportional to NGy exhibits a double pole
in e. Using this result, it is immediate to find that

T “ 0 = g%"%nvgg(:c,E)G%OT)?LA"(x,e), (6.107)

where n is the symmetry factor of the diagram.

Diagrams with internal vector lines and one-loop self-energies At two loops, the cor-
relator (6.80) receives contributions also from diagrams involving vector-multiplet propagation
and a single self-energy (6.90). These contributions can be organised into two distinct families
according to the insertion of the self-energy. For instance, when dressing with the one-loop
correction (6.90) the lines of the diagram (6.94), we obtain the contributions originally analysed
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in [144], namely

Z,a; 0, b1 T,a1 0, b1 T,a1 0,61
P NI
€T, a2 0, by Z,az O 0,0, Z,az 0, by
(6.108)
€, a1 O, bl
+ % = g4B (o1 azbrb va2(z,€) A2(:U, €) 4.
Z, a2 O 07 b2
Here, the colour tensor is defined in (6.96) and the function vy 2(x,€) is given by !
(rw?)2 21 (3 I2(1-¢)
,€)=—F—=N + +0 . 6.109
v12(, ) Gz VO S T i (e o (€) (6.109)

Finally, the ellipses on right-hand side of (6.108) stand for terms that are anti-symmetric in
(a1,a2) and (b1,bz). Since they do not contribute when this sub-diagram is inserted in a chi-
ral /anti-chiral correlator, they can be neglected. Using this result and the fusion/fission identities
of SU(N) to compute the overall colour factor, we find

Y Y i 6

The second class of contributions arises from diagrams where the one-loop correction is
inserted in one of the scalar propagators that are not involved in the vector exchange, i.e.

T % 0 =—gu**n(n-2)va1(x,€)eas(w,€) Gg??)h A" (z,€) . (6.111)

The overall symmetry factor can be explained as follows. The sign and the coefficient n are
analogous to those appearing in the vector-exchange diagram at one loop (6.99), while the
factor of (n —2) arises from the possibilities of inserting the one-loop self-energy in each of the
(n — 2) remaining propagators. Importantly, the function appearing in (6.111) is finite in the
limit € - 0, since the pole of vo1(z,€) (6.90) is compensated by the evanescent term ey 1(z,€)
(6.98). Therefore, this contribution is regular at this order.

1n [144] this function is denoted by vig)(;c,e) and contains also a factor of g% which instead here we have
explicitly put in front of the whole amplitude.
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Diagram with a scalar box The last two-loop correction to the correlator (6.80) we have
to consider corresponds to diagrams with an internal loop of hypermultiplets in the difference
theory [62,144]. The basic building block is

€, a1 0,01 T, a1 0, as
- B = gy Ot 5 (2, €) A%(x,€) |
Z, a2 Oab2 I,bl - - O,bg
(6.112)
where we recall that the tensor C 21920182 ig defined in (5.31b), while the function Ty 2 (z, €) is 2
2)25
Tyo(x, € 3¢+ 0(e 6.113
12(w,€) = (8 ) G+0(e) . ( )

Inserting this diagram in the two-point correlator, we find

@ 0 0 = g2 Tyo(x,€) Grm A" (2, €) | (6.114)
v

where we recall that Gy 7, is defined in (5.34).
Combining all two-loop contributions together, we obtain

n(n+1

G (z,€) = %vgl(x €) +nfvaa(x,€) —vaa(z,€)]

G‘ (6.115)

-n(n-2)vg1(x,€)ez1(x,€) +Dya(x,€) —~— +O(e) .

Gﬁ,m
These terms define the difference-theory part G'(?), while the O(e) term is the two-loop evanes-
cent contribution 6’G(?). Since this is relevant only at the next perturbative order, its explicit
expression is not needed. Note that the combination [vg2(x,€) —v42(z,€)] is finite when e — 0,
as it follows from (6.105) and (6.109). This means that the UV singularities are entirely encoded
in the one-loop function vy 1(z,€), as expected from the one-loop exactness of the S-function.

6.2.4 Renormalized correlators

Collecting all contributions up to two loops, we find that the correlator (6.80) is given by

2n
g
Gam(gs,7.€) = GLY, [ e —gF " ey (x,€)
(1—93’0271($,6))

b g2 [y 5(2,€) — van(x,€)] - g2 0 (- 2) 021 (2, €) €21 (2, €)

—_

n g n+
-w%%mxxoG@] +O(g5™) - (6.116)

12In [144], the function Ty 2(z, €), originally computed in [62], is denoted by vig) and contains also a factor of
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In the previous expression, the terms proportional to g%”*‘l are finite in the limit ¢ — 0, while

the UV singularities are captured by the geometric progression
1
(1 - g% vo.1(z, e))n

To remove these divergences, we follow the procedure outlined in Section 6.1.4 for the super-
symmetric Wilson loop case. We introduce the renormalized coupling constant g. according to
(6.61) and we define the renormalized correlator G ., as 13

1
=l+nghvay(x,e)+ §n(n +1) ghvar(z,e)®+... . (6.117)

G = im G (9, 2, €| ) (6.118)

gp=g+ M Zg,

where we recall that Z,, is defined in (6.62), while M = Me_%(gwﬂogﬂ), with M being the mass
scale we employed to regularise the matrix model on S*.

Going through the calculation, we find that the e-poles of Z,, (6.62) precisely remove those
appearing in (6.117), leading to a finite result in d = 4. Indeed, we find that

2 n
. 2n
= =g, , 6.119
(1 -g2 1522 log(M2x2)) ‘ ( )

an
lim 5 B -
e~0 (1 - gB ?)2’1(1', 6))

9B=9gx fi¢ Zg,

where g, defines the running coupling evaluated at the energy scale 1/|z|. Furthermore, using
(6.98) one can show that

_ 2na B3NGB0

= +1) +O(g>%) . 6.120
onmgn i Zy. - 1 n(n+1)+0(g2"*°) ( )

lin% g5 neg (, e)|
€—>

Here we explicitly see that the one-loop evanescent contribution ez; (6.98), upon renormal-
ization, produces a finite term at two loops. Finally, as already anticipated, the remaining
contributions in (6.116) are regular in the limit € - 0. So for them we can safely set € = 0 and
replace the bare coupling with the running one g, (6.119) and we find that

2n+

N
lir%gB g1, €)eqr(x, e)| _ g2 3NGfo +0O( 2n+6) . (6.121)
e~ g

B=9x Me Zg* £ 647T4 r

The two contributions (6.120) and (6.121), produced by the evanescent function es 1, are new
with respect to the analysis of [144]. Being combined with the other corrections, they allow us
to determine the renormalized correlator (6.118) at two loops, i.e.

2 2
Ghm =02 GOL |1+ () 36080 + 06D | (6.122)
) n,m 8772 n,m
where
C(Q) -9 (C i _NQ) + gﬁ,ﬁz
n,m R'R SOZ ) (6123)

with Gy 7, defined in (5.34). We would like to remark that in (6.122) there is a hidden dependence
on x since the running coupling g is evaluated at the scale |z|. Of course, in conformal theories,
where By = 0 and the coupling does not run, this dependence is absent.

13For composite operators a separate renormalization function is in general required. The reason why in our
case we can reabsorb all singularities with the subtraction terms Z,, (6.62) is because the operators Oy have an
overall factor of g5 as one can see from (5.9).
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Finally, to connect the results in flat space with those on the four-sphere S*, we recall that
the operator separation || is related to the radius R of S* by the relation |z| = 2R (see Fig. 5.3).
Using this information and taking into account the perturbative regime (2.29), we find that

g2 =9"+O(log"(RM)) , (6.124)

where we recall that ¢ is the running coupling constant evaluated at the scale 1/R (2.27). Sub-
stituting (6.124) into (6.122), we find that the final results coincide with the matrix model
predictions (5.35). As in the Wilson loop case, the agreement is strictly limited to the pertur-
bative regime (2.29). As we already remarked several times along the discussion, outside this
range the observable receives additional infrared corrections of the form C,, (AR)", with A being
the strong coupling scale (1.26), that we expect to be different in flat space and on the sphere.
For completeness and to facilitate the comparison with existing results in the literature, we
provide the explicit expressions of the renormalized correlator (6.122) for the lowest dimensional
operators when the representation R is (5.15). Evaluating @m (5.34) and using the results in
(5.28a), we obtain
AN (Y 3y an? -3y 10w 6.125
5 +(@)W[ F(2N7=3) - (6.125a)

G§,2 =g

+ No(N =2)(BN? 6N —12) + N,(N +2)(5N? + 6N - 12)] + (’)(gG)} ,

G§3:g63(N2_1)(N2_4) {1+(9_2)2 9¢3

2 3
N 22 ﬂ[Nf(N -3)-4N (6.125b)

+2N,(N? —4AN? +12) + 2N (N? + 4N? - 12) ] + (9(96)} ,

6.3 Discussions and Future Directions

In this third part of the thesis, we have addressed the question of whether and to what extent
supersymmetric localization on the four-sphere can be extended beyond the usual conformal se-
tups in flat space. We focused on N = 2 super-Yang—Mills theories with massless hypermultiplets
and a non-vanishing S-function, where classical conformal symmetry is dynamically broken at
the quantum level.

Within this framework, we evaluated two classes of observables: the expectation value of
the half-BPS Wilson loop (5.7) and the correlation functions of chiral operators (6.80). Our
analysis shows that, within the specific regime of validity (2.29), the (3-like contributions arising
from the interaction potential of the matrix model on the four-sphere S* precisely reproduce the
perturbative results obtained in flat space.

From the field-theoretic perspective, this agreement originates from interference effects be-
tween the ultraviolet pole of the bare coupling and certain evanescent terms. The corresponding
contributions to the observables are sensitive only to the short-distance structure of the the-
ory, thereby explaining this highly non-trivial matching between localization and perturbative
computations.

Based on these consistency checks, we can conjecture that the localization matrix model
correctly captures protected observables within the regime specified by (2.29) even in N = 2
SYM theories with massless matter and a non-zero S-function. This opens the door to using the

92



6.3. DiscusSIONS AND FUTURE DIRECTIONS

matrix model as a tool for deriving new non-trivial results in such theories. We mention two of
them below.

Higher order diagrammatic computations: Computations in the matrix model are less
intricate than in field theory and we can probe higher perturbative orders without much effort.
For instance, in the diagrammatic approach, we can take into account the sextic vertex in the
interaction action (2.20), namely

f a

2 \3 C
e b = (#) gttt (6.126)

d c

where ég‘b“l“"f =Ty (T(“TbTCTdTeTf )) is a completely symmetric tensor of rank six that gener-
aliseds the one in (5.31a). This diagram can be used to predict the (5-like contributions to the
observables. For instance, in the case of the chiral two-point function (Oﬁ(a) (’)ﬁl(a)) we find
that the matrix model predicts the following corrections

where we recall that black dots represent the two operators Oz and Op,. Keeping track of the
combinatorics of the Wick contractions in the three diagrams, we find

2

(9_)3C5 n][@n(n _ 1)(n _ 2) Rglagagcl...cn,g R€1b2b361...cn,3 6a1a2a3b1b2b3
872 13 n mn s

_ 11a2C]...Cn—2 Pb1baci...Cn_2 ANaiasbibadd
+30n(n-1) R R C

+30n RACenmt Rhict ooy Genbiddee | (6.128)

This matrix model prediction could possibly be checked against direct Feynman diagram com-
putations in the superfield formalism for which a computerized approach suitable for this kind of
correlators has been proposed in [155]. It is however rather difficult to push Feynman diagram
computations at even higher orders, while it is straightforward to extend the calculation by the
matrix-model approach.

Specializing the tensors R; and Ry, and evaluating the tensor Cy for a given matter repre-
sentation R, we can easily derive explicit results. For instance, if we consider the low dimensional
operators Oy and O3z in SQCD with Ny flavors (and N, = N, =0), from (6.125a), (6.125b) and
the above formula (6.128), we get

N?2-1 2 \2 3¢
_ 4 g 3 2 3
Ga2=9 5 {1+(—8w2) N [Nf(2N? - 3) - 10N?]

‘(8%)3 ?V_Cg[Nf(N4—3N2+3)—14N5]+0(98)} (6.129)
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and

G33=g"° BN - DN -4) {1 + (9—2)2 963 [Np(N?-3) - 4N?]

SN sr2) 2N
2 .3 5
- (89?) —4;52 [N;(6N* —31N? +53) - 56N°] + 0(98)} .

For the dimension 4 operators, we have

GZA =9

g (N?-1)(N*-6N?%+18) {1+< g* )2 6 (3
N(

AN? 872) N(N1_6N2+18) "

x [N (NO-8N"+45N?-81) - ANT+12N"~54N?

+ Ny (N -2)(2NS—4N°-14N*+36 N3 +99N? 162N —324)

+ N, (N + 2)(2N6+4N5—14N4—36N3+99N2+162N—324)]+(’)(gﬁ)} :

8
Z,(2,2) =g

X

G| =
(2:2),(2,2) =9 9

X

(NVDENS8) [ 3G
ON { +(8?) N(2N?-3)

[Ny (5N*-18N2+27)+18N5-22 N
+ N, (N -2)(11N*-18N3-45N?+54N +108)

+ Ny (N +2) (1IN +18N3-45N2-54N +108) | + (’)(96)} :

N*-1 2 \2 3CG3(N?+3
R N

x [Nf (2N?-3) = 10N3 + N, (N - 2)(5N2-6N -12)

+ N, (N + 2)(5N2+6N—12)] 4 O(gﬁ)} .

For the dimension 5 operators, we have

*
G5,5

_ 10 5(N?-1)(N?-4)(N*+24)

X[Nf

+ N,

+ N, (2N7+8N6+12N5+8N4+24N3+192N2—1152)] + O(gG)} :

*

G5,(3,2) =9

(if 15G
32N3 82/ 2N(N4+24)
(NS+N*+24N%-144) - ANT-24N°—48N3

(2N7-8N®+12N°-8N1+24N3-192N?+1152)

0 BN (|t 3G
162 872/ N(N2-2)

x [Nf (N*-14N%+30) + 10N®-12N°
+ N, (6N5—24N*-5N3+112N?-240)

+ Ny (6N+24N1-5N3-112N2+240) | + (9(g6)} :

94

(6.130)

(6.131)

(6.132)

(6.133)

(6.134)

(6.135)



6.3. DiscusSIONS AND FUTURE DIRECTIONS

2_ 2 _ 2 2 2
Glym 52y = 9 3(N"-1)(N”-4)(N=+5) 1+(9_) 3G
23, 16N 82/ 2N(N2+5)
x [Nf (5N*+37N?-150) - 22N°-194N* (6.136)

+ N, (11N°—40N*+97N3-296 N +1200)

+ N, (11N5+40N4+97N3+296N2—1200)] + (9(96)} :

Large-N and strong coupling analysis: The matrix-model description leads, for certain
classes of conformal N = 2 theories, to powerful results in the large-N 't Hooft limit in which the
coupling A = g2 N is kept fixed while N tends to infinity [58,72,77,100,108,139,140,163-167]. In
these cases, the A\-perturbative expansion of correlators involving single-trace operators can be
resummed and even continued to strong coupling, allowing us to compare the result with dual
holographic descriptions [65-67,82]. In the light of our analysis, it is natural to pose the question
of whether such strong-coupling results can be extended to some classes of theories with non-
vanishing S-function. Let us note that in the 't Hooft limit the coupling g must be sent to zero
in order to keep A constant when N — oco. The scale 1/R must therefore satisfy (2.29), meaning
that we can neglect the instanton contributions and consider just the perturbative interaction
action as we did here. This is a very interesting direction since it could lead to new insights into
the holographic description of theories with a non-vanishing S-function.
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Chapter 7

Conclusions and outlook

Conclusions

In this thesis, we presented several results regarding A = 2 supersymmetric gauge theories in four
dimensions, encompassing both conformal and non-conformal models. The extended, though
not maximal, supersymmetry of these theories allows for non-trivial low-energy dynamics while
still admitting powerful non-perturbative techniques, such as gauge-gravity dualities, integrabil-
ity, and supersymmetric localization. As a result, N' = 2 models serve as powerful theoretical
laboratories where we can explore phenomena that are otherwise inaccessible in realistic settings.

This general philosophy guided the analyses developed in Chapters 3 and 4, where we in-
vestigated a particular class of superconformal SU(N) N =2 quiver theories, known as the Qr,
models. These arise from an orbifold projection of SU(NL) N = 4 super-Yang-Mills theory
and provide a rich framework for probing non-perturbative aspects of A/ = 2 dynamics. In par-
ticular, in the limit L — oo, these setups are expected to exhibit novel properties through the
deconstruction mechanism, which makes emerge an additional dimension from lower-dimensional
dynamics and was originally studied in ordinary Yang—Mills theories [83,84]. In this context, the
emergent higher-dimensional dynamics involves strong interactions, preventing explicit compu-
tations of physical observables. Conversely, in the Q models the situation changes drastically:
by exploiting conformal invariance and supersymmetric localization on the four-sphere S*, we
computed protected correlation functions that act as probes to investigate the theory across its
parameter space. These observables can be mapped via localization to finite-dimensional matrix
integrals which, in the planar limit, reduces to special Fredholm determinants closely related to
the celebrated Tracy-Widom distributions [101]. The determinant formalism allows the study of
observables at both weak and strong coupling, providing access to the deconstruction limit. We
performed a quantitative analysis of these regimes and showed that when L > /A, where X is
the 't Hooft coupling, the Qr, theory effectively behaves as a five-dimensional model. The emer-
gent dimension manifests through the propagation of massive excitations, interpretable within
a local effective field theory. At weak coupling, this effective theory is free, while at strong
coupling it becomes interacting, exhibiting a mass spectrum which is described by the zeros of
Bessel functions. These results hold within the planar approximation, and it remains an open
question whether such behaviour persists beyond it. Extending the formalism of Chapter 4 to
incorporate non-planar corrections to two- and three-point functions would not only provide a
systematic approach to these higher-order effects, but also offer valuable insights into the nature
of the dual description in the long-quiver limit.

The remarkable effectiveness of supersymmetric localization in conformal theories, where
the results on S* automatically connect to flat-space dynamics, naturally raises the question of
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whether this technique retains physical meaning in non-conformal settings. Indeed, conformal
invariance represents a very special symmetry, absent in realistic contexts such as Quantum
Chromodynamics. Understanding to what extent the localization framework survives away
from conformality therefore becomes a physically meaningful challenge.

This motivated the second part of the thesis, where we considered N = 2 supersymmetric
Yang—Mills theories with massless hypermultiplets and a non-vanishing S-function. In these
models, classical conformal symmetry is broken at the quantum level through the mechanism of
dimensional transmutation. Nevertheless, the theory remains supersymmetric and can still be
consistently defined on S*, allowing the application of localization methods.

Within this framework, we analysed two classes of observables: the expectation value of the
half-BPS Wilson loop, and the correlation functions of chiral operators. On the four-sphere,
localization maps these observables to the same class of matrix models that describe conformal
theories, but now with an interaction potential depending on a running coupling constant that
evolves with the radius of the sphere. The central question addressed in this part of the work
was whether the results extracted from the S* matrix model continue to capture the physical
content of the corresponding flat-space quantities, despite the absence of conformal symmetry.

To answer this, we performed a detailed comparison between the matrix model predictions
and explicit perturbative computations in flat space for the aforementioned observables. Re-
markably, within a specific perturbative regime associated with the short-distance properties
of the theory, we found precise agreement between the two approaches. In particular, the
(3-like terms emerging from the matrix model’s interaction potential on S* reproduce exactly
the perturbative contributions computed in flat space. In field theory, these terms arise from
interferences between the ultraviolet poles of the bare coupling and certain evanescent terms
emerging from dimensional regularization. Their matching with localization results provides a
highly non-trivial check of the consistency of this framework beyond the conformal domain and
it is natural to exploit this technique to study the 't Hooft limit at strong coupling in theories
with non-vanishing S-function, which can shed new light on possible holographic descriptions.
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Appendix A

Conventions on spinors and
Grassmann variables

A.1 Spinors in four dimensions

In four-dimensional Euclidean space, the rotation group is SO(4), while the spin group is
Spin(4) ~ SU(2)q ® SU(2)4. We denote by 1 a chiral spinor of components v, where a = 1,2,
and by ¢ an anti-chiral spinor of components 1%, with & = 1,2. The spinor indices are raised
and lowered by following rules

W=y Yazeapd’, =€, Gazeyd’ (A1)

where .
=Pz mey=1. (A.2)

Using the e-symbol (A.2), we can construct SO(4) invariants by contracting chiral/anti-chiral
spinors as follows

(¥X) =¥ Xa = € P xa =1 X €ap (A3)
(%) = e X = ez 07 X% = P x e . (A.4)

In contrast to their Minkowskian counterparts, chiral and anti-chiral spinors are independent
in Euclidean spacetime as they satisfy a pseudoreality condition

(Ya)' =07 . (A-5)
Nevertheless, the two copies of SU(2) are intertwined by the matrices (6*)%* and (") g
ot = (7,-il) , gt = (-7,-il) , (A.6)

where 7 denotes the ordinary Pauli matrices. Furthermore, it is straightforward to show that
the following relations hold

(6") = e P (o) 4, (A7)
ote” + 0¥t = -2 (A8)
gto” + ¥ ot = —25MT . (A.9)
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Finally, by employing the Clifford algebra (A.7), we find that

Trota” = -26M (A.10)
(507 5707) = 2557 — HPEVT 4 G0 4 V07
tr(o#5"oP57) = 2(5H6P7 — MV + GHISVP — P | (A.11)

ghloval = —6M 5P + MGV — §VPGH — VPG, |

1234

where we normalize € = €1034 = 1.

A.2 Grassmann integration formulse and spinor derivatives

The basic integration formulse for Grassmann variables are
fd2992:1, fd2éé2:1, (A.12)

where 0%0, and 050%. As a result, 82 and #? act as fermionic d-functions. In particular, writing
0;; = 0; — 0;, we have

9% = 52(9”) s 55 = 52(@]) . (A13)
. .. . 0 = 0 ) .
For spinor derivatives we use the notation 0, = 305 and Oy = 355 Using (A.3), it is

straightforward to prove that

0, 0%=20,, 0060%=-4

_ _ o (A.14)
050%=-20s, 000°=-4.
The covariant spinor derivatives are defined as
Do =04 +1(0") 0040, , (A.15)
D4 =-04-160%(0")aa 0y (A.16)

where the matrix o# is defined in (A.6).
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Appendix B

Group Theory conventions

B.1 The Lie algebra su(N)

In this section, we summarise the relevant notations and conventions for the Lie algebra su(N).
This is spanned by a set of (Hermitian) generators 7¢, with a = 1,...N? - 1, satisfying the

relation
[1°,7%] =if*eTe (B.1)

where the coefficients f®¢ are completely antisymmetric and go under the name of structure
constants. In a generic representation R, we define the Dynkin index ig and the quadratic
Casimir C'g as follows

Trr TT? = igda | (B.2a)
TRTr =CRrl. (B.2b)
Combining together (B.2a) and (B.2b), we find the following relation

N2-1
CR = Z'R ) (BS)
dr

where dg is the dimension of the representation R.

In the fundamental representation (R = F'), we denote the generators as t, and we normalize
them in such a way that ip = 1/2. For the anti-fundamental and adjoint representation, we use
the notation t* and Tde: respectively. These matrices satisfy

1= ol (B.4)
(Thai),, =1/, (B.5)

where T denotes the transpose matrix and we recall that £ are the structure constants (B.1).
We summarise in table B.1 the relevant group information for the adjoint (R = Adj), sym-

metric (R = [11) and the antisymmetric (R = H) representation of SU(N).

B.2 Identities for colour factors

In this appendix, we prove the relations (5.33). We begin with considering the amplitude

N ceiCp— bicy...Cp—
A i = 2nn) Crbrdd prcicn1 phict-cnoy (B.6)
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B.2. IDENTITIES FOR COLOUR FACTORS

Representation R dr iR
O N 1/2
Adj N2 -1 N

1] N(N +1)/2 (N +2)/2

H N(N -1)/2 (N -2)/2

Table B.1: Relevant group information for different representations of SU(N).

which coincides with (5.30a) up to an overall factor of 6 g?®. Taking into account the definition
(5.31a) of the symmetric tensor Cs we find

Aﬁ”ﬁl _ 27;”' I:TI",]Q Tal Tbl Tde+ Tr,/]z Ta1 TdTbl Td+ Tr/ Tbl TCL1 Tde]Rgllclmcn_lR%.lLClmcn_l 7

(B.7)
where we recall that the primed trace is given by Tr = Trg — Trag;. Recalling the definition of
the quadratic Casimir (B.2b) and of the Dynkin index (B.2a), the first primed trace in (B.7)
can be replaced by

Trl T*T°TT? = (Crig - N?) 6% , (B.8)

where we used Cagj = iaqj = IN. By similar manipulations and employing (B.1), the second
primed trace (B.7) takes the following form

Trfy T TITM T = Tely T TH TITe 4 f201¢ Tefy T o7 | (B.9)

where f2%1¢ are the structure constants (B.1). The previous expression can be further manipu-
lated by observing the following decomposition

R - N
TI‘;Q Tebe _ I(ZR—Q) fabc + o de = % fabc + ! qabe ’ (B.10)
where d®° is fully symmetric, we used By = 2(N - ig), ' is a group factor whose explicit
expression is not relevant. As a result, we find that (B.9) can be written as follows
/ al d b1 d _ ! al b1 dd /BO db1c alcd _ B 2 Nﬁo a1b1
T T T T = Tog T T TT + 22 e -[Crir-N +T]5 . (B.11)
where we observed that fe¢fed = N ¢ Combining everything together, we find that the
amplitude (B.7) coincides with the identity (5.33a). Indeed, we apply (5.27) to find that

!
My = 22 [3(Crir - N?)+ Moo 50] R A
7 3 4 " m
N
- on(Crin - N+ T0) G0 (B.12)

We now turn our attention to the amplitude

Bﬁ,ﬁl — n(n _ 1) n[ aglagblbg Rglazcl...cn,z R%}ngcl...cn,g ’ (Bl?))
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which coincides with (5.30b), up to an overall factor of 6 g?. Using (5.31a), we express By i as
follows

n(n—1)n!
3

B =

[C,\almblbg + 2TI';Q TalTaszlTbQ]R?LIGQCI...Cn—Q R:%bQCl--.Cn—Q ) (B'14)

The second primed trace in the previous expression can be manipulated as follows

Trf TUT2TO1 702 = Tyfy T o202 4 f201¢ Tyl parpeqbe

_ 6a1a2b1b2 _ @ fagbmfalcbg + ixlfagblcdalcbg
4

_ aalazblbg n NTBO Ca1a2b1b2 + ix’fa2blcda10b2 , (B_15)

where we recall that C%? is defined in (5.31b). We note that the part proportional to z’ can

be discarded since it gives rise to structures that are anti-symmetric in (a1, a2) and (b1, bs) and
consequently, it vanishes when contracted with the symmetric tensors R; and Ry;. Using the
identity (B.15), we obtain

By - n(n - 1)n![

_ _ | (Yaiazbibs paiazci...cn-2 bibacy...Cn—2
=n(n-1)n!C R R}

+ —Nf" n(n—1)n!C@a2bibz gaiazct-cn-2 phibscr.cn-2 (B.16)

36(11(121)11)2 + NQ/BO Calagblbg]R%lagcl...cn,g Rf;rlLbQCl...Cn,Q

The term proportional to C is exactly G\ﬁ,fh defined in (5.34), while the term proportional to C'
can be evaluated using the fusion/fission identities as described in [144] and provides us with

bib ciCn—g Pb1b2€1 . Cpa _ (0)
n(n — 1) n! C*1920172 RUIG2C1Cnm2 RID2CLEn=2 - —nGﬁ’m ) (B.17)
Therefore, collecting all terms we have

(0)

(B.18)

Biiim = Gim —

G nN—ﬁoG
6

which is the relation written in (5.33b).
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Appendix C

Supersymmetric Wilson loop in
perturbation theory

In this appendix, we provide a detailed analysis of the perturbative corrections to the expectation
value of the half-BPS Wilson loop (5.7). We work in SU(N) N =2 SYM theories with massless
hypermultiplets in an arbitrary representation R and non-vanishing S-function. The actions of
these theories in Euclidean space are reported in Section 6.1.

Before entering the details of analysis, we consider the explicit expression for the Feynman
propagators, starting from the N = 2 vector multiplet. The dynamics of these fields is described
by the gauge-fixed action (6.1). In the Feynman gauge, i.e. £ =1, the tree-level propagator of
the adjoint scalar ¢ and of the gauge field A, are identical up to spacetime indices. We have

5ab 5 5ab
= — vy e = —
A a B g o P (©n

On the other hand, the tree-level propagators of the two gauginos A and i exhibit a more
complicated structure. Here we consider in detail the relevant expressions for the Weyl spinor
A but analogous results hold for ¥. We have two relevant Wick contractions, i.e.

Me@Aa@)y . (A WAL@), - (C.2)

In our conventions, the arrow associated with the particle flow always goes from the dotted
index to the undotted one. As a result, in momentum space we represent the first contraction
as follows

p ab
4;) :6 Oaé ' P (C3)

a, b o, a p

P (@)Ai(w)),

where g4 P = 05 & Pu» With 05 ;, defined in (A.6). The tree-level propagator with raised indices
in (C.2) is obtained from the previous expression by employing the e-tensor and following the
rule (A.1). We find

L  _etp (C.4)
Ll = B . .

A (@), . o ’

105



APPENDIX C. SUPERSYMMETRIC WILSON LOOP IN PERTURBATION THEORY

The propagators associated with the spacetime fields of the massless hypermultiplets in the
representation R have a similar structure. For the complex scalars ¢ and ¢ we have

u
ffffff .
q" Q@ P
C.5
- (€5)
_. ............ > ............ ~ — _2 s
Qu vop
where u,v = 1,...,dim R, while for the fermions 7 and 7 we find
—p> 5
______ »-—----- = uO-O;Oé p’ (CG)
s Na,u p
4]), §u
R o = Uc;a p (C.7)
ﬁd,v 775 p

The propagators with raised indices are analogous to those presented in (C.4).

C.1 Perturbative corrections to the propagators

In this subsection, we focus on the one- and two-loop corrections to the propagators. We will
work in momentum space and follow the formalism of [168], which we briefly review below.
In Euclidean space, the basis one-loop integral is

dek 1

G(n1,n2) = f (2m)d (k2)m ((k + p)2)m2 = (p*)* M G(n ) | (C.8)

where d is the spacetime dimension, the overall dependence on external momentum p? follows
from dimensional analysis, while é(nl,ng) is a function of d and of the integers n; and ng .
Going through the calculation of (C.8), we find that it can be expressed in terms of Euler gamma
functions as follows

T(ny +n1 —df2) T(df2 -n)T(d)2 - ns)

é(nl,@) = (47)32T (01T (ng) ['(d-ny -n2)

(C.9)

At two-loop accuracy, the basis integral we consider is [61, 168]
Ak d 1
(2m)4 (2m)4 ((k +p)2)m (L +p)?)"2 (k2)ms (12)a (1 - k)?)ms

= (p2)d—2n¢§(n1,n2’ n37n47n5) )

G(n1,n2,n3,n4,Mn5) =

where n; are integers. We note that (C.10) is symmetric under the interchanges (1 < 2,3 < 4)
and (1 < 3,2 « 4). Moreover, when one of the parameters n; vanishes, (C.10) reduces to a
product of one-loop integrals (C.8). In particular, we will use the identities

é(nl,ng,ng,n4,0) = é(nl,ng)é(ng,ml) s (C.lO)

é(O,nQ,ng,n4,n5) = é(ng,ng))é(ng,ng +ng+ns—df2) , (C.11)

'Let us note that when n; <0 or ns <0 (C.8) vanishes.

106
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which can be derived by repeated applications of (C.8). When all the indices n; in (C.10) are

equal to one, it is possible to show that (see Section 5.1 of [168])

2G(1,1)
d-4

2-d/2

G(d)=G(1,1,1,1,1) =

(G(2,1)-(p2) G(2,3—d/2)) . (C.12)

Using (C.8), it is straightforward to prove that the previous expression is regular in the limit
d — 4 and is proportional to (3

_5 5 63
G(d) = (p*)*PG(d) = —2— +O(d-4) . :
() = ()" G(d) = 5+ O(d—4) (C.13)
Finally, we switch to configuration space by the Fourier transform

B dip €PT  T(d/2-s) 1
D(z,s) = [ 2m)d (p2)s 45T (s) (a2) 425 (C.14)

The tree-level propagators in configuration space are given by A(z) = D(x,1).

C.1.1 One-loop corrections to the propagators

In this subsection, we analyse the one-loop corrections to the propagators entering the compu-
tation of the supersymmetric Wilson loop. We recall that ultraviolet divergent diagrams are
regularised by dimensionally reducing the theory from four to d = 4 — 2¢ dimensions [121]. In
this scheme, the gauge field A, is a d-dimensional vector, while the real scalars generated by the
reduction are denoted by A;, with ¢ = 1,...,4 —d. Unless explicitly stated otherwise, we shall
work in the Feynman gauge.

One-loop corrections to the scalar and gluon propagator

We begin by considering the corrections to the propagators of the adjoint scalar ¢ and the gauge
field A,. Gauge invariance dictates that these corrections must take the following form

5ab92
*Q“ s @) (C-15)
3"g3 Pubv
“%:}“:wﬁ@W‘%)ﬁ&ﬁ” (6.16)
(1)

where 7’ and Wél) denote the gluon and scalar polarization, respectively. The expectation
based on supersymmetry is that

71'8) = 7T‘(sl) =7 (C.17)

We will now verify this identity explicitly by considering the relevant diagrams separately.

The scalar polarization The relevant Feynman diagrams contributing to the scalar polar-
ization ng) (p?) can be deduced from the explicit form of actions (6.1) and (6.3). We find three

contributions
/s m
AA P -
@»:»&F+»—©—»+—»—( —_— (C.18)
- 47
AN i
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where we recall that 1 and A denote the two gauginos of the A/ = 2 vector multiplet, while n
and 7] are the Weyl fermions associated with the massless hypermultiplets in the representation
R. Going through the calculation, we obtain

AA
259N T(d/2)T(2 - d/2)T(d/2 - 1

L, CARIUBNESHINUED MRt

Wy

_ gB0"NT(d/2)I'(2-d[2)(d/2 - 1)4(d 1
9 (s Py ’ (C.19)
Zﬁ
2 259 T(d/2)T(2 - d/2)I'(d/2 -1

_H< TR (Zﬁ)d/2 L (I‘(d)]/gﬁ)d( / )4(d— 1),

i

where we recall i is the Dynkin index of the representation R (B.2a). Note that the first two-

diagrams cancel each other out and consequently, the one-loop scalar polarization ng) (C.15)
only receives corrections from the matter sector of the theory. Expressing the last diagram in
(C.19) by the basis integral (C.8), we find that

nm
/’4“ /"~\\ 0 ng
*@—F:—P—‘: ;—P—E%\ = —22 QBZRG(l,l) . (CQO)
<7 \\_’/ p
m

The gluon polarization The calculation of the gluon 7r(Gl ) goes along the same lines. In

particular, the N/ = 2 vector multiplet contributes to ﬂg ) through: the gauge and ghost fields

AA cC

ST _ g6 N I(d/2)['(2-d/2)['(d[2-1) P,
WM{:}WMLWW ..... ’V\M = ()i () (3d - 2)p6lid ;

(C.21)

one complex and 4 — d real adjoint scalar fields 2

06 A4,

RS g* 6N T(d/2)T(2-d/2)T'(d[2-1) P, (C.22)
W@“MW (m I(d) (2-6)5% -

and two gauginos A and ¢

AN Wy
_ g6 N I(d/2)I'(2-d/2)['(d[2-1) P,
W@M“ ' WOW " (amy” e (8-4d) 52 -

(C.23)

2 . . .
These scalars result from dimensional reduction.
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In the previous expression, we denoted with P, = 0, — pup, /p2 the transverse projector, which
ensures that each correction is gauge invariant. Moreover, combining together (C.21), (C.22),
and (C.23), we find that they cancel each other out, as in the scalar case (C.19).

Finally, we consider the diagrams resulting from the matter sector. We find that the polar-

ization Wé;l ) (C.16) receives contributions from the fermions through the diagrams

nn nn
l,—>\‘ » ) g20%4in T(d/2)T(2 - d/2)[(d/2 - 1) 9_d P,
’VVV\{\ [JVW\I+,VW\"v' ‘..‘,VVV\' - 4 d/2 P d ( - ) 6-d ’
\.‘_’/ 4‘ ( 7T) ( ) p
(C.24)
and from the scalars ¢ and ¢
qq qq
M/, —>\\\ ) » o g26%ip T(d/2)I(2 - d/2)T(d/2 1) Py, (C.25)
\\*/, < T (4m)dr I'(d) po=d

Combining together (C.24) and (C. 25) we finally arrive at the following result

RN  babg} Pubv
@ S o —2ZR(p—233(5W ; )0(1 1). (C.26)

The previous expression coincides with (C.20) up to the transverse projector P,,, confirming
the expectation based on supersymmetry (C.17), and leads to the following expression for the
polarization operator

20 (2) = _2Z-Rg§;g;)§//§) L(d/2 ;(13{(;;/2 ~D) oy c2m

where we recall that ix is the Dynkin index of the representation R (B.2a).

Using (C.20) and (C.26), we can easily derive the one-loop corrections to the propagators
in the difference-theory method. Subtracting off the contributions of N = 4 SYM, where the
hypermultiplets transform in the adjoint representation, we find that

2 17(1) (2
B gpll (p°)
I o
2 17(1) (.2
pupy\ 9511 (%)
=6, (5 - ) , C.28b
Pt (p?)2 ( )

where we employed a double dashed/continuous line to emphasise that the diagram is con-
structed by using the difference method. Moreover, the polarization operator II(!) is given
by

oM p?) = fD(@)(pH) >,
FI(d) = BoG(1,1) ,

where G(1,1) is defined in (C.8), while 3y is the one-loop coefficient (1.25) of the S-function.
Finally, by applying the Fourier transform (C.14) to the corrections (C.28), we switch to con-
figuration space. For the scalar propagator, we find the following result

xlm = fO(d)g D(w12,3 - d/2) = AW (a1) . (C.30)
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Repeating the same calculation for the correction (C.28b), we obtain

xle = g3 fV(d) (80D (12,3~ d[2) — 1,02, D(212,4 — d[2)) 1)

= 5/WA(1)($12) - al’uaz,l,A(l)’g($12) .

By gauge invariance, we expect that all the Wilson loop diagrams which involve the gauge-
like term 81,M827,,A(1)’g(9312) do not contribute to the final results and in the following, we will
verify this property explicitly.

One-loop corrections to the fermion propagators

We conclude this subsection by considering the one-loop corrections to the fermion propaga-
tors. These corrections are essential to determine the two-loop scalar propagator, which will be
considered in the following subsection.

We begin with the one-loop corrections to the propagators of the gaugino . The relevant
Feynman diagrams are

)

7777
) (C.32)
nn
R QQP
+— = 2N +ig)da o G(L,1)
g p
dq

where p = p,ot, with o/ given by (A.6). Moreover, the virtual emission in the first diagram,
depicted by a wiggly/dashed line, arises from the interaction of the fermion v with the gauge
field A, and with the real scalars A; generated by dimensional reduction.

Going through the calculations of the corrections to the propagator of the gaugino A, we
find that they coincide with (C.32). This result is expected as these fields belong to the same
supermultiplet. Moreover, we can use (C.32) to deduce the one-loop correction to the fermion
propagators in the difference method

=2(N - zR)éabg]fPG(l 1), (C.33)

where we employed the graphical notation of (C.28).
Finally, we consider the corrections to the propagators of the matter fermions 7 and 7. For
instance, the relevant Feynman diagrams contributing to n are given by

-»> _:_*m* +- +m+ +- ->m>—

hl \4’
aa qq
. (C.34)
P
+->m _—4CR5WQBP G(1,1)
T
i
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where u,v =1,...,dim R and we recall that Cg is the quadratic Casimir (B.2b). Going through
the calculations of the corrections to the propagators of 77 we find that they coincide with (C.34),
as expected from supersymmetry.

C.1.2 Two-loop corrections to the propagators

At three loops, the expectation value of the supersymmetric Wilson loop receives contributions
from diagrams involving the two-loop corrections to the propagators of the adjoint scalar and
gauge field in the difference-theory approach  (6.48). The expectation based on supersymmetry
is that these corrections coincide up to spacetime indices 4, as we already observed at one loop
(see (C.28a) and (C.28b)). Therefore, we can assume that

+4 2 100p (;bzg)g @ p?) (C.35a)
i 2 l 2-1 bg pup

and determine the two-loop polarization operator II(?)(p?) by considering (C.35a). In (C.35a)
and (C.35b), the diagrams labelled by R capture all the two-loop corrections in which the scalar
¢ (or the gluon) interacts with matter fields in the representation R, while those labelled by
Adj denote the same corrections with R = Adj.

By simple dimensional arguments, we deduce that the polarization operator can be written
as follows

@ (p2) _ (p2)d*3 f(2) (d) , (C.36)

where f(2)(d) depends on the spacetime dimension d and includes colour factors. To avoid
cumbersome expressions, we will express the different diagrams that enter (C.35a) by the basis
integrals (C.8) and (C.10), and we will directly provide their contributions to f(?)(d) by omitting
the overall prefactor g58./(p*)% %

We find that the two-loop scalar polarization @ (p?) involves both reducible and irreducible
diagrams. The former are simply given by

- \w—%ﬂ(ﬁz—m)é(l,l)?, (C.37)

where we used (C.20). Conversely, the irreducible contributions can be grouped into two classes
of corrections. The first one arises when we dress the internal lines of the diagrams in (C.18)

3Let us recall that in this scheme we consider diagrams with internal lines in the representation R and we
subtract identical contributions with R = Adj.

*An explicit test of this property at two-loop accuracy can be found in [61], where the authors studied the 1/2
BPS Wilson loop in superconformal A/ =2 QCD.
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with proper one-loop self-energies, i.e.

e

= 2N (N -ig) (5G(0,1,1,0,1) - G(0,1,1,2,1)) (C.38)

U =16 (Crigr - N?) (G(0,1,1,1,1) - G(0,1,1,0,1)) . (C.39)

n (C.38), the internal dashed/continuous bubbles denote, respectively, the one-loop correction
to the propagators of the adjoint scalar, gauge field and gaugino in the difference-theory method
(see, respectively, (C.28a), (C.28b) and (C.33)). Similarly, the correction (C.39) is obtained
by dressing the matter loop in (C.20) with the one-loop correction (C.34) and subtracting the
contribution of N =4 SYM.

The second class of irreducible corrections emerges from pure two-loop diagrams, i.e.

: i(éF(é(d) - G(1,0,1,1,1) +2G(0,1,1,0,1) ) , (C.40)
= ~4N (i - N) (G(0,1,1,1,1) - G(1,1)?) , (C.41)
:4N(z’R—N) (4G(0,1,1,0,1) - 2G(1,1)?) , (C.42)
= (8(Crir - N?) - 2N(ig - N))G(0,1,1,0,1) , (C.43)

where we recall that the colour factor Cj in (C.40) is defined in (6.53). In (C.40), we employed a
double wiggly/continuous line to depict the propagation of the gauge field A, and the 4 —d real
scalars arising from dimensional reduction. Similarly, the diagrams in (C.42) are constructed
from Yukawa-like vertices, where the adjoint scalar ¢ interacts with the matter fermions (de-
picted by a thick dashed line), the two gauginos (shown as a thick continuous line), and the
matter scalars (represented by a thin dashed line).

Combining together the results we derived in this subsection, we can express f)(d) (C.36)
as the sum of four different terms

FO@ = 12D+ 5@ + 157 + 117() (C.4)
Recalling the explicit definition of the coefficient 5y (1.25), we finally find that
AP(d) = -20ir G(1,1)?
() =28, NG(0,1,1,1,1) ,
F2(d) = - B NG(0,1,1,2,1) ,

O = - G(a) (C.45)
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where we recall that the dimensionless G-functions are defined in Section C.1
Finally, we switch to configuration space by employing (C.14). We find that the two-loop
corrections to the propagator of the scalar ¢ take the following form

Z =S
4 D

{\2—loop\l| T = g%f@)(d) D(.%'lg, 95— d) = A(Q) (.%12) . (0.46)

S
~

I

P>

Conversely, the gluon propagator involves two terms

(oop e = gh 1 (d) (b0 D(@12,5 - d) = 012, D(@12,6 - )

S 4
s -z

z1

= 5MVA(2) (1'12) - 817M827VA(2)’g($12) . (C47)

Note that the gauge-like term al,uaz,yA@):g (x12) is completely irrelevant when inserted in the
single-exchange correction (6.48), as it provides total derivatives integrated over a closed path.

C.2 Mercedes-like diagrams

We now turn our attention to the Mercedes-like correction

, (C.48)

where the internal bubble denotes the one-loop correction (C.28) to the propagator of the adjoint
scalar and gauge field in the difference-theory approach.

By expanding the Wilson loop operator (5.7) at order g]?’g, we obtain the following represen-
tation for (C.48)

1g%R2
2N

M = 95 PBr ((;fv (tr PA(T)A(m2) A7) o,

(trPA(Tl)q)(TQ)(i)(Tg))M) , (C.49)
where we introduced the notation A; = ##(7;) A}, (2(7:))T* and ®; = ¢*(z(7:))T* and we recall
that P denotes the path-ordering operator (5.2). In the previous expression, we used the sub-
script M to indicate that only the reducible contributions to the internal vertices of (C.48) are
retained when we evaluate the correlators.

Before entering the calculation of (C.48), we recall that the one-loop correction to the gauge-
field propagator (C.31) consists of two different tensor structures. One of them is the gauge-like
term Oy, M827,,A(2)’g($12), while the second one involves the metric 6,,,. Within the Mercedes-like
diagrams (C.48) these structures behave differently and consequently, we find it convenient to
separate them. To do so, we represent (C.31) as follows

172 - 5‘1175/“’A(1)($12) + 5abal,ual,yAE,)’g(l‘12)
Sate s |
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where we recall that AM) (z) and AM8(z) are defined in (C.30) and (C.31) respectively.
Exploiting (C.50), we can express (C.48) as

M=M+Ms, (C.51)
M, = + + , (C.52)

<
Mo ‘ + ‘ . (C.53)

Computing M;

The explicit form of the diagrams contributing to M (C.52) can be deduced by interaction
vertices

S = 05 f A% £ (9,6 Al pe — Gy AL D,0) (w) | (C.54)
See =95 [ A% (9,4, ALAL) (@) | (C.55)

emerging from the action of pure N = 2 super-Yang-Mills (6.1).

Substituting (C.54) into (C.49) and isolating the Wick contractions which involve the one-
loop correction to the scalar propagator 6abA(1)(a:) (C.30) and the tensor structure (5,WA(1)(x),
we obtain

4
M = _gBCQFN 56 dPre(r) (R? -y - d3) (d2 Oy ) _[ dw 23: I1 A(l)(ﬂfiw)A(fﬂjw) ,  (C.56)

i=1 j#i

where z;, = z; — w, while the tree-level propagator A(z) and the path-ordering symbol e(7) are
defined in (6.13) and (6.33), respectively.

To proceed with the calculation, we replace the propagators A(z) and AM(z) (C.30) by
their explicit forms and we integrate over w by means of usual Feynman parameters. The final
result can be written as follows

1 1-cos(r a(l - a)sin(112) — aysin (7
M= g [ a7 f ore(r) Umentmmdlell=adan ) onsinCa) | g

where we recall that @ is defined in (6.31) and the notation was introduced for °

dF =dadfdyd(1-a -5 - '}/)(045'y)6l/2_2 (ad/2_2 + B2 4 'yd/2_2) , (C.58)

d4CrNBy T'(3d/2 - 4)%(d/2-1)
©(dJ2-2)[(d - 2) w3d/223d/2+6

0= (C.59)

SRecall that g5 = gg RZ~ 2.
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We note that A, exhibits a pole in four dimensions and depends on the coefficient Gy (1.25) of
the S-function. This means that in superconformal theories the previous expression vanishes.
To perform the contour integration in (C.57), we employ the identities [121, 169]

e aﬁ(emgsl/go? 713)) -0, (C.60)

3715(7)—2(5(712)—5(713)) =0. (C.61)

The advantage of these relations is that they allow us to reduce M; (C.56) to a linear combi-
nation of bubble-like contributions (6.52), analogous to those arising from the single-exchange
contributions dressed with the two-loop correction (6.48). To see this, we insert (C.60) into
(C.57) and exploit the fact that dF (C.58) is fully symmetric. As a result, we can relabel the
variables 7; while keeping @) (6.31) unchanged and find that

24, f —95 22r (1- cos7'23)6_3d/2 4 (3d—12)/‘ ]__ygd:,, 5(7’)81117'13
M= 3d/2-5 (v(1- 7))3d/2 5 A\ 30-10 QSd/Q 5

N
= -9% 2F2(2)+£F1(2)+93500F =) (C.62)
iR 2874

where F 1(2) and FQ(Q) are the (UV divergent) bubble-like contributions (6.52) which arise from the
integration over the measure dF (C.58) in the first term of the previous expression. Conversely,
by applying the master integral (6.34) to the second term in the first line of (C.62), we find the
(3-like term. This is finite in four dimensions as it results from an interference effect between
the ultraviolet pole of the amplitude A4 (C.59) and the evanescent term (3d - 12).

Computing M,

Finally, we discuss the correction My (C.53).

We begin with considering the diagrams involving three gauge fields. Inserting the pure-
gauge vertex (C.54) into the first correlator of (C.49) and decorating the Wick contractions with
the tensor 817“8271,A(2)’g(w12) (C.50) we arrive at the following representation

) chFN §atre(r) [att (0@ A A2 AV (1)) L (C.63)

where O(z;) denotes the following differential operator

O(;) = (i3 01) (91 = Bs) - @a + (2 3) (D5 1) | - (C.64)

The diagrams involving both the adjoint scalars and the gauge field possess a similar struc-
ture. Indeed, inserting (C.55) into the second correlator of (C.49), and decorating the Wick
contraction of the gauge field with the tensor 81#817,,A(1)’g(a:1w), we find

) y§ dre(r) —83 O (A(r30) A(wa) ADE(21,)) . (C.65)
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By combining together (C.63) and (C.65) and neglecting terms which provide total deriva-
tives integrated over closed paths, we obtain the following result

4 CpN o d
M, = QBTFfd%(T) (ig - 35 - R?) G /dde(wgw)A(xgw)A(l)’g(xlw)

= g4BCFN ‘Sg d37(5(T12) — (5(7‘13)) (R2 - .%"2 -j?g) (33 . 81 / dde(l'Qw)A(Q?gw)A(l)’g(wlw)

= _2QGBF3(2) )
(C.66)

where F§2) denotes the bubble-like contribution (6.52) and we obtained the second line by using
the identity (C.61).

Combining (C.66) with (C.62), we find that the Mercedes-like diagrams (C.48) take the
following form

. (C.67)

~6 N
M =M+ Mz =35, (2F2(2) cor® N p@) | o lIsCrN, ) +

iR 2874

where the ellipses stand for evanescent corrections that contribute to higher orders in perturba-
tion theory.

C.3 Lifesaver diagrams

We now examine in detail the lifesaver-like diagrams

7 (C.68)

where the internal bubble captures the one-loop irreducible corrections to the gauge-scalar and
pure-gauge vertex in the difference-theory approach.
To simplify the initial stages of the analysis, we find it convenient to express (C.68) as the
sum of two terms
L=Ly+Lys, (C.69)

where £, denotes the corrections that solely depend on the gauge field A, while £, captures
those involving the adjoint scalar ¢. To determine £, and L4, we expand the Wilson loop at
order g% and we find that

c,- ((;glljgv)?’) ( § daT(trPA(TI)A(TQ)A(@))L) , (C.70)
Ly = (%) (55 d37-<tr73A(71)<I>(T2)<i3(7'3))E) , (C.71)

where the subscript £ indicates that only the irreducible corrections to the internal vertices of
(C.48) are retained when we evaluate the correlators.
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The irreducible corrections to gauge-scalar vertex Our first goal is to determine the
explicit form of the correlator in (C.71). To do so, we have to identify the relevant Feynman
diagrams that contribute to the irreducible correction to the gauge-scalar vertex in the difference-
theory approach. Using the actions of the matter sector (6.3), we find that

Al () Aa(z1)

- (R = Adj)

% Ky,
//4\ /¢—<-—\ (C.72)

¢°(3) ¢*(22)  °(ws) ¢°(2)

= fabe (Sil(-%) + Sg(.%)) .

In the previous expression, fup. are the structure constants of SU(N) (B.1) and we defined

(Al (21)6" (22)0°(23)) . =

A’k phk* - ph(k-p1)?
S“i:2'3'—N/de 2° ~Ps , C.73
1 (21) = (2igp)(ir = N) (2m)% k2 (k - p1)2(k +p3)? (C)
A%k pi(k+p3)* - p3(k—p1)" - p3k*
84 (ws) = Gigh)(in - N) [ aP [ ! 3 ¥ | C.73b
2 (20) = (igp)(ir = N) @m)d K2(k-p1)2(k + ps)? (e
where dP denotes the integration measure over the external momenta p;
3 ddpi e—ip,-ﬂ:i
dP = HW 2 (2m)%6* (S5 py) - (C.74)

The functions S}' (C.73a) and S (C.73b) display distinct behaviours in the limit d — 4.
Indeed, S} can be evaluated in terms of usual gamma functions by (C.8) and develops a UV
1/(d-4) pole as d — 4, whereas Sy (z;) reduces to a combination of ¢riangle-like integrals [148],
which are regular in four dimensions.

The different behaviour of the functions (C.73) d - 4 suggests that they contribute to the
observable in a different manner and consequently, it is convenient to express L5 as

Lygs = ['E;}s) + ﬁéi) 5 (C.75a)

£l = —ﬁzvc Pre(r) (i1-S1) (C.75b)
gs - 4 F 1 1 b .

£3 - ——Q%RQ NC dBre(r) (i1 -S2) (C.75¢)
gs = 4 F 1°02) . .

Replacing 81" with its integral representation (C.73a), we find that the loop integration over
the momentum k can be evaluated in terms of (C.8), while the Fourier transform (C.74) can be
expressed by the functions A (2) and A(z) defined, respectively, in (C.30) and (6.13). The
final result takes the following form

L) = A0 B2 55 Bre(r) (in - 01) f A4 AD (21,)A(22,) A (230) - (C.76)
Similarly, the calculation of £§§) leads to

d?k R%(2k-iy-Fk-iy)
(2) _ 4(2) 3 a2 1 2
L, =A §1§d TE(T)fdP( 1p2)f o s s (C.77)
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where we employed the explicit form of the function Sy (C.73b) and exploited the antisymmetry
of the e-symbol (6.33). Moreover, the notation was introduced for the amplitudes

CrNg*
AD = FTQB , (C.78)
AP - —@CFNgB (C.79)

The one-loop corrections to pure-gauge vertex Our second goal is to evaluate the cor-
relator in (C.70), which encodes the one-loop irreducible corrections to the pure-gauge vertex
in the difference-theory approach. The Feynman diagrams contributing to this correlator arise
from both matter scalars and fermions, which we treat separately.

Using the action (6.3), we find that the matter scalars contribute to the pure-gauge vertex
via the following diagrams

Al (1) Al (1)

E\. .2.

Spup(wi) = > v > - (R=Adj)

ﬂ’ﬁﬁ fr>ﬁH (C.80)

AP (29) Ap(zs)  Af(w3) Al (22)

o3 sabe . A% (2k +p1), (2k +p1 —p3)u(2k = p3),
=2ignpf (N—m)/de ) 20 p)2 (k= pa)? :

where the dashed and dotted lines denote the scalar g and ¢, respectively.

The matter fermions contribute to the correlator in (C.70) via the following diagrams

Al (1) Al (1)

! i

Fobe (1;) = ¥ % + ¥ % - (R =Adj)

PN S

Ab(x)  Ag(ws)  Ag(as)  Ab(xa) (C.81)

e A% (Tra,ka,(k-p,)au(k+p)))
lngb _ZR)fde(Q )d k2(/€+p1)22k p3)2 '

e A% (Tra ko, (k+p)au(k-p,))
Fobs i) [ 4P [ e

where the dashed and dotted lines denote the fermion n and 7, respectively. Employing the
identities in (A.11), we can simplify the traces in (C.81) and obtain °

Fabe (i) = =Sobe () + 1 (G50, () + G (1)) (C.82)

where Sﬁlb,f,(xz) is the correction to the pure-gauge vertex resulting from the matter scalars

(C.80), while QW,, and g,wp are the counterparts of the functions S}" and S§ (C.73). As we will

To arrive at (C.82), we neglected terms that, when integrated over the Wilson loop contour in (C.70), provides
total derivatives.

118



C.3. LIFESAVER DIAGRAMS

shortly see, they exhibit the same behaviour in the limit d — 4 and are related to (C.73) by
supersymmetry. In particular, gu,,p takes the following form

Ak [ o (K22, = 1o(k - p3)?)

g,sly)p(xz) = —2193(172 N) f dP] (27)d k2(k +p1)2(k - p3)?

(C.83)

Sup (1w (k= p3)? = p3u(k +p1)?) Rz (p3,u(k+p1)? = pauk?)
k2(k +p1)?(k - p3)? k2 (k +p1)?(k - p3)?
Integrating over large loop momentum k, (C.83) develops a UV pole, in close analogy to Sy

(C.73a), while pr(ﬂvl) reduces to a combination of triangle-like integrals [148], ¢

(2) Opw (pl(k_p3)p+p2kp p3(k+p1)p)
Opup (P3(k +p1)w = p3ky + PI(k = 13)u)  Sup (P1(k —p3) = PRk — D3(K + p1),)
k2(k +p1)?(k - p3)? k2(k +p1)?(k - p3)? '

(C.84)

Combining together (C.82) with (C.80), we observe a partial cancellation between the bosonic
and fermionic degrees of freedom, as expected in supersymmetric theories, and we find that the
correlator in (C.70) is given by

(A (1) AL (w2) AS(w3)) = 1 (G50 () + G2 (1) ) - (C.85)

Following the analysis of the gauge-scalar vertex (C.75), we substitute (C.85) into (C.70) and
we express the result as follows

L=+ P (C.86a)
3

£ - %NCF 55 dre(r) (#350) 6L, | (C.86b)
3

£ ~SBNCp § dire(r) (ittisif) 62, (C.86c)

Replacing Q,Wp with its integral representation (C.83), we find that the loop integration over
the momentum & reduces to the basis integral (C.8), while the Fourier transform (C.74) can be
expressed by the functions AM)(z) and A(z) defined, respectively, in (C.30) and (6.13). The
final result takes the following form

£V =AW §£ Bre(r) (=iy - i) (dg-O1) f d%wAM (21,)A(22.,) A(30) (C.87)

where A is defined in (C.78). We emphasise that (C.87) has the same structure of (C.76), u
to the replacement R? — —; - %;. This can be regarded as a supersymmetry relation between
the two different classes of corrections and justifies the decomposition (C.86).

Analogously, we find the following expression for £(2)

d%k (2k-21) (22-23) — (k- d2) (&1 - Z3)
£P - (z)%dgm(ﬂ/dp f = PO 27 . (C.88)

where the coefficient A is defined in (C.79). As we already observed for Lél), the contribution
EgQ) is related to Lg) (C.77) by the relation R? — —i; - &;.
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Summary of the results Using the results we derived above, we can construct the integral
representations for the lifesaver-like diagrams (C.68). We have

0 rovr,,

(C.89)

(€.75,C.86) (£ + L))+ (£ +£2)= (D +£2) .

In the previous expression, we grouped the different contributions into two terms in such a way
that £1) and £ naturally involve the combination R? - —g; - xj, i.e.

£ = 4O y;f dre(r) (B2 =iy - s) g - Oy f A% AD (21,) A (22,) A(730) (C.90a)

A% (2k- 1) (d - i3 — R?) = (k- i) (i1 - i3 - R?)
£2) = (2)5£‘d37'5(7')fdP f ﬂ)d k2(k +p1)2(k - ps)? )
(C.90b)

Our next goal is to develop a technique to calculate these two functions.

C.3.0.1 Computing £

Let us begin by considering the calculation of £® (C.90a). Integrating over w, we obtain

1 ) ~ N :
£ _ _Adfo qF (ozZﬁy)d/Q 2y§d375(7) (1-cosTi3) (Og;l»,d/fz sin 719 + @y sin 793) (o)

where dF' is the usual measure over the unit cube (6.32), while @ is defined in (6.31). The
previous expression is divergent in the limit d — 4, as it involves the amplitude A; (C.59).
Moreover, its structure is extremely similar to the correction MO (C.56) and consequently, we
can integrate over the contour by similar manipulations. We apply (C.60) and we obtain

- 1 — cos T93)673/2
£ -4 2 5. \¥2 2§I§d2 ( 23
"5-3d[2 (*7) (y(1 =)
6 —3d/2 028 d/2 2 [ 3 &(7)sinTig 1
A LaF § dir L™ 92
5347 —gun st (C.92)
where
1 _ _ _ _ _ 1—cosTe3)sinT
s :Ad_[o dF (ad 4(Bry) 421 _ gd-3,d/2-2,d/2 1)51§d375(7)( Qsjgl 13 (C.93)

Comparing (C.92) with (C.62), we observe that the term 6£1) is a novelty. It arises because
the integrand in (C.90a) is not fully symmetric in the exchange of the coordinates z;. However,
we now show that (C.93) vanishes in four dimensions, and consequently, it is irrelevant for the
three-loop analysis. To see this, we replace Q3424 (6.31) with a two-fold Mellin-Barnes integral
via (C.140) and we find that

1 B 24—3d/2 dudv F(3d/2 —4+u+ U)F(_U)F(_v) (6’7 Sin2 7-273)” (C 94)
QP4 T(3df2-4) J (2m)®  (4gsin2 72)* P (gysin2 T8) Y .
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where the integration contour runs parallel to the imaginary axis and separates the increasing
and decreasing poles of the gamma function. Substituting the previous expression into (C.93),
we integrate over the Wilson loop contour via (C.139) and we obtain

5£(1):Adf dudv T'(3d/2 -4+ u+ v)['(—u)I'(-0)T'(d/2 + u + v)

(27i)2 23d/2-5T(3d/2 - 4)T'(5 - d) (C.95)

x J(4-3d/2-u-v,u+1,0)(T(1-d/2- )0 (4= d=v) -T(2-d/2-v)[ (3= d-u)),

where J(z,y,z) is defined in (C.139). Expanding the integrand around d = 4 and using the
explicit expression for the amplitude Ay (C.59), it is straightforward to verify

LM =0(d-4) . (C.96)

As a result, we can neglect this contribtuon for the three-loop analysis.
Finally, we consider the first two terms in (C.92). Performing the integration over the
Feynman parameters and applying the master integral (6.34), we find that

where g% = R?>"U2g5 and we recall that FQ(Z) is the bubble-like contribution (6.52).

C.3.0.2 COl’nputing £(2)

The calculation of the correction £(? (C.90b) is way more complicated. To begin with, we
integrate over the internal momentum £ by introducing the usual Feynman parameters for the
propagators and we find that

2 3 . 2 .
£ g T B-d/2) §£d3ra(7) _i,l.ig)fdeng(zxz-pz—mz-pl)+sz t2p3
(47)d/2 N 9 9\3-d/2
(.%'ypl + Zyp2 + Z.I'p?))

(C.98)

with dX denoting the usual measure over the unit cube (6.32). The previous expression involves
the quantity pe - #2 which, upon integration over the external momenta dP (C.74), yields a
total derivative with respect to the variable 7. As a result, the contour integration of this
contribution is technically simpler to treat. For this reason, we decompose (C.98) as the sum of
two terms

£ =c® (C.99a)
5 ir(3-d/2 p3 (zd2 - p2)
£® =24 i )d/2 ) jﬁdi” e(r)(R? - i1 - xg)fdP[ axBIEE (C.99b)
2. 2 (-
(2) 2il'(3-d/2) 3 B zp; (T2 - p3) — p3 (L2 - p1)
=2A (am)iP? dre(r)(R* -4y -d3) | dP dX EETE ,
(C.99¢)
where M is given by

M = :cyp% + zyp% + za;p§ ) (C.100)
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Computing E?) As we already observed, the calculation of (C.99b) is technically simpler as
the combination ps - &9 becomes a total derivative upon integration over dP (C.74). Indeed, by
relabelling 71 <> 79 and recalling that (7) (6.33) is antisymmetric, we find that

2

(47 )d/2 M3-d/2 101
A TB-d/2) al/2)§]§d3 (6(r13) = 6(ra)) (2 ~ )fde P (C.101)
(a2 7(0(m13) = 6(T12 o3 A2

where we obtained the second line via integration by parts and (C.61). To perform the Fourier
transform dP (C.74), we apply (C.146) to represent M (C.100) by a two-fold Mellin-Barnes
integral

'(3-d/2) [ dudv I'(3-d/2+u+v)['(-u)['(-v) (p3)“(p3)"
M3-d2 (2mi)2 x3—d/2+uy3—d/2+vz—u—v (p%)S—d/2+u+v ’

(C.102)

where the integration contour separates the increasing and decreasing poles of the I'-functions.
Substituting the previous expression into (C.101) and sequentially performing the integration
over the Feynman parameters and the momenta dP (C.74), we find that

2 I'(3d/2 = 5) (M) (d) - M (d)) 55 R? — iy - g

(2) _
£12 = A473d2T (d - 2)I (5 - d) (x%3)3d/2_5 . (C.103)
where the amplitudes
Q) _ dudv T(d-4-u-v)['(d/2-1+u)['(5-d+v)['(-0)['(1 +u+v)
M= (2mi)2u(d/2-3-u-v)['(3d/2-5-v)[T(d/2-2-v)T(d/2-1-u)]1’ (C-104a)
) _ dudv T(-u)l4-d+u)T(1+u+v)[(d/2-1-u)[(d/2-2-v) (C.104D)

(2m1)2 T(3d/2 - 4—u)(3—dj2 + u+ v)[D(d— 4 —u - 0)(dj2 + v)]

It is interesting to note that M and M exhibit different behaviours when d — 4. On the
one hand, (C.104b) becomes singular in four dimensions, due to the product I'(—u)I'(4 —d + ).
Indeed, in the limit d — 4, the first increasing and the first decreasing pole of the gamma
functions cannot be separated. This gives rise to a pinching effect, which manifests as 1/(d—-4)
pole. On the other hand, (C.104a) is perfectly finite in four dimensions and for future reference,
we provide its expansion around d =4

; d+ico dydv 73 cse(mu) esc(mv) ese(m(u +v))
(i) -
M (d) = f5 o (2m0)? o(aros D) +o=20 ., (C.105)

where § € (—1,0) represents the real part of the variables v and v. As we will shortly see, similar

quantities will also arise from the integral ng) (C.99c).

Computing 552) The calculation of (C.99¢) goes along the same lines. We replace M 3-d/2
(C.100) with its Mellin-Barnes representation (C.102) and we perform the integration over the
external momenta p; (C.74) in terms of the generalisedd propagators (C.14). The final result
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can be written as an integration contour analogous to (C.91) weighted by functions in Mellin
space that depends on the Feynman parameters o, 5 and 7, i.e.

£® _ AP (3d/2 - 4)R12_3d/—d/\/lj(]§ d375(7')(cos 713 — 1) (a(1 — ) sin T2 + ary sm7'23)

2 [ (d - 2)2973d/293d/2-5 (Q3d/2-4
(C.106)
In the previous expression, ) is defined in (6.31), while dM is given by
dM = dudv dF d-5-u— vﬂd/Q 2+u d/2 2+v(f(u ’U)’}/+f(U u)ﬁ) (0107)
(2mi)?
Fluw) = I(d2-1-v)'(d/2-2-w)['(1 +u+v) (C.108)

w(3-df2+u+v) ’
where dF' denotes the usual measure over the unit cube (6.32). Importantly, dM is symmetric
under the simultaneous exchange of 5 < v and u < v.

As we anticipated, the structure of (C.106) is analogous to (C.91) and we can integrate over
the Wilson loop contour by the identity (C.60). We find that

£® - 4@ I'(3d/2 - 4)R'?~3d [ £ (1 - cosTyg)0-34/2
2 F(d_2)297.r3d/223d/275 3d/2 5 'Y(l 7)]3d/2—5
(C.109)
I'(3d/2 - 4)R'?734  3(2-d/2) sin 713 5
~A® 3 (2
A (= 2)29m4P9%5 3425 f M 95 &re(m) paars ~ 0L
where
12-3d
(2) _ 4(2) I'(3d/2-4)R )
0L;7 = A ['(d - 2)2973d/223d/2-5 AMT (e, B,7) (C.110a)
BysinTi3(1 — cosTes) + aysintag(1 — cosT
T (a, 8,7) = y§d375(7) 13( 25)3(1/2 23 1) (C.110b)

The first term in the second line of (C.109) is proportional to (d—4): it vanishes in the limit d - 4
since the path-ordered integral is regular and consequently, it can be neglected for the three-loop
analysis. Actually, as we will shortly see, also &ng) is of order (d-4) and consequently, we can
write

ﬁ(g) e I'(3d/2 - 4)R'?-3d ]‘ 2 (1 - cos7y9)034/2 O 1)
F(d—2)297r3d/223d/2*5 3d/2 5 7(1 ,},)]3d/2 5
IO 5 MO+ MOW) 0 By,
4A3d2T (d - 2)T'(5 - d) (m%3)3d/2‘5 ’
(C.111)

where to obtain the second line we performed the integration by employing the explicit form of
the measure dM (C.107), and we recall that M@ (d) and M) (d) are given by (C.104).
Finally, combining (C.111) with (C.103), we find that

2 (€2 42) +£§2)

(caos,canny  APT(3d/2 -5)MD(d) }5 QTRQ—:'UQ-x‘g L O(d- 1) (C.112)

2773421 (d - 2)I'(5 - d) (w3,)3d/2-5
CrNg%(s
:5027—7{_5 +O(d—4) y

123



APPENDIX C. SUPERSYMMETRIC WILSON LOOP IN PERTURBATION THEORY

where we obtained the last equality by expanding the amplitude M(i)(d) around d = 4 through
(C.105) and recalling the definition of A®) (C.79). Remarkably, when combining together
(C.103) and (C.111), the divergent amplitudes M) (C.104b) cancel each other out, leaving a
finite result.

Evanescent integrals We conclude the analysis by explicitly showing that 5£§2) (C.110) is
of order O(d - 4). We begin by observing that (C.110) can be written as

oL o [[aMTP (a,5.9)

1 dudv
ocf de d5uvIBd/2 2+u d/2 2+v(,yf(u ’U)+ﬁf('l) U))T(Z)((X,B 7)
0 (2mi)?
(C.113)
where the proportionality constant is regular in the limit d — 4, and we obtained the second line

by replacing the measure dM with its explicit form (C.107).
We begin with showing that

1 ~
[ dF [ du_('i’UQad—5—u—vBd/2—2+u7d/2—1+vf(u’ U)T(2) (a’ B’ ’7) (0114)
0 (27i)

vanishes for arbitrary d. To see this, we express T(?)(a, 8,7) by its integral representation
(C.93) and exploit the antisymmetry of the e-symbol (6.33) to rewrite (C.114) as follows

dedudv( A2+ f(y ) ) ~ 1250 F (o, v) )fdgT (r )51nT13S1 73 (C.115)

(27ri)2 a5—d+u+v51—d/2—u 54—d+u+va2—d/2—u Q3d/2 -4

Changing variable according to u' =dJ2-3-u-v in the second term, we observe that the
function f(u,v) (C.108) is left unchanged and the integral vanishes identically. Thus, (C.113)
reduces to

5£g2) o fldF-[ dudv d 5—u— 'L)Bd/Q 1+u d/2 2+Uf(U U)T(Q)(Oé,ﬁ ’Y)
0 (27i)*

dj2-1+v £ d/271 v £ T23
2/ dqudv(’y f(v,u) f(v,u) )ygdsT (r )Smﬁ?’sm 2 (C.116)

(27Ti)2 a5—d+u+v/8—d/2—u ﬂ4 dtu+v o 1-d/2-u 3d/2 4

2(e7()-£87(d))

where we used (C.93) and introduced the functions

@), n _ [ dFdudv AI27150 F () 3 sin 713 (1 — cosTa3)

51 (d) - / (271’i)2 a5—d+u+v6—d/2—u yg d TE(T) Q3d/2—4 ’ (0117)
@), n [ dFdudv A U215 £y ) 3 sin 713 (1 — cos123)

£;°(d) = _/ (2mi)? Bi-drurvgl-d2-u 95 d*re(7) Q321 (C.118)

Let us consider € gQ)(d). Replacing Q3#?>* with its Mellin-Barnes representation (C.94), we
can integrate over the contour by (C.139). As a result, (C.117) can be expressed as a four-fold
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Mellin-Barnes integral

@), _ [ dudvdsdt I'(3d/2 -4 -5 -t)['(-s)['(-t)['(-d/2 ~u—-v-s)['(5-d~1+u)
£17(d) = f (2mi)* 23d4/2-51(5 - d)I'(3d/2 - 4)
xD(d2+v+t+s5)T(3d]2-4-s—-t,s+1,t),
(C.119)

where J(z,y,z) is given by (C.139). Expanding the previous expression around d = 4, we can
integrate over s and t by a repeated application of Barnes’s first lemma and we find

+0(d-4),

(C.120)
where 6 € (=1,0) is the real part of the variables v and v. The integration over u and v is not

@), d+ico dudv T'(1-u)T'(u+2)I'(-0)T(v)I'(—~u—-v)T(u+v+1)
E1(d) = B [6—100 (2mi)? v(l+u+v)

necessary as 8&2)(d) (C.118) reduces to the same integral in the limit d - 4, i.e.
£ (d) = s§2>(d)|d_4 +O(d-4) . (C.121)
Substituting the previous expression into (C.116), we find that (C.113) vanishes in four-dimensions.

C.3.0.3 Summary of the results

Using the relations obtained in the previous subsections, we can derive the final results for the
lifesaver diagrams (C.68). Although the calculations required intricate manipulations, we obtain
a remarkably simple form

(C89) ), L@
(C.122)
(c97,c.112) . 2) . DCENPo(s
= A )+9%T+O(d—4) :
T

where we recall that F2(2) is the bubble-like contribution (6.52).
C.4 Diagrams with four emissions
Let us now consider the following class of three-loop diagrams

) (C.123)

where we recall that the double dashed/continuous internal bubble denotes the one-loop correc-
tion to the propagators of the adjoint scalar and gauge field in the difference approach (C.28).
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Following the approach outlined in Section C.2, we can apply the decomposition (C.50) and
organise the correction (C.123) as follows

W=Wi;+W,, (C.124a)
Wi = . + O . O L (C124D)
W, . . (C.124c)

Computing W;

Expanding the Wilson loop operator at order g% and dressing the Wick contractions with the
one-loop correction to the scalar propagator A (z) (C.30) and with the tensor 6,, AN (z), we
find that

4
W = 9B dir ¢aath (A(fvlz)A(l)(ﬂf?A) + A($34)A(1)($l2)) +

N T1>T2>T3>T4

C (A1) BD (235) + B(wa3) A (w14) ) + (C.125)
Ctb (B(w13) AN (w14) + B(sa) D (219) )

where we recall that the tensor C®°¢ is given by (6.20), while A(z) and A (z) are the effective
propagators defined in (6.15) and (6.40), respectively.

To further simplify (C.125), we use the non-Abelian exponentiation rules for the Wilson loop
and we obtain

4
Wi = WoW, +g—ﬁ[tr([Tb,T“])z_[Dd4T(Z(:B13)Z(1)(x24)+Z(x24)ﬁ(l)($13)) ., (C.126)

where D denotes the ordered region 71 > 75 > 73 > 74, the functions W, and W) are, respectively,
defined in (6.16) and (6.41), while the second term in (C.126) defines the maximally non-Abelian
part of the diagram.

Going through the calculation of (C.126), we encounter the integral

d*r

d4
+ )
fD (asin? 72) 7% (asin? )" (4sin? 730) "7 (45in? 72 )"

\1

(C.127)

which arises when the effective propagators A(z) (6.15) and A1) (z) (6.40) are replaced with
their explicit expressions and by employing the coordinate parametrization (5.8). This integral
can be calculated following the approach outlined in Section 6.1.2.

In particular, replacing the trigonometric functions in (C.127) by their Fourier expansions
(6.23), we find that the nested integration becomes elementary and the correction Wi (C.126)
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assumes a remarkably simple form

2N? -3 9%80CrN3(s

Wi = 450~ Py(d)B1(d)B2(d) - o +0((d-4)?), (C.128)

where the functions B,,(z) and Py(x) are defined in (6.16) and (6.41), respectively.

Crucially, the (3-term in (C.128) mirrors the contribution generated by the maximally non-
Abelian part of the two-loop ladder-like diagram (6.24). In that case, the result was proportional
to the evanescent factor € = 2 — d/2 originating from the contour integration. The same factor
appears in (C.128), but it cancels against the ultraviolet pole of the one-loop correction A(l)(m)
(C.30), leaving a finite contribution.

Computing W,

Finally, we turn our attention to the correction Wa (C.124c).
We begin with considering in detail the diagram that only involves the propagation of gauge
fields. We expand the Wilson loop operator at order g%, and we dress the relevant Wick

contractions by the tensor A,(ﬁ,)’g(:v) = 81,M817VA(1)’9(1') (C.31). We have

o o 13
@ = g5 jéd47 ceatt (CUTxQAﬁ)’g(fUm)A(fﬁSZl)(x3 ) + (2 - 4)) ’

ey .. 12
9B jgdLlT cove (ﬂf%Af}u)’g(ﬂ?l?s)A(M)(332'3?4) + (3 - 4)) +

(C.129)

ey L. 12
94Bj§)d47 ceat ($§L$4A,S1u)’g($14)ﬁ(x23)(363':Ez) + (4 - 3)) :

The previous expression can be further simplified by employing again the non-Abelian exponen-
tiation properties of the Wilson loop. We find that *

: 2 i . 12
(o) ¢ - La(re )’ [atr(#asale @A @i+, )

CrN .
— g4 2 (b1 i2) ADE(12) Ae12) | (C.130)

where we obtained the second equality by integrating by parts twice.
Repeating the same analysis for the second diagram in (C.124c), we find that

@ = 9]49 Cl;N jg d*r (—Rz) A(l)’g(ﬂclz)ﬁ(l’lz) . (C.131)

"To obtain (C.130), we neglected terms which yield total derivatives integrated over a closed path.
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Combining together (C.130) and (C.131), we find that

CrN . N
Wy = —gh—% J<2§d2 2y ) ADE(210) A(12) = R (C.132)

where g = R*%%gp and we recall that Fy ) is the bubble-like contribution (6.52). The last
equality can be proved by replacing A(z) and AM-E(2) with their explicit forms. These are
defined in (6.13) and (C.31), respectively.

Employing (C.132) and (C.128), we finally find that

3% BoCrN3(s

W = WiWs = g5 FD 1502 e FO((d-4)) . (C.133)

N P2(d)Bl (d)Ba(d)-

C.4.1 Trigonometric integrals

As observed in the previous subsections, the perturbative corrections to the expectation value of
the supersymmetric Wilson loop involve various trigonometric integrals. The aim of this section
is to provide a detailed derivation of those integrals. Our first goal is to review some identities,
starting from

2T a b c

_ 3 ( 2 7112 2713 . 2723
M(a,b,c)—f d T(Sln 5 ) (sm 5 ) (sm 5 )
32 (a+1/2)L'(b+1/2)['(c+1/2)'(1 +a+b+c)
F'l+a+c)l'(1+b+c)'(1+a+b) ’

(C.134)
=8

which was originally derived in [147] and can be used to evaluate

« B ¥
I[a, B,v] = f d3r (Sin2 B) (Sin2 E) (sim2 E) cos 23
T1>T2>T3 2 2 2 2

a B ¥
- (sin2 @) (Sin2 B) (sin2 E) cos 2 (C.135)
2 2 2 2

(. 2713)0‘(. 27'23)5(. 27'12)7 T12
sin® =2 | [sin® =2 | (sin® —==| cos—=| ,
2 2 2 2

as explained in Appendix G of [170]. Indeed, we find that (C.135) can be reduced to a linear
combination of functions (C.134) and the net result takes the following form

3/2F(1 +a+ B+ I +a)T(1+8)(1/2+7)
L32+a+vy)I(3/2+8+vy)T(1+a+p)

I[e, B,7] =4 (C.136)

The three-loop corrections to the Wilson loop expectation value involve the following class
of path-ordered integrals

oY v B
J(a, B,7) = 515 d*re(r)sinTi3 (sin2 %) (sin2 %) (sin2 %) , (C.137)

where £(7) = e(71,72,73) is the antisymmetric symbol (6.33). Replacing e(7) with its explicit
form (6.33) and relabelling the integration variables, we find that

j(avﬁ77) = _2I(Bvaar7+ 1/2) _2I(a’ﬁ’/y+ 1/2) = _41—(047/8’74_ 1/2) ) (C138)
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where we obtained the last line by observing that Z(5,a,v) = Z(«, 8,7). Using (C.137), we
finally find that

JTB2+a+B+y) I (1+a)l(1+8)I(1+7)

= -167°/ C.139
T 8,7) T Fr2+a+y)L2+B+y)I(1+a+p) ( )
Finally, we will extensively use the identity
1 1 tico dudv  B*CV
= udv  BICT s ) D (—u)T (o) (C.140)

(A+B+0)  T(0) J-iw (2m1)2 Aorurv

where the integration contour runs parallel to imaginary axis in such a way that the increasing
and decreasing poles of the gamma functions are separated.

C.4.1.1 Path-ordered integrals

Let us consider the path-ordered integral

1 _ sinT
Q(d) = fo dadBdyd(1 -a - B-~) (afy)*™? ¢d37 #(7) Qd—g3
1 - sin 18 sin 12 gin 723
=8 [ dadBdyi(i-a-g-9) (e [ a4 =2 ors

(C.141)

where @ is defined in (6.31) and we obtained the second line by replacing the e-symbol with its
explicit form (6.33).

To proceed with the calculation, we use (C.140) to express Q42 (6.31) as a two-fold Mellin-
Barnes integral

i 27 +ioo dyy dov (o +u+v)l'(-u)T'(-v)
@ " T0) e CRP (s ) (s B (rasi? )

(C.142)

where the integration path runs parallel to the imaginary axes and separates the increasing and
the decreasing poles of the gamma functions.

Substituting (C.142) into (C.141) and performing the integration over «, 8 and v, we arrive
at the following result

dudv T(d-3+u+v)I(-u)T'(-v)[(2-d/2-u)
(2r)?2 (D2 -d/2-v)T(d/2-1+u+v))"

Q(d) = Q(u,v,d) , (C.143)

where we introduced

26*d
T(3-d/2)T(d-3) Jrsmsms

(sin2 7-273)u+1/2 (sin2 7-;_1)’U+1/2

)d—3+u+v—1/2

Qu,v,d) = T 2 T
(sin? T2

2 7-2_3)u+1/2 (sin2 7371)1&1/2

- 20 }5 3 (sin” 73 (C.144)
r'(3-d/2)I'(d-3)3! (sin2 l;)d—3+u+v—l/2

o 297032r(11/2-d)  T(u+ DT (v+1)I(A-d-u-v)
T I(3-d/2)T(d-3)3! T(2+u+v)[(5-d-u)[(5-d-v)
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In the previous expression, we obtained the second line by replacing the nested integration with
an integral over the complete circle ® and we integrated over 7; by using (C.134).
Substituting (C.144) into (C.143), we find that

29747320 (11/2 - d)

Q(d) = "T(3-d/2)I'(d-3)3!

M(d) , (C.145)

where the Mellin amplitude M (d) is a meromorphic function of the dimension d and is given by
dudv T'(v+ DT(-0)['(2-d/2 - v)[(—u)T(u+ 1)T(2-d/2 - u)
M(d) = f . «
(2mi) I'(5-d-v)

MNd-3+u+v)I'(4-d-u-v)I'(d/2-1+u+v)
g T(2+u+v)D(5-d-u) '

(C.146)

Since Q(d) appears in the calculation of the Wilson loop with an evanescent coefficient (see
(6.29)), we only have to determine its behaviour in four dimensions. To do so, we expand the
amplitude M(d) (C.146) around d = 4 and we obtain

ot dudu —m3 ese(mu) ese(mv) ese(m(u +v))
M(d)‘d:zl B /5_ioo (2mi)? (I+u+v)uv (C.147)

= 6C3 5
where § = Re(u) = Re(v) € (-1,0). Combining everything together, we finally arrive at

Q(d) = -167C3 + O(d - 4) . (C.148)

8By properly shifting the integration variables u and v, it is straightforward to show that the integrand is
fully symmetric under the exchange of the variables 7;. This means that the integration over the ordered region
T1 > T2 > T3 is equivalent to one-sixth of the integral over the complete circle.
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