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Topic in German
Wir untersuchen einige nichtperturbative Aspekte von Quantenfeldtheorien (QFT), wobei wir das
Problem aus zwei Blickwinkeln angehen: durch Verwendung von large-N-Entwicklungen und durch
Verwendung von Techniken der konstruktiven QFT. Die large-N-Entwicklung wird auf eine tensorielle
QFT mit langreichweitiger Wechselwirkung und O(N)3-Symmetrie, sowie auf eine vektorielle QFT mit
langreichweitiger Wechselwirkung und O(N)-Symmetrie angewendet. Fir die tensorielle QFT
berechnen wir die freie Energie bis zur Giberndchsten fiihrenden Ordnung in d=3 auf der Sphare und
wir bestatigen, dass diese GrolRe entlang des Renormierungsgruppenflusses monoton abnimmt. Fiir
die vektorielle QFT untersuchen wir die Auswirkungen der Kompaktifizierung einer raumlichen
Dimension auf die kritische Theorie und berechnen einige neue Daten dieser konformen
Feldtheorie, und zwar Einpunktfunktionen von bilinearen Operatoren. Darlber hinaus fihren wir
eine Klasse von anisotropen Modellen ein, die wir fraktionale Lifshitz-Quanten\-feldtheorien
nennen, und initiieren ihre Untersuchung. Was den Teil zur konstruktiven QFT betrifft, so
untersuchen wir das O(N)-Vektor-Modell in d=0 mittels der Loop-Vertex-Entwicklung (LVE), die in
diesem Fall einer small-N-Entwicklung entspricht. Wir zeigen die Borel-Summierbarkeit der
Zustandssumme und der freien Energie als Funktionen der Kopplungskonstante in der gesamten
komplexen Ebene und berechnen ihre Transreihenentwicklung.

Topic in English

We investigate some non perturbative aspects of Quantum Field Theories (QFT), tackling the
problem from two angles: using large-N expansions or using constructive field theory techniques.
As for the large-N expansion, it is applied on a long-range tensor QFT with O(N)3 symmetry and on
a long-range vector QFT with O(N) symmetry. On the tensor QFT we compute the free energy to
the next-to-next-to-leading order in d=3 on the sphere, and we confirm that it is a monotonically
decreasing quantity along the renormalization group flow. On the vector QFT we study the effects
of the compactification of one dimension on the critical theory and we compute some new
Conformal Field Theory data, i.e. one point functions of bilinear operators. Furthermore, we
introduce a class of anisotropic models that we call quantum fractional Lifshitz field theories and
initiate their study. As for the constructive field theory part, we study the vector O(N) model in d=0
by means of the Loop Vertex Expansion (LVE), that in this case corresponds to a small-N expansion.
We prove the Borel summability of the partition function and the free energy in the whole
complex plane of the coupling constant, and compute their transseries expansion.
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Summary

The main focus of this thesis is Quantum Field Theory and our investigation goes in two main
directions. In a the first part (chapters 3 and 4) we mainly use the large-N expansion as a tool to
investigate some non-perturbative properties of O(N) vector models and O(N)? tensor models. Also
(chapter 5), we study the critical properties of cubic and quartic fractional Lifshitz field theory using
standard perturbation theory. In the second part (chapter 6) we study again the O(N) vector model,
but this time as a zero dimensional toy model of a QFT, on which we develop constructive techniques
and describe non-perturbative contributions coming from instantons.

Chapters 1 and 2 are an introduction to the original research results, where we explain the context
in which our work needs to be framed and give an overview of the most important technical tools that
we used.

In chapter 3 we study a long-range tensor model with O(N)? symmetry, which was proven to
have four lines of fixed points in the large-INV limit. In particular, we test the famous F-theorem on
such model, stating that in d = 3 the free energy on the sphere is monotonically decreasing going
from the ultraviolet to the infrared along the renormalization group flow. We compute explicitly the
free energy at two fixed points connected by a renormalization group trajectory and find that the
F-theorem holds, which can be thought of as a further hint for the unitarity of the theory. The
computation was technically challenging and it required to sum and infinite family of diagrams by
means of the Conformal Partial Waves expansion. Also, we review the O(N) vector model at large- N,
that we use as a warm-up exercise to test our technology.

In chapter 4 we investigate the effects of compatifying one direction on Conformal Field Theories.
The compact direction necessarily introduces an energy scale, i.e. the inverse of its size, that breaks
conformal invariance. The main consequence is that one-point functions are no more constrained to be
zero, enlarging the set of CF'T data needed to fully characterize the theory. We review the long-range
O(N) vector model with one compact direction, show the existence of a non-trivial solution of the
mass gap equation and of a stable IR fixed point at large-N. We compute the one-point functions of
a specific family of bilinear operators at the large-IN fixed point. Furthermore, we stress and discuss
the difference between a classical statistical field theory and its corresponding quantum version, which
becomes manifest when dealing with long-range theories. Indeed, long-range interactions are described
by an action with a fractional Laplacian in the space directions, while the usual term with the double
derivative with respect to time, coming from the quantum-to-classical mapping, is unchanged. Such
kind of theories, which we call quantum fractional Lifshitz field theories, are manifestly anisotropic and
the different role of time and space is evident, as opposed to the more common short-range theories
in which their difference might be overlooked when working in Euclidean signature.

In chapter 5 we investigate the critical properties of quantum fractional Lifshitz field theories with
cubic and quartic interaction. One interesting feature of Lifshitz field theories is that, while they break
explicitly Lorentz or rotation invariance, they exhibit anisotropic scale invariance at fixed points of the
renormalization group. Such anisotropic scale invariance is fully described by the anisotropy exponent
z, which we compute to the first non-trivial order in perturbation theory.

In chapter 6 we study the quartic O(N) vector model in zero dimensions, i.e. as a purely combi-
natorial toy model of a QFT. Working in zero dimensions fully trivialize the problem of computing
Feynman amplitudes, making us able to study more easily the properties of the asymptotic perturba-
tive expansion. We study both the partition function and the free energy as functions of the coupling
constant by using constructive techniques such as the BKAR formula and Loop Vertex Expansion.
The Loop Vertex Expansion requires to introduce an Hubbard—Stratonovich auxiliary field and it has
the remarkable feature of having a finite radius of convergence. Furthermore, in the case of the O(V)
model, it formally corresponds to a small-N expansion. We prove Borel summability of both the



partition function, the free energy and the coefficients of their small-N expansion in all the direc-
tions of the complex plain. In order to do this, we need to analytically continue such quantities on
a multi-sheeted Riemann surface, i.e. past a Stokes line. Finally, we compute their full transseries
expansion which, past the Stokes lines, includes instanton-like non-analytic contribution encoding all
the non-perturbative information. Despite the fact that some of the results on the topic were already
understood by other means, we believe that our work is relevant as it set the ground for repeating the
same analysis in QFT.
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Zusammenfassung

Das Hauptinteresse dieser Dissertation gilt der Quantenfeldtheorie (QFT), und unsere Untersuchungen
gliedern sich in die folgenden zwei Hauptrichtungen. Im ersten Teil (Kapitel 3 und 4) verwenden wir
hauptséchlich die large- N-Entwicklung als Werkzeug, um nichtperturbative Eigenschaften von O(N)-
Vektormodellen und O(N)3-Tensormodellen zu studieren. Im zweiten Teil (Kapitel 6) untersuchen wir
erneut das O(N)-Vektormodell, diesmal jedoch als nulldimensionales Spielzeugmodell einer QFT, auf
dem wir Techniken der konstruktiven QFT erproben und nichtperturbative Beitrdge von Instantonen
berechnen.

Die Kapitel 1 und 2 dienen als Einfiihrung in die urspriinglichen Forschungsergebnisse. Wir er-
liutern den Kontext, in dem unsere Arbeit eingeordnet werden sollte, und geben einen Uberblick iiber
die wichtigsten, von uns genutzten, technischen Werkzeuge.

In Kapitel 3 untersuchen wir ein Tensormodell mit langreichweitiger Wechselwirkung und O(N)3-
Symmetrie, das im large-IN-Limit vier Linien von Fixpunkten aufweist. Insbesondere testen wir
das berithmte F-Theorem, das besagt, dass in d = 3 die freie Energie auf der Sphére entlang
des Renormierungsgruppenflusses vom Ultraviolett- zum Infrarotbereich monoton abnimmt, an solch
einem Modell. Wir berechnen explizit die freie Energie an zwei Fixpunkten, die durch eine Renormierungs-
gruppentrajektorie verbunden sind, und bestétigen die Giiltigkeit des F-Theorems. Dies kann als
weiterer Hinweis fiir die Unitaritdt der Theorie gesehen werden. Die technisch Anspruchsvolle Berech-
nung erforderte die Summation einer unendlichen Familie von Diagrammen mittels der Entwicklung
in konforme Partialwellen. Auferdem betrachten wir das O(N)-Vektormodell im large- N-Limit und
nutzen es als Aufwirmiibung, um unsere Technik zu testen.

In Kapitel 4 untersuchen wir die Auswirkungen der Kompaktifizierung einer rdumlichen Dimension
auf konforme Feldtheorien (CFT). Die Kompaktifizierung fiihrt zwangslaufig zu einer Energieskala,
dem Kehrwert ihrer Grofe, und bricht somit die konforme Invarianz. Die wichtigste Konsequenz ist,
dass Einpunktfunktionen nicht mehr verschwinden miissen, was die Menge der CFT-Daten vergrofiert,
die zur vollstandigen Charakterisierung der Theorie benotigt werden. Wir betrachten das langreich-
weitige O(N)-Vektormodell mit einer kompaktifizierten rdumlichen Dimension, zeigen die Existenz
einer nichttrivialen Losung der Massenliickengleichung und eines stabilen IR-Fixpunkts im large-N-
Limit. In diesem Grenzfall berechnen wir die Einpunktfunktionen einer spezifischen Familie von
bilinearen Operatoren am Fixpunkt. Dariiber hinaus betonen und diskutieren wir den Unterschied
zwischen einer klassischen statistischen Feldtheorie und ihrer entsprechenden quantenmechanischen
Version, der sich bei der Behandlung von langreichweitigen Theorien manifestiert. Langreichweitige
Wechselwirkungen werden nadmlich durch eine Wirkung mit einem fraktionalem Laplace-Operator in
den rdumlichen Richtungen beschrieben, wihrend der {ibliche Term mit der zweifachen Zeitableitung,
welcher aus der iiblichen Zuordnung einer Quanten- zu einer klassischen statistischen Theorie her-
rithrt, unverédndert bleibt. Im Gegensatz zu den hdufiger studierten kurzreichweitigen Theorien, bei
denen der Unterschied zwischen Zeit und Raum, beim arbeiten in euklidischer Signatur {ibersehen
werden kann, sind solche Theorien, die wir fraktional Lifshitz nennen, offensichtlich anisotrop und die
unterschiedlichen Rollen von Zeit und Raum deutlich erkennbar.

In Kapitel 5 untersuchen wir die kritischen Eigenschaften von fraktionalen Lifshitz-Quanten-
feldtheorien mit kubischer und quartischer Wechselwirkung. Eine interessante Eigenschaft von Lifshitz-
Feldtheorien ist, dass sie zwar explizit Lorentz- oder Rotationsinvarianz brechen, aber anisotrope
Skaleninvarianz an Fixpunkten der Renormierungsgruppe aufweisen. Eine solche anisotrope Skalen-
invarianz wird vollstdndig durch den Anisotropieexponenten z beschrieben, den wir bis zur ersten
nichttrivialen Ordnung in Storungstheorie berechnen.

In Kapitel 6 untersuchen wir das quartische O(N)-Vektormodell in null Dimensionen, d.h. als
rein kombinatorisches Spielzeugmodell einer QFT. Die Arbeit in null Dimensionen trivialisiert das
Problem der Berechnung von Feynman-Amplituden vollstdndig, so dass wir die Eigenschaften der
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asymptotischen Storungsentwicklung leichter untersuchen kénnen. Wir untersuchen sowohl die Zu-
standssumme als auch die freie Energie als Funktionen der Kopplungskonstante unter Verwendung
von Techniken der konstruktiven QFT, wie der Loop- Vertez-Entwicklung und der BKAR-Formel. Die
Loop-Vertex-Entwicklung erfordert die Einfiihrung eines auxilidren Hubbard—Stratonovich-Feldes und
hat bemerkenswerter Weise einen endlichen Konvergenzradius. Aufserdem entspricht sie im Fall des
O(N)-Modells formal einer small-N-Entwicklung. Wir beweisen die Borel-Summierbarkeit sowohl der
Partitionsfunktion, der freien Energie als auch der Koeffizienten ihrer small-N-Entwicklung in allen
Richtungen in der komplexen Ebene. Dazu miissen wir diese Grofen auf einer mehrbléttrigen Rie-
mannschen Flache, d.h. an einer Stokes-Linie vorbei, analytisch fortsetzen. Schliefflich berechnen
wir ihre vollstdndige Transreiheneentwicklung, die hinter den Stokes-Linien einen Instanton-dhnlichen
nichtanalytischen Beitrag erhalten, der alle nichtperturbativen Informationen enthéalt. Trotz der Tat-
sache, dass einige der Ergebnisse zu diesem Thema bereits auf andere Weise verstanden wurden,
glauben wir, dass unsere Arbeit relevant ist, da sie den Grundstein fiir die Wiederholung der gleichen
Analyse in einer QFT legt.
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Chapter 1

Introduction and motivations

On 5 July 1687 Philosophize Naturalis Principia Mathematica by Sir. Isaac Newton was first
published. It is considered one of the most important works in the history of science, as it gives for the
first time a comprehensive description of one of the fundamental forces of nature: gravity. Since then,
thanks to the collective effort of many generations of scientists, we got to the point of understanding
that our universe is governed by four fundamental forces: weak force, strong force, electromagnetism
and gravity. By irony of fate, we have a satisfying enough description of all of them but gravity. In
fact, incorporating the laws of quantum mechanics with gravity remains the biggest open problem of
modern fundamental physics. Weak force, strong force and electromagnetism are described with the
language of Quantum Field Theory (QFT) by the Standard Model of particle physics (a QFT with
gauge group SU(3) x SU(2) x U(1)). In the Standard Model each fundamental particle is represented
by a quantum field and the interaction between particles, i.e. scattering processes, can be described
by computing correlation functions. The Standard Model describes with remarkable accuracy the
interaction of sub-atomic particles up to the highest energy scale tested so far by the Large Hadron
Collider (LHC) at CERN. Gravity is by far the weakest force and its effects can be neglected at the
energy scale that is currently accessible (~ 14 TeV). On one side, this is what allows us to make
very precise predictions on small scale phenomena even without fully understanding gravity. On the
other hand, the lack of experimental data that can provide us with insights, is probably one of the
reasons why a full understanding of gravity is still an open problem. The only information we can
access comes from the universe around us, i.e. from astronomical data, which, however, are limited.
By observing our universe we learned that, at very big length scales, gravity is the dominant force
and it is described quite accurately by the classical theory of gravity: General Relativity. Recently
we witnessed the observation of the the first Gravitational Waves, announced by the LIGO and Virgo
collaborations on 11 February 2016. In particular, the signal coming from the merger of a pair of black
holes of around 36 and 29 solar masses was detected via an interferometry experiment, confirming the
old prediction by Einstein. On the other hand, the observation of the universe still provides us with
numerous open problems, such as the problem of dark matter, or the black hole information paradox,
and many others. The existence of phenomena that we are not able to describe efficiently, suggests
that the theory of gravity needs to be improved, and it is believed that the true theory of gravity
should be subject to the laws of quantum mechanics as the other three fundamental forces. For this
reasons, reconciling gravity and quantum mechanics is the ultimate goal in the background of the
work of the majority of theoretical physicists working in fundamental physics nowadays. This has
proven to be an extremely difficult task, which led to the development of many different branches of
theoretical physics such as: string theory, loop quantum gravity or causal dynamical triangulations.
Furthermore it also boosted research in a number of directions more indirectly related to gravity,
but still of great interest. For example the formal study of QFT models and their renormalization
properties, Conformal Field Theories (CFT), large-N expansions, resurgence, and many others. All of
these topics are extremely vast and incredibly interesting even beyond quantum gravity motivations.
For example, the language of QFT can also be used in the context of condensed matter to describe
quasiparticles, i.e. collective excitations of many particles that behave as one. Also, the theory of the
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renormalization group can be use to efficiently describe phase transitions in such condensed matter
systems, i.e. critical phenomena in which the macroscopic properties of a system change abruptly. The
common feature of phase transitions is a divergent correlation length, which is the manifestation of a
scale invariance developed at the transition. Furthermore, typically scale invariance implies conformal
invariance, thus critical points are the object of study of CFTs, which can be considered as a special
class of QFTs obtained by tuning to a fixed point of the renormalization group. Therefore, QFTs and
CFTs are intimately related by the renormalization group and their investigation has to be carried
out in parallel, as it is done by both the high energy and the condensed matter communities.

This is the context for my work, which consists of investigating certain selected aspects of QFT.
More precisely, the work presented in this manuscript can be divided in two parts: the study of some
QFT and CFT models via large-N expansions, and a constructive (convergent) expansion of a zero
dimensional QFT toy model. As for the QFT/CFT part, we will mainly focus on long-range theories,
which consist of field theoretical models for systems with non-local Gaussian term. Such kind of models
are much less studied than short-range ones and they provide us with the opportunity of carrying
out original work and new computations, not yet available in literature. From the merely technical
point of view they are extremely interesting as they do not exhibit wave function renormalization,
and because at the CFT level they have the peculiar property of not having a local stress-energy
tensor in the spectrum. Also, from the experimental point of view, it is remarkable that they have
been recently realized in laboratory [5|. Lastly, given the long-range nature of the interaction, the
quantum statistical partition function is mapped to an anisotropic classical one, as it will be made
more precise in chapters 4 and 5. However, despite the fact that Lorentz or rotation symmetries are
broken explicitly, it is interesting how they exhibit a form of anisotropic scale invariance at fixed points
of the renormalization group, which can be described in terms of the anisotropy exponent z # 1.

Large-N QFTs. The main tool used in the first part is the large-IN expansion, i.e. a perturbative
expansion in the inverse of the number of components of the field. As it will be reviewed in the next
chapter, QFTs are typically very difficult and ill defined theories, which are fully solvable only in very
exceptional cases like free theories, i.e. describing non interacting particles (or any degrees of freedom).
A universal strategy available to address QFT is perturbation theory, which consists in making the
approximation of small interaction and study deviations from the free theory. However, such approach
is inherently limited not to describe efficiently strong interactions. A possible alternative approach,
which is sometimes very useful, is to consider QFTs describing a large number of fields, or one field
with a big number of components, and organize the perturbation theory as an expansion in % with A/
being the large number of components. In the limit of A/ strictly infinite, such modified perturbation
theory can be truncated at the leading order and it is sometimes fully solvable, or at least easier. We
will denote such theories as large-IV theories. Furthermore, one can aim at describing theories with
a finite number of degrees of freedom, i.e. fields, by including more and more sub-leading orders of
the % expansion and setting N to the desired value afterwards. However, despite not being directly
related to any observed phenomenon, already strictly large-N theories are extremely interesting, as
they offer a unique ground for testing our understanding of QFT and CFT in a simple but less trivial
case than free theories.

Historically, the large-IN expansion was introduced in QFT as a computational tool for studying
the O(N) vector model [6, 7], in which the fields are taken to be vectors under the action of an O(N)
internal symmetry groups, but the same technique easily generalizes to SU(N), Sp(N) etc. In the
strict large-N limit the dominant diagrams are extremely simple (local tadpole diagrams) and the
theory becomes fully solvable. Furthermore, the % expansion is so manageable that it can even be
pushed to subleading orders. Such kind of models are very important as they describes real world
systems as: the Ising model for N = 1, the XY model for N = 2, Heisenberg magnets for N = 3.
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Soon after, the large-N expansion became very popular in the context of high energy physics
thanks to its application to Quantum Chromodynamics (QCD), i.e. the sub-sector of the Standard
Model describing the strong force. In that case the gauge group was enhanced from SU(3) to SU(N,)
taking N, big [8], and unlike the vector model case, gauge fields transform as matrices of the SU(N,)
group. In the strict large- NV, limit the dominant family of diagrams are planar diagrams, i.e. diagrams
that can be drawn on a sphere without intersecting edges. However, despite this being an enormous
simplification with respect to the finite N, case, planar diagrams are still too many and cannot be
re-summed.

After vector and matrix fields, the next natural step is to consider tensor fields with more than two
indices. The main feature of tensor theories is that they allow a large-IN expansion that is dominated
by a subset of planar diagrams: melonic diagrams [9, 10, 11|. Tt is surprising that, while matrix fields
exhibit a more difficult large-/N limit than vectors, tensors are again simpler than matrices. Tensor
theories were first introduced in zero dimensions as an attempt to describe quantum geometry and
quantum gravity [12, 13]. The idea was to discretize the gravitational path integral, which is a sum over
all possible geometries of space-time, and it was carried on by noticing that Feynman graphs generated
by the perturbative expansion of tensor theories are dual to discretizations of such geometries. In the
case of two dimensions, tensors with two indices need to be used, and this program successfully
boosted the understanding of two-dimensional quantum gravity and string theories [14]. As for the
higher dimensional case, large-N tensors with more than two indices turned out to describe branched
polymer geometries, which have Hausdorff dimension 2 and spectral dimension 4/3, i.e. smaller than
two. More recently, tensor QFT (d > 0) gained new interests because they can be considered as
generalizations of the SYK model [15] to dimension higher than one and without disorder, as they
are both dominated by melonic diagrams at large N. Furthermore, tensor QFTs [16, 17, 18| provide
a unique example of a models which are even less trivial than vector models, but still manageable at
large N. Also, such large-IN theories were found to have several interesting fixed points; we will refer
to the Conformal Field Theories (CFT) sitting at those fixed points as melonic CFTs [19]. Thanks to
the large-N tool, melonic CFTs are among the few existing d > 2 examples in which it is possible to
compute analytically some of the CFT data.

Constructive expansion. Considering that perturbation theory is one of the main techniques for
studying QFT, the problem of rigorously defining it is clearly of crucial importance in mathematical
physics. The perturbative expansion in QFT suffers from three main problems: the divergences of
amplitudes coming from loop integrals, the divergence of the perturbative series due to the factorial
growth of the number of Feynman diagrams, and the problem of renormalons. One by one, all of
these problems are relatively well understood, but, when put together, their interplay make things
incredibly complicated. For example the problem of the divergence of Feynman diagrams is brilliantly
solved by the theory of renormalization [20]. Indeed, perturbative renormalization tells us how to
systematically subtract infinities order by order in perturbation theory, making the QFTs predictive
at small coupling. The problem of the factorial growth of the perturbative series, in principle, could
be addressed by means of the theories of Borel summability and resurgence [21]. Borel summability
tells us that, given an asymptotic (i.e. divergent) series that meet the right set of assumptions,
we can re-sum it and reconstruct the unique function which has the asymptotic series as its Taylor
expansion. On top of that, and provided again that the right regularity conditions are met, Ecalle
theory of resurgence surprisingly allows to reconstruct also the full non-perturbative content coming
from instantons, which is captured by objects known as transseries. However, in the case of QFT, it is
in practice impossible to compute many terms of the perturbative expansion. The reason is twofold:
first of all the coefficients of the perturbative expansion are a sum of Feynman integrals, which are
complicated multidimensional integrals quite difficult to evaluate. Also, as we already mentioned, such
Feynman integrals are in general divergent before renormalization, which is a very involved procedure
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that cannot be pushed to more than 7 or 8 loops in the easiest theories. The last problem that we
mentioned is that of renormalons: families of Feynman diagrams whose renormalized amplitude is
factorially big. Renormalons constitute an additional source of divergence of QFTs, they can be dealt
with on the same footing as instantons with the theory of resurgence, but they add an additional layer
of difficulty to the problem of properly defining perturbation theory. In order to disentangle the three
problems it is sometimes useful to investigate zero dimensional QFTs, as in that case the problem of
the divergence of Feynamn diagrams and renormalons are completely trivialized.

A promising method for trying to define a convergent perturbative expansion is the Loop Vertex
Expansion (LVE) [22]. The LVE relies on the introduction of an auxiliary field with a logarith-
mic potential interaction, which is bounded much better than polynomials at infinity, and on the
Brydges—Kennedy—Abdessalam—Rivasseau (BKAR) Forest Formula |23, 24]. The LVE has been suc-
cessfully applied to give a constructive treatment of a quartic scalar theory in two dimensions [25].

Plan of the thesis. Before discussing the research results, in chapter 2 we give an overview of
the most important tools needed to understand the manuscript. In chapter 3 we investigate the
properties of the melonic CFTs arising at the large-N fixed points of the O(N)? long-range model. In
particular we test the famous F-theorem, stating that in three dimensions the free energy F' on the
sphere is monotonically decreasing along the renormalization group flow. In chapter 4 we study the
effects of the compactification of one dimension on CFTs. We work with the long-range O(N) vector
model at large N and we compute some new CFT data, i.e. the coefficients of one-point functions.
Furthermore, we stress and discuss the difference between a classical statistical field theory and its
corresponding quantum version(quantum fractional Lifshitz field theories), which becomes manifest
when dealing with long-range theories. In chapter 5 we study the critical properties of quantum
fractional Lifshitz field theories, introduced in chapter 4. We consider scalar theories with cubic or
quartic interaction, compute the beta functions to the first non-trivial order in perturbation theory
and show that they admit an infrared stable fixed point. Afterwards, we compute the first quantum
correction to the anisotropy exponent z at those fixed points. Finally, in chapter 6 we discuss the
constructive expansion of the zero dimensional O(N) model. We use the LVE, which in this case
corresponds to a small- N expansion, to study the analytic properties of the partition function and the
free energy in the complex plain of the coupling constant, prove Borel summability, describe the Stokes
phenomenon and include the non-perturbative effects (i.e. computing the full transseries). Although
at first this may look like an academic exercise, we are setting the ground for repeating the same
analysis with a fully-fledged QFT in non zero dimensions.



Chapter 2

Background knowledge

In this chapter we review the basics of few selected topics that are widely used throughout the rest
of the thesis, mostly related to QFT. Our goals are both to make the manuscript more self-consistent
and to help the non expert readers to follow more easily what comes next. However, we do not aim
at producing a comprehensive review, as it would be way beyond the scope of this thesis. Also, since
in the thesis we will always consider Lorentz scalars, we will discuss only scalar fields.

2.1 Quantum Field Theory

In most of this manuscript we will assume that the readers are familiar with the basic concepts of
Quantum Field Theory. However, in this section we will spend few words about it, more details can
be found in the standard references |26, 27, 28, 29, 30].

The notation that we introduce in this section is self-consistent within the chapter, while in the
rest of the thesis we sometimes slightly modify it at convenience.! However, all important notations
are introduced again in each chapter as necessary.

2.1.1 General idea and perturbation theory

QFT can be thought of as a generalization of quantum mechanics to systems with a continuous number

of degrees of freedom, i.e. a field ®. In the framework of QFT it is possible to successfully describe

a great number of physical phenomena, ranging from condensed matter physics to cosmology, not to

mention particle physics. There are two main possible formulations: the Hamiltonian formulation and

the path integral formulation, in this work we will not mention the former as we use only the latter.
The starting point of any QFT is a partition function in the form:

ZorT = /[D@] el (2.1.1)

where ® represents schematically the collection of all the fields in the theory, and such fields are func-
tions of the space-time coordinates ®(t,x). S[®] is called the action of the theory and it is typically a
polynomial function of the fields. The integral is a functional integral and it has a similar interpreta-
tion as the Feynman path integral in quantum mechanics, but in this case paths are parametrized by
both space and time. Such a partition functions suffers of a number of problems, most of them rooted
in the fact the functional integration is ill defined, with the only important exception of Gaussian
theories. Another very important object of interests is a slight variation of (2.1.1), that is:

Z= /[Dcp] e~oll (2.1.2)

'For example, as we will almost never use non-connected correlation functions, we will use the letter C' for the
propagator (covariance).
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which has the advantage of having a real and negative exponent in the integrand. The interpretation of
such object is varied. For example it can be obtained from a QFT by performing a Wick rotation, i.e.
mapping the physical time to an imaginary "Euclidean" time ¢ — —27, with the practical advantage of
avoiding some of the divergences arising in perturbative computations. In this case referring to (2.1.2)
as a QFT is a bit imprecise, as the description of a true QFT requires to Wick rotate back to the
real time, which can be tricky. A partition function like (2.1.2) also describes a statistical field theory,
in which the fields ® are functions of space coordinates only ®(x). Lastly, it can describe a QFT at
finite temperatures, with the caveat of imposing periodic boundary conditions in the time direction
O(t,x) = ®(t + 1,x), this will be the framework of chapter 4. In the following we will always work
with (2.1.2) and we will often refer to it as a QFT, always having in mind that it has to be interpreted
as an FEuclidean QFT or as a statistical field theory.

The fundamental objects of study of QFT are correlation functions, defined through the path
integral with the insertion of a string of fields in the functional integral:

1
C (z1, 29, ..., 1) = Z/[D(I)] e D (21)®(a9)... 0 (2y) (2.1.3)
Correlation functions can be derived from the generating functional Z[J], defined as:

2] = / [D®] e~SIB+), T@o()

5 5
5.J (1) "'5J(xn)Z[J]|J:” '

(2.1.4)
C(”)(ml, ceny mn) =

In principles, from such correlation functions one can extract the amplitudes of any physical process
involving the degrees of freedom of the model ®. However, as it is often the case in physics, it is
practically impossible to compute exactly the object of interest C(”)(xl, ..y Tp), unless the action is
quadratic, i.e. the theory is Gaussian. In general, the best that we can do is to work in perturbation
theory?. With this purpose, let us split the action in two parts:

S[®] = So[®] + Sr[®] (2.1.5)

where in Sp[®] we collect all the quadratic terms of S[®], while in S;[®] we collect all the other terms.
We can compute correlation functions perturbatively by Taylor expanding in S7[®]:

=1
C™(x1, @9, ..., 2p) Z/ch ~S0l®lp (1) D (). Z? , (2.1.6)
k=0

by using the renowned Wick theorem:3
C™ (zy, ..., 20) = Z H C xz,xj) , (2.1.7)
parings pairs (4,5)

(n

where we introduced the notation C ) for correlations of the Gaussian theory, i.e. computed using

the quadratic part of the action Sy[®]. Clearly C(()Z) plays a special role and it is often referred to
as propagator or covariance. From now on we will conform to the standard notation and drop the
superscript (2) in two-point functions.

2Tt is sometimes possible to get results beyond perturbation theory, for example via large-N expansions that we will
discuss later, or with simulation on a lattice, or using functional renormalization.

3Here we aim at a short practical guide of how QFT computations are done. With this aim we do not mention many
crucial (but standard) aspects of the theory.
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Combining (2.1.6) and (2.1.7) we can evaluate any correlation function as a sum of amplitudes,
and each of them can be attached to a graph called Feynman Diagram:

C(zy, ..., x ZAQ L1y ) - (2.1.8)

In order to clarify the graph interpretation of the sum and to make clear how amplitudes are computed
we briefly discuss the easiest possible example of an interactive theory. Let us consider the following
action:*

&
ASH
!

| 5 @@ o(a) + (@)

(2.1.9)
silel =4 [ ¢,

where ¢ is the only field and it is a Lorentz scalar, and ¢ is the coupling constant of a quartic
interaction. In this case (2.1.6) becomes:

00 k
C (21, ..., ) z/DSD =008l (7). o (a0 Z;<_4'/ 4(36)) , (2.1.10)

then we can use the Wick theorem and we find schematically:

+o00 k
CO (1, izn) = > (—g)F <H/> S [T Coza,a) - (2.1.11)
k=0 i 7T

Wick contractions

We can now understand better the structure of the Ag in (2.1.8), that is:

Ag(.%'l,..., —Cg (H/) C()(Q?Z',xj), (2.1.12)

(zi,x;)€E(G)

where E(G) is the set of edges of a graph G with p internal vertices, while ¢ is a combinatorial factor
that counts multiplicity of terms and it is easy to be computed. For practical computation it is often
easier to work in Fourier space, where we have Cy(p) = m, and using the conservation of momenta
at each interaction vertex the number of integrations can be reduced to the number of loops in the

graph:
Ac(pg) =c ¢* <H/> 5 +m2, (2.1.13)
pL &

where we are labelling the external momenta with pg, the loop momenta with p;, and the momenta
flowing through the edge e € E(G) with pe. It is easy to show that the perturbative expansion is
equivalent to a loop-expansion, and that loops corrections correspond to the inclusion of quantum

“Here and in the following we sometimes use the notation [ = [d%z or [, = [ d* 'xdt depending whether we work

in Lorentzian or Euclidean signature. For integrals in momentum space we use similarly fp = [de 41(%)2 or f |4 (%)2
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effects. For example, we find that C'¥) (1, ...,24) at first order in g is:
CW(z1, ..., w4) = (Co(w1,22)Co(3, 24) + Co(w1,23)Co(2, 24) + Co(1, 24)Co(22, 23))

— % g/ Co(iﬂ,IE) (00(1'1,@)00(33,333)00(%354) + (13)(24) + (14)(23)) (2.1.14)

—g/C’o(:n,:vl)Co(z:,xg)Co(x,mg)Co(z,m4) .

2.1.2 Connected and 1PI correlations

In order to reduce the number of diagrams that need to be evaluated it is useful to work with connected
correlations G (21, ...,2p), which are sums of connected Feynman diagrams only. We point out here
that typically (but not always) G(z1,z2) = C(x1,x2) because one-point functions are vanishing by
parity, for example this is obviously true for Gaussian theories, hence Go(z1,z2) = Co(z1,22). As it
is very standard in probability theory, going from correlations (moments) to connected correlations
(cumulants) is easily achieved by taking the logarithm of the generating functional:

W[J] =log(2[J]) ,

5 5 (2.1.15)
570y 5Ty =0

G (z1, ..., 2y) =

Also, it is common to work with amputated correlations, i.e. connected correlations amputated of the

external edges. For example, in momentum space we find that Ggﬁ,)lp_ (p1, ..., pa) at order g2 writes:

3 1 1
G (D1, ey pa) = (2m)5(p1 + p2 + p3 + pa) <—g + - 92/ > ,  (2.1.16)
k

2 k2 +m?2 (p+ k)2 + m?

with p = p1 +po transferred momenta. As we already highlighted in the introduction, such a perturba-

FIGURE 2.1: Amputated connected four-point function to 1-loop.

tive expansion suffers of a number of problems, the most obvious at this point being the fact that loops
integrals in the Feynman amplitudes can be divergent. This means that at this stage all our writing
is purely formal. In the next section we will address this problem when discussing renormalization.
Other very useful quantities are proper vertices rm (1, ..., Ty), which are sums of one particle
irreducible (1PI) diagrams. A connected and amputated Feynamn diagram is said to be 1PI when it
stays connected after cutting one arbitrary internal edge. The generating functional of proper vertices,
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known as effective action, is the Legendre transform of W[J]:

rig) = sup / J(@)é(x) — WL}

L[p] = Z% (1_[1 /%) T (21, ooy ) d(21) () -

n>0

(2.1.17)

From the definition it follows immediately that ¢(z) = %3/7(%] = GW(z). An alternative and opera-

tionally more useful definition of the effective action is:
e Tlel = / [dp] e SB(@+r) (2.1.18)
1PI

where the subscript of the integral means that, when expanding in diagrams, the sum should be
restricted to 1PI terms. The effective action is a very important quantity, as it can be considered as
the quantum generalization of the classical action. In fact its equation of motion at vanishing external
source resemble the saddle point condition of a classical action, but it fixes the value of the one-point
function ¢(x) = (p(x)), i.e. the expectation value of the field:

Classic: gi([i] =0,
— T _, (2.1.19)
o 0g()
Also, it is easy to show that:
I[¢] = S[¢] + (quantum corrections) , (2.1.20)

where quantum corrections are terms that comes from loop corrections only. In momentum space
it is common to redefine the proper vertices to factorize a delta function coming from the global
conservation of momenta:

T (p, ..., pn) = (27)% (ZpZ) T (py, ..., pn) . (2.1.21)
=1

The T(™) (p1, ..., pn) are actually functions of n — 1 arguments, i.e. the constraint > ;- | p; = 0 is always
assumed. Lastly, it is also worth to mention the following general property:

/r@)(;cl,x)a(a;, To) = 0(xy — ) , (2.1.22)

which can be derived easily by taking two derivatives with respect ¢(z2) and J(z1) on both sides of
(2.1.17).

2.1.3 Schwinger-Dyson and Bethe-Salpeter equations

Schwinger-Dyson equation. A very useful equation for the connected two-point function G(x1, xz2)
can be easily derived graphically. The simple idea is that, starting from the 1PI two-point function
re (x1,x2), we can reconstruct the connected one by joining 1PI blocks by propagators (see Fig. 2.2):
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G(z) (:Cl,xg) = Co(xl,xg) + / / Cg(xl,1‘/)Z($/,x”)00($”, 1‘2) + ..., (2.1.23)

where ¥(z1, z2) is the sum of 1PI two-point graphs, which it is called self energy. Then one can resum
formally (2.1.23) and find:

Gil(.%'l,.%Q) = 00_1(1'1,3?2) — 2(%1, xg) . (2.1.24)

Whenever it is possible to express the self energy in terms of G(x1, x2), the Schwinger-Dyson equation
becomes a self consistent equation for G(z1, z2) itself. The diagrammatic derivation that we presented
is incredibly simple and intuitive, but it required a formal resummation. In alternative we can take
T (21, 29) = Cy M1, 22) — X(21, 72) as a definition of ¥(z1, x2), then the Schwinger-Dyson equation
follows immediately from (2.1.22).

= + ° G N

FIGURE 2.2: Diagrammatic representation of the Schwinger-Dyson equation. The line
with the full ball on the left hand side represent the two-point function, lines represent
propagators and the empty ball represent the self energy.

Bethe-Salpeter equation. A very similar reasoning can be used for the four-point function. Let
us define Fy(x1, 22, x3,x4) the connected one particle irreducible four-point function in the s-channel
(12 — 34), assuming for simplicity that odd n-point function are vanishing, we have:”

fs($1,1‘2,$3,$4) = 0(4)(w1,x2,x3,x4) — C(wl,x2)0($3,$4) . (2.1.25)

We can now argue that, as Fs(z1,29,x3,24) is one particle irredicible in the s-channel, it can be
written as a sum of ladders whose rungs are two particle irreducible in the s-channel. Defining the
Bethe-Salpeter kernel K(z1, z2,x3,z4) as the two particle irreducible block that adds such rungs, we
can write:

Fs(x1, 2,3, T4) = / / (I—K) (21, 20,2, 2")G (2!, 23)G (2", x4) (2.1.26)

where I(21, 22, 73, 24) = & (6(z1 — 23)8(v2 — 24) + 6(21 — 74)(22 — 23)) and K(z1, 22, ¥3, 74) is noth-
ing but the two particle irreducible four-point function in the s-channel amputated from the right (legs
3 and 4). See Fig. 2.3 for a diagrammatic representation.

The Bethe-Salpeter equation is a very powerful tool when the QFT is conformal, as we will discuss
section 2.3. A more formal derivation of the Bethe-Salpeter equation, which goes beyond our simple
diagrammatic argument, can be found by using the two particle irreducible (2PI) effective action
formalism [31].

5The last term on the r.h.s of (2.1.25) makes Fs(x1,x2,x3,24) connected in the s-channel. In general we need to
subtract also the one particle reducible terms in the s-channel, but such terms are proportional to three-point function
and they are zero in the case we are considering.
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FIGURE 2.3: Diagrammatic representation of the Bethe-Salpeter equation. Left: full

balls with n legs represents n—point functions, in theories with vanish odd m-point

functions we need to subtract only the disconnected contribution in the channel (12 —
34) in order to define F. Right: iterative insertion of the Bethe-Salpeter kernel.

2.1.4 Long-range models

Long-range models can be formally defined as QFTs with the following kinetic term (here we set
m? = 0 for brevity):

Sol¢] o /qﬁ(ﬂs) (~0%)° o(x) , (2.1.27)

where (—82)C is the fractional Laplacian. There is more than one possible way to make sense of
the fractional Laplacian. The most intuitive and operationally clear being to define it directly in
momentum space:

swma/¢@mﬁ%@m (2.1.28)

1% . Alternatively

one can work in direct space and define it through the action of the bi-local kernel Cy 1(1’, Y):

where p* = (p2)g, which leads to the momentum space propagator ﬁ instead of

) 6(v)
«ﬁ%wmzéqﬁ@wmwu—émjﬂx
= So[ﬁb]O(—/x/ym-

When dealing with computations of amplitudes of long-range theories it is often useful to use the
Schwinger representation of the propagator:

(2.1.29)

Colp) = ¢ = == /m da ¢~ lemor’
CPIE PR T T Jo ’

1

(2.1.30)
o B +ood c—1-d/2 —lzZyP
e =)= iy, de e

Long-range models are interesting for several reasons, the most technical being that they do not
exhibits wave function renormalization (i.e. no anomalous dimension of the fundamental field) due to
the non-local kinetic term. Furthermore, their realizations in the context of defect or boundary field
theories [32] and the fact that they have been realized experimentally in recent years [5] have also
contributed to renewing theoretical interest around them.
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2.2 Renormalization

2.2.1 Perturbative renormalization

In the context of QFT, renormalization [33, 20] emerges naturally from the need of taking out infinities
and make the theory predictive. In this section we try to sketch how this happens and why it is so
powerful.

The idea. In the previous section we defined proper vertices I'(™) (z1,...,25) and their generating
functional I'[¢]. In the following we will always prefer to use proper vertices as they expand in one
particle irreducible graphs, which are less than connected graphs. We have:

T (@1, ymn) = D Ag(an, oy ) (2.2.1)
1PI G

and each of the Ag is an integral of the kind (2.1.12). A priori there is no reason why such integrals
should be convergent, and in general they are not. Infrared divergencies are never a big problem, as
they can be avoided by keeping a finite mass or by working at non zero external momenta. Ultraviolet
divergencies are more problematic and need to be subtracted. The first step for subtracting the
divergencies is, of course, to identify them. Given the specific form of the action S[®], it is possible to
compute the external degree of divergence of graphs and identify which of the I'(™) (z1, ..., zp) suffer
from UV divergencies. Starting from (2.1.13) we introduce a sharp UV cutoff at p;, = A, and assuming
an interaction of the form:

g(q)
sifel =L [ o). (222)
it is easy to find:
Y d+V<d<q72>—q)+n(1—é)
Ag(pp) o< A 2 2, (2.2.3)

where n is the number of external points and V is the number of interaction vertices, i.e. the order
in perturbation theory. The exponent of (2.2.3) is usually called degree of divergence deg(G) of the
graph G:

deg(G) = d+V <d(‘12_2) - q) +n (1 _ g) . (2.2.4)

The example of the previous section corresponds to the case ¢ = 4. The deg(G) tells us if and how a
graph is divergent. Whenever deg(G) > 0 the graph is divergent and the UV cutoff cannot be removed
unless divergences are subtracted first. QFTs can be classified as follows

(g=2)
2

¢ Non-renormalizable: if (d — q) > 0. In this case a graph in the theory becomes more

and more divergent as the order in perturbation theory increase, meaning that we need to
renormalize more and more T (z1, ..., z,,).

¢ Renormalizable: if (@ — q> = 0. In this case the divergence do not depend at all on

the number of vertices. In this case we need to renormalize only the '™ (1, ..., zp) for which
d+n (1 — %) > 0. However, there is still an infinite number of divergent graph, as they can have
an arbitrary number of vertices. The statement of renormalizability is that they all contribute
to a finite number of proper vertices.

e Super-renormalizable: if (@ — q) < 0. In this case going up with order in perturbation

theory improves the convergence of graphs, i.e. only a finite number of graphs need to be
renormalized.
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We define n,, as the solution of d + ne, (1 — %) = 0, in the case of renormalizable theories only the
F(")(aﬁl, woey Tp) With n < ng, need to be renormalized. We have that: for ¢ = 3 a scalar field theory is
renormalizable in d = 6 and n.. = 3, for ¢ = 4 the scalar field theory is renormalizable in d = 4 and
Ner = 4, while for ¢ = 6 a scalar field theory is renormalizable in d = 3 and n.. = 6. From (2.1.20) it
follows that:

DD (g, .., Tq) = ¢'? + quantum corrections , (2.2.5)

where the quantum corrections contain the divergencies. The rough idea of perturbative renormaliza-
tion is to redefine ¢(9 — ¢\@ + Dy, with Dy cutoff dependent and divergent quantities, called counter
terms, chosen such that all the '™ (z1,...,zp) are finite order by order in perturbation theory. The
goal is to make the whole effective action finite.

Systematic procedure. We now make this procedure more systematic for the case ¢ = 4. Let us
introduce a renormalized action:

Siled = [ (52800000 000) + 0m + bud)ghe) + gt Zyel(@)) (220
. !

in which the space-time dimension d is chosen such that the interaction is exactly marginal, while
1 is a renormalization scale that we introduced to make g, dimensionless. The renormalized action
is nothing but the action we started with, usually called bare action, but expressed in terms of
renormalized quantities. Notice that, in the case of renormalizable and super-renormalizabile theories
it is consistent to set gﬁn) = 0, for n > ngr. The reason being that the corresponding I'("™) (T1, ey Tp)
are finite, hence we will never need counterterms for them and they will not be generated by quantum
corrections. Therefore, in the action (2.2.6) we included only the quartic interaction.

The statement that the bare and the renormalized action are two reparametrization of the same
object, leads to the relation between bare and renormalized quantities:

p(x) = 2"2p,(x)
m? = (m? 4 om*)/Z , (2.2.7)

g = M4_dngg/Z2 .

One find that Z, m?/m?2 and Zg all start from one and expand in powers of g,

Zzl—l—Zz(p)gf ,

p>1
6m2/m$:1+2a(p)g§? , (2.2.8)
p>1 -
Zg=1 —I—Zzép)gf .
p=>1

In more complicated cases, when more than one marginal couplings are present, they expand in a
power series of all of them.
Renormalization is always performed in two steps

e Regularization: we first need to make the divergent amplitudes finite, i.e. regularize them.
This can be achieved with many different techniques, the more intuitive being the introduction a
cutoff A on the momentum space integrals. Another widely used techniques is that of dimensional

SNotice that also T®) (z1, x2, x3) = 0 by parity.
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regularization, which consists in an analytic continuation of the divergent integrals to a space-
time dimension for which they are convergent. In the quartic theory that we are using as an
example we could compute integrals in d = 4 — € with € > 0, then infinities manifest themselves
as % poles. Dimensional regularization is widely used as it is operationally much simpler than
many other regularization techniques.

e Subtraction: once the infinities have been isolated we need to subtract them through the right
choice of coefficients in (2.2.8), which is called a renormalization scheme. However, such choice
is not unique, as not all the renormalization schemes are compatible with all regularization
techniques. Also, one is always free to subtract the infinities plus an arbitrary finite quantity. A
very common renormalization scheme, consistent with dimensional regularization, is the minimal
subtraction, which consist in subtracting only the % poles at some renormalization scale p. An
alternative is to perform the subtraction keeping renormalized proper vertices fixed, for example:

TO([p| = p) =m2 + p?
TP (pl =p) =1, (2.2.9)

T

2
W{Ipil = p}) = gr -

=i

From now, unless it is stated explicitelly, we will use only dimensional regularization.

Flow equations. By now it should be clear that the procedure of renormalization is not unique, as it
involves the choice of a regularization technique and of a renormalization scheme. However, there is at
least one feature which is shared by all the possible choices: we always need to introduce a dimensionful
parameter that plays the role of the renormalization scale. This seemingly small and technical detail
hides a very deep physical consequence, i.e. the renormalized quantities depend on the energy scale.
It is always possible to extract all the information about such energy scale dependence by the very
natural requirement that bare quantities do no know anything about the artificially introduced energy
scale. We now make this more precise in the case of a massless quartic theory with dimensional
regularization, which is a particularly interesting case as m? = 0 is a necessary condition in order to
have fixed point solutions of the renormalization group flow.
For the proper vertices in momentum space we have:

T ({pitnig) =0, (2.2.10)

Hap
Using the relation T ({p;}n; g) = Z*”/Ql_“ﬁn)({pi}n; gr, pt) and the chain rule of derivatives we find:

10y + B(9)0y, = 51(9:)| T ({pi}ni g 1) = 0. (2:2.11)

2

where ((g,) and n(g,), are known as beta function and anomalous dimension, and they are given by

Blgr) log Z . (2.2.12)

gr n(gr)
g

du du p

These kind of differential equations are known as Renormalization Group Equations and they de-
scribe how correlations (connected or proper vertices) change with the energy scale introduced during
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renormalization. By homogeneity”, such energy scale can be traded for a scaling factor on momenta:
n _ _
=504+ B(9:)0, — 5(g:) + (L] T8 ({spi}ui gro ) = 0. (2:2.13)

where [['(™)] is the mass dimension of T(™. The solution can be found easily with the characteristic
curve method:

T ({8pi}ns gr(5), 1) = s[m”exp{ - Z/l fﬂ(gr(S’))}fﬁn)({pi}mgr(S), " . (2.2.14)

with g,(s) being the solution of

50s9r(s) = B(gr(s)) , g9r(1) = gr - (2.2.15)

Equation (2.2.14) describes how correlations depend on the energy at which they are observed. A
class of particularly important solutions are fixed point solutions, i.e. the solutions corresponding to
a characteristic curve which is sitting at a fixed point 8(¢*) = 0. In this case, the solution (2.2.14)
becomes a simple scaling invariant:

T ({spitn g%, ) = s 737600 ({pi b, g7, 1) (22.16)

If the renormalized coupling at the starting energy scale is not a fixed point, it is needed to study the
flow of the coupling. For example for the quartic massless theory with minimal subtraction we have

3

B(gr) = —egr + Ag2 + ..., A

which has a fixed point at g* = &. The characteristic curve of the coupling is:

€gr
r(s) = : 2.2.1
r(s) Agr — (Agr — €)s¢ (22.18)

which flows at ¢* in the infrared (s — 0) and to zero in the ultraviolet (s — 400).

2.3 Basics of Conformal Field Theory

In the previous section we showed how, at fixed points of the renormalization group flow, scaling
symmetry for correlations emerges. Therefore, when tuned to a fixed point, any QFT fulfill a bigger
symmetry algebra than the Lorentz one. Certainly such symmetry algebra needs to include dilatations
on top of Lorentz transformation, but surprisingly it turns out that most of the times there is even
more symmetry hiding, i.e. special conformal transformations [34]. The interested reader can find
more details in [35, 36]

2.3.1 The Conformal Algebra

The conformal group can be defined formally as the set of diffeomorphisms that leave the metric
unchanged up to an overall coordinate dependent scale factor:

Oz 0x°
Q;W(m/) = ngpa(m) = Ax)guw(x) - (2.3.1)

"We used (uau + 50,5 — [f(")}) L™ ({spi}n, gr, 1) = 0, [[™] being the mass dimension of the proper vertx.
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For an infinitesimal transformation of the form a/#(z) = z# + €*(x) it becomes:
1
Ouey + 0ve, = gﬁpepgﬂy , (2.3.2)
with d being the space-time dimension. The solution of (2.3.2) is:
e =c'" +aua” + by’ (2.3.3)

in which b, can actually be expressed in terms of one single vector b, via by, = % (buGup + bpGur — bugup)-
Such infinitesimal parameters correspond to the following infinitesimal transformations:

't =gt 4t (translations)
o =zt Azt | (
o't =zt + ala? (

o't = ot + 2(bpa’)zt — 27 (special conf. transt.)

dilatations) (2.3.4)

Lorentz rotations)

where in the last line we can see the unexpected extra transformations. Once we have the explicit
form of conformal transformations, the commutation rules follows easily. The full conformal algebra
writes:

D, ] WPy,

(D, K] = =K,

[ P)l=2 (WVD MW) ) (2.3.5)
(M, By ] (nupPV - Uuppu) )

[Mw,, ] -1 (nupKu - nupKu) )

(M, s M ] = =1 (Mpupnve — M,i6nvp — Mypnue + Myonpp) -

Where P,, D, M, and K, are respectively the generators of translations, dilatations, Lorentz rota-
tions and special conformal transformations. Representations of the conformal algebra on fields can be
constructed by noticing that P, and K, act as raising and lowering operators for D and assuming that
in each multiplets there exists an operator O(z) which is annihilated by K. Such kind of operators
are called primary operators, while all the other operators in the multiplets are called descendants
and can be obtained by acting repeatedly with P, on the primary.

2.3.2 Conformal n-point functions

Conformal symmetry impose very restrictive conditions on n-point functions of primary operators.
Such conditions are so constraining that the functional form of two-point functions is completely fixed
and the only free parameter left is the mass dimension of the operators. Three-point functions are
completely fixed up to mass dimensions of operators and an overall multiplicative factor. Higher n-
point functions can be reduced to a sum of two and three-point functions via the Operator Product
Expansion (OPE), that we will discuss shortly. For this reason, it is often said that a CFT is fully
defined by the list of the operators in the theory together with two set of numbers: their scaling
dimensions and their three-point function coefficients. Such set of numbers is often referred to as
CFT data. We will often denote scalar primary operators as O;, while for the case of symmetric
traceless spinning operator with spin J we introduce the notation (’)ZL’ J); with h scaling dimension

and /i = (p1, ..., )
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2-pt function of scalars. The form of two-point functions of two scalar operators is:

(Oi(r1)0j(x2)) = \371—513]:2]% , (2.3.6)

with A; being the scaling dimension of operators O;(\z) = A™210;(x).

3-pt function of scalars. For the three-point function of scalar operators we have:

(CINYNYNY
(Oi(21)Oj(22)Og(x3)) = (212|515 | B BB g [ BT BB (2.3.7)
2-pt function of spinning operators. In the case of spinning operators we have:
_ I (212)...1"7 (212) — traces
I _ vy)
(Otan(@1) O a0 (22)) = o1 — 72 , (2.3.8)
where x15 = |21 — 29| and I',(z) = 6%, — 2%.

3pt functions of a spinning operator with 2 scalars. Lastly, we have that the three-point
function of two scalars and one spinning operator is:

. Z,....20,. — traces
. . A _ p I3
(Oi(21)0; (xQ)O(h,J) (3)) = Caingn) ’mm’Ai+Aj—h+J’$13‘Aiih—J—Aj

C(2.3.9
‘$23‘A]‘+h—J—Ai ( )

: _ (z13) (w23)
with Z,, = |$13|5 — |$23‘§ .

2.3.3 Operator Product Expansion

The Operator Product Expansion states that the product of two operators can be expanded in an
infinite product of local operators. We have:

Oi(x1)0j(x2) = Fg(h’J) (212, 02)Og(n, 1) (22) , (2.3.10)
hJ

but such equality holds only inside correlations, i.e. it is a statement about states and not about
operators. In QFT the OPE is only asymptotic, but in CF'T it is convergent at finite point separation
[37]. The reason of this remarkable property lies in the state-operator correspondence, that we will
not discuss here, which allows us to interpret the OPE as expansion in a complete Hilbert space. It
can easily be proved that the function Fi?’(h,J) (z12,02) in (2.3.10) is proportional to the coefficient of
the three-point functions. In particular we have:

(91-(931)(9]-(552) = Z CAiAj(huJ)fZ(h,J) (IE12, 82)(’)!1(,17” (LEQ) s (2311)
h,J

where fi’;(h ) (z12,02) can be computed exactly and is not model dependent.
If we apply the OPE on the s-channel of a four-point function of scalars we find:

A A ALA
<OZ(ZE1)O](xg)ok($3)ol(x4)> = ZCAiAj(h,J)CAkAl(th)Gh,J Ik l(ﬂfz) 5 (2312)
h,J
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where GA i85 Akl (x;) are called Conformal Blocks and in many cases they are know explicitly. In

equation (2 3.12) we choose arbitrarily to perform the OPE in the s-channel, but we could have
done the same in the t or u-channels. Performing the OPE on different channels and equating the
results provides self-consistent equations called crossing equations, which are the starting point of the
Conformal Bootstrap program [38, 39].

2.3.4 Conformal Partial Waves expansion

A very useful technique used to extract some CFT data is the Conformal Partial Wave (CPW) ex-
pansion [40, 41, 42]. Here we give a very short introduction to the topic, but more details can be
found in the Appendix 3.E of chapter 3. Conformal Partial Waves can be defined as a convolution of
three-point functions:

UAAAR (g g, 24) = / A%z (pa(21)0a(22)0f, 1) (2))es(d5(23)65(24)O, ) (s + (2:3.13)

where we introduced the notation A = d — A for the shadow dimensions, the cs underscript indicates
a conformal structure with OPE coefficients set to one, and we are using the notation ¢a(z) for a
scalar operator with dimension A to conform with the notation that we will use in the manuscript
when studying explicit field theoretical models (in which the fundamental field can be identified with
the smallest primary in the theory).

It is possible to think of four-point functions as endomorphism & : VAo — VA with VA being the
appropriate space of bi-local functions® and it turns out that conformal three-point functions form a
complete and orthonormal basis for Vp, labelled by the spin J € Ny, the position zy € R%, and the
scaling dimension h € Py. Where P, is known as principal series:

d
P+—{h‘h—2+wnr€R+}. (2.3.15)
The completeness relation reads:
I(z1, x2, 3, 24) = (21 — 33)0 (22 — 24)

-‘rzoo dh 2.3.16
Z/ —phJ)/\/’ /\fA AAAA(ZU1,ZU2,373,9€4), ( )

JEeNy

where N2, are explicit normalization factors and p(h, J) is called Plancherel weight:

(¢ 2 _
st 1) = DG+ TG= DI
2

1 _
2(27)4/2.J1 T( ~yh+J—UW+J—U. (2.3.17)

DINC

Using the completeness relation we can always express an endomorphism £ : VA — Va in terms of
CPWs. If we insert the identity (2.3.16) in the Bethe-Salpeter equation (2.1.26) and use the fact that

8More precisely, the space of bilocal functions Va can be defined as the space of smooth functions f(x1,z2) that are
square integrable with respect to the scalar product:

(f1, f2) =/ fi(@1,22)C (a1, 23)C (22, 24) fo (@3, 74) | (2.3.14)

ie. (f,f) < oo, and satisfy the asymptotic boundary condition f(z1,z2) ~ |z1|7?2 for |z1] — oo and similar for
|x2]| = oo.
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the three-point functions are eigenfunctions of the Bethe-Salpeter kernel we find:

2+120 qp, (h,J
Fs(w1, 2, 3, 74) = Z/ 2mlfk(h)J)NhJNA AAAA(xl,acg,xg,m)

JENO) (2.3.18)
_ZR I: NhJNA AAAA(x17x27x37x4)

) hehi(J)<d/2

In the second line we are adding by hands the contribution from operators with dimension smaller

than % as such terms are not in Va, and k(h, J) are the eigenvalues of the Bethe-Salpeter kernel:

/xm K (w1, 22,3, 74) ($a (23)0a(22) O, 1y (%0))es = k(h, J) (pa(1)a(22)Of, 5 (w0))es - (2.3.19)

A slight improvement of (2.3.18) can be achieved by using the fact that CPWs can be expressed as
linear combination of Conformal Blocks:

5100 qp 1
.7: ($1,l’2,l’3,l’4 Z / 27T’Lm (h J) GAAAA(ZL'l,l'Q,l’g,l‘z;), (2.3.20)
JeNy —100 )

where uﬁi s(h,J) is an explicit known number, sometimes called conformal measure (here we are
assuming for simplicity that there are no contributions from operators with A < %) Equation (2.3.20)
is the most useful form of the CPW expansion of the four-point function as, in principle, it is very
easy to extract some CFT data from it. If we close the contour of integration on the right we pick
contributions from poles located at k(h,J) = 1, hence such condition allow us to find out which
operators appear in the OPE of two ¢a(z). Furthermore, by comparison with (2.3.12), we can read
their OPE coefficients, which are nothing but the residues at the poles:

2 NA(h J)
. 2.3.21
CAA(hJ) k/(h J) k(b J)=1 ( )

Of course in general it is difficult to compute k(h, J), but it is sometimes possible for large-N fixed
points.

2.4 Large-N limit and non-perturbative renormalization

A very useful means of studying QFT and CFT beyond perturbation theory, is the large number of
components expansion, often called large-N expansion. Let us consider a QF T with the fundamental
fields being scalars ¢;(z), with ¢ transforming in an irreducible representation of a global symmetry
group G. Such group can be for example O(N), U(N), Sp(N), O(N)?, O(N)? , in all the cases the
number of components grows with N. The idea of large-N expansions is to apply the perturbation
theory machinery using % as the expansion parameter. In this section we summarize some aspects
of O(N) (vector) models and O(N)? (rank-3 tensor) models, while we do not mention the important
case of matrix models as it is never studied in the rest of the manuscript.

2.4.1 O(N) model

Let us consider the theory (see [43] for an extensive review):

SR (a) + () (24.1)

Stéul = [ 50u()(=0F)00(e) + 5
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where (—9?%) stands for 8,0,6", ¢,(x) transforms in the fundamental representation of O(N), and
#*(x) = ¢pa(x)¢o(z). In the graphs arising in perturbation theory there are both explicit factors of
% coming from the quartic vertex and factors of N coming from contractions of O(N) indices. It is
useful to represent vertices as in Fig. 2.4, such that one can keep track of the contraction of O(N)
indices. With such graphical representation it is easy to understand how amplitudes of graphs get
a factor % per dashed line and a factor of N per loop of continuous lines. The graphs contributing
to the leading large-N limit are the graphs that maximize the number of loops at given number of

dashed lines (powers of \).

FIGURE 2.4: Graphical representation of the quartic vertex, the dashed line represents
the ﬁ vertex itself while the continuous lines on the left and on the right keep track of
the O(N) indices.

The % expansion. Let us now study the NV dependence of a generic vacuum graph (see in Fig. 2.5),
its amplitute A is proportional to:

A v
A <N> NEv | (2.4.2)

where V' is the number of vertices, i.e. number of dashed lines, while Ly is the number of loops of the

O(N) indices, i.e. loops of solid lines.

00 00
OO0
€

FI1GURE 2.5: Example of a vacuum graph.

Now we need to use the Fuler formula, stating that for a graph G embedded on a Riemann surface
the following identity holds:
v—e+f=2-2g, (2.4.3)

where v, e and f are respectively the number of vertices, edges and faces of the graph G, while g is
the genus of the Riemann surface. Let us consider the graph obtained using the loops of solid lines as
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vertices and dashed lines as edges, we have v = Ly and e = V. Applying Euler formula we find:

,
A o <:r> N2720tV=f = \VN2-20-/ = \V NI~ (24.4)

where we have used e—v+1 = [, with [ being the number of dashed lines loops. Therefore, the large-IV
limit is dominated by trees. Furthermore, the whole % expansion corresponds to a loop expansion
(an example of a subleading graph with [ = 1 is in Fig. 2.5).

Large-N Schwinger-Dyson equation. The Schwinger-Dyson equation (2.1.24) of such model sim-
plifies significantly in the large-INV limit, in particular we have:

G (p) = C: (p) + A / Glg) (2.4.5)

which is clearly divergent and needs to be renormalized. The fact that fq G(q) is local suggests that the
momentum dependence of the full two-point function G(p) does not get modified by the interaction.
Therefore we can look for solutions in the form G=1(p) = p? + m?:

1

2 2

m :mb+)\/ , (2.4.6)
" g @ +m7

which provides a self-consistent equation for the renormalized mass m2, known as mass gap equation.

A very simple solution can be found by tuning the theory to criticality m? = 0 and choosing m% =

_2A [ 1
-

2Jqq

Large-N Bethe-Salpeter equation. In the large-IN limit, the connected four-point function is
given by a sum of chains of bubbles diagrams?, with full leading-order propagator on each edge

(m% = 0), see Fig. 2.6. Therefore, the proper vertex in momentum space reads:

FIGURE 2.6: Chain of bubbles with n > 1 vertices. The connected four-point function
is given by the sum of all such chains.

2\
r® = — 2.4.7
where p is the total transferred momentum and B(p) is the bubble integral:
Bo) = [ o < 2.43)
2m)?¢*(p — q)? ' h

9This comes from the Bethe-Salpeter equation (2.1.26) after subtracting the disconnected terms in the ¢ and u
channels.
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@ — Ty
(4m) 2T (d—2)
renormalization group scale |p| = p as:

where b > 0. We define the renormalized dimensionless coupling g at some

g = ntTO () /2 (2.4.9)
It follows that the beta function is:

Blg) = n5L = —(4— d)g +b(Ay)(4 — d)g* . (2.4.10)

Therefore, for d < 4 the beta function has a zero (i.e. a fixed point) at g* = ﬁ. We can trivially

invert the relation between bare and renormalized coupling to get:

ddy_ __ 9 2.4.11
: 1—b(Ay)g ( )

hence the fixed point corresponds to the limit A — 0o'C.

The intermediate field formalism. Another very useful approach is to introduce a auxiliary field
o(x) by the Hubbard—Stratonovich trick:

2= [ D6 Dole vl
N

(2.4.12)
Slér. o] = 1 _9? L 9o + N o 1 2
91,01 = [ (500@)(-0P)60(e) + 5mdP(w) — 130%(w) + 5@ (@) ) -
x

Using this representation of the theory there is only one cubic interaction vertex. If we represent ¢(x)
propagators with full lines and o(z) propagators with dashed lines, the quartic interaction vertex in
Fig. 2.4 can be interpreted as two cubic interaction vertices joined by a o(z) propagator. The ®,(x)
integrals can be computed explicitly and we find:

7= / (DoleSl1 |

(2.4.13)
Slo] = / <];[10g (=0* +mj + o(2)) — i\)f\a(a})2> .

All the terms in the action are proportional to N, which now plays the same role as ﬁ in the semi-

classical(loop) expansion. Therefore, in the large-N limit the partition function is dominated by the

saddle point of the exponent, located at the solution of the equation of motion for o(x), i.e. gf([m% = 0.

Assuming o(x) = o constant, we find:

1 o
_— 2.4.14
/qqg—i—m%—i—a A7 ( )

which is clearly divergent for d > 2. Let us now define a renormalized mass m?

(2.4.13) becomes:

= m% + o, equation

1
2 2
m?=m +/\/, (2.4.15)
r b qq2+m%

which is again the mass gap equation that we already derived from the Schwinger-Dyson equation.

ONote that it is actually the combination p?~*X which goes to infinity, i.e. the bare dimensionless coupling
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2.4.2 The O(N)? model

Tensor field theories are QFTs with tensors ®;,;,i,.. as fundamental degrees of freedom, and they
gained a big interests as they can exhibit a % expansion similar to the one of the SYK model. There
exist a wide variety of such models, which can be divided in two categories:

e Colored tensor model: contain more than one tensor field, i.e. we can assemble these tensors
into a single one with an additional index labelling colors.

e Uncolored tensor models contain one single tensor field, i.e. they are colored tensor model
with just one color.

Historically, colored tensor models were studied first and they were shown to have a % expansion

dominated by melonic diagrams [9, 10|, which are a particular subset of planar graphs. Later on, it
was discovered that it is not necessary to introduce the complication layer of having multiple colors to
lead to a % expansion. In particular in [11] it was shown that an uncolored model in d = 0! with the
tensor field transforming in the tri-fundamental representation of O(N)3: ¢ape — OgarOpy Ocer Puriyer
and with quartic interaction:

va X ¢a1b101¢a1b202¢a2b102¢a2b201 ) (2416)
1

has a 5 expansion with melonic large-N limit. In [16] a similar model with bosonic fields in d > 0 was
studied for the first time and it was found to have an interesting fixed point in d = 4 — € dimensions.
Another very interesting example is the long-range version of such model [17], which has a number of
different features. First of all, by tuning the long-range parameter (, it is possible to find fixed points
in any dimension 2 < d < 4 (including the interesting case of d = 3), and not only in d = 4 — e.
Furthermore, one of the couplings of the theory stays exactly marginal and can be further tuned at
wish, leading to 1-parameter families of fixed points (lines of fixed points). In particular four lines
of fixed points were found, one of them being IR stable and, with good evidence, unitary. Here we
review such long-range model, as it is the starting point of chapter 3.

O(N)? long-range model. The fundamental field is a real rank-3 tensor field, ¢4, ayas (), transform-
ing under O(N)? with indices distinguished by the position (typically labelled by a color). Denoting
a = (a1, a9, as), the action of the model reads:

1 d 2\¢ m* d
S[¢]:§ dxﬁba(_a)(ﬁa"‘T d"z paa
] (2.4.17)
Y 5(1 5(2
+ Z /dda: |:1 Aéztibcd + Alngb);cd + )\2Pz£b);cd ¢a¢b¢0¢d 9
where repeated tensor indices are summed over a’ = 1,--- , N and we introduced the projectors:
A 1 A ~ A 2 ~
Péb);cd - 3(6§b;cd - 5gb;cd> ’ Péb);cd - 5gb;cd . (2~4~18)
and the rescaled operators:
A 1 A 1 d 1 4
Oabed = a7 Bubeds  Dhined = 7373 Onbicd+  Oabied = 773 Oabied (2.4.19)

1Tn the paper the authors deal with a combinatorial model in which fields are simple real variable, i.e. there are not

Feynman integrals. In the case of QFT the combinatorics and the % expansion obviously do not change.
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with:

5t

abc

3

1 d

5§b;cd = g Z 5aici 5bidi H 5ajbj5cjdj , 5ab;cd = dabled -
i=1 J#i

d = 0019100141 042:20p242043 4304303
(2.4.20)

Here t stands for tetrahedron, p for pillow, and d for double-trace. Such names refer to the graphical
representation of the respective pattern of contraction of indices (see Fig. 2.7).

<

PN

FIGURE 2.7: Graphical representation of the interaction vertices. Each field is repre-

sented with a black dot and each O(N) index is represented with a colored half edge,

therefore full edges represents contraction of indices. Left: tetrahedron vertex. Center:
pillow vertex. Right: double-trace vertex.

The faithfully acting symmetry group of the model is S5 x O(N)3/Z2, where the quotient by Z3
is to eliminate the redundancy of having a Zs as subgroup in each O(N), and Ss is the permutation
group acting on the indices. Symmetry under the latter is often called “color symmetry", due to using
color as a label distinguishing the indices. For the sake of simplicity we just refer to the model as the
O(N)? model.

The power of the Laplacian is taken to be { = d/4, so that the dimension of the field is A = d/4
and the quartic couplings are marginal by power counting. Moreover, one assumes d < 4 so that the
kinetic term is non-local, the propagator is unitary, and local derivative interactions are irrelevant. It
should be noted that the usual dimensional regularization setting d = 4 — € is not suitable for this
model, as at d = 4 the model becomes short-range and its renormalization properties differ drastically.
The appropriate € regularization for the long-range model is to set ( = (d + €)/4, corresponding to
A = (d—e€)/4, at fixed d < 4.

The main feature of the O(N)? model is that in the large-N limit its perturbative expansion is
dominated by melonic diagrams built on A vertices, mixed with cactus diagrams built on A; and Ao
vertices, as we will prove in the following. Melonic graphs can be constructed recursively by iteratively
inserting a prime melonic graphs (Fig. 2.8) on the edges of a melonic graph.

Lastly, the imaginary unit multiplying the tetrahedron interaction is introduced so that in the
present notation the large-N OPE spectrum is real for real A [17, 44]. This is to be contrasted to the
short-range O(N)?3 model of [45, 16], for which the tetrahedral term is necessarily real due to the fixed
point condition, and as a consequence the model contains operators of complex dimension.

4-colored graphs. It is very useful to represent Feynman diagrams as 4-colored graphs, and this is
done as follows. Interaction vertices are represented as 3-colored graphs as in Fig. 2.7 which we call
bubbles, where each edge represents the contraction of two O(N) indices, and the O(NN) indices of the
three copies of O(N) are distinguished by the three colors (i = 1,2,3). Propagators are represented
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FIGURE 2.8: Left: prime melonic graph. Right: first iterative insertion of the prime
melonic graph in one of its edges.

as lines of a fourth color (labelled as 0) joining two vertices (fields) of two different 3-colored bubbles.
Propagators (black lines) transmit all of the three indices at the same time, i.e. they can be thought
of as lines of any color 1 < ¢ < 3 at the same time. The advantage of such representation is that it
allow us to keep track of the contraction of O(N) indices. In particular, a graph G gets a power of N
for every loop made with lines of two colors 0 and ¢, we call faces such two-colored loops. The usual
Feynman diagrams can be easily recovered by shrinking the bubbles to points, and they contain enough
information to reconstruct the corresponding Feynman integral only, but not the N dependence. See
Fig. 2.9 for an example.

N
N S

FIGURE 2.9: Left: example of a 4-colored graph contributing to the two-point function.

Since there are 3 faces the amplitude of the graph gets a power N2 from the contraction

of O(N) indices. Right: shrinking the two tetrahedral bubbles to a point we go back to
the standard Feynman diagram.

Melonic large-N limit. Now we show that the model has a % expansion |11, 45]. Let us define
nt(G), np(G) and ny(G) as the number of respectively tetrahedral, pillow and double-trace bubbles.

We have that the scaling in N of a generic graph is:

Ag o NE(G)=3n(G)—2np(G)—3n4(9) , (2.4.21)

where F(G) is the total number of faces. We notice that it is possible to generate the pillow and
the double-trace interaction as radiative correction of tetrahedrons (see Fig. 2.10), then we can also
define a new graph G obtained by substituting the pillow and double-trace bubbles with their minimal
resolutions in terms of tetrahedrons. Such new graph has only tetrahedron bubbles but the same
scaling in N, which now writes:

A ox NF@=3m@) (2.4.22)
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FIGURE 2.10: Left: Feynman graph with external tensor contraction equivalent to the
pillow. Right: Feynman graph with external tensor contraction equivalent to the double-
trace.

Starting from our 4—colored graph Gitis possible to define 3 Ribbon graphs by ignoring the faces
of color 07, we call them jackets J ¢, The number of faces of such jackets can be expressed in terms of
their genus F(J*) = ny(G) — 2 — k(J?). Since each face of G belongs to two jackets we have that the

A~

total number of faces of G is:
. 3 . 138 A
F(G) =5m(0) +3 -3 ; k(T (2.4.23)

which combined with (2.4.22) and fact that G and G have the same scaling in N leads to:
Ag o N3=(9) (2.4.24)

where w(G) = 1 S k() is called degree. Considering that k(J?) > 0, equation (2.4.24) is a bound on
the polynomial growth of a generic graph in IV, which is enough to prove the existence a % expansion.
Furthermore, the leading order graphs are such that w(G) = 0. By the standard arguments [46] G has
degree zero if and only if G is melonic, i.e. the leading order graphs are melonic after substituting all
the pillows and double-trace vertices by their minimal realizations in terms of the tetrahedral vertex.
In terms of the original interactions, the graph G is a melon-tadpole graph, which is obtained by
iterated insertions of melon and tadpole diagrams in the prime melonic graph (See Fig. 2.11).

Summary of results. The main features of the model are [47, 44, 17]:
e The tetrahedral coupling A is exactly marginal.

e All the insertions of melonic two-point functions in the diagrams can be eliminated by rescaling
each coupling by the square of an appropriate function Z(\), which is a finite constant. In
particular, we define g = AZ(\)2. This can be achieved by solving the large-N Schwinger-Dyson
equation:

G Yz,y) = C; (z,y) + (m2C + )\QG(m,az)) S(z —y) + N2G(z,y)3, (2.4.25)
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o
=Y

FIGURE 2.11: Example of a melon-tadpole graph.

with the ansatz G~1(p) = Z(A\)p?. The constant Z()) is found to be the generating function
of 4-Catalan numbers when ¢ = 7.

e In the space of the other two couplings (whose renormalized and rescaled version we denote g;
and g9) we have four interacting fixed points parametrized by g:

g1 =EVP2+ 0%, gox = +V3g2 + 0(g%), (2.4.26)

out of which one is IR stable, one is UV stable, and two are saddles (see Fig. 2.12). All four
collapse to the trivial fixed point for g — 0.

(91—, 924) ¢ $ (9145 924)
<« 0 > @ «———
(0,0) |
<« @ >@
(G1-92-) v v (g14592-)

FIGURE 2.12: Trajectory between the fixed points in the space (g1, g2). The red dot is
the IR stable fixed point.

e n-point functions of the fundamental fields are proved to be conformal.

e The OPE spectrum in the singlet sector ¢, X ¢ has been computed analytically for small A,
and numerically at a non-perturbative level: it consists of bilinear operators with real OPE
coefficients and with real dimension of the form:

Py =20+ 20+ J +1,.5(9%) (2.4.27)

with n, J/2 € Ny and n,, 7(0) = 0. These are operators that in the free limit schematically take
the form ¢a0"1 - - - 97 (0?)"¢a, and for n = 0 are also known as “double twist" operators.
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It is important to notice that while for (n,J) # (0,0) the anomalous dimensions 7, s(g?) are
analytic at g2 = 0 and identical at all four fixed points, the anomalous dimension of ¢, has a

branch cut:
2 2 392 2
molg®) = £ — =5 (1+0(g%) . (2.4.28)

I'(d/2)(4m)
with the plus sign (resp. the minus sign) corresponding to the value at the IR (resp. UV) fixed point
of go. This is the reason why the coefficient of the tetrahedron interaction in (2.4.17) needs to be
purely imaginary in order to avoid complex scaling dimensions.

2.5 Selected Constructive Techniques

In this section we briefly introduce the notion of Borel summability, the Brydges-Kennedy-Abdesselam-
Rivasseau Forest formula and the Loop Vertex Expansion.

2.5.1 Borel summability

When dealing with asymptotic series, a crucial notion is that of Borel summability. Less known, there
exists a notion of Borel summability of functions, intimately related to the Borel summability of series.
In this section we present a brief review of these notions, which will play a central role in chapter 6, as
well as a slight generalization of the (optimal) Nevanlinna-Sokal theorem on Borel summability [48].

Notation. We use K as a dustbin notation for irrelevant (real positive) multiplicative constants,
and R and p for the important (real positive) constants.

Borel summable series. A formal power series A(z) = Y 2o, ax2" is called a Borel summable
series along the positive real axis if the series:

By =3 %

N k!
k=0

t* (2.5.1)

is absolutely convergent in some disk |t| < p and B(¢) admits an analytic continuation in a strip of
width p along the positive real axis such that for ¢ in this strip |B(t)| < Kel//# for some real positive
R. The function B(t) is called the Borel transform of A(z) and the Borel sum of A(z) is the Laplace
transform of its Borel transform:

f(z) = 1/00 dt e /% B(t) . (2.5.2)
Z Jo

It is easy to check that the function f is analytic in a disk of diameter R tangent to the imaginary
axis at the origin, Diskp = {z € C | Re(1/2) > 1/R} .

Clearly, if it exists, the Borel sum of a series is unique. This raises the following question: given
a function h(z) whose asymptotic series at zero is the Borel summable series A(z), does the Borel
resummation of A(z) reconstruct h(z)? That is, is f(z) = h(z)? The answer to this question is no in
general: for instance the function e~1/# is asymptotic (along the positive real axis) at 0 to the Borel
summable series ar = 0. It turns out that one can formulate necessary and sufficient conditions for
h(z) which ensure that it is indeed the Borel sum of its asymptotic series, as we now recall.

Borel summable functions. A function f: C — C is called a Borel summable function along the
positive real azis if it is analytic in a disk Diskg and has an asymptotic series at 0 (which can have
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zero radius of convergence):
q—1
f(2) = ar 2"+ Re(2) | (2.5.3)
k=0
such that the rest term of order ¢ obeys the bound:

IR, (2)| < K ¢l ¢ p9 |27, z € Diskp , (2.5.4)

for some fixed 8 € R;. Note that the bound in (2.5.4) is slightly weaker that the one in [48]. The
positive real axis is selected by the position of the center of Diskr. We call Diskg = {z € C |
Re(1/z) > 1/R} a Sokal disk.

These two notions are intimately related: the Borel sums of Borel summable series are Borel
summable functions (this is straightforward to prove). Moreover, the asymptotic series of Borel
summable functions are Borel summable series.

Theorem 1 (Nevanlinna-Sokal [48], extended). Let f : C — C be a Borel summable function, hence
analytic and obeying the bound (2.5.4) with some fized 3. Then:

e the Borel transform of the asymptotic series of f:
=1
B(t)=>" o t* (2.5.5)
k=0

1s convergent in a disk of radius p in t and it defines an analytic function in this domain.

e B(t) can be analytically continued to the strip {t € C | dist(¢,Ry) < p} and in this strip it obeys
an exponential bound |B(t)| < Kell/E,

e for all z € Diskr we can reconstruct the function f(z) by the absolutely convergent Laplace
transform:
1 (o.9]
ﬂ@:zé dt eV B(t) . (2.5.6)
See Appendix 2.A.
We emphasize that both for series and for functions, Borel summability is directional:

e for series, Borel summability along a direction requires the unimpeded analytic continuation of
B(t) in a thin strip centered on that direction.

e for functions, Borel summability along a direction requires analyticity and bound on the Taylor
rest terms in a Sokal disk (with O on its boundary) centered on that direction.

Clearly, the singularities of the Borel transform B(t) are associated to directions along which the
function f(z) ceases to be Borel summable.

2.5.2 The Forest formula

The Brydges-Kennedy-Abdesselam-Rivasseau (BKAR) [23, 24] forest formula is a Taylor formula for
functions of several variables. Due to its symmetry and positivity properties it is very well adapted
for non-perturbative QFT.

Let us consider a set of n-points labeled ¢ = 1...n, which we identify with the set of vertices of
the complete graph KC,,. The set of unordered pairs of such points has n(n — 1)/2 elements e = (i, j)
for 1 < 4,57 < n, ¢ # j and can be identified with the set of edges of K;,. Let us consider a
smooth (and arbitrarily derivable) function f : [0,1]""~1/2 — R depending on the edge variables
Te = T4, € = (1, ]).
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Theorem 2. [The Forest Formula, [24, 23]] We have (with the convention that empty products are

1): £, 1) Z;uo_[ due> K]; >f] (wﬁ(u;)) , (2.5.7)

ecF

0
0z,
| F| times
where:
e the sum runs over the forests'?> F drawn over the n labeled vertices i, including the empty forest

(having no edge). To each edge e € F we attribute a variable u. that is integrated from 0 to 1
and we denote ur = {u.|e € F}.

o the derivative (Hee F 8%5) f is evaluated at the point:

wiy(ur) = inff {ue'}, (2.5.8)

e'er;_,
where Plcf—l denotes the unique path in the forest F joining the vertices k and l, and the infimum
1s set to zero if such a path does not exist.
f

Setting by convention w{,(ur) = 1, for any assignment of tree edge variables 0 < ur < 1 the

symmetric n x n matriz W7 (u”) = (w,ﬁ(u;))Kk J<p 1S positive.

The most subtle point in this formula is that W7 (u”) is a positive matrix. To see this we proceeded
as follows. A forest F divides the complete graph K,, into several connected components (or blocks)
corresponding to the trees in the forest. For instance, if F is the empty forest the blocks are all
singletons consisting in a unique vertex per block. For any forest F, the matrix:

B/ﬁ _ {1 , if k,1 belong to the same block of F ’ (2.5.9)

0, otherwise

is positive. Indeed, denoting b C F the blocks of F and k € b the vertices in the block b:
F 2
Z By,ara; = Z <Z ak) . (2.5.10)
Kl bCF  keb

Let us denote the number of edges in F by ¢ = |F|. We order the edges of F in decreasing order
of their parameters u:
12> Uey 2 Uy > . U, > 0. (2.5.11)

Adding edges one by one starting from the highest edge we obtain a family of subforests of F:
Fo=0, Fl={e1}, F>={er,ea},..., Fi={e1,...e;} =F, (2.5.12)
and the matrix W7 (uz) writes as:
W7 (ur) = (1 — e )BT + (ue, — ;)BT + -+ +ue, B . (2.5.13)

Indeed, if ¢ and j do not belong to the same block of F¢ = F, then they do not belong to the same

block in any of the F*, s < ¢ and none of the terms above contribute, hence wg (ur) = 0. If, on the

12 Acyclic edge-subgraphs of the complete graph K,,.
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other hand, ¢ and j belong to the same block of F, then:

[(1 e )BT 4 (ue, — )BT 4t uquf"] =, (2.5.14)
ij

where s is such that ¢ and j belong to the same block of F*, but belong to two different blocks of

Fol As ue, < e,y < Ue, , < ... it follows that u., is the infimum of the us in the unique path

in F* joining ¢ and j, hence it is also the infimum of the us in the unique path in F joining ¢ and j.

The matrix W7 (ur) is a convex combination of positive matrices, hence it is itself positive.

2.5.3 The Loop Vertex Expansion

A very useful application of the BK AR formula, that we will widely use in chapter 6, is the Loop
Vertex Expansion. Let us consider the toy model of a scalar quartic theory:

1
S(6.9) = 58 + 56"

(2.5.15)
2(g) = [ doe=s00.

Such very simple example does not require to use of the LVE, as the analytic properties of Z(g) can
be easily investigated with simpler techniques. Nevertheless, it allows us to introduce and discuss in a
very simple setting the LVE, which has been successfully used in more complicated settings [49], i.e.
in QFT.
First we need to introduce an intermediate field o, which allows us to rewrite the partition function
in the form:
Z(g) = /doeé"zélog(“\/ﬁ”) = e300 Do omglos(1tvio)| (2.5.16)
=0
where the second equality is true in the sense of asymptotic series, i.e. the asymptotic expansion on
the two sides is the same one.'? Let us now introduce a fictitious parameter y in front of the logarithm,
the original theory is recovered when setting y = 1. The Taylor expansion of Z(g) in powers series of
Yy writes:

Z2(9) =S = Zn(g) (%)" , Zn(9) :eéavao<1og(1—z\/§a)>n , (2.5.17)

o=0

where Z,,(g) are the moments of the random variable <log(1 - 2\/570)). The logarithm of Z(g), i.e.

the free energy W(g) = log (W (g)), expands in cumulants of the same random variable:

Wi(g) =) %Wn(g) (%)n : (2.5.18)

n>0

Let us start by studying the coefficients Z,,(g), we rewrite them by introducing n degenerate copies
of the field o;:

1

Zn(g) = eXis 29792 < ﬂ log(1 — z\/ﬁak)> (2.5.19)
k=1

O'k:()

13Such rewriting of the Gaussian integral can be understood intuitively in terms of Feynman diagrams: the action of
each %8080 connects to o fields through a propagator, i.e. generating the same parings of the Wick theorem.
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We now introduce also fictitious link variables z;; = 1 in the exponent. The idea is to use the off
diagonal elements x;; with ¢ > j (we take z;; = ;) as the variables of the BKAR Forest formula, we
find:

Z/ H duj [62 D w kl&akéal H

FeF, (3,5)eF (i.)eF

5@50] <]£[11°g(1—@\/§ak))] , (2.5.20)

;=0

where F), is the set of all the forests over n labelled vertices. Observing that the contribution of a
forest factors over the trees (connected components) in the forest, taking the logarithm is trivial: it
comes to restricting the sum above to trees over n vertices (hence with n — 1 edges):

1 1 a 52 62 n
Wa(g) = Z / H dus; [62 2kl Wki 5550 H 50100, <H log(l—u/ﬁa@)] , (2.5.21)
(1.5)€T k=1

Tern’0 (ig)eT

The sigma derivatives can be taken explicitly:

d 1) (o /5)?
%m (1—1/go) = —m : (2.5.22)

Denoting d; the degree of the vertex i in F and recalling that . d; = 2(n — 1):

Wn(g) = — (g) Z / H dug;j [eé 7;%% H & 7 (2.5.23)

TeT, 'O GjeT (1 —1y/goi)" :i=0

for n > 1, while the n = 0 is special, but obviously trivial. It is sufficient to use |1 —12,/go| > 1 to get

the following bound:
:-l:l (d171)=n72

Wl <l -2 Y1 (25.24)
di>1

where we used that the u integrals are bounded by one and the fact that there are (n—2)!/[[,(d; —1)!
trees over n labeled vertices with degree d; at the vertex i. The last step is to sum over the possible
d;, that can be done by noticing that the sum over d; is the coefficient of 2”72 in the expansion of
(1—2)™=3 (”;i‘q) x4, hence:
(2TL — 3)' | |n—1
(n—1)!

Using Stirling’s formula for the asymptotics of the factorials we find that W(g) is convergent for
|2g9y| < 1, setting y = 1 for g < % The fact that such expansion is actually convergent for g small
enough is surprising, as usually perturbative expansions are only asymptotic. The reason why this
happens is that the LVE is only a partial expansion in g, in which an infinite family of terms is

Wa(g)| < (2.5.25)

repackaged in <10g(1 — z\/§0)> , which is very well bounded. Using similar techniques it is possible to

show that Z,(g), Wn(g), Z(g) and W(g) are Borel summable along g € R, and actually much more
than that as we will discuss in Chapter 6.
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2.A A simple generalization of the Nevanlinna-Sokal theorem

Proof of Theorem 1. The proof is an infinitesimal variation of the proof of [48] which deals with the
case # = 0. We parallel the notation of [48].

We first observe that:

agz? 4+ Rqy1(2)|
24 N

L RG]

lag| = lim
z—+0,2€Diskr  |z[4

z—0,z€Diskgr

<Kq ¢’ p (2.A.1)

hence B(t) is an integer power series which converges in the disk |t| < p and defines an analytic
function in this domain.

Let us recall Hankel’s contour integral representation of the inverse of the Gamma function:

1 1 o x
— dz e®/7 k1 = / dw e w k= _~" (2.A.2)
210 JRe(z-1)=r—1 21 Jr—1 00 I'k+1)

which holds for any r,z € R, and & € C. We define for x € R the function:

bo(x) = — dz "/ 271 f(2) (2.A.3)
21 Re(z*l):r*1

which is an r independent function for » < R as long as the integral converges because the integration
contour is fully contain in Diskg. Substituting the asymptotic expansion of f(z) up to order q we
obtain:
q—1 a
RLE dz e®/* 2R (2) . (2.A.4)
Pt 1 2772 Re(z—1)=r—1

Changing variables to w = 1/z and using the bound on Ry, the remainder term above is bounded by:

o0

1
<Kqlq®p e rt / dv———r (2.A.5)
2

K ¢ ¢® p1 e®l" / dvy ———— <
|r=1 + qu|at] —co (1 +02)

and the integral in the last line is always bounded by the case ¢ = 1 in which case it is 7 and can be
absorbed in K. Choosing r = x/q (which is possible for ¢ large enough ¢ > x/R) and using the Stirling
upper bound on the Gamma function, the reminder is finally bounded by K ¢°+1/2 (z/p)? hence goes
to zero in the ¢ — oo limit as long as x < p. It follows that for 0 < x < p, bo(z) = B(t)|t=¢-

We now define b, (z) = -4 bo(x), and using (2.A.4) with ¢ = m + 1 we get:

dz™

1
b (x) = am + — dz e®/% 27" R (2) (2.A.6)
2m Re(z—l):r—l

and we have the bound |b,(z)| < K (m 4 1)! (m + 1)? p~™ 1e*/" (note that this bound covers also
the term |a,,| < K m! mP p=™).

The sum B, (t) =", %bm(a:) defines an analytic function in ¢ as long as it converges. As:

Bo(t)] < K™ S (m+ 1P (1t — 2l /o)™, (2.A.7)

m>0

we conclude that B,(t) is analytic in a disk or radius p centered at z. It is immediate to check that
B, (t) = By(t) as long as they both converge, hence B,(t) is the analytic continuation of B(t) to the
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strip {t € C | dist(¢,R) < p} and it obeys the appropriate exponential bound. The last point follows
by noting that for 2’ € Disk,:

1 [ 1 1 1
/ dz e=*/? 7{ dz e®/? 271 f(z) = ?{ dz f(z)=f(="), (2.A.8)
2" Jo Disk, 211 Jpisk, '

2m

by Cauchy’s theorem. O
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Chapter 3

F theorem

3.1 Introduction

Among the most intriguing features of quantum field theory in various dimensions are the so called
c-, a- and F-theorems [50, 51, 52, 53]. These lettered theorems state that under the RG flow between
various fixed points some quantities (aptly denoted ¢, a or F') always decrease. Intuitively, these
quantities must in some way count the degrees of freedom in the theory, as the RG flow decimates the
degrees of freedom when going from one fixed point to another.

The most well known of the lettered theorems, the c-theorem in dimension 2 was first proven by
Zamolodchikov [50]. The quantity ¢ in this case was defined using the two-point functions of the
stress-energy tensor. Interestingly, the obtained c-function coincides at the RG fixed point with the
Weyl anomaly coefficient ¢, that is the central charge.

In d = 4 dimensions, the a-theorem was first conjectured by Cardy [54]. In this case, there are two
universal Weyl anomaly coefficients, usually denoted a and c¢. Cardy conjectured that the quantity
that should decrease along the RG flow is the a-coefficient, multiplying the Euler density. In practice,
this coefficient can be computed from the expectation value of the trace of the stress-energy tensor in
the Euclidean theory on S*. After a long time, the a-theorem was finally proven in [51, 55].

The latest addition to this list of monotonicity theorems is the F-theorem, concerning field theories
in d = 3. In this case, F' has a relatively straightforward definition as the free energy of the CFT
on the sphere. The compactness of the sphere regulates the infrared divergences, however ultraviolet
divergences persist and need to be regularized properly: F'is defined as the finite part of the free energy.
This choice was first proposed in [56, 52|, where various checks were performed on supersymmetric
theories, then extended to non-supersymmetric ones in [53] (see also [57] for a review). Shortly after,
the F-theorem was proven in [58], using the relation between the free energy and the entanglement
entropy across a circle [59]; so far, this is the only method that works for all three theorems [60, 61].

One common feature of the proofs of these theorems is that unitarity plays a crucial role: it is
underlying the use of positivity of two-point functions in [50], of the optical theorem in [51], and of the
strong subadditive inequality in [58, 60, 61]. At present, it remains unclear to what extent unitarity
is a necessary ingredient and if the assumptions of these theorems could be relaxed to include at
least some class of non-unitary models. A non-physical counterexample to the necessity of unitarity is
provided by the generalized F-theorem tests in non-integer dimensions [62, 63, 64], where it was shown
to hold, despite the fact that CFTs in non-integer dimensions have been shown to be non-unitary [65],
at least in the case of the Wilson-Fisher fixed point. On the other hand, as we will see below, a trivial
counterexample to a generic F-theorem without unitarity is provided by a non-unitary generalized
free field theory flow.!

Tt should be remarked that generalized free fields, as the long-range model we will consider here, evade also another
hypothesis of the standard proofs, that is, locality. Long-range models in particular do not have a local energy-momentum
tensor, which plays a crucial role in the standard proofs of the ¢- and a-theorems. However, the embedding of such
models in a larger space [66] could perhaps provide a workaround for such proofs. In fact, for the special case of an
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In most applications, one knows from the start whether the theory of interest is unitary or not, or
at least one has a good degree of confidence in that, and therefore testing the F-theorem in a theory
satisfying the hypotheses of [59] is at most an interesting exercise. However, in some cases ascertaining
the unitarity, or lack thereof, of a theory can be challenging; for instance, in the Wilson-Fisher fixed
point at non-integer dimensions [65], or in the O(/N) model at non-integer N [69, 70], non-unitarity is
a non-trivial result, manifesting itself only in operators of large dimension. The main subject of this
chapter will be another non-trivial example, going in the opposite direction: a manifestly non-unitary
model, which however in the large-N limit has so far passed all the unitarity tests.

3.2 Flow between Gaussian CFTs

As a warm-up, and for later reference, let us consider the following quadratic action:
1 A
Scmald] = 5 [ Al o) (-0 o) + [ e o) (~0P)o(a). (3:21)

with 0 < ¢ < 1. The non-integer power of the Laplacian is defined in momentum space simply as p*,
or in position space by a convolution with a non-local kernel, see (3.B.12)-(3.B.13). The second term
in (3.2.1) is the standard short-range free action of scalar fields, while the first is a generalized free
field theory (GFFT), constituting the free part of interacting long-range scalar models. The models we
will consider in the next two sections are short-range and long-range, respectively, hence this simple
example will also allow us to introduce some useful results for later on.

The coupling A has mass dimension 2¢ — 2 < 0, hence it is an irrelevant coupling for the GFFT.
Since the theory is Gaussian, the Renormalization Group (RG) flow is rather trivial: the two-point
function in momentum space is (p?¢ + Ap?)~! and goes to the GFFT propagator 1/p*¢ for p — 0, while
for p — oo it goes to the canonical free theory propagator 1/p? (up to normalization). Therefore, we
have a flow between two Gaussian CFTs.

The flow is rather standard from the GFFT side, as the operator ¢p9%¢ is a primary in the OPE
spectrum of ¢ X ¢ in the GFFT (e.g. [44]), and it has scaling dimension greater than d. On the other
hand, the flow is somewhat unusual from the canonical free CFT side, as the non-local operator ¢p9%¢ ¢
is not in the CFT spectrum. One possible way to write the perturbation in the UV in the framework
of conformal perturbation theory is to introduce an additional field, following the idea proposed in
[71] for the short-range/long-range Ising transition. We thus rewrite the action with a second field x:

Sems-alox] = 5 [ Al o(@)(0%)0(a) + 5 [ o (@)= x(w)+ = [ dlax(@ota). (322

Integrating out the field x we recover (3.2.1), up to a rescaling ¢ — ¢/+/A.2 This formulation is non-
standard in other ways, namely the need of an imaginary coupling (that could however be absorbed
into the field x), and the negative power of the Laplacian, the latter leading to unusual features
about the thermodynamic limit, such as inequivalence of statistical ensembles [72]. An important
difference between (3.2.1) and (3.2.2) is that, in the second case, the UV theory has an additional,
albeit decoupled, degree of freedom, the field .

We want to test the F-theorem on this flow between Gaussian CFTs. To that end, we place
the fixed-point theories on a spherical background, which is done by the standard procedure recalled
in appendix 3.B. In practice, the local Laplacian is replaced by the Weyl covariant version (i.e. the

integer number of extra dimensions, boundary versions of the F-theorem have indeed been proposed [67] (see also [68]
for more information on monotonicity theorems in boundary or defect CFTSs).

2The two formulations of the theory are only equivalent if we restrict to the set of correlators of operators built only
with fields ¢, plus the mixing operator x(z)¢(z). In particular it would make no sense to integrate out ¢ in (3.2.2).
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operator in (3.B.4) with the choice (3.B.7)), while the non-local one by the more complicated operator
(3.B.22) (with kernel (3.B.18)).

As we are interested in the difference between the free energies at the two limiting theories, the
overall normalization of the functional integral over ¢ is not important and will be omitted. However,
in the formulation with the action (3.2.2) the auxiliary field x should better have a unit normalized
Gaussian functional measure:

/ [dx] e~ Seause2l0) — 1 (3.2.3)

so that integrating it out leads to to the functional integral for (3.2.1), with the same normalization.
Equivalently, this is demanded by imposing that the UV theories obtained from (3.2.2) or from (3.2.1)
have the same free energy.

For the weak form of the F-theorem we only need to compare the fixed points theories. These
are GFFTs with different values of (, hence it is straightforward to compute F. The free energy
parametrized by ¢ (including the standard ¢ = 1 case) is given by:

F= 4& nC~! ZD In (w (3.2.4)
n>0

where D, is the multiplicity of the eigenvalues, see (3.A.9). The sum is clearly divergent, hence we
need a regularization.
The same kind of sum was encountered in [53] as the IR limit of a CFT perturbed by a double-trace
operator. Using dimensional regularization as in [73|, we find:
dF sin(m¢) T'(d/2 — ()T'(d/2+ ()

¢ _Csin(ﬁd/Z) (1+d) v (3.2.5)

which only has poles for d even. See appendix 3.C for the detailed computation. When d = 3, (3.2.5)
simplifies to:

dF 1

i ﬂwg (1 —4¢?) tan(r() (3.2.6)

that is positive for 0 < ¢ < 1. An immediate consequence is that the free energy F' grows with { (see
Fig. 3.1), showing that an RG trajectory flowing from a short-range free Gaussian model (( = 1) to a
long-range Gaussian model (¢ < 1) satisfies the F-theorem.

0.15¢
0.10

0.05¢

—0.05¢

-0.10"

FIGURE 3.1: The free energy is 0 when ¢ = 0, grows with ¢, and reaches its maximum
at ¢ = 1. We plot the d = 3 case. The blue curve is the derivative of the free energy
with respect to ¢ and the orange curve is the free energy itself.
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It is interesting to consider the model (3.2.1) with ¢ > 1, for which the GFFT is non-unitary.® We
also restrict to ¢ < d/2, to keep A > 0 and avoid the logarithmic two-point function at A = 0. In
this case, the role of UV and IR limiting theory is exchanged, with the ( > 1 GFFT flowing in the IR
to the standard free theory with ¢ = 1. And since { = 1 is a maximum for F', we find that the free
energy increases in the IR. We thus have a trivial counterexample to the F-theorem for non-unitary
theories.

3.3 The O(N) model revisited

In this section we look at the three-dimensional O(N) model in the short-range case, i.e. ( = 1 and

d=3:

1 m? A
S[o] = = [ A% ¢u(—0*)ba + — [ A% pute + = [ A% (Pada)?, (3.3.1)
2 2 4N
where repeated indices are summed over the range a = 1,--- , N. Although this case has been studied

before in [53] and we only reproduce here the known result, we will do this by a different method. This
helps us prepare the ground for the next chapter. The new elements of our analysis are the following.
First, we will frame the discussion within the 2PI effective action formalism (for which we follow [74,
75]). Second, we will show how the result of [53] is reproduced by means of a conformal partial wave
expansion.

3.3.1 The sphere free energy at leading order in the large-N expansion

At large N, the leading-order (LO) 2PI effective action is of order N, and reads:

TLolG] = N (; /m C’l_l(agy)G(y,x)—}—;/wyln(G1)(:E,y)+n;2/ZG(x,x) —l—i/xG(x,x)Z>

N
=5 Tr [clla +In(G™Y +m?G + ;B] :
(3.3.2)

where fm = fdd:x\/g(:n), and Cfl = —0? is written as the inverse of the free propagator, which
is defined in (3.B.8). In the second line we introduced a compact trace notation, as well as the
double-propagator operator:

B(z,y) = G(a,y)*. (3.3.3)

The logarithmic term In(G~!) should be understood in terms of its eigenvalues (in particular when
G coincides or is proportional to the free propagator Ci), or by a formal expansion around the free
propagator.

The first two terms in (3.3.2) are very generic, it is the one-loop part of the effective action. The
rest should in general be given by a sum over all the vacuum 2PI diagrams, built from the vertices of
the theory, but with the full two-point function G(z,y), to be determined self-consistently at a second
stage. The sum of diagrams becomes manageable in the large-N expansion, and at the leading order
written in (3.3.2) only two diagrams survive, the mass tadpole, and the interaction double-tadpole, or
figure-eight.

3As can be seen from the Killén-Lehmann spectral representation of the propagator [19], or from the fact that the
unitarity bound A > d/2 — 1 is violated.
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FIGURE 3.2: The only two vacuum 2PI diagrams occurring in the O(N) model at large
N. The tadpole on the left has a two-valent mass vertex, while the figure-eight on the
right has a \ vertex.

The true full two-point function of the model is found by solving the Schwinger-Dyson (SD)
equations, which are obtained as the field equations of the 2PI effective action:

6T
5 =0. (3.3.4)

From (3.3.2) we find the following form of the SD equations:

G (z,y) = C{ (z,y) + (m* + \G(2, 7)) oz —y) , (3.3.5)

V()

6G(u,w)  10(z —u)d(y —w) +d(z —w)d(y —u)
5Clw,y) 2 ONIC) . (3.3.6)

Clearly, it is enough to tune the bare mass:

where we used:

m? = —\Cy(z, ), (3.3.7)

in order to cancel the on-shell tadpole and obtain trivially the solution G = C1.

The free energy F' is obtained by evaluating the 2PI effective action on shell, i.e. by substituting
the solution of the SD equations into (3.3.2). Evaluating it on the sphere resolves the IR problem
arising from the fact that F' is proportional to the volume of the d-dimensional background space.
However, there are still UV divergences originating from the functional traces, and from the evaluation
of the propagator at coincident points. As we will now review, after appropriate regularization, the
result is that the tadpole terms will drop out and thus the leading-order free energy is the same as
that of the free theory.

When replacing G = (1 in (3.3.2), the first two terms should reproduce (N times) the free energy
of the GFFT (3.2.4) at ¢ = 1. We have already discussed the regularization and evaluation of
Tr[ln C; '] in the previous section, but what about the first term in (3.3.2)? Clearly, it corresponds to
a divergent contribution Tr[1] ~ §(0). A similar term (with the opposite sign) is however discarded
in the typical derivation of the 2PT effective action [74], for which the first term would otherwise read
Tr[(Cy ' — G=1)@G], and therefore the two cancel out. In any case, when regularized by analytical
continuation in the dimension, such terms vanish identically, as shown in (3.C.2).

The bare mass was chosen in (3.3.7) to cancel the tadpole in the SD equation, but the cancellation
does not occur in the free energy. However, as we show in appendix 3.D.1, analytic continuation in the
dimension gives C'(x, ) = 0, hence the contribution of the tadpole terms to the free energy vanishes.
Therefore, at leading order the free energy of the O(N) critical theory is the same as for the free
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theory, which in d = 3 reads:

Fro =TLo[C1] = %Tr[ln ol = 1—]\;) <ln4 — 3§r(23)> . (3.3.8)

In order to find a non-trivial result one thus need to consider the subleading corrections to F.

3.3.2 The next-to-leading order of the large-N expansion

The next-to-leading order (NLO) contribution to the 2PI effective action is of order NV, and reads
[74]:

TniolG] = %Tr[ln(l +AB)]. (3.3.9)

where B is the two-point kernel (3.3.3), corresponding to a single bubble in the chain of bubbles
represented in Fig. 3.3. This is the same contribution found in [53] by introducing an intermediate

n

(22

FI1GURE 3.3: Chain of bubbles with n > 1 vertices. The two-point kernel B corresponds
to one of the bubbles in the chain.

field, and their result will thus be reproduced: on shell we replace G(z,y) — Gro(z,y) = Ci(z,y),*
and thus the two-point kernel B(z,y) is a two-point function of an operator of dimension A = d — 2,
which on the sphere is diagonalized by the spherical harmonics. After going to eigenvalues, and taking
the bare coupling to infinity in order to tune to the fixed point,” one is left with the same type of
computation as in (3.2.4). In d = 3, the result is:
Fnpo = 'nwo[CH] = —é(;) ) (3.3.10)

and thus the free energy of the IR fixed point is smaller than the one of the UV free theory.

However, the fact that the NLO contribution to the 2PI effective action could be expressed in
terms of a two-point kernel is a very peculiar feature of the O(N) model at large N. In particular,
it does not generalize to other models, such as the melonic ones that we will discuss in the following,
for which the NNLO (the NLO is vanishing) contribution is expressed in terms of a four-point kernel.
Therefore, as a warm-up to our next computation, we would like to recover the O(N) model result of
[53] by expressing the NLO part of the effective action as:

I'neolG] = % Tr[In(I — K)], (3.3.11)

“Notice that the NLO part of the on-shell G(z,y) only contributes at NNLO and beyond. This is obvious by
expanding I'nLo[GLo + GnLo/N], and it is true also for I'.o[Gro + GyLo/N] because by construction 61;50 [Gro] = 0.
5The bare coupling in (3.3.9) should be expressed as a function of the renormalized coupling, at the leading order
of the large-N expansions, as the NLO part would only contribute to NNLO in the effective action. At LO, we have
X = g/(1 —b(d)g/u*"?), where b(d) is a positive constant with a pole at d = 4, u is the renormalization scale, and
g is the renormalized coupling. The fixed point of the beta function for the dimensionless coupling § = g/u*~% is at

J« = 1/b(d), hence we have A — oo.
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where we introduced the Bethe-Salpeter four-point kernel:
K($1, I, X3, 33‘4) = —)\G(Zvl, ZL‘3)G(I‘2, x4)5(x3 — 334) s (3.3.12)

and by a slight abuse of notation we use the same symbol for the trace, which in this case refers to
a trace of a bilocal to bilocal operator, that is a four-point kernel that acts by integration on two
arguments, e.g. Tr[K] = fm,zz K(x1, 72,71, T2).

Under quite general assumptions the Bethe-Salpeter kernel of a CFT is diagonalized by the basis
of three-point functions (see appendix 3.E), hence once we go on shell (G(x,y) — C1(z,y)) and tune
to the fixed point, we should obtain a representation of the kernel (or functions of it) by applying it
on the resolution of the identity (3.E.25). This is not so straightforward for the kernel (3.3.12). As
explained in footnote 5, the fixed point is at A — oo, which requires us to work at finite A and then
take the limit. However, for finite A, and this being a dimensionful coupling for d < 4, the kernel
(3.3.12) does not have the right conformal properties to ensure that its convolution with a three-point
function (3.E.1) transforms as the three-point function itself. Thus the kernel (3.3.12) applied on a
three-point function cannot be proportional to it. Unless of course the proportionality constant is zero
or infinite.

On the principal series, we have Re(2A — h) < 0, hence when the delta function in (3.3.12)
acts on (3.E.1) the result is zero: the three-point functions with h € P, are indeed eigenfunctions
of (3.3.12) with wvanishing eigenvalue. On the other hand, for the isolated contribution in (3.E.25)
we have 2A — h = 0, hence the delta function gives a finite result, which is not® proportional to
(p(x1)p(x2)O2a(x0))es. However, the conformal theory is reached at A\ — oo, hence the three-point
function with A = 2A and J = 0 is formally an eigenfunction with infinite eigenvalue.

This has the interesting consequence that for the right-amputated four-point function, which is
a geometric series in K (see (3.E.20)) and hence the coupling appears in the denominator of the
resummed series, we obtain (see appendix 3.E for the notation):

Fos(x1,x0, 23, 24) = /ddylddyQ(HK)_1($17$2,ylayZ)Cl(yl,xi’))Cl(yZanzl)

+1oo dh (3.3.13)
— Z / 7p h J)Nh JNA AAAA(.%’1,.CE2,$3,1‘4).

JeNeven

Therefore, the isolated contribution that is present in the free theory (see (3.E.24) with A = d/2—1) is
suppressed in the critical theory, and the conformal partial wave expansion is the same as in (3.E.23),
even tough A = d/2 —1 < d/4. We thus recover the well-known result that the spectrum of the
critical O(NN) model (i.e. the poles of the integrand) at large N is the same as in the free theory for
J > 0, while for J = 0 it has the ¢? operator replaced by its shadow.

Applying the above formalism to the free energy on the sphere is however trickier than for the
four-point function. Because of the conformal nature of the basis of three-point functions, we expect
the eigenbasis of K on the sphere to be obtained by Weyl mapping:”

(08 (23) 02 (24)Of, 1) (w0))es = Q)™ Q(4) ™2 Uao) ™ (0 (2302 (#4) O,y (wo))es - (33.14)

6At h = 2A and J = 0, the three-point function (3.E.1) is proportional to C(z3,x0)C(x4, o), and the action of K
on it generates a bubble. The result can be evaluated most easily in Fourier space, and it is found to be proportional
to Ab(d)py 2p3 %(p1 + p2)? ™%, with the same constant b(d) that appeared in footnote 5. Due to the factor (p1 + p2)*~*
the result is not proportional to the Fourier transform of C(zs, z0)C(z4, xo).

" Applying the same mapping in (3.E.10), the Q(z) factors cancel, and we obtain an overall factor Q(z3)~Q(x4) 7,
which reconstructs the correct factors of 1/,/g for the delta functions in (3.E.25).

I
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In fact, for a Bethe-Salpeter kernel with the good conformal transformation properties, the Weyl
mapping would give:

K(x1, 29,3, 24) — Q1) "2 Q22) ™2 Q23)2 "4 Q(24) 24 K (21, 29, 23, 24) (3.3.15)

and thus all the Q(z3)and (x4) factors would drop out in the convolution, leading to a consistent
eigenvalue equation. As explained above, the kernel in (3.3.12) does not transform in such a nice way
at finite \, and we have instead:®

K (1, 9, 23, 24) = Q21) "2 Q(22) ™2 Qa3) "2~ Y2 Q(24) 2"V K (21, 9, 23, 24) - (3.3.16)

However, the three-point functions with operator in the principal series are still zero modes of K.
Therefore, inserting the resolution of the identity inside the trace in (3.3.11), we see that a non-
vanishing contribution can only come from the isolated term at A = 2A.% It turns out that at finite
A this reproduces the same series as (3.3.9), and hence we can from here on follow again the same
steps as in [53] and obtain the same result. In fact, it is easy to check that the convolution of K with
(3.E.26) equals K. While this is tautological (as we have inserted the identity and the contribution of
the principal series is zero, the isolated contribution must reproduce the full identity), one can check
directly that indeed the isolated contribution in (3.E.24) acts alone as the identity operator on K,
and we are back to having to evaluate the chains of bubbles, for which we can follow the steps of
[53]. Although from a practical point of view we have not gained anything by applying the conformal
partial wave expansion to this problem, nevertheless this small detour taught us about the importance
of the isolated contributions in such formalism, and it serves as a test of the method, in view of the
application in the next section.

3.4 The long-range O(N)? model

In this section we study the F-theorem for the O(N)? model introduces in section 2.4.2.

3.4.1 Schwinger-Dyson equation for the two-point function

We start here with a brief review of the solution of the Schwinger-Dyson equation, with the slight
modification of working on the spherical background.

For large N, the dominant 2PI diagrams are depicted in Fig. 3.4. The resulting leading-order 2PI
effective action is of order N3, and reads:

m2
ric) = (5 [ e G+ [ we e+ [ e
z,y x x

7y
2

+)\2/G($,x)2+)\ G(a:,y)4> (3.4.1)
4 x 8 z,y

N3 A A2
-5 T [ClG +In(GY) +m* G + 3213 + 482] ,
where we used the notation introduced in (3.3.2), and we used the symmetry of G(z,y) to write the
melon integral as a trace of a convolution of two B(x,y). The latter is of course an arbitrary choice,

8The two transformations agree for A = d/4, i.e. when ) is dimensionless, but for the short-range O(N) model this
only happens at d = 4, where there is no interacting fixed point.

90ne might worry that although the three-point functions with operator in the principal series have a vanishing
eigenvalue, the trace of the conformal partial wave is divergent, and thus the product is undefined. However, as we will
see in the following section, there is a clean way to regularize the trace of the conformal partial wave, which does not
affect the eigenvalues, and hence the product is indeed zero in the present case.
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FI1GURE 3.4: The only three types of vacuum 2PI diagrams occurring at large N. The

tadpole on the left has a two-valent mass vertex. The figure-eight in the middle has a

A2 vertex, and it is of the same type as in the O(N) model. The melon diagram on the
right has two A vertices, and it is characteristic of tensor models.

and we could as well write it as the trace of the convolution of G(z,y) with G(y,z)3, which will be a
useful point of view later on.
The SD equations obtained from (3.4.1):

Gz, y) = C Mz, y) + (md/2 + MGz, x)) =) | \2G(a, )P, (3.4.2)

V()

should be understood in the sense of distributions, that is, denoting by S(x,y) the right-hand side of
(3.4.2), we should demand that in the limit in which any regularization is removed we obtain:

/ dy/g(5) Sz, y) / 20/5(2) Gy, 2)b(2) = (). (3.4.3)

Tuning the bare mass to cancel the tadpole and the divergent part of the melonic integral, and

taking the ansatz:
c(A)

s(z,y)
where the coefficient ¢(A) is defined in (3.B.9), we obtain:

Gu(z,y) = ZC(z,y) = Z (3.4.4)

A2Z4 w&M¢@0@¢ng@w3—&z(?B):(y—zf@’l”. (3.4.5)
g(z

The constant B comes from the mass counterterm m®? = —X\oC(z, z) — B and should be chosen so as
to cancel the divergence of the convolution of C' with C® and yield a delta function as a result. Since
for A = d/4 we have C(z,y)% = ¢(A)3/s(x,y)*@2) | by comparison to footnote 19 we have:

1 c(A)? T(d—A)

B = c(A)3 /S(u7y)>r d% g(u) S ) — (d—A) T(D) (3.4.6)

In the spirit of defining (power-) divergent quantities by analytic continuation, we might instead simply
set B = 0. Either way we obtain for Z the equation:

c(A)?

2 74
A2 cld—A)

=1-2Zz, (3.4.7)
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or equivalently:

4 AD(1 —d/4)
d(4m)(3d/4)’

which is the same equation as in flat space. The solution of this equation is the generating function

of 4-Catalan (or Fuss-Catalan) numbers:

Z=1+\ (3.4.8)

+oo

Z(\) = ;4n1+1 (4"; 1) ( A2 (Z(A)Z)y , (3.4.9)

and can also be written in an explicit closed form (see [46]). Here we just point out that it has a
square root singularity at:

2 Sce(d—A)  3%d(4n)T(3d/4)

¢ 28 (A T B AT(1-dj4) (34.10)

at which Z(\.) = 4/3. The series (3.4.9) resums all the melonic insertions in the two-point function
and the critical point corresponds to the radius of convergence of this series, thus determining the
maximal value of the coupling for which the model is defined.

In conclusion, at large N the two-point function of the long-range O(N)? model is proportional
to the free propagator, with proportionality constant satisfying (3.4.8). This holds both on flat and
spherical background, and the two-point function on S¢ is obtained from the two-point function in R?
by simply replacing the distance in R? by the chordal distance in S%, as expected.

3.4.2 The sphere free energy at leading order in the large-/N expansion

We now want to evaluate the on-shell 2PI effective action, i.e. the free energy. We then start from
(3.4.1), and replace G by the solution (3.4.4):

2

ZZ 224
A2 / Clo o)+ 2 / C’(ﬂc,y)4> .
4 z 8 z,y

We have five terms to evaluate, all of which are UV divergent. The first four are similar to those in
the O(NN) model, except for some Z coefficients and for the long-range exponent ¢ = d/4 < 1. The
latter plays no role in the first term, which is proportional to Tr[1], and it is set to zero by analytic
continuation in d, as before. Similarly, the In(Z~!) Tr[1] coming from the second term can be dropped.
Therefore, the first two terms reproduce (3.2.4).

In order to compute the next two terms, we need first to compute C(z, x) for long-range scaling:

I'[G] =N3 (;z Tr[C~C] + %Tr[ln(Z_lC_l)] - m2<Z/C($,x)
* (3.4.11)

C(z,z) =

adT( d/2 47T d/2 Z SO (3.4.12)

Using dimensional regularization, we find again C(z,x) = 0, see appendix 3.D.2.
Finally, we need to evaluate the melon integral, which at leading order is the only qualitative
difference with respect to the O(IN) model. We call it M:

M:/ C(z,y)*. (3.4.13)
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d—e

In order to regulate the UV divergences we set A = “°, and obtain the e regularized melon

integral:

1 1
M, = A4/ AN Qe/dd /dd Y
C( ) z,y 8(33‘7 y)2(d76) C( ) ( a) v Y (1 + .7,‘2)6(1 + y2)5|$ - y|2(d76) ( )

Alternatively, as we already mentioned, M can be thought of as the trace of the convolution G(z,y)
with G(y, z)%. On shell and for A = d/4 we have G, (y, z)3 o< C(z,)® o 1/s(x,y)3Y? = 1/s(x, y)2(¢=2)
which is also the two-point function of the shadow field. The regularization can then be viewed as
a shift by e of the dimension of the shadow, that is the replacement A=d—-A— A—cat fixed
A =d/4:

M. = C(A)4/ <¢A(1")¢A (y)>cs<¢£_e($)¢£_e(y)>cs . (3415)
z,y

This point of view will be useful in the next subsection.

The regularized melon integral (3.4.14) can be reduced to an integral over a single point by ex-
ploiting the homogeneity of the sphere and factoring out a volume of the d-sphere V; = [ d?z Q(2)?,
given in (3.A.7). The remaining integral, which has appeared for example in [54, 53|, can be computed
for € > d/2 > 0 and then analytically continued to small ¢, leading to:

a2 T()A (-4 + ¢
€T 93d—1 Wd—l(/24r()—€()4rz‘(d+1)) T(e)’ (3.4.16)
2

which vanishes in the limit € — 0, whenever d is not an even number. Given that C(z,y)? is propor-
tional to C~1(z,y) (see (3.4.5)), we can interpret this result as another instance of Tr[1] being set to
zero by analytic regularization.

In conclusion, at leading order the sphere free energy of the interacting long-range O(N)3 model
reduces to that of the free model, i.e. N3 times the GFFT free energy (3.2.4). This is an interesting
feature, shared with the O(/N) model. However, we do not know if there is any deeper reason behind
it, or if it is just an accident of these specific large-V limits dominated by tadpole or melonic diagrams.

3.4.3 The next-to-next-to-leading order of the large-N expansion

The free energy of the O(N)? model has a series expansion in 1/v/N [11]. At NLO the only 2PI
diagram is a figure-eight with one tetrahedron vertex |74], and hence its contribution vanishes like the
similar LO contributions from the A2 coupling.

At NNLO the combinatorics of the O(N)? model with only the tetrahedron interaction has been
carefully studied in [76]. Restricting to 2PI diagrams, it turns out that there is an infinite family of
ladder-like diagrams, closed in a planar way as shown in Fig. 3.5, plus one special diagram, shown in
Fig. 3.6. It is straightforward to complement the analysis of [76] by adding the effect of the pillow and
double-trace interactions. It turns out that we only need to add to those, diagrams obtained from the
ladder diagrams by replacing one or more rungs (each made by two A vertices) with one or more local
A1 vertices, as in the chain diagrams of the O(N) model of Fig. 3.3.1

As we will show in appendix 3.F, the graph of Fig. 3.6 gives a finite contribution to the sphere free
energy. However, since it only depends on the tetrahedron coupling, it takes the same value at all the
fixed points, and thus it does not play a role in checking the F-theorem for this model. We will omit
it in the rest of this section.

10Gimilar diagrams with A2 instead of A1, appear only farther in the 1/v/N expansion. In fact, the A2 coupling
is associated to a double-trace interaction, which is the same as the O(N) model interaction, with the replacement
N — N3. Therefore, chains of bubbles with As vertices will only contribute at order N, as in the O(N) model.
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FIGURE 3.5: A generic NNLO vacuum 2PI diagram having the form of a closed ladder

with n > 2 rungs, and vertices corresponding to the tetrahedron interaction. Similar

diagrams but with a twist in the rails, thus forming a Mo6bius strip, appear only at lower
order in N.

FIGURE 3.6: The unique NNLO vacuum 2PI diagram besides the ladders. All six
vertices are tetrahedral.

We thus have an infinite series of diagrams that are a mixture of ladders and chains. Formally,
they can be easily resummed in terms of a kernel that is the sum of a ladder kernel and a local kernel: !

I'nnio [G] = ]\;2 (Tr[ln(]l — Kl)] + TI"[Kl]) , (3.4.17)

where K is the familiar Bethe-Salpeter kernel of melonic theories, namely:
Ki(x1,x9,x3,24) = —G(x1,23)G(22,24) <)\2 G($3,x4)2 + )\15(933,304)) , (3.4.18)

represented in Fig. 3.7. It should be noted that this kernel displays two differences with respect to the

FIGURE 3.7: Graphical representation of the kernel K7 (3.4.18). Solid lines represent full
two-point functions, while dashed lines represent amputated external legs. For obvious
reasons we call the first term “ladder kernel" and the second “local kernel".

usual ladder kernel of melonic theories found in the literature (e.g. [45, 16]). First, we have a minus
sign in the ladder kernel, due to the imaginary unit multiplying the tetrahedron interaction in (2.4.17).
Second, a factor 3 is missing from the ladder kernel. The reason for the latter can be understood from

We have subtracted a Tr[K1] from the expansion of the logarithm because its ladder contribution does not correspond
to a 2PI diagram. As for its local contribution, it is another figure-eight diagram, which evaluates to zero, and hence
we can add or subtract it at will.
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the full Bethe-Salpeter kernel obtained from the leading-order 2PI effective action, namely [17]:

Kabied (71, 2, 23, 1) = —G (21, 23)G (2, 74) <>\2 G(x3,24)* + M6 (23, 904))15;?@

— G(x1,23)G (22, 24) (3)\2 G(z3,4)? + Xod(z3, m@)ﬁéacd (3.4.19)

H(2)

A (1
= Ky (1, 22, v3,24) PY) a T Ko(@1, 32,23, 24) Popyoq -

ab;c
In most of the previous literature on these models the focus was on the spectrum of singlet operators,
which can be obtained by the s-channel OPE of the four-point function (¢a(x1)@a(z2)dn(3)db(z4)).
The latter requires inverting (I — K )ab:ca and taking a trace on the tensor indices by contracting with
dabded. In such case, the first term is zero because P ig traceless in this channel, and thus we have a
factor 3A? in the ladder part of the surviving kernel contribution. However, the index trace leading to
(3.4.17) is taken by contracting with dacdpq. In this case, the PO term gives the leading contribution
of order N2, while the P@ term only contributes at order N, thus explaining the absence of the
factor 3 in (3.4.18). Notice that the same part of the kernel is the relevant one for the four-point
function PS)) a,b,Pécll o (Par (1) Pb (22) e (23)Par (24)), whose s-channel OPE provides the spectrum
of bilinear operators that are in a symmetric-traceless matrix representation of one of the O(N)’s, and
the singlet one of the other two.
As before, in order to evaluate the NNLO free energy we substitute (3.4.4) into (3.4.17), and we
use the conformal partial wave formalism reviewed in appendix 3.E. Inserting the resolution of the
identity (3.E.8) inside the trace in (3.4.17), we find the following formal expression:

N2 2Jrloo dh . ~ ~
FNNLO = Z / o) (In(L = K(h. J) + k(h. J)) NN, Te[W 28] (3.4.20)
JENp

with notation defined in appendix 3.E. In addition, we here have A = d/4, and the kernel eigenvalue:

k(h,J) = — (3.4.21)

where g is the effective tetrahedral coupling ¢ = A Z(\)2, which resums all the two-point melonic
insertions. The latter are absent by construction in the 2PI effective action, but reappear when going
on shell, i.e. when replacing the generic G by the solution of the SD equations G, (z,y) = Z(A\)C(z,y).
By writing all quantities in terms of g we can keep ignoring the melonic insertions and use the free
propagator, but we should restrict its range to |g| < g. = A Z(\¢)?, because of the square root
singularity at the critical coupling (3.4.10).

It will actually be convenient to consider the derivative of the free energy in order to get rid of the
logarithm:

0 —HOO dh k(h J) A AAA~
_ga FNNLO - N J; / lp(h,J) m/\/‘h JN;L,J H[ h,J ] (3422)
0

A striking feature of (3.4.20), or (3.4.22), is that the kernel eigenvalue is only sensitive to the ladder
part of the kernel, because the local part has vanishing eigenvalue on the principal series.!? This fact
can be puzzling, as the diagrams having A; vertices are necessary at the perturbative level: expressing
A1 as a series in the renormalized coupling g1 and in g, they have to cancel the UV divergences of the
ladder diagrams [17]. Nevertheless, the result of the resummed series of diagrams, evaluated at the

2This is straightforward for Re(h) > d/2, and it is extended by analytic continuation to the principal series and
beyond.
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fixed point, where g1 takes a specific g-dependent value, turns out to be expressible in terms of only
ladder diagrams. This is a familiar situation in the four-point function of these models [17, 44],'% and
it is due to the fact that in the conformal limit, the local kernel has zero eigenvalues. The resummed
series captures the contribution of the chain diagrams in a subtle manner. When evaluating (3.4.22)
using conformal partial waves, only the ladder kernel contributes, and thus one needs to integrate over
the principal series an analytic function of g2. However, the result of the integration (for J = 0) is a
non-analytic function with a \/g>2 branch cut. In the perturbative expansion such a branch cut can
only come from the \; diagrams, due to the branch cut in the g1+ fixed points (2.4.26). Therefore,
the non-perturbative resummation of the ladder diagrams automatically includes the contribution of
the chain diagrams as well, which is a very non-trivial fact. We will provide a cross check of this
statement below.

The problem with the expression (3.4.22) is that the trace of the conformal partial wave is divergent.
From (3.E.10) we have:

Te[w A4 = / {8208 ()0, ) (Desl3 (705 (22) 0 (e (3.4.23)

)

Formally this integral is conformally invariant, but as a consequence it is also divergent because of
the infinite volume of the conformal group. Notice that the same type of integral appears as a natural
pairing (or inner product) of n-point functions [79]; however, in that case one divides by the volume of
SO(d+1,1) (or in other words, one considers a gauge-fixed version of the integral) in order to define
a finite pairing. In our case, we do not have the freedom to divide the free energy by a diverging
quantity: the idea of the F-theorem is that instead we should look at the finite part of the free energy.
This might be hiding behind some divergence, which we have to regulate and subtract. The melon
integral in (3.4.13) is an example of the same kind: for A = d/4 it is proportional to a pairing of
two-point structures [ d?z;ddz, (da(T1)pa(2))es(Px (71)Px (72))es, and it is divergent for the same
reason as above. We have regularized the melon integral by analytic continuation in (3.4.15), which is
equivalent to subtracting the divergent part, and we have found a vanishing finite part. We are now
going to employ a similar analytic continuation in order to extract the finite part of (3.4.23).

In the case of (3.4.23), setting A = df everywhere would not help, as the dependence of the
integrand on A drops out. It is thus useful to take the second point of view we presented on the
regularization of the melon integral and shift only the dimensions of the shadow operators. That is,
we define:

() = / 08008 @)0f, ) (eslds_ (1) (2)0f_ p (Des (3.4.24)

This analytic regularization breaks the conformal invariance of the integral, but not its translation
invariance. Therefore, on flat space there is still a space-time volume divergence, which is instead
regularized on the sphere. UV divergences (at coincident points) are still there, but will be cured in
an appropriate range of €, and then we will use analytic continuation to take the limit ¢ — 0.

It can be shown (see appendix 3.G) that all the J-dependence in (3.4.24) can be factored out of
the integral:

I'(d—2+ J)[(%2)
2/0(d - 2)I'(452 + J)

7.(J) 7.(0) (3.4.25)

with:
(Qz1)Q(w2)2(2))"

s(x1,x2)d¢s(x1, 2)4€s(wg, 2)4—€ "

7.(0) = / A4z deed?z (3.4.26)

13As well as in the fishnet model [77, 78].
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Because of the homogeneity of the sphere we are free to set z = 0, and factor out the volume of the

d-sphere V; = [d%zQ(z)4, given in (3.A.7). The integral LT(O) has already been computed in [54] and
14

d
the results is:

Z0) _ (gqppe-am T (5)° T (5 =) (3.4.27)

which has a finite limit for ¢ — 0 as long as d is not an even number:

7.(0)  8(xT (-9))

lim = 3.4.28
e—0 Vy (2a)dF (%) ( )
Reinserting the spin and volume factors we have:
eI — 0 (d -2+ J)T(452)
Z(J) = (2a) = . (3.4.29)
2/T(e)?T(d — 2)I'(%5= + J)I'(d)
and after removing the regulator € we get:
832 (=T (d — 2 + J)T' (452
To(J) = S LRI T3 (3.4.30)

27T (d — 2)T'(%2 + J)I(d)

The € regularization thus provides a finite result for the trace of the conformal partial wave.
However, it turns out that it is important to consistently shift by € also the normalization factor of the
three-point function of shadow operators, as otherwise the resulting series in J would diverge. The
product of normalization factors (3.E.11) is then replaced, at large J, by:

93(d+e)/2+J

N}fjj\/;ﬁ; ~ T (1+0(1))) . (3.4.31)

This J 3¢ factor renders the series over J, whose coefficients otherwise behaves asymptotically as 1/.J,
convergent.
We can now perform the integral on h and sum over J in (3.4.22). As explained in appendix 3.H,

at large J, the integral behaves as J{(fgs with f(e) an analytic function at e = 0. We then write:

d ., -
0 21 dh k(h, 0)? A
—9=—Finro = N? — ) NANATE T,
Ig" 1O /g 21?1 O T30y Neo N Ze(0)
g-|‘1()O 2 ~
2 o dh LU VN (9
N Z ([i 27rip(h’ J)l—k:(h,J) Nh»JNIE—e,JIG(J) T3 | (3.4.32)
JeNL 2
f(€)
+ Z Ji+3e | ”
JeNL

The first sum is now convergent for ¢ = 0, and thus can be computed numerically, while the second
sum gives and explicit pole in e. We thus define the renormalized sphere free energy, or rather its
derivative, as:

9 : O e N?f(0)
_gFgFNNLO = lim <_989FNNLO iy > : (3.4.33)

1In appendix 3.G we provide a detailed derivation.
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which for example at d =3, g =1 and a = 1 gives:
9 —4 ar2

_gaiFNNLO =757x 107" N~-. (3.4.34)

9

We computed this value at d = 3, for a = 1 and different values of g up to g. = A\. Z(\.)? (with
Ac given in (3.4.10)). The result is a positive convex function, vanishing at the origin, as shown in
Fig. 3.8,

oF
954
af .'
3t .
2f
1} o
0 2 i'..e; 8 10 12 149

FIGURE 3.8: Derivative of the free energy at d = 3 and a = 1. The red area corresponds
to g > g., where nothing seems to happen, but in fact there is no A giving such values
of g.

The non-normalizable contribution. In the context of the F-theorem we are interested in the
difference between the free energy at the UV fixed point and at the IR fixed point. The value of ¢
being the same at the two fixed points, and the above result being seemingly independent of g1 or go,
it would naively seem that the free energy is the same at the two fixed points.

Things are however more subtle than this. As explained in appendix 3.E, the resolution of the
identity (3.E.8) is valid in a functional space with appropriate integrability conditions, and the latter
are violated by four-point functions whose s-channel OPE contains operators of dimension smaller
than d/2. It turns out that this is precisely what happens in the ultraviolet CFT, due to a primary

operator in the OPE of PZSD) cd(®c X ¢q) whose dimension descends below d/2. In fact, at J = 0, the
equation k(h,0) has two solutions hy lying respectively on the right and on the left of the integration
contour Py:

d 24/ g?
=gt r(d/zz/(ijr)dm + 009, (34.35)
and in the UV, the physical dimension is actually the one on the left of the contour. Therefore,
in evaluating the free energy of the UV theory by the CPW method we need to subtract these
contributions from the operator being traced before applying it on the resolution of identity (3.E.8),
and then add them back. This amounts to including, besides the principal series integral, an isolated
non-normalizable contribution, as in (3.E.21). That is, in the UV version of (3.4.22) we have to add
minus the residue of the integrand at h = h_.

With this in mind, it is clear that the difference between the free energy of the UV theory and the

one of the IR theory is given precisely by the isolated non-normalizable contribution of the former.
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Going again through the same regularization procedure as in the IR case, we thus find:

0 k(h,0)? X
02 (F0 — FifLo) = N?Res | p(h, 0) 020 nis B 7,0)
dg 1 — k(h,0) : e
P(—d/2)[gl? - (3.4.36)
- g 2 5
23d7r3d/21—\(d) N + O(|g| ) 9

which is positive for 2 < d < 4. By numerical evaluation at finite g, it can be checked that the
positivity remains valid also at all values of g, within the radius of convergence of the melonic series
(see Fig. 3.9).
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FiGURE 3.9: Difference between the free energy in the UV and the free energy in the
IR at d = 3. The red area corresponds to g > g..

This result can also be checked perturbatively. At the fixed points the critical coupling g; is [17,
80]:
g1e = TVP(1+ 0(g) + g2 ($(1) + (d/2) — 26:(d/4) + O(g?)) . (3.4.37)

where 1(z) is the digamma function. When flowing from the UV to the IR, the fixed point value
goes from gy ~ —\/g>2 to g14 ~ \/g>2 (except for the vertical trajectories in Fig. 2.12, which we will
discuss below): therefore, at leading order in g, graphs with an even number of vertices have the same
amplitude in the UV as in the IR, while graphs with an odd number of vertices have opposite signs.
The difference between the free energy in the UV and the free energy in the IR is thus expanded in
odd powers of |g|. Up to order |g|?, only the graph of Fig. 3.10 contributes, where the vertices are
either two tetrahedron and one g1 or three g;.

FIGURE 3.10: Feynman graph contributing to the free energy at order 3 in the coupling
constant. The vertices are either two tetrahedron and one g; or three g;.

Using the expression of the kernel given in (3.4.19) to fix the combinatorial factors, we have:

0
ga*g(Fl\%/Lo — Fifro) = 2|9’ N2 A+ O(|g°) (3.4.38)
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where we denoted A the amplitude of the graph in Fig. 3.10:

d
d\6 d,.gd, id (Q(=)Q(y)=))
=c(7 d®xd®yd . 3.4.39
A= e [ atttts e gy (3:4:39
Using again dimensional regularization with A = %, we notice that this amplitude is proportional
to Z(0) in (3.4.26). We then obtain:
I'(-d/2) 9 uv IR T(=d/2)|g]* \» 5
A= 8W/2F@l) = 9, (FXNLo — Fxneo) = 16W/QFM)N +0(lgl) (3.4.40)

in agreement with (3.4.36).

In conclusion, the difference between the sphere free energy at the fixed points (g1—,g2—) or
(91—, 92+ ) and the one at the fixed points (g14,g2_) or (914, go+) (see Fig. 2.12)1° grows with growing
lg|. Since the difference vanishes at g = 0, we conclude that for the fixed points at fixed g # 0 the
sphere free energy satisfies Fl\[{&/LO > FI\IH@LO, in accordance with the F-theorem.

Trajectories at fixed g;. The reader will note in Fig. 2.12 the presence of two vertical lines: these
are two trajectories at fixed g1 connecting two different pairs of fixed points. As neither the tetrahedral
coupling nor g; change along these trajectories, the above computation implies that at NNLO the free
energy at the two ends of such trajectories is the same. We expect that in order to see a change of
the free energy along these trajectories one would need to push the evaluation to lower orders in 1/N.

The first non-trivial contribution involving the double trace coupling go, which does vary along
the vertical trajectories, comes from ladder graphs generated by the double trace part K5P® of the
Bethe-Salpeter kernel (3.4.19). They essentially behave the same as the ladders generated by K PO,
up to replacing g2 by 3¢2, but the isolated contribution to the conformal partial wave expansion in
the UV would in this case depend on the fixed-point value of gs.

However, it should be noted that, as such ladders appear only at order N°, one should include
the effect of the 1/N corrections to the on-shell two-point function as well as to the fixed-point values
of the couplings. We know from [80] that such corrections have a drastic effect on the fixed-point
theory: in order to find a non-trivial precursor of the large- N theory, one needs to keep a finite €, with
eN < 1; then, the lines of fixed points collapse to isolated points and the scaling dimensions acquire
an imaginary part. The whole analysis becomes much more involved, and since in this case the theory
is manifestly non-unitary we do not expect the F-theorem to necessarily hold.

3.5 Conclusions

Our main result is the confirmation that the F-theorem holds for the long-range O(N)? model. We
outline here the content of the chapter and the main steps leading to this conclusion.

Flow between Gaussian CFTs. As a warm up, in section 3.2, we consider two Gaussian CFTs
with action [ d?z¢(z)(—0?)¢¢(z), one being the standard short-range action ¢ = 1 and the second
one having ¢ # 1 (also known as generalized free field theory). We examine the flow between two
such CFTs and find that, on the one hand, the RG always flows in the infrared towards lower ¢, while
on the other the sphere free energy is concave with a maximum at ( = 1. An RG trajectory flowing
from a short-range model ¢ = 1 to a long-range one 0 < ¢ < 1 thus satisfies the F-theorem. However

5Notice that (g1, ge—) can be reached only through one trajectory emanating from (g1, ga—), while (gi—, g2+) has
only one trajectory to flow to an IR fixed point, i.e. (g1+, g2+). Between (gi—,92—) and (g14, g2+) there is instead an
infinite set of trajectories.
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a trajectory starting in the “strong short-range” regime ¢ > 1 is such that the free energy increases in
the IR. This gives a trivial counter-example of the F-theorem for non-unitary (and non-local) theories.

Revisiting the O(N) model: conformal partial wave expansion. Next, in section 3.3, we
revisit the vector O(NN) model and rederive its sphere free energy, previously obtained in [53]. While
the result of this section is not new, we use it as an opportunity to introduce the set of techniques
relevant for the rest of the chapter.

First we briefly recall the formalism of the two-particle irreducible (2PI) effective action, which is
particularly natural for discussing the free energy of large-N models. At large N, the free energy of
the interacting fixed point is the same as in the free theory, hence to test the F-theorem one needs to
go beyond the leading order. The diagrams contributing to the free energy at next-to-leading (NLO)
order in 1/N are resummed to Fyr,o = 3 Trin(1 — K), where K is the Bethe-Salpeter kernel, which at
the relevant order is a local operator. We note that the component of the four-point function which
is one-particle irreducible in the s-channel, F;, writes in terms of K and the two-point function G as
F.=(1-K)'Ga.

Second, we analyze Fs and Fnpo using the conformal partial waves (CPW) expansion, which
we review in appendix 3.E. The use of this technique for the sphere free energy is new, and it has
the advantage that it can be generalized to models with different kernels K. In the O(N) model,
the CPW expansion of the bilocal to bilocal identity operator includes the principal series and an
additional non-normalizable state, as the dimension of the field is smaller than d/4. When evaluating
the four-point function F; in the critical model, one finds that the Bethe-Salpeter kernel is zero on the
principal series, and infinite on the non-normalizable state, thus Fs reduces to the free contribution
]-'Sfree restricted to the principal series. This implies the well-known result that the spectrum of the
critical O(N) model at large N is the same as in the free theory, except that the ¢ operator is replaced
by its shadow [81].

Using the same CPW expansion of the identity for Fnpo, we obtain a zero contribution from
the principal series and a non-trivial one from the isolated non-normalizable state. This isolated
contribution gives the only non-trivial part and reproduces by itself the value of Fnro computed in
[53].

The long-range O(N)? model on the sphere. In section 3.4, we study the long-range O(N)?
model on the sphere. The situation is similar to the one in the O(N) model: at the first non-trivial
order in 1/N, i.e. at next-to-next-to-leading (NNLO) order, the diagrams contributing to the free
energy (up to an exceptional diagram which is finite and equal at all the fixed points) are resummed
to Fyno = 3 Trln(l — K). However, in stark contrast to the O(N) model, K is now a bilocal
operator, and the CPW expansion is the only available non-perturbative method of evaluation.

Two different regimes are encountered. In the infrared (IR) CFT, Fynpo has a CPW expansion
restricted to the principal series only. Such expansion of the free energy can be evaluated non-
perturbatively (numerically) showing in particular how the CPW expansions in CFT can be used to
resum infinite classes of vacuum diagrams.

In contrast, for the ultraviolet (UV) CFT one needs to add a non-normalizable state besides the
principal series, because the dimension of one of the primary operators in the ¢¢ ~ >~ cgp0 O operator
product expansion (OPE) descends below d/2. Although the inclusion of a non-normalizable state
is reminiscent of the O(NN) model, the situation is conceptually and practically different, as will be
explained.

Due to the inclusion of this non-normalizable state, the free energy decreases between the ultraviolet
and the infrared CFT, as in the F-theorem. In perturbation theory, this jump can be seen as the
reversal of the sign of an infinite class of diagrams due to the flow of a coupling constant.
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Comments on future directions. Independently of the F-theorem, the free energy is a central
quantity in statistical field theory, and computing it to higher orders of the 1/N expansion can be
of interest for many statistical or condensed matter models. The closest example to our setting is
certainly the Sachdev-Ye-Kitaev model [82, 83|, which is a model of N strongly interacting Majorana
fermions in dimension 1 with a melonic large-N limit. The appropriate generalization of the CPW
expansion, taking into account the Grassmann nature of the fields and the presence of an extra discrete
series in the basis of bilocal functions, has already been considered in [15], where among other things
the part of the free energy which is singular in the limit of zero temperature was computed. One could
imagine using a similar computation as ours in order to compute also the finite part of the free energy.
In fact, as our main calculation concerns a long-range model, it would more naturally be compared to
the computation of the free energy of the Gross-Rosenhaus model [84]. Indeed, in this model, the UV
part of the action is replaced by a quadratic bilocal term which leads to a line of fixed point in the
IR, similarly to what happens for our model. A O(N)? tensor version of the Gross-Rosenhaus model
(i.e. a long-range version of the Klebanov-Tarnopolsky model [45]) would of course also be a natural
candidate for such a computation. We expect that the main difference between the Gross-Rosenhaus
model and a long-range Klebanov-Tarnopolsky model would be the graph of Fig. 3.6, which arises
at next-to-next-to-leading order only for the latter. This generalization is beyond the scope of the
present work but would be interesting to study it in the future.

3.A Useful formulas on S¢

We collect here some useful formulas about S¢ and the spectrum of the Laplace-Beltrami operator on
it.
The d-dimensional round sphere S can be defined by the equation:

d+1 d
(XM= (XMP+ 22 =a?, (3.A.1)
=1 p=1

where X# = {X* Z} are the Cartesian coordinates in the embedding space R%*! and a is the
radius of the sphere. In the northern and southern hemispheres, the equation can be solved as
Z+(X) = £va? — X?, respectively, with X2 = 3>0_ (X#)2,

It is convenient to describe the metric on S through the (equatorial) stereographic projection to
the d-dimensional flat space R?. The stereographic projection from the North pole to the equatorial
plane is obtained by the change of variables:

XH

) = T X

(3.A.2)

Introducing polar coordinates on the equatorial plane, {r = Va2, 0q,. .., 04-1}, and denoting 64 the
additional angular coordinate on S? (i.e. the geodesic distance from the North pole), the stereographic
mapping reads simply:

r(04) = acot(04/2) . (3.A.3)

In stereographic coordinates, the line element takes the following form:

d
ds* = Z dz;? o Z:cf. (3.A.4)
i=1

1+x2 =

The metric is conformally flat, i.e.

G () = )25, (3.A.5)
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with: 5
a
UNz)= —— . 3.A.6
@) = e (3.4.6)
The square root of the determinant of the metric is then given /g = Q(x)?, and the Ricci scalar is
R =d(d — 1)/a®. The volume of the d-sphere is:

d+1

_ d _ 2z 4
Vd—/de a:\/g(x)—r(%)a. (3.A.7)

The eigenmodes of the scalar Laplacian on the sphere are the spherical harmonics (e.g. [85, 86]):

U5 (X) = p " T X X (3.A.8)

where n = 0,1,2,... + 00, p = (XﬁXﬁ)l/Q and T;‘(le)ﬂn form a basis of constant traceless-symmetric

tensors on R4t each basis element being labeled by a different value of j. Therefore, we take
j=1,2,...D,, with:
(n+d—2)!(2n+d—1)

D, = A
nl(d —1)! (3-4.9)
The corresponding eigenvalues are:
wnp =n(n+d—1)/a>. (3.A.10)
They are independent of j, hence they have multiplicity D,,.
The addition theorem of spherical harmonics states that:
Dn, D
S Wi (@)W ) = TEPAX V), (3.A.11)
=1 d
where: d—2)! A(d-1)/2
e Oy , ifd > 2,
Po(z) = { +d=2)! (), 1 (3.A.12)
To(z), ifd=2,

and C%(z) and T,,(z) are the Gegenbauer and Chebyshev polynomials, respectively.

3.B CFTs on 5S¢

Given a CFT on R? and assuming that conformal invariance can be promoted to Weyl invariance'®

(possibly up to an anomaly), we can then define a corresponding CFT on S? by performing the Weyl
transformation (3.A.5), together with the transformation of primary fields:

O(z) = Qz)"2°0(x), (3.B.1)
such that n-point functions are obtained as:

(O1(21) -+~ On(@n)) sa = Qx) ™2 -+ Q(2) "2 (O1(@1) - On(n) gt (3.B.2)

16See [87] and references therein for the relation between Weyl and conformal invariance.
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In practice, the latter amounts to replacing the flat-space distances |z — y| appearing in the conformal
correlators with the chordal distance:

T —y
o) = iy x2)’1/2(1 ’+ )2 o — y192() ' 2Q(y) V2. (3.B.3)

Notice that this is not the geodesic distance o(z,y) on S%, but the Euclidean distance in the embedding
space R4 ie. s(z(p),z(p')) = | X (p) — X(p')| where X(p) is the embedding map X : §¢ — RI+!
while z(p) is the stereographic map z : S? — R? Of course, the two are trivially related by a
trigonometric relation: s(x,y) = 2asin(o(x,y)/2a).

We can check that for a usual free scalar, the propagator on S¢ matches the flat one with the flat
distance replaced by the chordal distance, if we appropriately tune the non-minimal coupling with
the curved background of the sphere. The covariance, or propagator, Ci(x,y;b) is the solution of the
equation: 5 )

2 oy o\ — Y

(—=Vi+b)Ci(x,y;b) 77 (3.B.4)
where b is a constant (of squared-mass dimension), V? = VHV,, is the covariant Laplacian on the
d-sphere, and we specified by a subscript the coordinate on which derivatives as in this case there
could be an ambiguity. Due to homogeneity of space the propagator depends only on the geodesic
distance o(x,y), hence we will also write C(o;b) for the propagator. The reason for the subscript 1
in the latter is that this corresponds to the case { = 1 of the more general propagator we will consider
in the following subsection.

The propagator on S% has been computed in [88] directly solving (3.B.4), or from an explicit mode
sum in [89]. Defining:

_d—1 (d—1)2
2 4

—a?b, (3.B.5)
the propagator is given by:

9—a ()T (7-)

Oy (o3b) = 24— LE =)
1(030) = & oy g a2

2 F1(v4,7-5d/2; cos(0/2a)?) (3.B.6)
where o F (o, 5;7; ) is the hypergeometric function.
The case of a Weyl invariant free scalar field is obtained with the choice:
d—2 d(d — 2)

b= by = R=
VT 4d—-1) 4a2

(3.B.7)

for which vy = d/2 and y_ = (d —2)/2. In this case, the hypergeometric function reduces to a simple
power and we find:
d/2—1)

Ci(z,y;bw) = a2_dw (sin(o(z,y)/2a))* ¢ = F(47Td/2

2—d
S y)2e, (3.B.8)

s(z,
which is precisely the massless free scalar propagator of flat space with the replacement |z — y| —
s(z,y).

3.B.1 Generalized free field theory

We now consider the case of a conformal generalized free field theory (GFFT), i.e. along-range massless
Gaussian theory, sometimes called a mean field theory. It is worth discussing it in some detail because
it is the simplest case of (non-local) CFT, and because typical long-range models can be defined as
perturbations of a GFFT. By definition this is a CFT whose only non-vanishing connected n-point
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function is the two-point function, which however has a scaling exponent A # d/2 — 1, and which
moreover we take to be in the range A € (0,d/2). On flat space, the two-point function is:
I'a)

c(A) = QI TR /A (1~ A (3.B.9)

c(A
Cﬂat(x7y) = |l'—(y|)2A’

Writing A = d/2 — ¢, such GFFT can be obtained from a functional integral with the action:'”

Sarrrle] = % / g ¢(z)(—0%) (x) (3.B.10)

where the fractional power of the Laplacian can be defined in many equivalent ways [90], among which
in particular as the inverse of the “Riesz potential” (3.B.9). The easiest definition is of course in Fourier
space, where (—92)¢ is defined as the multiplication operator p*¢, which is the inverse of the Fourier
transform of (3.B.9). Going to position space one finds instead a representation as a hypersingular
integral operator:'®

(0% ole) = i old =) [ aty LU (3B.11)

|lx—y|>r

In the physics literature such representation is often expressed as:

PWVM@:/H%QQ@WM@% (3.B.12)

with convolution kernel:
c(d—A)

Cﬁ_alt(x7y) = |l’ - y|2(d_A) 9 (3B13)

without any subtraction term. For ¢ > 0 the convolution is a formal divergent expression (a “hyper-
singular” integral), which is to be interpreted through analytic continuation from ¢ < 0. For simplicity
we will stick to this point of view.

In order to place the GFFT on the d-sphere, we can apply again the Weyl mapping to (3.B.9),

and thus write:
c(A)

s(z,y)2A
Constructing an action associated to such propagator requires as usual identifying the inverse propa-

gator, and from this the type of non-minimal coupling to the background geometry that is needed in
order to obtain a conformal theory.

C(z,y) = Ux)"*Uy) > Chat(z,y) = (3.B.14)

"We typically assume 0 < ¢ < 1. The restriction to ¢ < 1 is imposed to preserve reflection positivity (unitarity in
Lorentzian signature), but also because ¢ > 1 would correspond to a strong short-range rather than long-range action,
and moreover the operator with ¢ = 1 would in that case be a relevant perturbation. The restriction to ¢ > 0 is instead
chosen to avoid a strong long-range action, with its associated unusual thermodynamic features [72].

8 This can be derived by first writing

+oo —tp?
p= / s 1
)
I'(=¢) Jo tite

whose validity is trivially checked by rescaling ¢t — t/p2 and recognizing that the integral reduces to p?° times the
Cauchy-Saalschiitz representation of I'(—() for 0 < ¢ < 1. The singular integral representation is then found by going
back to position space and exchanging the order of integration [91].
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The covariance C(x,y) in (3.B.14) is also known as the Riesz potential, and it can be written as:

ZZ (<> W (@) W5 (y) = ‘ZZD(?)RZ(XY), (3.B.15)

n>0 j= 1w n>0 Wn

where we used the addition theorem (3.A.11).
The inverse of (3.B.14) is defined by the equation:

d42\/5(2) Oz, 2) / dy/5(8) Oz, 1) b(y) = d(x) (3.B.16)

or

%2\ /g(2) C M, 2)C (2, ) = \;ﬁé(m ). (3.B.17)

Given that on flat space (3.B.13) is the inverse of (3.B.9), it is easily seen that the above equations
are solved by:

c(d—A)

C™ () = Ua)> 1 Qy) > Ca(w,y) = REREC=NE

(3.B.18)

whose convolution should again be interpreted by analytic continuation. This is of the expected form
we would obtain by the Weyl mapping applied to C{;alt(a:, y), formally viewed as the two-point function

of the shadow operators [92] of dimension A = d — A. It also means that defining, for ¢ = d/2 — A
the operator whose kernel is (3.B.18) as:!?

Deo(x /ddy Vly) ot (y), (3.B.19)

we find that:
Deg(x) = Ux)2~4(=0%)¢ (Qx)2p(2)) (3.B.20)

Given the Weyl transformations (3.A.5), (3.B.1) relating the flat space to the sphere, one recognizes
in such a relation the definition of conformally covariant operator of order ( = d/2 — A, or conformal
biweight (A, d — A) [94, 95].

Therefore, the action replacing (3.B.10) on the sphere is:

Sarrr(¢] = A"z \/g(z), p(x)Deco(x (3.B.21)

However, calling D¢ a conformal “fractional Laplacian” would be deceiving, as it turns out that the
operator D¢ is not of the form (—V? + b)¢: the conformal Laplacian of biweight (A,d — A) on the
d-sphere can be related to the Laplace-Beltrami operator by the expression [96]:

T(aDyjp+ 3 + - 1\°
D, = a~%¢ (a 1/2 ? ¢) 7 Dl/2 =q \/V2 + <dl) , (3.B.22)
L(aDyjo+ 35 —0) 2a

19As a subtracted hypersingular integral, a rigorous covariant expression is given by (see [93, 86]):

d"y\/g(y) :E;y)y;g(fﬁ)) + F(g(;)A ) g(a).

Deola) = lim e(d — ) [

s(z,y)>r
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which should of course be interpreted in terms of the eigenvalues:

1/2
w® = ¢=% Lln+5+0) _ 0% Taw® +14¢)
n F(n + %l - () F(wag/m N % B C)

(3.B.23)

d—1 d—1)\° 1
Wy, a <n+ 5 > \/wn + ( %0 > wn '+ 1a2

In the last equality we introduced w,, = n(n+d — 1)/a?, the eigenvalues of Laplace-Beltrami operator
on the sphere. Notice that for ¢ = 1 we have D1 = —V? + by, as expected, and that for n — +oo the
eigenvalues of D, do asymptotically approach n*¢, as for a Laplacian to the power ¢. The eigenvalues

wT(f) are of course the inverse of the eigenvalues of the Riesz potential (3.B.14), which were known

since long to mathematicians (e.g. [97]), and have been later rederived also in the physics literature
[81].

Notice that, denoting ¢, =n + % — (, we can write:

1 Ilc,) 1
a20©  Tlen+20) r(2g)B (e, 2€), (3.B.24)

where B(z,y) is the Euler beta function. Therefore, we have various useful representations, among
which in particular the following integral representation:

11
aXw'©  T(20)

1 1 +oo
dt tcn_l(l _ t)QC—l — / dS 6_86"(1 — 6_8)24_1 . (3B25)
/0 I'(2¢) Jo

One way to introduce a UV cutoff in the theory is then to replace the beta function with the incomplete
beta function, i.e. truncating the upper end of t-integration at 1 — ™% or the lower end of the s-
integration at sg > 0. From the latter one can see that such cutoff is roughly proportional to an
exponential e%0¢»  This should be compared to the flat space representation:

11 /+oo dse sPs%1 (3.B.26)
p*  T(20) Jo ’ o

which again can be regularized by replacing the integral representation of the gamma function with
that of the incomplete gamma function. This is in the same spirit of what was done in [17]|, where
however the representation of I'(z) was used instead of I'(2(), i.e. the exponential cutoff was with

respect to p? rather than p. Notice that as expected the two s-integral representations in (3.B.25) and
(3.B.26) coincide in the deep UV (small s) but differ in the IR (large s).

3.C Computation of the free energy for GFFT

In this appendix we present a detailed computation of the following sum:

I o D(n+d/2+¢)
F = 2;01)"111 <a QCF(ner/Q—C)>' (3.C.1)

This computation was done in [73|, but we reproduce it here with more details.

For d > 0, this sum is divergent. We will compute it in the regime 2¢( —2 < d < 0 and then perform
an analytic continuation to deduce the result for d > 0. This computation can also be done for ¢ > 1.
For k —1< (< k,k>2, the sum (3.C.1) would have to be computed in the range 2¢ — 2k < d < 0.
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However, the computation is very similar than the one for 0 < ( < 1 and leads to the same result so
we will detail here only the computation for 0 < ¢ < 1.
Let us first show that the sum of multiplicity is zero in this regularization:

i (n+d—2)!2n+d—1) _i(n+d—1)!2n+d—l
(d a

n=>0 _1)! — n'(d—l)' n+d-—1

= (n+d-1! n © (n+d—1)

_n;) nl(d - 1)! n+d—1+7;)m(d—1)! (3.C.2)
~_(n+d-2) L & (ntd-1) )

=X G Y X 0= (0 =

The term In(a=2¢) can thus be dropped from the expression of F. Taking the derivative with
respect to ¢ of the remaining expression, we obtain:

1 o0
& =5 2 Dt 2+ O /2= 0)). (3.C.3)

We will now use the following integral representation of the digamma function:
o] e—t e—tz
= dt | — — 3.C4
v = [ (- 15) (3.0

, we then get:

which is valid for z > 0.
Leaving out the n = 0 term

1 00 2¢~t e—t(nt+d/2) B
(t (d/2+§)+¢(d/2—§))+2;Dn/o dt( (e t<+et<>>

(d/2+§+1)+¢(d/2—(+1)— L1 ) (3.C.5)

20

dF
d¢

l\DM—t [\')\)—t

d2+C  dj2—¢
1 o0 00 26—t 6—t(n+d/2) .
1 _ —t¢ K
221)”/0 dt( t 1— et (6 +e> ’

where we have used 9(z) = ¢ (1+ 2) —
We can now use the integral representation of the digamma function for ¥(n + d/2 + ¢ + 1).
Rearranging the terms and exchanging sum and integral, we obtain:

dF 1 1 1 et &
dc:_2<d/2+c+d/2—c>+/ ZD

1 /00 e +eC ( . :
— = —e" e "+ E D,e ™| .
_ p—t
2 0 1 e —t

20For the case 1 < ¢ < 2, we would also need to leave out the term n = 1.

(3.C.6)
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Again, as the sum of the multiplicities is zero, the second term vanishes. The remaining sum is:

> i = (n+d=2)2n+d—-1) _,,
;Dne —Z nl(d— 1! e

n=1

B n+d 2 = n+d 2 —
a Z +Z nl( (3.C.7)

n=1 n=1

—1
_2 —tz n—"_d —tn+(1_€—t)—(d—1) _1

= 2e*t(1 — e*f)*d + (1 —e )Tl =1 —e )1t 1.

t

Substituting this result into dC and changing variables © = e™*, we obtain:

1
Cclllg - _% (d/21+ ¢t d/zl— c) - ;/o dud® N a7 (1= MO0 - 1) L B.O8)

We can now compute the last integral using the regular as well as the subtracted integral repre-
sentations of the beta function: 2!

1
B(a,b) :/ dtt* 11—, a,b>0
0

L (3.C.9)
_ _ _p\a—1 (4b=1 _ 4c—1 _
B(a,b) — B(a,c) = [ dt(1—1) t t ,a>—1,bc>0.
0
Indeed, we have:
1
/ w0 (1) (1 ) 1)
0
1
_ d/24C (1 _  \—d—1 |, d/24+¢—1 _oy—d—1 1 oN1-1
/0 du (u (1—w) +u ((1 u) (1—u) )) (3.C.10)

= B(d/2+ ¢ +1,—d) + B(d/2 + ¢, —d) — B(d/2 + (,1)
_ o Ld/2+ Or(=d) 1
=2 T((—d/2+1) (+d/2°

and similarly:

! e L I(d/2 — ¢)D(—d) 1
uu/ _u u —_ = — —_— . . .
/0 duu?7 1<<1 )" At 1) 2CF(—C—d/2+1) —(+d/2 (3.C.11)

Thus we obtain:

(e (20 TUREO Y i) T2 OR/2 )
¢ (1-¢—d/2) T(A+¢—-d/2))  “sin(rd/2) I'(1+d)

which can be analytically continued to d > 0 not even, and is valid for any value of {, except at the
poles at ( =d/2 + k.

, (3.C.12)

2Tn the case 1 < ¢ < 2, we also need the following subtracted integral representation of the beta function:

B(a,b)fB(a,1)+(b71)B(a+1,1):/ldtt‘l*l ((17t)b71+(b71)t71) La>—2,b>0.
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3.D Computation of C(z,z) in dimensional regularization

From the expansion of C'(x,y) in spherical harmonics in (3.B.15), we find that at coinciding points we
have

1 « D,
Cla,2) = ¢ > (3.D.1)

n>0 Wn

which of course is divergent and needs regularization. We employ here analytic continuation in the
dimension d, treating separately the two cases ( =1 and ¢ < 1.

3.D.1 (=1 case

With ¢ =1, the expression of the covariance simplifies to:

B a’d 4T (n+d—-1)2n+d—1)
@) = Ry n;) nl(2n + d)(2n + d — 2) (3D-2)

The Weyl invariant coupling b = by = d(i;f) in (3.B.4) provides an IR regularization by removing

the zero mode, for d # 2. However, the sum is divergent for d > 2 and needs a regularization. A
convenient approach is to compute it for 0 < d < 2, where it converges, and where we find C'(x, z) = 0,
thanks to a cancellation between the n = 0 contribution (negative because by < 0 in this range of
dimensions), and the rest of the series. We then analytically continue the result to d > 2.

Let us begin by rewriting the sum as:

(e o]

In+d—-1)2n+d—1) =~ T(n+d-1) ~T(n+d—1)
2 Z;)n!(n+d/2— ) +§) nl(n + d/2)

nl(n+d/2)(n+d/2—-1)

=0 . - . (3.D.3)
D=2 5 1 Dnd/2 = 1y 20 =2) 55 1 (= Da(d/2),
-~ d/2-1 Znl (d/2)n d —n! (d/24+1),
where (b), =b(b+1)...(b+n—1) = ngzg)n) and we have used (b(i)fsn = Hin.
We then recognize the hypergeometric function of argument 1:
1
(@)n(b)n _ D(c)T(c—b—a)

Fi(a,b,c,1) = = 3.D.4
2 1(&, , G ) Z TL'(C)n F(C— b)F(C — CL) ) ( )

n=0

which is valid for Re(b), Re(¢) > 0 and Re(c —a — b) > 0.

In order to apply this formula, we thus need d > 0 and d < 2: in the first sum of (3.D.3) we have
a=d/2—1,b=d—1,¢=d/2 and in the second sum we have a =d/2,b=d —1,c=d/2 + 1.

We thus get:

C1(z,2) oc 20(d — 2) ( I(d/2)T(2—d)  T(d/2+1)T(2- d))

(d-2)T(1 - d/2) (2 — d/2)

_2(d—-2)T(d/2)r(2—-d) [ 1 d _
B ['(1-d/2) (d—2+2d(1—d/2)> =0

(3.D.5)
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3.D.2 (<1 case

We want to compute the following sum:

2( d(d
I'(d/2)(4r) d/2 Z a2 C) (3.D.6)

We use the integral representation of (3.B.25), which in the range 2¢ —2 < d < 0 is valid for n > 0.
Taking out the n = 0 term, and exchanging the sum and the integral, we obtain:

_ a2<7d(d — 1)' F(d/2 — C) 1 * —s\2¢—1_—s %— — —sn
O = v ) amr [r(d/Q 10 TR /0 ds(1— e e O;D”e - @D

The remaining sum was already computed in the previous appendix and doing the change of
variable u = e™* we obtain:

o a®~4d - D! T(d/2 - )
(@) (4 (am)d2 | T(d/2+C)

. F(l /01 duud/zfgfl(l _ u)2<fl ((1 — u)fd(l +u) — 1) ]

_ a7 d-1)! | T(d/2- Q)
- T(d/2)(4m)42 | T(d/2+ )

N F(l /1 " (ud/27((1 )2 /2 ((1 )2 (g = u)2<71)) ] .
0

(3.D.8)

We perform the integral using the regular and subtracted representations of the Beta function
(3.C.9) and obtain:

a*=4(d —1)!
T(4)(4m)d/?

C(z,z) =

r'(§ - n T(§ - ¢+ 1I(2¢ - d)
I(§+¢)  T(=§+¢+Dr(20)
L(§ -T2 —d) I(§-
I(¢ - $)r(20) I'(¢+
a® i d—1)T(d/2 - OT(2¢ —d) |d/2 —¢
I(d/2)(4m)?20 (20T (¢ — d/2) | ¢ —d/2

Q)
?)

(3.D.9)

+1(=0.

3.E Basics of conformal partial wave expansion

We provide here some important formulas and background on the conformal partial wave expansion
used in the main body of the chapter, part of it overlaps with section 2.3.4 in chapter 2 but we prefer
to keep this appendix self-consistent. The main results of this appendix have been derived by Dobrev
et al. in [41, 40, 42|, and largely revived in recent years [98, 99, 100, 79].?2 Here we mostly follow the
notation of [110], where a more detailed review can be found.

We work on flat space and comment at the end on the straightforward extension to the sphere.
In the conformal limit, the Bethe-Salpeter kernel K (1,9, x3,z4) of scalar fields of dimension A is

22These methods have been at the heart of a very active field in recent years, see for example their use with Mellin
amplitudes [101, 102], their application to the Sachdev-Ye-Kitaev model [15, 103], to the bootstrap crossing equations
[104, 105, 106, 107], and to the construction of an AdS/CFT map [108, 109].
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diagonalized by functions with the structure of a conformal three-point function of the type:

= ZH . ZRT — “traces"
o =
<¢)A(.’L‘3)¢A($4) (h’J)($0)>CS |$34|2A7h|$30|h|$40|h )

i _ |%s0]lZa0] < xhy  Tho )
| 234 2302 |za0]?

(3.E.1)

where x;; = x; — xj, such that:

K (1,22, 23,221) (0a(23)a(24)Of, 5 (20))es = k(h, J) (da(21)da(22)Of, 5 (20))es - (3.E-2)

T3T4

The subscript “cs" stands for conformal structure, meaning that the three-point function is just a

notation for the structure on right-hand side. In particular, there is no structure constant, and the
operator O?h, J)(z), of conformal dimension ~ and in the spin-J symmetric-traceless representation of
the rotation group, is in general not part of the spectrum of the CFT. We denote ¢a(x) a generic
scalar primary of dimension A, without introducing any flavor/color index structure, which we assume
to be already diagonalized, as for example in (3.4.19).

The precise form of the kernel eigenvalue depends on the specific model. In the case of the long-
range O(N)? model studied in section 3.4, we have:

2 p(_d 4 hdypd _ h=d
k(h, J) = —(4977)01 F((?lfj— fljf))r((§+ hZJ)) (3.E.3)

Multiplied by the following normalization factor (iL = d—h is the dimension of the shadow operator
[92]):

(3.E.4)

7 _ _ 1/2
f2(2A+h+J)/2 <F(h+J+22A d)F(h+J+22A d)) F(h J)
h7‘j d/2 h — —

(27r) / I-\(h—i—J 22A+d)F(h+J 22A+d)

the three-point functions (3.E.1) with fixed Re(A) € (d/4,3d/4) form a complete and orthonormal
basis in an appropriate space of bilocal functions [41, 42], the basis elements being labeled by the spin
J € Ny, the position 2o € R?, and the scaling dimension h € P, where:

d
7>+:{h‘h=2+ir,rem+}, (3.E.5)

labels the principal series representations of the conformal group. More precisely, the space of bilocal
functions VA can be defined as the space of smooth functions f(z1,z2) that are square integrable with
respect to the scalar product:

(f1, f2) = / fi(@y, 22)C 7 (w1, 23)C™ N wg, m4) fo (w3, 24) (3.E.6)

i.e. (f, f) < oo, and satisfy the asymptotic boundary condition f(x1, ) ~ |2z1|~22 for |z1| — oo and
similar for |ze| — oo. Here, we have assumed that the bilocal functions have no symmetry under
permutation of their two arguments, and we denoted?® C(z1,z3) = c¢(A)/|z1 — x3/>2. Similarly, we
can introduce the shadow space Vx with its basis of three-point functions defined as above but with

Z31n this appendix we use C(z,y) to denote the full-two-point function (¢(z)d(y)) of the CFT, for which we are free
to choose the same normalization as the one we used for the GFFT, even if the theory we have in mind is in general
interacting.
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A replaced by its shadow A = d— A. Since the two-point function of ¢ and that of ¢z are the
inverse of each other (see (3.B.13)), we can write the analogue of the scalar product (3.E.6) for Vx by
replacing C~! with C, the two-point function of ¢n.

The relation between VA and Vx can better be understood in terms of raising and lowering of
indices by the metric associated to the scalar product on them. Let us denote f*1¥2 with contravariant
indices x1, x2, the elements of Va, signaling that f has dimension A on each of its arguments. The
factor gu zpwsey = C1(w1,23)C (22, 24) in the scalar product in (3.E.6) is a metric on VA with
covariant indices, that is with dimension A = d — A on each of its arguments. The inverse metric
is g"1%23% = (C(x1,23)C (w2, r4) and the contraction on an index (integral over the position) has
dimension —d. The metric and its inverse allow one to lower respectively raise indices, i.e. map Va
to its dual Vz. The mapping holds also for the basis elements:?*

/ddwzaddfm O~ (w1, 23)C (22, 24) (D (23)9a (22)Of, 1 (w0))es Nis

i B (3.E.7)
— (65 (@)03 (@) Of,  (@0))s N
The completeness relation, or resolution of the identity, reads:
I(x1, z2,x3,4) = 6(x1 — x3)d (22 — X4)
(3.E.8)

+ioco dh
2/2 7phz])./\/’ NA AAAA(xlax27x37x4>7

JENy

where the equality holds in a distributional sense when acting to the left (integration over x3 and x4)
on Va, or to the right (integration over z; and x2) on V. We have introduced the Plancherel weight:

d 7 J—
ot 1) = DG+ TG 1T 1)
2

22m) 21 T(d — Wyr(d— ) (h+J=1)(h+J-1), (3.E.9)

and the conformal partial wave, defined as:

\I/hA”JA,A,E (:Bl, 2,3, ZC4) = /ddz <¢A($1)¢A(%’2)OZLJ)(Z)>CS<¢5($3)¢£($4)0€BJ)(Z)>CS . (3.E.10)

We notice that the product of normalization factors of the basis simplifies to:
23d/2+J

A _
N N = e

(3.E.11)

Any endomorphism & : VA — Va associated to a conformal kernel can be diagonalized by convo-
luting the kernel with the appropriate resolution of the identity, e.g.

E(x1, 0,23, 24) = /ddylddyz E(z1, w2, y1,y2) l(y1, y2, 23, 74)

— Z /2 p(h, J) Ae(h, J) N /\/A AAAA(:U1,962,9€3,$4),

JeNg

24The three-point functions are not in V, as they are not integrable, but they form a basis in the continuous sense,
just like the Fourier basis does for L(R?).
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where Ag(h,J) is the eigenvalue of &, satisfying an equation similar to (3.E.2). Using the following
relation between the conformal partial waves and the conformal blocks Gy, ; [111, 99]:

\IlﬁbA’A’A(xl,:L‘g,xg,xAL) = (—%) (S;LJQAAAA($1,{E2,JJ3,$4)

AAXA (3.E.13)
+Sha 97 (331,3627963,96‘4)),
with:
/2 _d B J
=T (h 2)F(h—|—J 1)F( 5 )
hJ = — — FSIvEEE (3.E.14)
I'(h—1)T(d—h+ J)I( 7=)
one can then write:
E(x1, 2, 23, 24)
+1oo
J dh 3.E.15
=Y () ﬁ o D) e NN, Siy G AR @y g, g, ), (3.E15)
JeNy §—ioo

where we used the symmetry of the measure factor p(h, J )./\/ N A under shadow reflection b — h

to extend the integration to negative imaginary parts and keep only one conformal block term.
Acting by convolution on the last two arguments of £(z1, 2, x3,x4) with the inverse metric, we
obtain an operator mapping Vx to Va, with a similar conformal partial wave expansion, except that

the A arguments are replaced by A:

/ddy3ddy4 E(x1,72,Y3,y4)C(y3, v3)C(ya, 74)

+1oo dh
Z / 7p h J)Ag(h J)NhJNA AAAA(xlax27:L‘37:E4)

Py (3.E.16)
2—0—100 dh
= (—%)"ﬁ U D) e YNNG, S G S (1, 2, 3, 24)
JENg 2 1

In this case, the product of normalization factors has a ratio of gamma functions, with its own poles:2°

9(2A+d/2+.]) F(E+J4r22Afd)F(h+J+22Afd)

NigiNis = (3.B.17)

d htJ—2A4d\T( htJ—2A4dY
(2m) I( +J 22 + )T( +J 22 + )
For £ =1, (3.E.16), with Ag(h,J) = 1, gives a conformal partial wave expansion of the inverse metric.
A similar expansion is obtained for the metric itself, replacing C' with C~! in the first line, and A
with A in the expansion.

2>These poles do not cross the principal series as long as A > d/4. Similarly, the poles of N; h% N ﬁ& ; stay away from
h =d/2 for A < 3d/4. Together, these two conditions explain the condition on A mentioned below (3.E.4).
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In the case of symmetric bilocal functions,?® the completeness relation is of the same type, but
with contribution only from even spin:

Hsymm($1,$2,$3,l‘4) = (5(.7}1 — xg)é(xg — ZL‘4) + 5(.7}1 — x4)5(x2 — 563))

dtico gp, (3.E.18)
- Z / —p (h, J)NhJNA AAAA(IC1711327333,364)-
JeNeVen

DN |

Non-normalizable contributions. In practical applications, such as those we encounter in the
bulk of this chapter, some of the hypotheses behind what we just reviewed can be violated. Typically,
we have two possible situations:

1. A four-point kernel £(x1, 2, x3, x4) with right conformal transformation might nevertheless not
be an endomorphism on VA (or a map Vx — Va) because its action on an element f € VA (or

f € VZ) leads to a function not satisfying the integrability condition associated to the scalar
product (3.E.6).

2. The scalar field dimension might lie outside the range (d/4,3d/4). This is in particular the case
of the standard free theory (or the critical O(NN) model at large N) with A =d/2—1 < d/4, for
d<4.

In both cases, we can still use the conformal partial wave machinery, as long as we take care of
deforming the contour of integration over h, or isolating the non-normalizable contributions from the
four-point kernel [99].

The typical example of a four-point kernel which is not an endomorphism is a physical four-point
function of one scalar field ¢ whose s-channel OPE contains operators of dimension smaller than
d/2. The identity operator is one such operator and it is always present, hence we always need to
subtract the contribution that is disconnected in the s-channel, C(x1,z2)C(z3,24), before applying
the expansion (3.E.16).27 Similarly, if the field ¢ has A < d/2 and the three-point function with
itself is non-vanishing, then we need to subtract the contribution that is one-particle reducible in the
s-channel (the s-channel skeleton tree diagram). It is then useful to define:

Fa(w1, 2, 23, 24) = (d(21)d(22)d(23)P(24)) — C(1, 22)C (23, 74)

0 , (3.E.19)
—/d Yy1d%Y2(d(21)P(22)0(41))C™ (Y1, y2) (D (y2) #(23) ¢(4)) ,
which is obtained in terms of the Bethe-Salpeter kernel K as (e.g. [110]):
Fo(w1, 2,23, 74) = /ddy1ddy2(11 — K) (21,22, 41,92)C(y1,23)C (y2, 74) - (3.E.20)

Applying to Fs the expansion in the last line of (3.E.16), and pushing the integration contour to the
right, the integral is reduced to a sum over the residues at the poles of the integrand (the poles of
A—r)-1(h, J) being now the solutions of k(h, J) = 1). Together with the sum over .J, this reproduces
the operator product expansion of the four-point function in the s channel, if no other physical
operators have dimension smaller than d/2. If instead other primaries have dimension smaller than d/2,
then on the right of the principal series we pick their shadow pole; this must be corrected by deforming

26The corresponding space VY™™ is defined as before, except that the metric needs also symmetrization: ¢35 % .., =
%(C_l(ml,xg)C_l(xz, 324) =+ C_l($1,$4)c_1(£2,$3)).

27 Convoluting C(x1, 22)C(x3, £4) with f(z3,24) € Va, we obtain a new function proportional to C(z1,x2). Regardless
of whether the proportionality constant is finite or not, C'(x1,x2) is not square integrable with respect to the scalar
product in (3.E.6), and therefore it is not in Va.
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the contour in the conformal block representation to keep only the physical poles on the right, or
equivalently (because of (3.E.13)), by adding to the expansion the appropriate ¥ contributions:

gtice qp h,J
Fs(w1, 22,3, 24) = Z/ QWI&())NhJNA AAAA(xhxg,xg,u)

JeNg (3E21)
ZRes [1_ J) )/\ch./\/A AAAA(&:1,$2,$3,$4) )

h=h;(J)<d/2

where h;(J) are the physical solutions of k(h, J) = 1 on the left of the principal series. These isolated
contributions are exactly analogue to the contributions we subtracted from the four-point function to
define Fs. If such operators are present, we first subtract them from Fs, then we use the resolution of
the identity to decompose the subtracted Fs, and finally we add them back as in (3.E.21) to give the
expansion of F; itself.

An example of the second situation in which (3.E.16) fails, namely when the dimension of the scalar
field is outside the range (d/4,3d/4), can be obtained from a generalized free field theory. Consider
Fs for a GFFT:

]:SGFFT(l'l, x2,T3, 1‘4) = C(:L’l, l’g)C(l'Q, 1‘4) + 0(1'17 x4)0(l‘2, 1:3) ) (3‘E'22)

which is also twice the inverse metric of V™. Using (3.E.16) with & = I, but restricted to even
spins to provide the symmetrization, we ﬁnd

‘7:5GFFT($171:27:L‘37$4) =

+ioo
2 Z (-3) /2 ;—hp(h J)/\/ /\/’A thfJAAA(wl,mz,xg,u), (3.E.23)
JENgven §—ioo

and from (3.E.17) we know the normalization factors at J = 0 have a pole at h = 2A, that is the
dimension of ¢2. This pole crosses to the left of the principal series when A moves below d/4. In that
case, in order to recover the correct OPE, we must deform the integration contour in such a way that
the pole at h = 2A stays to its right, and the shadow pole at h = d — 2A stays to its left. Exploiting
(3.E.13), it can be verified that the same result is obtained by writing, for A < d/4:

1 _qrrr 3 gHioo dh A gAALA
5}'5 (x1,$2,$3,$4 P h J)Nh JN (%1,%2,.%'3,374)
Jéngeen (3.E.24)

—Res[ ( )N NA AAAA(.T1,.T2,JJ3,$4) h:2A'

This has the exact same form as (3.E.21), but is quite different in nature. Contrary to the previous
case, it is now the functional space itself that is deviating from the original definition. In particular,
convoluting (3.E.24) with the metric of V™", we obtain a modified resolution of the identity:

1
]Isymm(l‘l, xr2,X3, 1’4) ((5($1 — $3)5($2 — 1’4) + (5($1 — $4)5($2 — 1’3))

2+1oo dh
E /j —p (h, J) N, JNA AAAA(xl,xg,xg,a:4) (3.E.25)
JeNeVen E

“R [hoN R Ca TS :
es |p (1,2, 23, 24) oA
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Since (3.E.11) has no poles, it would seem that the isolated contribution here is trivial. How-
ever, \IIQAA’AO’A’A(wl, T2, x3,74) is a singular distribution proportional to 1/|x34|? ~ T'(0)d(x34); writing
explicitly the limit involved in the definition of the residue, we find that such singularity leads to a

non-trivial isolated contribution to the resolution of the identity:

—Res [p(h, 0) J\/}fo/\/}fo \I’hA,bA’A’A(«'Ul, T2, 73, T4)

d/2

h=2A

2 ~ o~
= lim 2e¢ p(QA — 2e, O) —a \DZAAé,i,(]A(xl, x2,T3, x4)
0 T o (3.E.26)
= hII(l) c(d/2 —€) c(2A — 2¢) ¢(d — 2A + 2¢) \IJQAA’A_’ZAg’OA(:L“l, T2, T3, T4q)
€— ’
1 1

= c¢(2A) ¢(d — 2A) /dd:co 0(w34),

’x10’2A‘$20‘2A |x30|d—2A‘$40‘d—2A

where we used the distributional identity lim, .o c¢(d/2 — €)/|z|*%¢ = §(x).

Conformal partial waves on the sphere. FEverything we discussed in this appendix transcribes
mutatis mutandis for CFTs on the sphere via the Weyl mapping (i.e. replacing all the distances
by chordal distance and adding the adequate volume factors). By conformality of all the integrals
involved (e.g. in (3.E.7), (3.E.10), and so on), the analytic properties of the conformal partial wave
expansion are unchanged, and the effect of being on the sphere is only visible in the external points
being multiplied by the appropriate Q(x) factors.

However, in the evaluation of the sphere free energy we encounter traces of endomorphisms on Va,

Tr(E) = /dd$1dd$2 E(x1, e, 21,22), (3.E.27)

which are divergent due to their conformal invariance. The regularization of such traces necessarily
breaks conformal invariance, and as a result Q(z) factors survive, which play a crucial role in leading
to finite results. The precise choice of regularization and its effects are described in the bulk of the
chapter.

3.F The NNLO graph in Fig. 3.6

In this section we show that the contribution of the graph in Fig. 3.6 to the sphere free energy is finite.
As it is not especially informative, we will not compute this contribution exactly.

The amplitude of any vacuum graph can be written as the convolution of a free covariance (repre-
senting any of its edges) and a two-point kernel (representing the amplitude of the remaining two-point
amputated graph G):

I= /{E’y C(x,y)A%(z,y) . (3.F.1)

In the case of the melon in (3.4.13) for instance A%(z,y) = C(z,y)?. Using dimensional regularization
and A = %7 dimensional analysis leads to:

B c(A) AC (e
I= /z,y o) - (3.F.2)
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The precise scaling b depends on the particular graph one considers (e.g. b = 3/2 for the melon).
Following the same steps leading to (3.4.16) we conclude that:

I~ TAG(e) . (3.F.3)

For the melon AG(e) ~ €, that is the melon does not contribute to the sphere free energy in the
€ — 0 limit. We show below that for the graph in Fig. 3.6 opened on any of its edges, as depicted in
Fig. 3.11, there exist two constants A; and As such that:

Fi1cURrE 3.11: Amputated two-point diagram obtained by opening any edge in the graph
of Fig. 3.6.

A 46 < A2

€ €

(3.F.4)

hence this graph brings a finite contribution to the sphere free energy. This contribution cancels
between the different fixed points of interest as they all have the same tetrahedral coupling.

The remainder of this appendix is a rigorous proof of (3.F.4). It is quite lengthy and uses a set of
techniques that, while standard, are quite apart from the ones used in the rest of the chapter.

One can of course apply the techniques we discuss here to the ladder diagrams. Graph by graph
the ladder diagrams are divergent, and present increasingly singular poles in 1/e. Accounting for
the diagrams with A; vertices allows one to subtract the poles and one can in principle resum the
finite parts to reproduce the finite part of (3.4.32). This graph by graph computation is exceedingly
difficult. The main gain of the conformal partial waves techniques we introduced in the main body of
this chapter is to bypass this analysis entirely and directly give us the end result.

Going to flat space. We are interested in identifying the leading singular behavior in the ¢ — 0
limit of the amplitude A% (x, %) of amputated two-point graphs G. As already mentioned, dimensional
analysis implies that, up to local terms: A%(z,y) = A%(€)/ s(:z:,y)%d*b6 where A% (¢) might display
poles in 1/e. As this is an ultraviolet divergence it is insensitive to the details of the infrared regu-
larization hence the leading divergence is the same on the sphere and on flat space. From now on we

work on flat space.

Why it is non-trivial. In the long-range model two-point graphs are primitively power divergent.
Once this local power divergence is dealt with (either set to zero in dimensional regularization or
subtracted by a mass counterterm in other schemes) the only remaining primitively divergent graphs
are the four-point ones. The latter bring 1/e poles that pile up if they come from subgraphs fully
included in larger subgraphs (we review how this occurs below).

For two-point amputated graphs this naive power counting yields A%(e) ~ ¢! for the two-point
melon (as it has four-point subgraphs) and A%(e) ~ ¢~2 for the two-point graph in Fig. 3.11, as it
has a four-point subgraph that is a subgraph of another four-point subgraph. The non-trivial result
of this section is that a detailed analysis of the sub divergences of these two graphs improves on the
naive expectation, that is A%(e) ~ €® for the melon and A%(¢) ~ ¢! for the graph in Fig. 3.11
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Structure of the amplitudes. On flat space the divergences and their subtractions are captured
by the Bogoliubov—Parasiuk-Hepp—Zimmermann theorem [112, 113, 114]. For long-range models only
two and four-point subgraphs are primitively divergent and they are subtracted by applying local
Taylor operators.

The momentum and direct space formulation of the BPHZ theorem are reviewed for instance
in [114] and the parametric space version is discussed in [115, 116]. In flat space, using Schwinger
parameters, the amplitude of an amputated graph in the long-range model with external momenta p;,
V vertices and E edges is flfj(pi) = (QW)dé(Zipi)Ag(pi) with:

G 1 k=2 -1 6_%
A% (pi) = doe 0" | =
(i) I‘(QE(ZM.)%(E—VJA) /0 H Qe U(G)d/2

eeG (3F5)
U@ =3 lec. vie= > Q_m?® ] e,
TCG €¢T Ty, ToCG i€T> 6¢T1UT2

where T runs over the spanning trees in G, respectively T1,T> run over the pairs of trees, and ¢ € Th
runs over the external vertices that belong to the tree T5. The integral is cut-offed by and infrared cutoff
k on the integration interval, but any other infrared cutoff will do. The overall factor (27)46(>; p;)
reproduces the bare vertex. We work in dimensional regularization and we set ( = %. The amplitude
at zero external momenta of G is, up to prefactors:

k=2 1
1 1
G ¢—1 _ 1. —2CE+d[E-V+1 ¢—1
A N/O (”daeae ) U(G)d/Z_k [ ]/0 (”daeae ) TG (3.F.6)

eeG eeG

If G is a two-point graph its amplitude in momentum space writes:

d+e

A%(p) =p2 TVEA% () + A7, (3.F.7)

where we denote somewhat abusively by A%(¢) the coefficient of the scaling behavior in p. Note that
for two-point graphs A¢ is zero in dimensional regularization, as it is power divergent. This is of
course not the case for four-point graphs. In principle A%(¢) is a function of p/k and in the case of
the melon it can be shown [17] that it has a finite limit for & — 0.

Taylor operators and renormalized amplitudes. The Taylor operators acting on amplitudes
are localization operators. For any v subgraph of G we define:

7, A% (pi) = A AP (p) (3.F.8)

where A7 is the amplitude of 4 at zero momentum and G/7 denotes the graph obtained from G by
contracting 7 to a point. As we deal with the long-range case the subtraction of local parts suffices in
order to render the amplitudes ultraviolet finite.

We consider amputated subgraphs v of G. A subgraph ~ contains all the vertices hooked to its
edges. An inclusion forest [113] of subgraphs of G is a family F of subgraphs such that any two
1,72 € F are either totally disjoint (i.e. they do not share neither edges nor vertices) or one of them
is fully contained in the other:

F = {’y € G‘\V/’Yl,’)/z either vy C 2, 0r 9 C 1, or 1 Ny = @} . (3.F.9)

The renormalization operator [112, 113, 114] Rg associated to the graph G is a sum over the
inclusion forests F C G of primitively divergent subgraphs (i.e. two and four-point subgraphs in our
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case) of a product of Taylor operators associated to the graphs in the forest:

Roe=>Y_ [[(-m)- (3.F.10)

FCGneF
the forests include the empty forest, which contributes a 1 to this formula.

Theorem 3. (BPHZ [115, 11}]). The renormalized amplitude Rg A% (p;) of any graph G is ultraviolet
convergent, that is lim. o RqA%(p;) is finite.

How we will use the BPHZ theorem. We are interested in identifying the 1/e behavior of the
bare amplitude of a two-point graph . Separating the empty forest in the renormalization operator

we have:
F#0

RgA%(p) = A%(p)+ > [ (-7)A%®) (3.F.11)

FCGyeF

and the BPHZ theorem ensures that this expression is convergent in the ¢ — 0 limit. It follows that
the singular part of the coefficient A% (¢) in (3.F.7) must be entirely canceled by the subtractions, hence
it equals the divergent part of the counterterms.

The melon. Let us first consider the melon G. As primitively divergent subgraphs it has itself
v = G, and three subgraphs v;,7 = 1, 2,3 made of two edges. It follows that:

RgA%(p) = A%(p) — 7, A% (p) — Z 7, A% (p) + Z 77, AC(p) = A%(p) — AC | (3.F.12)

In this equation T,YAG(p) is just the local part A of the melon (and in particular it is zero in
dimensional regularization). Moreover, 7.,7,,A%(p) = 7,,A%(p) because G/v; is a tadpole graph,
therefore the action of 7, is trivial. It follows that the two terms summed over ¢ cancel exactly, which,
together with (3.F.7), yields:

d+e

p 2 VA% ) = A(p) — A9 = RgA%(p) . (3.F.13)

As RgA%(p) has a finite limit for ¢ — 0 we conclude that A%(e) has no poles in 1/e.

The graph in Fig. 3.11. This graph has many four-point subgraphs. To identify them we label
x,y the two external vertices, vy, v2 the top and bottom vertices and 271, 22 the two vertices on the
horizontal (z and z; are connected by an edge). The list of two and four-point subgraphs of the graph
in Fig. 3.11 comprises:

e two kite graphs, see Fig. 3.12, 7, (and +,) obtained by cutting the edges (x,v1), (z,21) and
(w,v2) (resp. (y,v1), (¥, 22) and (y, v2)).

FIGURE 3.12: Kite graph obtained by cutting (y,v1), (v, 22) and (y,vz).
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FIGURE 3.13: Example of one y%* graph, obtained by cutting one of the internal edges.

e 11 graphs 7® (see Fig. 3.13) obtained by cutting any of the internal edges (a,b) in the graph.
e itself, that is v =G
These graphs are organized in several inclusion forests:
e the empty forest
e the one graph forests. They consist in either
— the graph ~

— one of the kite graphs ~; or v,

— any one of the remaining 11 graphs
e the two graphs forests. They are

— 11 of the form {v, %} for some ab.

— three of the form {y*%,~,} for the as connected to x by some edge respectively three of the
form {y¥®,~,} for the as connected to y by some edge in G

— two special ones {v,7,} and {v,7,}

e the three graph forests. There are six of these ones
— three of the form {v,7"*,~,} for some a and three of the form {v,~v%*,~,} for some a.

Plenty of the contributions to the renormalized amplitude cancel as for any 7% , G /v is contracted
to a tadpole hence T,YabAG = T/YT,YabAG and Tyab T, AY = Ty Toyab Try; AY. The renormalized amplitude is
then

RgAC (p) = A%(p) — A9 — 2472 A%/ = (p) — A9/ =] (3.F.14)

Observe that G /7, is the two-point melon graph, hence incidentally A%/ (p) — A9/7= is nothing but
the subtracted melon R /%AG/ 72 (p) Combining this with (3.F.7) we find that:

d+e

p = "VeA%(e) = A(p) — AY = RgA%(p) + 247 R, A% (p) (3.F.15)

and as the renormalized amplitudes on the right hand side above have finite limits at ¢ — 0, the
leading divergence of A%(¢) is the same as the local part of the kite graph A%,

The amplitude of the kite graph. We will now conclude this section by proving that the ampli-
tude of the kite graph has a pole of order 1 in €. The amplitude of any four-point graph G with no
two-point subgraphs at zero external momenta:

k=2 1
G = -1 1 _ 1.—2E+d[E-V+1 1 1
A = /0 (H dae af ) UGye f 2Bl ] ) H dov o T(G)R (3.F.16)

eeG
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d+e

is a convergent integral over « for { = but exhibits poles in 1/e.

For a graph with F edges, we divide the integration interval into Hepp sectors, which we denote
o, that is total orderings of the o parameters Qeyq) S Qepp) S 00 < Qe The edge e,(1) is the
most ultraviolet (lowest «), €s(2) 18 the next most ultraviolet and so on up to e, (g, which is the
most infrared. There are E! sectors, as many as there are permutations. Up to the global scaling the
amplitude is:

1
G _ 1.e—Ve G G _ ¢—-1
=k AG | AC _/ doe oSV ——— . (3.F.17)
zo: 0Sas()S+<ao(m =l (g; ) v

The polynomial U(G) is a sum of positive terms. It is thus bounded from below by any of its
terms, and from above by the number of terms times the largest of them. The number of trees in a
graph is bounded by the number of subsets of edges, that is 2%.

In each Hepp sector there is exactly one leading monomial corresponding to the tree T, built by
proceeding from 1 to E and at each step adding the edge e, () if it does not form a loop. We thus
ensure that the edges with the lowest possible o parameters are in the tree, hence the complement of
T, has the highest possible as, that is in the sector o:

0<ap) < Sapp <1=27 [ e 2U@G) = [] . (3.F.18)
6¢T0- €¢To'

Associated to a Hepp sector we have the set of “high graphs” v, = {eg(1),---€o(q)} formed by
the ¢ most ultraviolet edges. The subgraphs are considered amputated, that is they contain all the
edges 74 = {60(1), .. .ea(q)} and the vertices hooked to them, but not the external edges (which can
be either genuine external edges of G, or some of the “lower” edges €,(411) - - - €5(g)). We remark that
~vE = G and that v, is not necessarily connected. By construction the leading tree T, is a tree in every
connected component of 7, and it is the unique tree with this property.

At fixed Hepp sector o we perform the diagonal change of variables:

aa(i):Ht?, Qp(p) =t Qop_1) =thth, . Qo) =tits...th, (3.F.19)

and we note that all the edges of 7, have a factor tg. Now 75, is a tree in every connected component
of 74, hence the number of edges of v, not in T, is E(vyy) — V(7v4) + C(vg) with V(q4), E(v4) and
C(74) the numbers of vertices, edges and connected components of ~,. Every other tree T in G will
be a forest (a collection of trees) in some of the connected components of some 7,5 and the number of
edges of such a 7, not belonging to T' is strictly larger that E(v,) — V(v4) + C(74), hence:

U(G) _[IRW% VeIl 4 o)) (3.F.20)

E
ao‘(i):Hj:i j =1

As the change of variables is diagonal we have:

_oF —142i¢—d[E(7;)—V (%) +C(3i)] 1
AG =2 / <Hdt>Ht T OWE (3.F.21)

An upper /lower bound is obtained by using 2¥ > 14 O(t) > 1. Denoting the convergence degree of 7;
by w(v;) = 2i¢ — d[E(vi) — V(vi) + C(y4)], if all the convergence degrees are positive an upper /lower
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bound is:
E

1
11 (%)

=1

&

(3.F.22)

In order to conclude it is enough to examine the p0551ble convergence degrees for all the subgraphs
of G. The number of edges of 7; is exactly ¢ and as we deal with quartic vertices 2i = 4V (;) — n(v;)
with n(v;) the number of external half edges of ;. Denoting 7 the connected components of 7;, with
p=1,...C(y), and observing that the edges, vertices and external legs are distributed among the
connected components, the convergence degree of ~; is:

d C() n('yp)
w(yi) = 2iC—d[E(v) =V (1) +C(3)] = i(2 —5)+d ) # —z+d Z (3.F.23)
p=1

where we used ( = %. So far we have been quite general: we only assumed that there are no

subgraphs with zero or negative convergence degree, that is no two-point subgraphs. For the kite
graph:

e cvery strict subgraph (i.e. subgraph different from itself) has at least six external half-edges but
less that 20 half edges hence 8¢ + 4d > w(v;) > 4.

o the wheel itself (corresponding to tg) has 4 external half edges and 8 edges w(yg) = 4e.

Thus (recalling that there are E! sectors) upper and lower bounds are:

1 1 1 [4E-1 b€ 8! ke—5e /8147
= ) <a9 <= < A% < Z ). (3.F.24
€ (4(4d+86)E) -7 T e ( ar ) 7 e <4(4d+86)8) - T € ( a8 ) ( )

3.G Regularized trace of conformal partial waves

In this appendix we show how to compute Z.(J) (3.4.24). By homogeneity of the sphere, we can set
z = 0, and factor out the volume of the d-sphere V; = [ d?z Q(2)?, given in (3.A.7). The most generic
form of a three-point function (¢¢O) is fixed by conformal symmetry as in (3.E.1) and we obtain:

ZM . ZH — “traces") (ZH1 -+ ZMI — “traces")
I.(J) = Vy | d%xqd? ( , 3.G.1
N R cve e (e G
where ZH = ||;611||C;22|| (|961|2 - |;§|2) has unit norm. In order to take care of the spin structure we use
the following identity (e.g. [111, 117]), which follows from the addition theorem (3.A.11):
d—2 I'(d—2+ J)T(42
(ZFv ... ZP — “races") (ZH1 -+ ZH7 — “braces") = ( )y _ T +I05) (3.G.2)

2(42), ~ YDd—-20(52 +J)

I'(d— 2+J)F(u)
2T (d—2)T (452 =2.4J)
J = 0. Now we are ready to deal with the integral

Then the relation Z,(J) = Z.(0) holds and it is sufficient to compute the integral at

Z(0) 3e— / d,. 4d 1
= (2a)>¢ d“zd .
Vi (20) e (14 23)e(1 4 23)¢|21 || 22| @21 — 2o|d—

(3.G.3)
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. The Jacobian determinant

waw‘w =

n
It is convenient to perform the change of variable: z# = % and y* =

1
of the transformation is 272%y 2% and the integral simplifies to:

7. 1
(O) — (20,)36 /ddl‘dd —
Va (14 22)<(1+y2)(Je —y[> + p2)2 2

(3.G.4)

where we have introduced another regulator p? that is needed to make the integral convergent. As-
suming 0 < € < d, we introduce three Schwinger parameters:

Z.(0 1 g_y_£
L(0) = (2a)3€_d/dd:nddy2 y R /daldagdag(alag)e_lag 72
w1 (I+a?)—ax(1+y?) —as(a? +y? —2zy) —asp®
We can now perform the Gaussian integrals in x and y:
d_q1_¢
Z.(0 d e—1_72 2
Va F(é)QF(é — %) (011042 + 043(011 + 012)) /2
Using the Mellin-Barnes representation [118] we find:
7Z.(0 9 3e—d,.d xo+ico
E‘E ) = ( Z) d T c / ( >/d0¢1d0&2d0&3€ al_aQ_“zag’
d F(G) F(§ - 5) To—100
c 4 (3.G.7)

(AT + §) (o) lag ™
( )(a1+a2)z+d/2

Next, for Re(z) < —e/2 we can use the integral representation of the Gamma function to integrate
as. And if we require also Re(z) > —e and Re(z) + 2¢ > d/2 the integration over a; and ap can be
found in [118]. We finally obtain:

Z.(0)  (2a)* x? /x°+i°° <d2) 2zte
Vi T(ePr(¢-9) /s omi ) I

[(—2)0 (B22) T (=255 T (2 + ) T (—dt22t4e) (3.G.8)

I (2)T (22 + 2e)

Since we have the two conditions Re(z) < —¢/2 and Re(z) > —e, we are free to choose xy €
(—e,—€/2)). Moreover we must take € > d/2 in order to avoid poles of the last gamma function in
this range, but of course we will then analytically continue the result to small e. Closing the contour
to the right we pick only the poles at z = n and z = —¢/2 + n with n € Ng. Computing the residues
at the poles we find the result:

(3.G.9)

When we remove the u regulator, while keeping € finite, only the first term coming from z = —¢/2
survives and we find the final result (3.4.27).
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3.H Large-J expansion

In this appendix we detail how the finite part from (3.4.22) is extracted. As explained in the main
text, in order to regularize the sum over J it is important to consistently shift A—A—candh — h—e
everywhere. In particular, it is crucial to introduce € in the product of normalization factors (3.E.11).
At large J this product reduces to:

N NA 23(d+e)/2+J ;
——J (1 1 H.1
Gy (= 00L). (3H.1)
and the factor J73¢ turns out to suffice to render the sum convergent. After setting A = %, the
regularized version of (3.4.22) reads:
0 o0 qp k(h,J d —e
oo =N 3 [ SRoth e} (3.1.2)
JeNy

where p(h, J), k(h,J), N, and Z.(J) are all ratios of gamma functions.

Integrating numericall)’f each term at fixed J, and using standard convergence tests, one finds that
the resulting series is divergent at e = 0. In order to isolate and subtract the divergence, we need to
identify the asymptotic behavior at large J. A naive expansion of the integrand in 1/.J leads however
to a divergent integral over h, due to the exchange of limit and integral, and a more careful analysis
is needed. It turns out to be convenient to make the change of variable h = d/2+1ia.J in the integral,
after which we can use Stirling formula on the gamma functions with J in the argument. With this
procedure we find the following asymptotic behavior in J:

1 0 teo
395 Fovio = 3 J1+36 / da Fa,e) = C(1+ ) f(e), (3.H.3)

JeNL

hence the series has a simple pole at € = 0. The precise expressions of F(«,¢€) and f(e) are:

— 2d+% -1 a3 T (4=2 3¢ _ d _J_3e
Pla,g =719 (d—21;((;)1)“( >( LD o (a®+1)"7 (3:H.4)
fo) = 72 h g2 MY T (% — )T (§(d+ 3¢ — 1)) (3.H.5)
T (d)T ()T (d+ 3 — 1) ’

and they are both analytic functions at € = 0 (for 2 < d < 4). For numerical computation, it is
convenient to add and subtract the asymptotic contribution (3.H.3) to the original series, and write:

d . .
0 . a2 3t qp k(h 0) A e
_Q%FNNLO =N /; 727rip(h’0) 7]{;( )N N I( )

) gt qp k(h, J)>2 - f(e) (3.H.6)
LN %% (/ i D) T g NN ) - JHgE)

+ N2C(14€)f(e),

where in the first term we isolated the J = 0 contribution. The sum in the second line is now
convergent for € = 0, hence it can be computed numerically. The last term expands in € as:

1O 4 L o) +4£(0) + 009) (3.7

N2f(¢(1+36) = N2 (L2 + 2
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and after subtracting the pure pole part, it yields an additional finite contribution. Overall we get the
derivative of the sphere free energy:

0 . 0 N2 f(0)
_Q%FNNLO = lg% <_gagFNNLO — ) ) (3.H.8)

which can be evaluated numerically. For example, for d =3, g =1 and a = 1, we find:

%)
—g@FNNLo =757 x 1071 N2, (3.H.9)



79

Chapter 4

Finite-size vs. finite-temperature effects
in CFT

4.1 Introduction

Quantum field theories in high energy physics are typically based on Lagrangians which only depend
on the fields and their first derivatives. Higher-order derivatives in time are excluded in order to
preserve unitarity, and then by Lorentz invariance higher-order derivatives in space are excluded as
well. Fractional derivatives of order less than one are instead excluded by locality, or the need of
having a particle interpretation. Such requirements might be dropped in Euclidean field theories, if
the base space is interpreted as representing only spatial directions and the theory itself as a model
of classical equilibrium statistical physics. It is within this perspective that we can frame the study
of non-local models containing fractional derivatives, also known as long-range models. Such models
have been realized experimentally in recent years (see [5] for a review), but have been studied from a
theoretical standpoint since a long time because of several interesting features: they can violate the
Mermin-Wagner theorem and admit phase transitions even in one dimension, as proved by Dyson for
the long-range Ising model [119]; they typically lead to one-parameter families of universality classes
(as found for example by two-loop [120, 121] and three-loop computations [118, 122]) and tuning such
parameter one can study, at fixed dimension, phenomena such as the crossover from a long-range
to a short-range universality class [123, 124, 125, 71|; one can rigorously construct fixed points and
trajectories of the renormalization group in three dimensions [126, 127, 128, 129, 130]; and so on.
Their realizations in the context of defect or boundary field theories have also contributed to renewing
theoretical interest in such models [66, 32].

In this chapter, we want to address some aspects of finite-size and finite-temperature effects,
which in general are very important (see for example [131]), in long-range models. In particular, we
will study the long-range O(/N) model with one compact direction. This can be seen as a special
case of finite-size effects in the corresponding classical statistical model [132]. However, by far the
most common motivation for introducing only one compact direction is the fact that the quantum
statistical mechanics of a d-dimensional system at finite temperature T = 1/ can be described as
a (d + 1)-dimensional Euclidean field theory with compact Euclidean time of length f, that is, on a
space-time Sé, x R? with Euclidean signature (e.g. [133]). Such a description has two complementary
limits: the 8 — oo limit describing a quantum system at zero-temperature as a Euclidean field theory
in d + 1 dimensions, and the § — 0 limit describing a classical system at equilibrium in d space
dimensions. Therefore, in general with a given Euclidean field theory comes a choice of interpreting it
as representing either a classical or a quantum statistical system. However, this is not always the case,
as the quantum interpretation is more constrained: for example, unitarity implies that derivatives
of order higher than two cannot be assigned to an imaginary-time direction. Moreover, fractional
derivatives should also be interpreted with care, as the reconstruction of a quantum Hamiltonian from
a Lagrangian containing fractional time derivatives poses some challenges, and it might describe a
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system very different from that associated to the classical interpretation. We stress this point because
of our focus on long-range models, where the fact that finite-temperature and finite-size cases are
structurally different seems to be sometimes overlooked. As we will discuss below, the finite-size
classical system involves a compact direction among those appearing in the non-local kernel, while
the field theoretic description of the finite-temperature quantum system requires the introduction of
one extra compact direction with local interaction. This observation is not really new, but with few
exceptions [134, 135] it is often only left implicit in the details of numerical simulations [136, 137],
and it has not been explored much at an analytical level.
In order to clarify this point, let us consider a finite but continuous system' with Hamiltonian:

HILQ = S W+U@),  U@=-Y Q@+ V@), (11

i€A 1,JEA LISHN

where A C Z% is a finite d-dimensional lattice, and J;j is not restricted to nearest neighbouring sites,
but rather assumed to be of the form:

1

ho g

0<(¢<11, (4.1.2)
with the case ( = 1 being equivalent to the nearest-neighbour (or short-range) model.

In the classical canonical partition function, the configuration variables ) and their conjugate
momenta IT are independent variables (e.g. taking values in R), and expectation values in the canonical
ensemble are computed as integrals over phase space with the Boltzmann weight. When considering
a Q-dependent observable A(Q), the integral over II factors out:

<~A(Q)>Class. X / eiﬁU(Q)A(Q) Hsz . (413)

(IS

In the formal continuum limit A — R% and Q; — ¢(x) this becomes a Euclidean functional integral,
and [ is absorbed into the definition of the couplings of the action SU(Q) — S[¢]:

S[p] ~ —/ddxddyW - /dda:V(qﬁ) . (4.1.4)

|z — y‘d+2C

In the quantum case, II and @ are instead replaced by non-commuting operators II and Q, and

A~

expectation values computed as (A(Q))quant. X Tr[.A(Q)e_ﬂﬁ]. Noticing that e=#H has the form of

the time evolution operator e with imaginary time ¢ = 13, one then proceeds using the Trotter

formula to split the interval [0, 8] in n steps, and introducing resolutions of the identity in both the
IIT) and |@) bases at each step, thus reducing again to commuting variables. Integrating over II, one
reaches:

n
<A(Q>>quant, x / e_i Yckis ien(Qir—Qin)?—e X, U(Qk)A(Q) H Hin’k ’ (4.1.5)
k=1i€A
where € = /n and the lattice now includes a (Euclidean) time direction, with periodic boundary
condition Q;,+1 = Q4 1, along which the action is short-range (< k,l > denotes nearest-neighbours).
In the continuum limit, this becomes again a Euclidean field theory, but on a (d + 1)-dimensional
space, and with an anisotropy in the (Euclidean) time direction, if ¢ # 1.2

!See [138] for a similar story in the case of discrete spin systems.
2Notice that such a construction goes through in a very similar fashion for any Hamiltonian of the form H(II, Q) =
K(IT) + U(Q), with the only difference that if the integral in II is not Gaussian then the result will not be Gaussian in
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The main point of this example is to highlight that given a model with long-range interactions in
space, its classical and quantum partition functions do not differ just in the number of dimensions,
but also in the structure of the action entering the path integral. Notice that this does not preclude
the possibility of interpreting as a finite-temperature quantum system the model (4.1.4) with a com-
pactified direction: in fact, for ¢ < 1 the model is reflection positive and the Osterwalder-Schrader
theorem [140] grants the existence of an underlying quantum system. However, the construction of
the corresponding quantum Hamiltonian can be very complicated and even include additional degrees
of freedom. For example, it is known that an action like (4.1.4) with d = 1 can be obtained from
a spin-boson model, i.e. a single quantum spin coupled to a dissipative bosonic bath, by a similar
procedure as the one leading to (4.1.5) and by tracing out the bosonic degrees of freedom (e.g. [141]).

In this chapter, we will be interested in distinguishing and studying the same kind of long-range
model in two different regimes: as a classical statistical field theory with one compact spatial direction
and as a quantum statistical field theory at finite temperature (i.e. with compact Euclidean time).
In other words, we will consider a continuous version of the model (4.1.5), defined in general on
Sé X Si x R?~1 with long-range interaction in the d spatial directions and standard local interaction
in the imaginary-time direction, i.e. the coordinate on Sé (see equation (4.4.1) below for the explicit
form of the action). However, we will never consider explicitly the case with both 8 and L finite:
we will start with the classical system at § — 0 and 0 < L < oo (i.e. a purely long-range model on
S’i x R%~1) and then study the finite-temperature quantum system at 0 < 8 < oo and L — oo (i.e.
a short-range in time and long-range in space model on Sé x RY).

In both cases, we will focus on the critical model. As usual, this will correspond to tuning the
non-compactified version of the model (i.e. on R% or R%*1) to the infrared fixed point of the renor-
malization group, where the model is scale invariant. In the isotropic case (the classical model), it is
known that such invariance is promoted to full conformal invariance [66], and as we review below, an
interesting question is what happens to the conformal structure of the theory once a spatial direction
is compactified. In the anisotropic case (the quantum model), the situation is more complicated, as
the SO(d+ 1) group of rotations is broken to SO(d) even at zero temperature. The scaling invariance
is in this case of the Lifshitz type (see below), and at present it is not clear to us whether this will be
enhanced to some form of anisotropic conformal invariance (see [142] for examples of that).

Finite-size effects in CFTs. In general, a conformal field theory (CFT) in R is unambiguously
defined by its CFT data, that is, the spectrum of scaling dimensions of its primary operators and the
set of all the operator product expansion (OPE) coefficients. One-point functions vanish identically,
two-point functions are fixed up to normalization by the spin and scaling dimensions of the operators,
and three-point functions are fixed by the same data plus the OPE coefficients. For higher n-point
functions no new data are needed, as in principle they can be reconstructed by repeated use of the OPE.
Things change when one or more spatial directions are compactified. In fact, such compactifications
obviously introduce a scale (the size L of the compact direction) that breaks both scale and rotation
invariance. Luckily, not all the beauty of CFT is lost: if the system is still tuned to the same critical
point corresponding to the CFT of the non-compact case, we expect that the compactification will
not affect small-distance® properties, such as the OPE and the short-scale divergence of the two-point
functions (hence the scaling dimensions). As a consequence, the reduction of n-point functions to lower
correlators is still possible, at least for configurations of the n points inside a ball of radius smaller
than L. On the other hand, this reasoning does not apply to one-point functions: since translations
are preserved by toroidal compactifications, one-point functions have to be constant, and thus do not
admit a short-distance limit. Therefore, as a consequence of the broken scale invariance, the one-point

(Qi,x — Qi,1); but it will still be short-ranged in time. For a case with mixing terms, see for example the rotor model
[139].
3Smaller than the smallest size of the compact directions.



82 Chapter 4. Finite-size vs. finite-temperature effects in CF'T

function of an operator @ can acquire a non-vanishing value, proportional to L=2¢, where Ao is the
scaling dimension of the operator. The non-vanishing coefficients of one-point functions thus become
new CFT data, that permeate through OPE to all the higher n-point functions.

Such aspects of finite-size/temperature effects in CF'Ts have been discussed in [143, 144, 145, 146,
147, 148], and we follow in particular the presentation of [145]. On S}, x R conformal symmetry
constrains the one-point functions to take the form:

bo (e -

<O?A@,J)> = T80 --el'7 — traces) , (4.1.6)

where Ap and J are the scaling dimension and spin (order of the symmetric traceless tensor rep-
resentation of SO(d)) of the operator O, and e is the unit vector in the compact direction. The L
dependence in (4.1.6) is fixed but the coefficient by is not: it is the new CFT data we discussed
above. The non-vanishing of by affects the OPE of the two-point functions, which otherwise would
only include the identity operator. Indeed, starting with a two-point function in direct space:

Gly.x) = (6(y,x)$(0,0)) ,  ye S, xeR", (4.1.7)

and using the OPE for the two fields ¢ (which is convergent in the region z? = y? + x% < L2, as
argued in [145]) one obtains:

Jos0 oA, .
Gy = Y 18O R0ty o (O 0) (118)
Ocpxd

where fy40 is the OPE coefficient and co is the normalization coefficient of the two-point function of
O. As the tensor structure in (4.1.6) is symmetric and traceless one can use [111, 117]:

JIN(452)

2/0(%52 + J)

d—2
2| ™2y @y, (€M et — traces) = C§ 2 )(n) , (4.1.9)

()

where n = y/|z| and C; ? /() is a Gegenbauer Polynomial and rewrite the OPE of the two-point
function as:

d—2 d—2
Gl = Y 20 ol gppporae 4o = bofewo TTCS) (4.1.10)

A d—2 :
O€¢X¢L o co 2T(42 +J)

Note that in the infinite-size case one can go through the same steps and write an OPE expansion for
the two-point function, but since only the term corresponding to the identity operator (with Ap = 0)
has a non-vanishing expectation value in the limit I. — oo one recovers the standard conformal form
of the two-point function.

In the finite-size case one can in principle rdea2d off the coefficients ap by expanding the two-point
function as a sum over terms of the form C§T)(n)|x]A_2A¢. Conversely, once the ap coefficients
are known one can reconstruct the two-point function. In practice, both of these reconstructions
are typically hard, as they require knowing exactly either the two-point function or the CFT data.
However, they can become useful in special circumstances in which either of these pieces of information
is available, as in the large-N limit that we will employ here.

The new data bp, for O in the OPE of two fundamental fields of the short-range O(NN) model,
have been computed in [145, 148] at leading and subleading order of the 1/N expansion. Here we will
tackle similar computations for the long-range case.
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Fractional Lifshitz field theories. As argued above, the quantum version of a long-range model,
at zero or non-zero temperature, is mapped to a Euclidean field theory with a strong anisotropy. That
is, it is not just the compactification of the Euclidean time direction that breaks rotation invariance:
the invariance is broken already by the local dynamics. The model that arises in such case (see our
action (4.4.1), as well as [134, 135]) is a kind of Lifshitz field theory, that is, the type of theory used
as Landau free energy of a Lifshitz point [149]. Lifshitz points are characterized by a distinctive phase
diagram, including a modulated phase, and an anisotropic scale invariance:

T— 01, oz — Qxy (4.1.11)

where we denoted 7 the Euclidean time and the exponent z is known as dynamic critical exponent,
because of the similarity with the scale invariance of dynamic critical phenomena [150]. Typical
Lifshitz field theories are scalar field theories whose kinetic term has two time derivatives® and 2z
spatial derivatives, with z typically being an integer (most commonly z = 2). Our action will be
of a similar form, but with non-integer z = (, fixed by the corresponding classical long-range model
(4.1.4), and thus we will call it fractional Lifshitz field theory (FLET).

Given that most of the literature on Lifshitz field theories is focused on actions with z = 2, or
other integer values, there are several open questions for our FLFT, even at zero temperature. For
example, as we mentioned above, we do not currently know whether at the interacting fixed point
scale invariance is enhanced to some form of anisotropic conformal invariance. Moreover, we do not
know yet if at such fixed point the dynamic critical exponent takes a value different from ¢,° and we
also do not know if above some (* < 1 there is a crossover to the short-range universality class (¢ = 1),
as in the isotropic long-range model. We hope to address these questions in a separate in the future
(the last two require in particular to go beyond the leading order of the large-N approximation, to
which we stick in the present work), while here we wish to use this model for a comparative study of
some finite-temperature versus finite-size effects.

Plan of the chapter. The chapter is organised as follows. In section 4.2, we start by studying the
case of a generalized free field theory on Si x R%1 as a warm up. In the process we need to deal
with higher twist operators that are absent in the short-range case. We reproduce the results of [145]
for the ap coefficients in the expansion of the two-point function for operators with arbitrary spin and
twist by a different technique. In section 4.3, we study the long-range O(IN) model with finite size.
We prove the existence of a finite-size mass and compute the coefficients by for spinning operators
with minimal twist. We also compute the one-point functions for operators with arbitrary twist, and
deduce their ap coefficients. In section 4.4, we switch to the case of the quantum long-range model at
finite temperature, described by a FLFT on Sé x R%. We show that at zero temperature this model
admits an interacting infrared fixed point. We then show that a thermal mass is generated when
putting the model on Sé x R% and we derive the one-point functions for an infinite family of scaling
operators at finite temperature.

In appendix 4.A, we give some details on the computation of the zero temperature CFT data for
bilinear operators, that is the normalizations of the two-point functions and the OPE coefficients f44..

4.2 Generalized free field theory

As a warm up, we first consider the case of a conformal generalized free field theory (GFFT), i.e. a
massless Gaussian theory with a non-local inverse covariance, also known as mean field theory |79] or

“In the classical interpretation of Lifshitz points, “time" is actually one spatial direction of a spatially anisotropic
classical system [149]. However, an interpretation as time has also appeared in the context of quantum Lifshitz points
[151] or of Lorentz-violating quantum field theories [152].

5As a reminder, in the isotropic long-range model there is no anomalous dimension.
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fractional Gaussian field [153]. It is worth discussing it in some detail because it is the simplest case of
(non-local) CFT, and because typical long-range models can be defined as perturbations of a GFFT.

We begin by recalling some basic facts in the non-compact case, viewed as a classical statistical
field theory at criticality, that is, the GFFT defined on R¢, with Euclidean signature. By definition
this is a CFT whose only non-vanishing connected n-point function is the two-point function, given
by the covariance C(z) of a Gaussian measure, which however has a non-canonical scaling exponent

A¢ > d/2 —1:
_ c(Ag) (Ay) = I'(Ag)
|22 ¢ 2d72A¢ﬂd/2F(% —Ay)

C(x) (4.2.1)

Writing Ay = d/2 — ¢, such GFFT can be obtained from a functional integral with the action:®

Screrlé] = 5 [ Al o(a)(~0%) o(a) (122

where 9% = 0,0" is the Laplace operator. The fractional power of the Laplacian can be defined
in many equivalent ways [90], and in particular as the inverse of the operator displayed in (4.2.1),
which has a kernel of the same form, but with the replacement Ay — d — Ay, leading to the kinetic
term of (4.1.4).7 The easiest definition is of course in Fourier space, where (—02)¢ is defined as the
multiplication operator (p?)¢, which is the inverse of the Fourier transform of (4.2.1) (the coefficient
¢(Ag) is chosen precisely to have a unit coefficient in momentum space, C(p) = 1/(p?)¢).

Since the theory is Gaussian, the scaling dimensions of local composite operators are simply given
by ngAg + ng, where ng is the number of ¢ fields and ny the number of derivatives. This is the same
as in the local free field theory, but the operator content is slightly different in the two cases: in the
GFFT case, objects like the energy-momentum tensor or the field equations are non-local, hence they
do not appear in the algebra of local operators. As a consequence, we cannot use the Schwinger-Dyson
equation:

oS
S (o)

n 1,...,n
( $(x1) -~ $an) = D 6w — i) ([T o(2))) (4.2.3)
=1

J#
to conclude that insertions of (—9?)¢ in any n-point function (at separate points) vanish.®

Another consequence of Gaussianity is that in the OPE of two fundamental fields, ¢ x ¢, only
bilinear operators in ¢ appear, that is, operators of the schematic form:

[0k iy oy () = D(2)(0H)F Dy .0, — traces) ¢(x) (4.2.4)

where J € 2Ny, k € Ny, and the colon notation implies a renormalization of the composite operator
(normal ordering in this case). These operators have dimension:

Apg=20g+J+ 2k . (4.2.5)

5We typically assume 0 < ¢ < 1. The restriction to ¢ < 1 is imposed to preserve reflection positivity (unitarity in
Lorentzian signature), but also because ¢ > 1 would correspond to a strong short-range rather than long-range action,
and moreover the operator with ¢ = 1 would in that case be a relevant perturbation. The restriction to ¢ > 0 is instead
chosen to avoid a strong long-range action, with its associated unusual thermodynamic features [72].

"Notice that ¢(d — Ag) = ¢(d/2 4 ¢) < 0 for 0 < ¢ < 1, thus matching the minus sign in (4.1.4). Notice also that
despite such minus sign, the GFFT action is positive definite, as best understood in momentum space: this is because
the position space representation of the fractional Laplacian is singular and needs a subtraction, which is not written
explicitly in (4.1.4) (see footnote 18 of [1]).

8In fact it is straightforward to check that they do not vanish: using the fact that the theory is Gaussian we reduce
([0°¢](z0)$(z1) - - (xn)) to products of two-point functions, and we observe that ([0°¢](zo)d(z:)) = 92, ((z0)d(z:)) #
0(xo — ;) for Ay #d/2 — 1.
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Introducing the twist 7, ; = Ay ; — J, we see that the operators with k& = 0 are the minimal-twist
operators, also known as double-twist operators [154]. Once more, the appearance of the higher-twist
operators, with k£ > 0, marks a difference with respect to the local free theory. Another way to see
this difference is by using the conformal partial wave expansion [40, 155, 100, 156] of the four-point
function. A conformal four-point function of identical scalars can be written as follows:

(p(z1)p(w2)d(23)P(24)) =(D(21)P(72)) (P(73)P(24))+

41400 dh 1 (4 2 6)
: Rt N ANy, 2.
* EJ: /g_wo 2m 1 — k(h, J) MAmJ(h’ J) Gh,J(fL’z) )

where Gﬁ?(l‘l) is the conformal block, “qus,J(h’ J) is a known function? and k(h, J) is the eigenvalue
of the Bethe-Salpeter four-point kernel. In the case of a free theory, we have k(h,J) = 0 and one
can close the contour of integration of h on the right of the complex plane and pick the poles of
”Z@ g(h, J) Gi?(xi) on the right of 4. The location of such poles are the scaling dimensions of
bilinear primaries and the residues are their OPE coefficients with two ¢. In [44] it is shown that for
Ay > Agp = % the location of poles are at h = Ay j = 2A4 + J + 2k, but in the limit Ay — Agr
all the residues with £ > 1 go to zero, hence those poles disappear.

As written in (4.2.4), the bilinear operators are in a schematic form because we have not taken into
account the primary constraint, ensuring that they transform appropriately under the full conformal
group. In the short-range case the precise form of bilinear primaries has been extensively studied [40,
157, 158] and we review it in appendix 4.A. However, as we already emphasized above, in that case k
is forced to be zero by the equation of motion. As a consequence, the operators with k > 0, relevant
for the GFFT, have not been studied as much in the literature, and to the best of our knowledge their
general form is not known, although a recurrence relation was derived in [159]. Below we give the
explicit expressions for some primary operators with £k = 1 and k = 2:

W =: ¢0%¢(x) : + (AASf - 1) : 000ad(x)

R . goperota) 4 (41558 o 0) duonnifotn):
(o2 20)
(2 (Ag — AAS;Q()A(d)AiI)ASR + 1)> . 000360a050(z) : (4.2.7)

+ (W) : 000 (1€ - 0)*0ad(x) : — (W) L 907 (1€ - D) (i€ - D) () :

(2(A¢ +2) (Ap — Asgr)
Ap(Ay+1)

) 1 00 (1€ - 0)Pp0a (1€ - D)p(x) = .

where we recall that Agg = % is the scaling dimension of the field in the short-range case, £ is a

complex vector with €2 = 0 and ./\/'k7 7 1s a normalization that we are free to fix at convenience.
We notice that for Ay = Aggr only terms with at least one 0%¢ survive, but, as explained above,
such terms vanish in the short-range case due to the field equations. Also, we notice that the operators

g,udAJ (h, J) is the Plancherel weight p(h, J) multiplied by the right normalization of three-point functions, necessary
to make them an orthonormal basis of the appropriate space of bilocal functions.
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with & > 0 do not coincide with the trace part subtracted in the spinning operators. For example,
from the formulas of appendix 4.A we have:

[¢¢]0, I/(x) . A¢ + 1
T: - ¢a,u,al/¢(x) A¢> ,u¢8l/¢( )

Opuw 2 . A¢ +1 .
- 7 < ¢8 ¢( ) A¢ . aa¢aa¢($) ) )

(4.2.8)

and we see that the trace part is a different linear combination than the one appearing in [¢¢]1 o(x).

4.2.1 Propagator on S; x R¢!

As anticipated in the introduction, we now place the model in a hyper-strip geometry with one
compactified dimension of length L and periodic boundary conditions. The propagator in momentum
space is just:

1
07+ @)

with ¢, = 2mn/L, n € Z, and p € R, The subscript L signifies that the covariance corresponds to a
compactified strip geometry, and in the non-compact case we recover the GFFT covariance, Co, = C.
In order to Fourier transform back to direct space, we will introduce a fictitious integration in ¢ via
1= [dqd(q — gn) and use the Poisson summation formula for distributions:

1 _ i 1Lmgq
7 Zﬂ:d(q an) = 5 ; e . (4.2.10)

Considering ¢ as the first component of a d-dimensional continuous momentum p = (¢, p), we get:

dd 1p ezp X+1qny ddp ezp T
Cry,x) = / / , (4.2.11)
LY - 5

where y € Si, x € R! and z,,, = (y +mL,x). At this stage we could proceed by using a Schwinger
parametrization for the denominator (as for example in [118]). However this does not generalize nicely
to the massive case of the next section, hence we evaluate here the two-point function in position space
by a different method.

We write the momentum space propagator as a Stieltjes transform (or Kéllén-Lehmann represen-

tation):
L () ~sin(rg) _
s /0 ds P p(s) = s (4.2.12)

Cr(gn,p) = (4.2.9)
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The Fourier transform in (4.2.11) is then reduced to the standard one for the short-range massive
scalar free propagator, and we thus obtain:

d/2—1
) = G50 3 [T ()7 g R
+o00 1 +oo
= Gy D g [, L
e lTm 42.13
_ sin(nQ)I'(1 - OI'(d/2 - Q) S L | |
- 220qd/2 m:Z—ooW
400 1
=c(Ay) mz_:oo m )

where Ka_,(x) is the modified Bessel function of second kind. This might look like a useless exercise,
2

as we knew already the result of the Fourier transform in (4.2.11), but its usefulness lies in highlighting
a strategy that will be fruitful in the massive case.

4.2.2 One-point functions of the minimal-twist operators

We are now interested in computing the one-point function of bilinear primary operators introduced
n (4.2.4). The most convenient way to deal with the tracelessness condition of higher-spin operators
is by means of the index-free formalism of [40, 157|: define an operator Oy, ;(x,§) by contracting each
derivative with a complex null vector £ = (x,&) such that &2 = —x? (see appendix 4.A for more
details). For now, we will consider k = 0.

When computing in momentum space the 0n_)e—point function of the primary operator defined in

(4.A.1) we just have to substitute @ — —p and 9 — . As a result, only the n = 0 term in the sum
(4.A.2) survives, the prefactor simplifies to one and we get:

(Oo,4(x,8)) = 6‘“- & ([PaPalojir-ps ()
dd 'p zp &+ 1qnx)” dp (ip- )’ (4.2.14)
12 i -/

P’ +q;)¢ 2m)® (p?)¢

where the subtraction term comes from the normal ordering of the operator, as implemented before
compactifying one direction, and an ultraviolet regularization is implicitly assumed. As written, it
is not obvious that the normal ordering is sufficient in making the one-point function finite when we
remove the regularization. In order to see that indeed it is finite, it is convenient to use the Poisson
formula, and rewrite:

+o0 ddp (Zp . E + qu)J eszq ddp (Zp . é’)J
(Oo,4(x,8)) = 2 / (27r)d (P2 + )¢ - / (2m)d  (p?)<
m=—00 £ + qX) g (4.2.15)
B (1p - 1
=2 / 2+ ¢2)¢

m##0

The oscillating factor renders each term in the sum finite (as can be shown by deforming the contour
of integration of ¢ in the complex plane), and the normal ordering removes the only term without
oscillating factor. Actually, the subtracted term vanishes for J > 0 in any regularization preserving
rotation invariance, such as a cutoff on p? (via the insertion in the integrand of a cutoff function
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f(p?/A?) decaying sufficiently fast at infinity): by symmetry reasons the resulting integral over p

must be proportional to a linear combination of products of .J/2 Kronecker delta functions, which

vanish when contracted with the null vector £&. The m # 0 terms are instead not rotation invariant,

due to the phase factor depending only on one momentum component, and thus are non-vanishing.
Following an idea from [148], we define a generating function for these expectations:

Z<00J965

J>0 m#0

d p e%p Em

=), (4.2.16)

where &, = (x +mL,&). We recognize that such a generating function is the two-point function, with
the m = 0 term subtracted, and evaluated at the null vector £, C(0 (&) = CL(€) — C(£). Therefore, it
is enough to use our previous results, evaluated at x = £ and read off the coefficients of the one-point
function from the expansion in powers of y.

Note that the general OPE formula for the two-point function in (4.1.10), when evaluated at a
null £ (and subtracting the divergent contribution from the identity operator, Ap = J = 0), becomes:
b(free f¢¢J J

X
€o,J

1
cO(g) = Z T28,+T (4.2.17)

Je2Ng
On the other hand, using the general formula (4.1.6), and contracting with our null vector £, we find:

b(free)
0,J J
(Oo J(z,8)) = WX (4.2.18)
Therefore, by comparison to (4.2.16), in our conventions it must be fg4s/co.y = 1/J!. In appendix
4.A we prove that this is indeed the case.
After subtracting the divergent m = 0 term (corresponding to the contribution from the identity
operator) from (4.2.13), and replacing x — £, we have:

1

oA A,
|Lm|*2e (14 25)

COE) =c(dy) Y

m##0

(4.2.19)

Expanding in x, and combining the terms with m > 0 and m < 0, the odd powers of x cancel while
the even ones reconstitute a Riemann zeta function, which we denote (g, to avoid confusion with our
long-range parameter:

TOT(J+A
CO©) =c(by) Y Lﬁmd) 3,;(;5)2"+1<R(J+2A¢). (4.2.20)
Je2Ng :

From such expansion we can extract the one-point function coefficients:

I'(J+ Ayp)

free

27 CR(T +2Ay) . (4.2.21)

Lastly, using the relation fgqs/co,7 = 1/J! we find:

ree

(free) _ JIT'(Asg) OJ f oo N )2F(A¢ + J)T'(Asgr)
Y0 T 2T (Asr+ ) cos Y T(Ag)T(Ask +J)

Cr(J +240) , (4.2.22)
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which matches with the result in [145], up to the different normalization of the two-point function

4.2.3 One-point functions of higher-twist operators

As we already discussed, in the case of long-range models the OPE of ¢ x ¢ contains also higher-twist
operators, of the form (4.2.4) with & > 0. As we do not have a general formula for the primaries
with &k > 0, we cannot explicitly compute their two-point functions, and the associated coefficient,
or their OPE coefficient. However, the precise distribution of derivatives is irrelevant for the tadpole
computation, as the derivatives acting on the left and right field ¢ in Fourier space both reduce to
(plus or minus) the same loop momentum. Therefore, we can implicitly define the normalization to
be the one such that the one-point function reduces to:°

dd 1 n
(Op,s(x,€)) Z / (P gi;q)?) (P* +¢2)"

_/ ddp (1 - f)‘](pz)k

(2m)® (p*)¢ ’

which is finite, by the same argument used for k = 0, and again the subtraction is really needed only
for J = 0. As before, we will aim at a generating function for the corresponding coefficient a7,
defined as in (4.1.10), which is independent of the normalization of Oy, ;.

We begin by defining a generating function of such one-point functions. That is, after using again
the Poisson formula, we write:

Ok.j(x,8))
(g = 3 Q)

= (—52)'“0(0) ()

(4.2.23)

dp elpém Q)k

lo=(x.&)

which unsurprisingly is the result of applying k Laplacians to the (subtracted) covariance and evalu-
ating it at = £. Then we can find an alternative representation of C* (X &) just by acting with k
Laplacians on (4.1.8) and evaluating at o = £, we find:

X' aps  27PHEIT(k+J 4+ Agp+1)

k) — (—1)k AT
(Xas) ( ) S J! [2A¢+2k+J (J+ASR)F(ASR)

(4.2.25)

On the other hand, from the Fourier representation in (4.2.24) it is clear that C'(®) (X &) corresponds
to the replacement ¢ — ¢ — k (i.e. Ay — Ag + k) in the subtracted covariance C(0(y, ), and thus

we obtain: )

B(x,8) = c(Dg+k) Y e (4.2.26)
mz£0 1>
which, after repeating the same steps as before, becomes:
J
(k) . X D(J+Ap+ k) y

Je2Ng

10T the cases of the operators that we wrote in (4.2.7), the explicit normalizations are

No= 2 \ooe Ay(Ap+1) (Ay — Asr)
’ R’ ! 2A¢ (A%RqLASR‘Fl)*A%R(2ASR+1)+ASR+27 ’ 2AsRr
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Lastly, by comparison with (4.2.25), we extract the ay, s coefficients:

0y = oA )2(J + Asp)T(Asr)T(Ag + J + K)T(Ay — Agg + k)
il ¢ KIT(AG)T(Asr + J + k+ T (Ay — Agr)

Cr(J + 2k +2A4),  (4.2.28)

that again match with the result in [145] up to the ¢(Ay) factor.

4.3 Classical long-range O(/N) model with a finite size

The long-range O(N) model is defined by the action:

1 1 A
101 = [t (500 onlo) + 3MES @+ @@F) . (@D
R
where a = 1,...,N, ¢*(z) = Yo ba(x)?, and Mpae is the bare mass, which we treat as a pure

counterterm because we are interested in the critical theory. It is convenient to introduce also the
intermediate field representation, by the usual Hubbard-Stratonovich transformation:

o(x)?

Slp, 0] = /ddx (;¢>a(x)(—02)c<ba(:c) + %MggreqﬁQ(x) + N o + B (T(.CI})(Z)Q(.T)) ) (4.3.2)

For any ¢ € (d/4,1) one finds a non-trivial IR fixed point, most easily accessible in the large-N
expansion, or in the small-e expansion where ¢ = (d+ ¢€)/4 [120]. Characteristic features of such fixed
point are the absence of anomalous dimension (that is, the two-point function scales as in the corre-
sponding GFFT, as proved rigorously in [129]), and {-dependent critical exponents. Such (-dependent
fixed points are then associated to a one-parameter family of universality classes, collectively called
long-range universality class. An interesting crossover phenomenon actually occurs before reaching
¢ = 1: there exists a (* € (d/4, 1) such that for ¢ > ¢* the operator ¢,0%¢, (i.e. the local kinetic term)
becomes relevant at the IR fixed point, thus destabilizing it and driving the system to the short-range
universality class [123]. The value of such crossover exponent for 2 < d < 4 is (* = 1 — ngr/2, where
nsg is the anomalous dimension of the short-range model.!’ However, since ngg = O(1/N) [7], at
large N there is no crossover, and our analysis will apply all the way to { = 1.

In the large-N limit, the propagator only receives mass corrections, via tadpoles, and we thus have
the following Schwinger-Dyson equation:

d,./
Gp)™" =Cp) ™" + Mig + ;/ é;;dé(p/) , (4.3.3)

where C(p) is as in the GFFT, and we defined (¢q(2)¢q(0)) = 6,G(x) and G(p) the Fourier transform
of G(x). Since the tadpole is momentum-independent, the solution must be of the form Gp)~t =
C(p)~' + M?*. Tuning the model to criticality requires choosing a bare mass Myare such that M = 0,

which amounts to canceling the tadpole contribution, hence we have:

A [ odlp 1 A
X A _ A 434

In the same limit, the connected four-point function is given by a sum of chains of bubble diagrams,
with full leading-order propagator on each edge, see Fig. 4.1.

"For d = 1 the upper limit is ¢* = 1/2, beyond which there can be no spontaneous symmetry breaking [119].
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n
N

(2220

FIGURE 4.1: Chain of bubbles with n > 1 vertices. The connected four-point function
is given by the sum of all such chains.

Therefore, the proper vertex in momentum space reads:

2\

F(4)(P) = m )

(4.3.5)

where p is the total transferred momentum and we defined the bubble integral:

d? 1 c(d/2 — ¢)?
B(p) = / (273(1 QQC(p — q)gg = i(c/i — 2§§ ’p‘dﬂlc . (4.3.6)

We define the renormalized dimensionless coupling g at some renormalization group scale |p| = u:

g = =T () /2 (4.3.7)
It follows that the beta function is:'2
dg c(Ay)? 2
=u—= = —(d—4A d—4A . 4.3.8
B(g) M ( w9+-42A¢% )9 (4.3.8)

Therefore, for A, < d/4 (i.e. ¢ > d/4) the beta function has a zero (i.e. a fixed point) at ¢* =
c(2A4)/c(Ag)?. Tt is worth noticing that since we can trivially invert the relation between bare and

renormalized coupling to get:

- g
M4A¢ d)\ = T(;ﬁ)z , (439)

the fixed point corresponds to the limit A — oo.

Another well known large-N result for the short-range O(NN) model, which generalizes straight-
forwardly to the long-range case, is the fact that at the IR fixed point the composite operator ¢*(x)
(of dimension Ago = 2A4 = d — 2¢ in the GFFT) is mapped to its shadow operator (of dimension
Ay = d— Ago = 2¢), which can be identified with the intermediate field o(x). This is a particular
realization of the general result by Gubser and Klebanov [81] on large-N flows driven by a double-
trace operator (in this case, the (¢?)? interaction). There are many other ways to see the same result,
for example by means of the conformal partial wave representation of the four-point function [1], or
diagrammatically, as we will see below.

The other bilinear primaries (4.2.4) remain instead in the spectrum. In addition, in the interacting
model we also have other operators, with more powers of o or ¢. Naively, at large N such operators
are suppressed in the OPE of ¢ x ¢. However, the situation is more subtle: as argued in [145], in
the expansion (4.1.10) it can happen that for certain O’s while fyg0/\/co is suppressed, bo/\/co is

12Notice that for d — 4Ag4 = 4¢ —d = € (i.e. for ¢ = (d + €)/4) the second term is finite (and positive) in the limit
€ = 0, because ¢(2A4) ~ 1/T'(¢/2), and we recover the standard one-loop result 8(g) = —eg + 2¢%/((4m)?/?T(d/2)) (see
[118]).
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boosted, thus resulting in a finite contribution to ap even at large N. This in fact does happen for
the operators o™ (z) which yield non-trivial contributions to the OPE, as we will discuss in 4.3.5.

Two-point functions of spinning operators. When evaluating at leading order in 1/N the two-
point functions of bilinear operators of the O(/N) model, we need to sum chains of bubble diagrams,
as for the four-point function. We now show that for the spinning operators at the fixed point the
sum over the chain of bubbles reduces to the contribution of a single bubble, and thus their two-point
functions (and hence scaling dimensions) are the same as in the GFFT.

First, we check once again that the ¢? operator drops out of the CFT. The sum of bubbles becomes
a simple geometric sum in Fourier space, hence we have:

d’p B(p)

([Padalo(w1)[Padalo(2)) :/(27r)delp.x121+>\B(p) . (4.3.10)

For A — oo the result vanishes as expected. The two-point function of o(x) is similar, but with the

replacement B(p) — A in the numerator (it coincides with the I'®)(p) above), hence it remains finite

in the limit. We infer that ¢? is replaced by its shadow operator o at the interacting fixed point.
For higher-spin operators we have instead to distinguish the first and last bubbles:

dd
<[¢a¢a]0,u1---#J (xl)[¢a¢a]0,l/1---llj ($2)> = / (27T1)9d82p~:r12 (Bm---,uJ,yl---zzJ

\ (4.3.11)
By —— B, )
K1 ﬂJl_I_)\B(p) 1 J>

where B, ...;i; 1., is the Fourier transform of the same two-point function in the free theory, i.e. the
diagram without internal vertices, while B,,,..,,, is the Fourier transform of the two-point function
of the spin-J operator with the spin-0 one, also in the free theory. However, the latter vanishes:
technically because of orthogonality of the Gegenbauer polynomials [157], and conceptually because
in a CF'T the two-point functions of primaries of different dimensions must vanish.

The explicit computation of these two-point functions is reported in appendix 4.A.

4.3.1 Schwinger-Dyson equation in the hyper-strip geometry

We now place the model in a hyper-strip geometry with one finite dimension of length L and periodic
boundary conditions. The action is as in (4.3.1) with the replacement R? — St x R4~1. Such setting
has been extensively studied in the short-range case, and in particular in the large-N limit (e.g. [43,
160, 143, 144, 145, 146, 148)).

Like in the short-range model, also in the long-range case the propagator will acquire a mass due to
the introduction of the compact direction, as we now show by reducing the Schwinger-Dyson equation
to a mass gap equation.

At large N, the Schwinger-Dyson equation in momentum space is:

- _ - dd 1 ~
C@nesP0) " = Cr (g, Po) " Mggre+z/ 77 d -G (gn, D) - (4.3.12)

The inverse free propagator is Cr(gn,p)~! = (p% + ¢2)¢ as in the GFFT, Mbare is the bare mass
(4.3.4), and ¢, = 2mn/L, as before. As the tadpole term in (4.3.12) does not depend on the external
momentum, the full inverse two-point function is G(gn, po)~* = (P3 + ¢2)° + Mzc for some M, to be

determined self-consistently.
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The self-consistent gap equation for the finite-size mass is:

M2C C dd 1 1
L bare Z/ 27T d— 1 )C +M2C
_A 2 / d’p / ettma (4.3.13)
“2 |\ M) ey ((p2)¢ +M2< Z 2)C 4 M¥
A
=5 (T(M)=T)

where in the second equality we used the Poisson summation formula (4.2.10), we have introduced

again a d-dimensional momentum p = (¢, p), and we have combined the m = 0 term with the explicit

expression of the bare mass. In the last step we have defined the subtracted tadpole 7 (Mp) — T.
The first integral in the subtracted tadpole can be computed explicitly and we find:

Ter—2§

szq
T(Mp) —T = 4.3.14
e (4m) /2T (d/2) sin (& n%;o/ )¢+ MpE R

The second term is not manifestly UV convergent, but its convergence can be inferred from the

convergence of the M, = 0 case of the previous section (see (4.2.13) without the m = 0 term, evaluated

at T, = (Lm,0), giving b(()fgee)), as the inclusion of the mass does not make the UV behavior worse.'3

Its explicit evaluation is however rather complicated, and we will take a different route to the gap
equation below.

As we recalled above, at the IR fixed point the bare coupling A flows to infinity, hence the mass gap
equation corresponds to finding the value of M}, such that the subtracted tadpole (4.3.14) vanishes.
We emphasize that the subtraction is essential to the existence of a solution, as otherwise the tadpole
would seem positive, which of course is naive as it is in fact divergent: for d/4 < (< land 2 < d < 4
(and for 1/4 < ¢ < ¢* =1/2 if d = 1) the sine in the first term is negative, and thus a cancellation
between the two terms can occur.

We will come back to this equation below, from a different perspective, and prove that it admits
a solution.

4.3.2 Long-range two-point function with mass

The two-point function in direct space reads:

G(yax) =

+oo d—1 1p-X+1
1 d Px+1yqn
/ p__¢© (4.3.15)

L = ) @m)" (p2 4 g2)¢ + M;¢

As before, we introduce 1 = [ dgd(q — g,) and we use the Poisson summation formula to rewrite it as:

+oo et Tm
= ) / Ty (4.3.16)

m=—0oQ

where p is a d-dimensional momentum and z,, = (y + mL, x).

In order to proceed further, we rewrite again the momentum-space propagator G (p) = <(]?2)C + MEC) -

as a Stieltjes transform. While such a rewriting was trivial in the massless case because the spectral

3We can also explicitly show its convergence deforming the contour of integration of ¢ to a Hankel contour in the
upper (lower) complex plane for positive (negative) m.
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density had to be scaling invariant, it is slightly more involved in the presence of a mass. First, as the
momentum-space propagator is only a function of the squared momentum, we can define g(p?) = G(p),
and we use Cauchy’s theorem to write:

9(”) = 1f£ g(z)gdz, (4.3.17)

2m J, z—p

with ~ a counterclockwise contour encircling z = p?. Then, we deform the contour to infinity, and in the
process we pick up poles and branch cuts of g(z). Now, for ¢ € (0, 1), the function g(z) = 1/(z<—|—MzC)
has a branch cut on the negative axis, and no poles in the principal sheet.' Therefore, the deformation
of the contour v leads to a Hankel contour around the cut, which in turn leads to the standard formula
for the inversion of the Stieltjes transform p(s) = 51 (g(—s — 2€) — g(—s + 2€)), and we find:

2m
~ 1 oo s
G(P):M:/ ds p()’
(p?)¢ + M, 0
sin(7() 56
2 2¢ 4¢ -
T 2+ 2M;"sC cos(w() + M

(4.3.18)

p(s) =

Going back to position space, and setting s = t2, we have:

9 d/2-1 Ka_, (tlzm|)ti T2
G(y,x) = 25n(rC) Z / < > . = (4.3.19)
(2m)/ 27 |Zm| t4¢ + 2ML<t2< cos(m¢) + MLC

Because of the mass, in this case we cannot factor out of the integral the x-dependence.

At this step one might worry that for ( — 1 everything vanishes because of the sin(n() factor.
This is not the case because in this limit the denominator in the integrand becomes (> — M?)? and
the integral develops a singularity (this is the analogue of the I'(1 — () factor in the massless case of
(4.2.13)). In fact in the ¢ — 1 limit we recover the short-range case (4.2.13), as it can be shown by
using a variation of the Plemelj—Sokhotski formula.

For later reference we write explicitly the case d = 3, in which the Bessel function takes a simple
form:

G(y,x) =

: too 400 —t|zm| $1+2¢
sin(r¢) / dt < (4.3.20)
0

2> |Zm| 4 + 2]\42%2C cos(m() + Méc '

m=—0oQ

4.3.3 Finite-size mass solution

The m # 0 part of the subtracted tadpole (4.3.14) is the m # 0 part of the two-point function,
evaluated at x = 0. Therefore, we can use the representation (4.3.20) to rewrite the mass gap equation
ind=3 as:

LM; - sin(7(¢) /—l-oo " $2¢+1 In (1 _ 6_LMLt) =0, (4.3.21)
47 ( sin <2C) 72 Jo t4¢ + 2 cos(m()t + 1

which is more suitable for a numerical evaluation, having eliminated the sum in favor of a single integral
that is manifestly convergent. We find that the equation always admits a real positive solution, which
we plot as a function of ¢ in Fig. 4.2. The solution goes to zero at ( = 3/4, where the IR fixed point
merges with the Gaussian one, and it goes to the short-range value (e.g. [160]) for ¢ — 1.

am(142k) . . o
4The poles are at z = MZe~ ¢, for integer k, and it can be seen that for 0 < ¢ < 1 none of them is in the

principal sheet, which by definition corresponds to Arg(z) € (—m, 7).



4.3. Classical long-range O(N) model with a finite size 95

LM,
10,

0.8+ .

0.6} °

04+

0.2+

0.0 : : ‘ ‘ L
0.80 0.85 0.90 0.95 100 °

FIGURE 4.2: Numerical solutions for the mass gap equation as a function of {, at d = 3.
The red dot is the value of the short-range thermal mass and it is approached in the
¢ — 1 limit as expected.

4.3.4 One-point functions of the minimal-twist operators

The one-point functions of the minimal-twist operators in the hyper-strip geometry are defined sim-
ilarly to the GFFT case, except for the presence of the mass and the restriction to J > 0, as the ¢?
operator is not in the spectrum:

p Zp £ +qx)’
(Oo,1(x,8)) /
n%:o p? + ¢2)¢ + M}

szq

(4.3.22)

Notice that the restriction to m # 0 comes from the fact that the m = 0 term vanishes in any
rotationally invariant regularization, due to the contraction with &, and as before the other terms do
not need any subtraction.

As in the previous section, following [148], we can evaluate the subtracted two-point function at a
null vector £ = (x, &) and interpret it as the generating function of the one-point functions:

e-€m
Oy, = 3 (QstnE) -3 / f+ =

J>0

(4.3.23)

Y dd 1
Me / 2m) ((p2)¢ + M) (p2)¢

Notice that in order to get an exponential in the last step we had to include a spurious J = 0 term,
which however we cancel with the last term, thanks to the mass gap equation imposing the vanishing
of the subtracted tadpole (4.3.14).

An alternative explanation for the J = 0 subtraction in (4.3.23) is obtained by considering the
general expansion of the two-point function in (4.1.10). As we know, at large N the spectrum of the
¢ x ¢ OPE contains the identity operator (with Ajq = 0), the intermediate field (with A, = 2¢), and
the bilinear operators with Ay ; = 2A4 + J + 2k, the J = k = 0 operator being excluded.' When

5 As discussed earlier in the text (and originally pointed out in [145]), one-point functions can have a positive scaling
in N that boosts operators whose OPE is suppressed in 1/N, thus introducing new operators in (4.1.10) even at large
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setting x = &, since || = 0 and the Gegenbauer polynomial is of order J, all the bilinear operators
with & > 0 drop from the expansion, and so does also o, since 2¢ > 2A, for { > d/4. Therefore,
we should find only the Ag j-o contributions plus a divergent one from the identity operator. The
latter corresponds to the massless propagator in the non-compact case, but the m = 0 term we have
removed in the first term of (4.3.23) is the massive propagator. In order to get the right operator
content of (4.1.10), we should thus add back this massive propagator, and then subtract the massless
one, which is precisely what the last term in (4.3.23) does, since:

dp Wt - dlp ew= e dp oD
/(QW)d ((p?)¢ +MEC /(27r)d (p2)¢ M7, /(27r)d ((pQ)C—i-MzC)(pQ)C ) (4.3.24)

is a function of |x|, convergent at |x| = 0, and thus its value at x = £ is the same as at z = 0.

Subsequently we can extract the by, ; coefficients from the formal series expansion in x. In d = 3,
we have:

ﬂ_MSf?C sm 7TC +oo e~ tém| $1+2¢
GO (x, &) = . Z / : s oo (4325)
47r§s1n( ”) [Eml #4¢ 4 2M742€ cos(m¢) + M

2¢

and the expansion in y inside the integral takes the same form as in [148], but with ¢ replacing the
mass of the short-range case. We thus get an integral representation for the one-point functions of the
J > 0 spinning operators:©

. J
2n—J+1 2] — ! +o00 tl+2(+n LM n+2-2¢
0

w 2n2 —  nl(J—n) 4 4+ 2t cos(m¢) + 1

Unfortunately the integral above can not be evaluated in terms of usual special functions and needs to
be evaluated numerically. We compare results to the short-range case by means of a plot in Fig. 4.3.
4.3.5 One-point functions of higher-twist operators

As in the GFFT, we define the one-point functions of the higher-twist bilinear operators with an
implicit choice of normalization such that:

d'p  (p-€+1gnx)’
Op,j(z,8)) / p? + ¢2)F — counterterms . 4.3.27
< LZ Qﬂ.d 1 +qn)C+M2C( n) ( )

In order to make explicit the structure of divergences and related counterterms we make use again of
the Poisson formula, and we write:

e
<OkJ x f / + 5],0Ck , (4.3.28)

where:
L d+2k d+2k—2¢ J

= d’p (p*)* _ 2 r20\n dip ke (n+1)C
Cr = / (27T)d (p2){+MzC ;) ( ML ) /(27T)d (p ) . (4.3.29)

N. However, such operators have larger scaling dimension (at fixed spin) than those we are considering here, so they
do not affect this argument.
16Again we can use fees/co,g = 1/J! and easily compute ag,s from b, s
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FIGURE 4.3: Plot of the ratio between by ; for ( = 0.8 and the corresponding short-
range value.

We have used again the fact that for J > 0 the m = 0 term vanishes in any rotationally invariant
regularization. For J = 0 we have subtracted instead the purely divergent parts of the m = 0 term.
Alternatively, we could drop such explicit subtractions and evaluate the m = 0 term by analytic
continuation in k from a region of convergence (i.e. —d/2 < k < —d/2 + (). It is however interesting,
and actually useful, to keep them explicit as we will see that they have a direct interpretation in terms
of (4.1.10).

We are going to define again a generating function for these one-point functions, as:

:v e €m

ac \P
70 )+ My (4.3.30)
= ((—62> Glx) - .ck@:)) N
where:
el
L _ _MQC n ddp 2\k—(n+1)¢ wp-x
)= Y (M) 7(277)‘1(29 ) e
0 (4.3.31)

dt2k—2
|2

B Z (Mzg)”c(d/2+k7(n+1)§)‘

- |x|d+2k72(n+1)(

n=0

The interpretation of Li(x) is the following. When acting k times with a Laplacian on (4.1.10)
and setting x = £, we have a similar structure as in the GFFT from the bilinear operators and the
identity operator. In addition, we have other operators that at fixed k give vanishing contributions
(see footnote 15), but we also have operators that give new divergent contributions from some £ on:
these are operators O with Ap — 2A4 < 2k not even. For example, the intermediate field o, having
J = 0 and non-integer dimension A, = 2(, gives vanishing contribution at k& = 0, but a diverging
one as soon as k > 1 if d > 2: indeed 9%|x|?~258¢ = 32|z|*%~% = (4¢ — d)(4¢ — 2)|z|*¢~972, and
4 —d—2<0for ¢ <1andd > 2. More in general, we see by comparing (4.3.31) with (4.1.10), that
the operators leading to singularities in (—0%)*G(€¢) have dimension A,» = 2n¢, and thus correspond
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to the composite fields o”:17

( 82)k Agn ’ |2n( 2Ay _ agn ( )kr(nc A¢ + 1)F(d/2 + nC B Ad’) |$’2nq—2A¢—2k ) (4332)

LS LT (n¢ — Ay +1—k)I(d/2+n¢ — Ay — k)
Therefore, we need to subtract these dangerous terms from (—92)*G(x) before setting z = &, which
is what we are doing with Ly (x). Equivalently, we can introduce a regularization, subtract £, (¢),
and then remove the regulator, which is what we are doing with the subtractions of C.

The above discussion has an important consequence: evaluating (—9%)*G(x) allows us to extract
not only the ay, s coefficients (from the finite part at z = &, as we did in the GFFT), but also the a,m
coefficients (from the divergent part). The latter is obtained straightforwardly by comparing (4.3.31)
and (4.3.32):

Ap+k—nQ)T(n(—Ap+1—-k)I(d/2+n{— Ay —k)
4k I'(n¢ — Ay + 1)I(d/2 4+ n¢ — Ay)

(LMy)%n¢ 7r

4+ 10¢rd/2 sin(m(Ay — n))T(nC — Ay + 1)I(d/2 +nl — Ay)

Agn = (_1)n+k(LML)2nC C(
(4.3.33)
= (-1)"

Notice that any dependence on k has dropped out, and the result is valid for all n > 1. In the limit
¢ — 1 this yields the short-range result:

(1 — Aggr)

= (LMp)*" C(ASR)4nr(n F1O)0(n—Agp+1)°

(4.3.34)

which in d = 3 matches the result of [145]. However, notice that while in the short-range case in
integer dimensions there are degeneracies (essentially all operators have integer canonical dimension),
this is not the case for general { < 1, and therefore we can safely identify (4.3.33) with the one-point
function coefficient of ™.

Finally, we are ready to set = £ in (4.3.30) and extract the ay, s coefficients. This can be easily
done as we did in section (4.2.3), that is, by comparing the Taylor expansion of (4.3.30) in y with
equation (4.2.25) and matching order by order the coefficients of the powers of x. The reason is
that equation (4.2.25) was derived starting from (4.1.10) assuming that the dimension of operators
appearing in the OPE of ¢ x ¢ are Ay ;j = 2A4 4 2k + J, and this is also the case for the interacting
large-N theory up to the ¢™ operators that we subtracted explicitly in (4.3.30). To this purpose it is

convenient to write % as a Stieltjes transform:
S / T g L) o(s) = Snre) Akl . (4.3.35)
P2+ M Jo P+’ T % 4 2M 56 cos(nC) + M

Then specializing to d = 3 we find:

+oo e—tleml H1+20+2k
G®)(y, &) = sin 7;( Z / > 0 (4.3.36)
21 0 |$m| t4¢ + 2M %€ cos(m¢) + M

7Tt can be shown that spinning operators involving o or higher powers of ¢ are subleading in the 1 /N expansion
(remember that we compute bo at finite L, but feeo and co at infinite L). This explains why we only find contributions
from o™, which has ay» ~ O(N°).
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where Cj, contributes to the J = 0 term only, while the sum over m will contribute to any J. After
performing the small x expansion we get:

i +oo 142¢+2k 2-2C+2k
GY(x8) =~ 7 (Sm(”o [ ey CE A >+ .
0

_ [,3—2C+2k 2 ¢ 1 0g2C COS(ﬂ'C) 1
J ; I on—J+1
X sin(7¢) <~ 2 (2J —n)!
* Jz>:0 J1L3—2C+2k+J ( 272 nz:O n(J — n)! (4.3.37)

+o00 1+2¢+n+2k n+2-2¢+2k
t LM
x / dt Lijiqp (eFM0) (L) ) :
0

t4¢ + 2t% cos(m¢) + 1

where the first line corresponds to spin-zero operator and the sum to all the spinning operators.
Comparing with (4.2.25) we finally find:

g +00 14+2¢+2k 2-2¢+2k
0

W0 =2k £ 1)In2 #1C + 262 cos(mC) + 1
(LML)3—2C+2k
+ )
(2k + 1)l47( sin (wQ’;—g?’)
J (4.3.38)
A7k=I(J + ) sin(n() Z 27(2J — n)!
a =
STTUSRD(T 1 k4 DR = nl(J —n)!
+o00 tl+2§+n+2k LM n+2-2¢+2k
x / dt Lijp—p (e M) —— (LMy) :
0 t4¢ + 2t2C cos(m¢) + 1
where we used the fact that C, in d = 3 evaluates to:
N2k
Cr = L (4.3.39)

47 sin (W%)

4.4 Quantum long-range O(N) model at finite temperature

The simplest example of an interacting fractional Lifshitz field theory (FLFT), of the type discussed
in the introduction is described by the action:

0l = [ ar [ ata( G6u(r)(-02)0ulr.0) + fenlra)(-00) 60 (r.2)
(4.4.1)

1 A
# M) + P

where 0, is the ordinary derivative with respect to the Euclidean time 7, (—8;0;)¢ is the fractional
Laplacian for the d spatial directions and, as before, a = 1,...,N, ¢*(r,z) = Y., da(7,2)?, and
Mypare 18 the bare mass. As argued in the introduction, we can view this model, when defined on
R or Sé x R?, as describing the quantum long-range O(N) model at zero or finite temperature,
respectively. With the same perspective, a similar model has been considered in [134, 135], where it
has been studied at finite N by other means. Alternatively, one could view it as a classical anisotropic
model with short-range interactions in one direction (compact or not) and long-range interactions
in the remaining (non-compact) ones (see also [161] for a previous study of anisotropic long-range
models).
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We notice first of all that dimensional analysis of the quadratic part of the action implies that we
have the mass dimensions [z] = —1, [7] = —(, and therefore [¢] = Ay given by:

20 +2(-C—d=0 = A¢:%. (4.4.2)
As a consequence, the quartic interaction in (4.4.1) is marginal (i.e. [\] = 0) for 4A, = d + ¢, that is,
¢ = d/3. The model we are interested in has ( < 1 and a relevant quartic interaction, therefore we
will concentrate on d = 2 and 2/3 < ¢ < 1, but for now we keep d and ¢ unspecified.

The action (4.4.1) is invariant under global O(N) transformations with ¢ transforming in the
fundamental representation. Moreover, it is clearly translation invariant, both in time and space,
while for ¢ # 1 it has rotation invariance only in space. We will be interested in the limiting cases
in which it has also a scaling symmetry, namely, the ultraviolet Gaussian fixed point and an infrared
interacting fixed point. Due to the anisotropic nature of the model we expect a Lifshitz type of scaling
invariance, that is:

T Q7 = Qr, ¢(rx) = (007, Q) = QT MG(r,7) (4.4.3)

for any constant 2 > 0. This symmetry is in general not promoted to a generalized form of conformal
invariance.'® The anisotropy and lack of conformal invariance imply that even at fixed points the
correlators are much less restricted than in the isotropic case. One-point functions are still vanishing
(for non-compact space-time), because of translation and scale invariance. However, for the two-point
function we have:

||

where we have expressed it in two equivalent ways, and we expect the f,(u) and fr(u) to be two
functions that are regular in zero and vanishing at infinity as uv=2%¢, but otherwise completely uncon-
strained.

Even if the fixed-point theories are not conformally invariant, we can still make use of the OPE,
although in this case we expect it to be only an asymptotic expansion (see for example [164]). Indeed,
assuming that a fixed-point Lifshitz field theory admits a basis in the space of operators consisting in
scaling operators O; with dimensions A;, such that O;(Q°7, Qz) = Q=2 0;(7, z), the OPE expansion
writes:

r|t/¢ _2¢ T
<¢(T, x)¢(070)> _ |$’72A¢fx <| | ) — |7" < fr <‘7_‘|1|/<> ) (4.4.4)

Oiy (11, 71) 04y (12, 22) = Zfz‘mk(ﬁz,fﬂu) Ok (12, 22) , (4.4.5)
%

8In the case ¢ = 2, when formulated as a dynamic critical model (or stochastic partial differential equation problem),
it has been shown in [162] that there is a larger symmetry, namely the Schrédinger group (see [142] and references
therein), but only for the response function, not the correlator. This result has been generalized in [163] to the case
¢ =2/n, for n € N, but this does not include our interesting d = 2 case with ¢ € (2/3,1).
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where 7o = 71 — 7 and x93 = 1 — 9, and the equality should be understood to be only in the
asymptotic sense. Applying a scaling transformation and the OPE in either order we have:
Oi1 (QCTl, QSUl)Oig (QCTQ, Q$2) = Q_Ail —Riy Oi1 (7‘1, 1’1)012 (7'2, $2)
= Q%0 %2 Y " (719, m12) Ok(72,22)
k

04y (0571, Q221) 04y (075, Q9) = 3 Firiah (712, Q15) Op(272, Q) (4.4.6)
k

= Z Firiok (719, Q212) Q™2+ O (12, 2) |
%

hence the OPE coefficient is a scaling function f;,s,5(Q57, Qz) = QA= R8a=Ru f; o0 (7, x), that is, we

can always write:
Ap—0;-4;

fiji(T,2) = |7| < fijk <7-’|$1|/C> : (4.4.7)

This will be useful in the finite-temperature case (compact time), in order to relate the two-point
function to the one-point functions via the zero-temperature OPE coefficients.
We will first discuss the free theory as a warm up, and then move on to the interacting case.

4.4.1 The massless free fractional Lifshitz field theory at zero temperature

The action of the massless free FLFT at zero temperature is (we suppress the O(N) indices here as
the N fields are decoupled in this case):

+o0
Sl = [ ar [ ate (oo -0detna) + goma-000elna)) . (448)

It is trivial to check that this action is invariant under Lifshitz scaling (4.4.3). This implies that the
two-point function, or covariance C(7, x) of the Gaussian measure, must have the form (4.4.4). Indeed,
writing the direct space covariance as a Fourier transform:

ddp dw ewTtwT

ca) = | oy | 52 v 449

the integral over w can be performed easily, by deforming the contour and picking up a pole:

ddp o 6_|T|(p2)</2
C(r,z) = / e (4.4.10)
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where the integral is convergent for ( < d. Simple rescalings reproduce (4.4.4) and, recalling that

2A 4 = d — ¢, we have the limit cases:!”
C(r,0) =[]~ < / dy 0 T(%) o
7,0) = |7 = T ,
(2m) 2(p?)S/2  (4m)4/%CT (§) (4.4.11)
d’p 1 c(Dg), -
= p-x — 2A¢
0(071.) /(2ﬂ)de 2(p2)</2 2 ’.’E‘ )

and we notice that C(0, z) is (half) the GFFT covariance of section 4.2, with the replacement ¢ — (/2.

Bilinear operators. As the theory is Gaussian and massless, we expect again that in the (non-
conformal) OPE of two fundamental fields, ¢ x ¢, only bilinear operators in ¢ appear, that is, operators
of the schematic form:

(6P 1 oo, (T ) =2 o(7, ) (0:)*(8;0:)" (9y,...0;, — traces) ¢(T,z) -, (4.4.12)

whose scaling dimension is

AkJ’J = 2A¢ +J+20+ k(. (4.4.13)

Notice that while we have the usual degeneracy for a fixed integer n such that J + 21 = 2n, the time
derivatives are in general (for non-rational ) unambiguously identifiable. On the other hand, lacking
special conformal transformations to select primary operators, the distribution of derivatives on the
two fields is rather arbitrary.

4.4.2 The massless free fractional Lifshitz field theory at finite temperature

The massless free FLFT at finite temperature is defined by the action:

B
01 = [ ar [ ata (Gotr.a)-00(re) + 30t )00 6(r.x) ) (14.14)
0 R
In this case, the covariance, or two-point function, is:
+oo d 1T+ T
1 Z d p e p n

where w,, = 2n/ and the subscript (3 tracks the inverse temperature. In this notation, the covariance
at zero temperature of the previous section is denoted Coo(7,x). After using the Poisson summation
formula, Cg becomes:

dw ezp~:c+zw7'm

+o00 dd
CB(T,l'):mZ_OO / (27r];d / on) KT (4.4.16)

9Keeping both 7 and  different from zero, we can reduce to single integral representations in various ways. For
instance, we can use spherical coordinates in (4.4.10), perform the angular integral and remain with an integral over
the radial part, involving an hypergeometric function. Alternatively, and perhaps more interestingly, we can use again
a spectral representation of the integrand, that is, perform a Stieltjes transform with respect to p? and then use the
standard result for the short-range massive propagator, to obtain:

d—2
+o0 ds s\ 2 ¢ . 77—5£5_ﬂc
Cro) = [ et () Kapa(Wolal st (56 eeR )

||
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where 7,,, = 74 m. Following the same steps as in the previous section we get the massless covariance

at finite temperature:
o e~ |mml(p?)</?
g / 2R (4.4.17)

m=—00

which becomes, after summing over m (restricting to the fundamental domain 0 < 7 < 3):2

¢ ¢
% eT(p2)7 _|_ 677-(p2)7

_ [ AP pe_ ] —?)
Ca(r,x) = / an) e (22 2 eﬁ(p2)% » (4.4.18)

The first term in parentheses is the m = 0 mode and reproduces the zero-temperature result. This
is the only surviving term in the § — oo limit. The second term captures the finite temperature
effects.

As in the case of the GFFT at finite size, the two-point function can be seen as the generating
function for the one-point functions of scaling operators. For example if we set x = 0 and Taylor
expand in 7 in (4.4.15) we find:

“_1)kr2k [ +oo dd Wﬁk
Cﬁ(T’O):Z( (2)k)! <ﬂ 2 /(27gdpzc+wr%) ’ (4419

k>0 n=—00

and the coefficient of 72 is the one-point function of the bilinear scaling operator Oy(7’,z) =:
02 ¢(r',x) : at finite temperature.?! As the integral in (4.4.19) is divergent, one needs to regu-
larize it by an explicit subtraction. This is fairly straightforward in this case: in order to cure all the
ultraviolet divergences it is enough to subtract the zero-temperature two-point function:

(_1)147_214
D o (O ) = Cp(7,0) — Coo(7,0)

= el
- Dotk (1 £ p gty (4.4.20)
_,;0 (ﬁnz_:oo/(%) 2<+w2 / / 2<+w2> ’

which comes to subtracting the m = 0 mode after Poisson summation.

This subtraction can be understood directly from the representation (4.4.18), which we now rewrite

in d =2 and at « = 0, with the change of variables t = p?:

¢ ¢
1 00 ¢ Tt2 —Tt2
Cs(r,0) = / dt 75 (e T ) (4.4.21)
87[' 0 elgt% 1

A naive Taylor expansion of the integrand yields ultraviolet (large t) divergent terms at every order,
coming form the first term (the zero-temperature m = 0 mode):

1
L Z k5 k-1) (4.4.22)
k>0 :

20FOI‘ 0 S T < 57 we have Zm efa\-er,Bm\ — e a7 + Zle efarfaBm + ZmZI 6a7-7aﬁm — g—oT + ea;jﬁe__laT for any a
with positive real part.
2!Operators with odd number of time derivatives vanish even at finite temperature, due to time-reversal symmetry.
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However, once they are summed over k they reconstitute C(7,0) (compare to (4.4.11)):

1 [ $ _2% T(2/C—1 _2e
87T/0 dt t75 e ™ =77 C <4/l7CTC) =7 ¢ doanyc (4.4.23)

which is unsurprising as the divergence came from expanding in 7 the m = 0 mode.
Subtracting these terms in the spectral representation and Taylor expanding the second term in 7
we identify the one-point functions of the scaling operators Oy:

™

1 [ 603 T(2A/C + 2k) Lign, jcyor(l) 22

k — _ & _ 2k

(=) (O(r',2)) = 1 /0 dt s : = o 3206 CH2k =3 ¢ dop, . (4.4.24)
eBt3 _

Observe that the counterterm part Cog(7,0) ~ 7722¢/C is non-analytic at 7 = 0, that is, the two-point

function is:

7_2k 2A

_2y _28¢ _
Cp(r,0) =7 ¢ d,mqb/wzwﬁ <y, (4.4.25)
E>0 ’

and the subtraction is designed to take out the non-analytic piece of the two-point function, corre-
sponding to the identity operator’s contribution to the OPE.

4.4.3 The interacting fractional Lifshitz field theory at zero temperature

We now turn on the quartic interaction in the zero-temperature theory, that is, we consider the full
model (4.4.1) on R and we are going to show that at large N the theory exhibits an interacting
infrared fixed point, much like its isotropic counterpart.

The Schwinger-Dyson equation at zero temperature relates the free covariance C’*l(w, p) = w? +
(p?)¢ and the full interacting propagator (two-point function). As the combinatorics is the same as
in the usual O(N) model, at large N we have the usual dominance of cactus diagrams, and thus the
Schwinger-Dyson equation reads:

- - A [ dd dw ~
G(wo,po) "t = Clwo,po) " + M.+ 5 / (2;)’[1 / % G(w,p), (4.4.26)

which as usual gives only a mass correction to the free propagator. Like in the isotropic case, we tune
the bare mass in order to cancel such mass correction and obtain a massless propagator G~1(w, p) =
w? 4 (p?)¢, that is, we impose the condition:

A / dp dw 1

_ 2¢
0= Mbare + 35

EM2<
2

@) 2r PR e

+ %T : (4.4.27)

where of course a ultraviolet regularization is implicit for the massless tadpole 7 = C(0,0).

In order to show that the model exhibits an infrared fixed point in the large-N limit, we derive
the beta function of the quartic coupling. As usual in the vector large-N limit, the beta function
is one-loop exact and at one loop only the bubble graph contributes. We regularize the infrared by
performing a subtraction at a non-zero external momentum (wp,0) such that wg = p¢.22 The bubble

22 Alternatively we can subtract at an external momentum (0,p) such that p? = p?. The computation in this case is
slightly more involved but leads to the same result, as expected.
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integral with massless propagator is then:

_ [ [ 1
b= / o / @) (@2 + (@) (@ + w0 + (@)

[ ()" 2t —
S MA@ el (4T ()¢ cos(3) |

where we integrated over w by deforming the contour and using the residue theorem. In the weakly

relevant case ( = %, this integral exhibits a pole B = 5 The large-N proper vertex at

Y
(4m)4/2T(d/2)e"
the subtraction point is:

2
™ (wp, 0) = VR (4.4.29)

and defining the running coupling g = p~T'*)(wp, 0) /2, we obtain the large-N beta function:

2

B B g
Bl9) = wOug = =€+ 5o Samr )

(4.4.30)
This beta function displays a non-trivial fixed point g* = 2(47)%2I'(d/2)e, corresponding to a bare
coupling A flowing to infinity.

4.4.4 The interacting fractional Lifshitz field theory at finite temperature

At last, we turn on also the temperature, that is, we compactify the Euclidean time direction and
study the full model (4.4.1) on Sé x R?, and we are going to discuss the thermal mass and one-point
functions of the scaling operators.

The model is tuned to the same fixed point, still at large N, but the compactification of time
implies that the tadpole is no longer canceled by the bare mass in (4.4.27), and therefore we have a
solution of the Schwinger-Dyson equation of the form égl(wn, p) = w2+ (pQ)CJthZ}f, with w, = 27mn/fs
and non-vanishing thermal mass My,. The thermal mass is fixed self-consistently by the mass gap
equation:

Al dp 1
MY =ME A+ = /
= Mot 55 2 | ot 0
A ( 5 / A [ dw erBme
2\ 4 (2m)h ) 2m w2 4 (p2)¢ 4 M

_ [ 4 [ L
My, / (27‘r)d/27r (w2+(p2)<+Mt2}f)(w2+(p2)<)>

(4.4.31)

where in the second equality we used the Poisson summation formula (4.2.10), and we have combined
the m = 0 term with the explicit expression of the bare mass. In the last step we have defined the
subtracted thermal tadpole T (My,) — T = G(0,0) — Cx(0,0).

At the fixed point, the bare coupling A diverges, and thus the mass gap equation becomes:

T(My)-T =0. (4.4.32)

We are going to show that it admits a unique non-vanishing solution for ¢ € (d/3,1).
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First, we write the two-point function at finite temperature in position space in the Fourier repre-
sentation:

+0oo d 1p-T+awn T 1P TH T
1 d D P n e 74 m
B Z / (2 d 9 9 2( Z / 2 2 2 2¢ 0 (4433)
o) (M) pX w2+ My wp<+w+Mth

n=— m=—00

Gg(r,z) =

with 7, = 7 + fm. The integral over w is evaluated again by the residue theorem and restricting to
the fundamental domain 7 € [0, 5) the sum over m is just a geometric series (see footnote 20), leading
to:

d
Gﬁ(T,x):/(;l ];de”""” ! <e_TVMt2’§+( P
T Mg+ () waan

2 2
Mg +(p2)¢ =7/ My +(p2)¢

2¢
65 M, +(p?)¢ -1

where the first term in parentheses is the m = 0 term.
Setting d = 2, taking 7 = # = 0, and changing variables to p?> = t, we arrive at the following
integral form of the mass gap equation:

T(Mth)_T—l/ dt ! 1+ 2 A =0, (4.4.35)

87 M 41 SVMEE Ve

that always admits a unique solution.?> We have plotted a numerical solution as a function of ¢ in
Fig. 4.4.
Keeping 7 # 0, we obtain instead:

v Mff+ti+e—n/Mf,f+tC
Gp(T,0) =3 / dt e + & , (4.4.37)
T

+ tC SVMEHE

and we are interested in its small 7 expansion, which again we relate to the one-point function of the
bilinear scaling operator Oy (7/,x) =: ¢92*¢(7', x) : at finite temperature:

(_1)k72k /
kzm e (Ok(7", )y = Gg(r,0) — counterterms . (4.4.38)

As in the isotropic case, the k = 0 operator will actually drop from this equation, as it is not in the
spectrum of the interacting fixed point, where it is replaced by the intermediate field o. Moreover, as in
section 4.3.5, the counterterms will contain useful information about other operators in the spectrum.

The need for counterterms comes from the first term in parentheses in (4.4.37), i.e. the m = 0 mode:
its naive Taylor expansion in 7 exhibits ultraviolet divergent terms at each order. Such divergences

#3We rewrite the mass gap equation as f1(M) = fo(My) with:

0 1 2 00 1 1
Fi(Mn) = / dt ( ) L fa(Mi) = / dt |—————— |, (4.436)
0 ME ae \ePVMETE g 0 VIS M g

and fy is convergent for ¢ > % as fo ~ [T dt t73¢/2. We note that f1(0) > 0 and f; is strictly decreasing with M,
while f2(0) = 0 and f> is strictly increasing with Myp,.
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FIGURE 4.4: Numerical solutions for the thermal mass as a function of ¢ in 241 dimen-
sions. The red dot is the value of the short-range thermal mass, and it is approached in
the ¢ — 1 limit, while the solution goes to zero for { — 2/3.

are renormalized by subtracting the beginning of the Taylor expansion in M2 up to the appropriate
order:

1 [ (—71)4 a1
=) dt Y . [(Mf,ertC) 2

- (M2 )"t“qzl")] . (4.4.39)
q>0

The odd ¢ = 2k 4 1 terms are entirely subtracted, since (thC + tC)k is a polynomial in M, while for
even q¢ = 2k only the terms containing a power of ¢ larger than —1 are subtracted:

1 7_2k 0o k 1 X
8 9" M) ¢h—n=2) 4.44
o, o |0+ Z:: — oy 1y M) JE (4.4.40)

resulting in an expression that is both ultraviolet (¢ — oco) and infrared (¢ — 0) convergent for ¢ > 2/3.
Indeed, convergence in the infrared is obvious term by term; convergence in the ultraviolet follows by
noting that the subtracted integrand behaves like £~ 3¢ at large t. Grouping the counterterms by their
power in My, we obtain the following small-7 expansion of the massive two-point function in finite
temperature (recall that 2A, = 2 — ():

2A¢
_2y (& . (tMS)*T T g
Ga(r.0) =77 | Yo (TME)" o s + 3 ey | (4.4.41)
n=0 k>0 )

exhibiting the finite-temperature scaling behavior G(r,0) = 7724¢/Cpy (T th) for a function h(u)

that is finite, but non-analytic, at v = 0. Taking into account the prefactor, the non-analytic part in
7 of Gg(r,0) is the first term in parentheses in (4.4.41), while the second term gives the analytic part.
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The coefficients of the non-analytic part of G(7,0) are:

1>q T4 e
tc( 2 —TL)
2A¢/C+2n / q>2n ”!F(q%l_”)
4.4.42
ot 1F2<,2,n+1 ) 0F1(TL+%,%) ( )
_/0 87 22 (2n+1)! :

and, although each term at ¢ fixed is ultraviolet divergent, performing the sum over ¢ first we obtain
a convergent integral expression due to the alternating sign (the linear combination of hypergeometric
functions decays like ¢=¢(+1D/2e=% for + 5 400).

The analytic part of G(7,0) comprises effects due to both the finite temperature and the presence
of a non-zero thermal mass:

k=3
—

¢ K D(k+1 2(1+¢¢
d(Qthh) :/ dt |:( ‘I’ tg) Z (—+2)1t<(k_”_%) _|_ ( + )
o 87 — nll(k —n+ 3) oBMp, /14

Ccdt [T (kL) oF (1,32t C)+ 2(1+t<)’“‘%
o R~ e v

(4.4.43)

and we stress again that this is a convergent integral for ¢ > 2/3.
As in the CFT case, the coefficients of the small-7 expansion can be related to the one-point
functions of composite operators. Indeed, from (4.4.5) and (4.4.7), we have:

AO—QA

o(, Z fs60(0) |7] T 0(0,0), (4.4.44)

where O runs over all the scaling operators in the theory. Taking the expectation value of (4.4.44),
we conclude that the two-point function is a generating function for the one-point functions of the
operators O having fss0(0) # 0. Notice that the operators in (4.4.44) are not primaries, as we do
not have conformal invariance here, hence they include also total derivatives of composite operators.
However, the latter have vanishing one-point functions even at finite temperature, due to translation
invariance.

Seen from such an OPE perspective, we recognize that (4.4.41) is indexed by two classes of op-
erators. First, we have operators with momentum dimensions Bo—28¢ _ 2k, ie. Ap = 244 + 2kC.

These are identified with the operators O (7, z) =: $02*¢(7,z) :. By consistency with (4.4.38), we
must have that with our choices of normalizations fs0(0) = (—1)*/(2k)!, and thus we conclude that:

(—1)* (Op(r', 2)) = MEAH M) (4.4.45)

Notice that the mass gap equation corresponds to déﬁ )

Ap—2A, A,

Second, we have a family of operators with momentum dimension = 2n — 2—, ie.
Ap = 2n(. As in the isotropic case, the intermediate field o(x), which can be introduced as in
(4.3.2), is identified with the shadow of ¢?(x) and has momentum dimension A, = d+ ¢ —2A, = 2(.
Therefore, the second class of operators contributing to the OPE of the two-point function correspond
to composite ¢ operators:

Fooom (0) (6™ (r', ) = M d_sn,jcy2n (4.4.46)
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4.5 Conclusions

We have studied classical and quantum versions of the long-range O(N) model at large N, focusing
on the effects of having one compact spatial direction in the former or finite temperature in the latter.
The quantum model is mapped as usual to a Euclidean field theory with one extra (time) dimension,
along which the action is local, thus resulting in an anisotropic action, which at criticality has a Lifshitz
scale invariance, but no conformal invariance. This should be contrasted to the short-range case, where
the classical and quantum model are described by the same field theory, in d and d + 1 dimensions,
respectively, and therefore they are both conformal at criticality. Therefore, in the long-range model
also the finite-size and finite-temperature compactifications are quite different: the finite-size geometry
corresponds to compactifying a direction along which the model has long-range interaction, while the
finite temperature corresponds to compactifying the local Euclidean time direction.

In both cases, the non-compact versions of the model exhibit an ultraviolet Gaussian fixed point
and an interacting infrared fixed point. Upon compactification, the fixed-point data (conformal data
in the classical case, or simply fixed-point data in the quantum one) of the non-compact theories needs
to be supplemented with the non-zero values of one-point functions of primary (respectively scaling)
operators.

We have focused on the operators arising in the OPE of two fundamental fields. The corresponding
new data can be inferred from the small argument behaviour of the two-point function, and conse-
quently our main technical tool consists in finding suitable expansions of the latter. Our results
are:

e for the free (ultraviolet) compactified theories, we obtained the one-point functions of bilinear
operators. In the finite-size case we obtained such data for all the bilinear primaries, with
arbitrary spin and twist. In the finite-temperature case we computed this data only for scalar
bilinears with time derivatives.

e in the case of the compactified interacting (infrared) theories, at large N, the effect of the inter-
action is encoded in the appearance of a dynamically generated mass scale which we determined
self-consistently. We obtained the fixed-point data for the same set of bilinear operators as in
the free case. Moreover, in the interacting cases, a second infinite family of operators contributes
to the OPE, consisting in arbitrary powers of the Hubbard—Stratonovich intermediate field. We
computed also the one-point functions of such operators.

A natural extension of this work would be to consider other configurations of the background
geometry, for example considering the classical model with more or all directions compactified, or the
quantum model with compact spatial directions, either at zero or finite temperature.

Another important future direction would be the inclusion of subleading corrections in 1/N. In the
short-range case, the effect of next-to-leading corrections on the new finite-temperature data has been
studied in [148]. In the long-range case, we expect further complications. In the classical isotropic
case, we have seen that even in the leading-order we considered here, the non-standard propagator
makes analytic computations much harder, and certainly this will affect the loop integrals that are
needed for subleading orders. In the anisotropic (quantum) case, computations are harder even at
zero temperature; in fact, as we mentioned in the introduction, the fractional Lifshitz field theory we
considered here has not been studied much before, and there are several open directions even at zero
temperature. In particular, it would be interesting to determine the deviation of the dynamic critical
exponent z, characterizing the Lifshitz scaling at the fixed point, from its leading order value z = (,
and to ascertain the existence of a crossover (or transition) to isotropic short-range behavior above
some critical value of . Such aspects of the zero-temperature FLFT require at least the next-to-leading
order in 1/N, therefore we postpone them to future work.
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4.A Minimal twist bilinear operators

The most general bilinear primary operator with spin J is generated by acting with a precise com-
bination of derivatives on the two fields. The combination is fixed by requiring that the operator
is annihilated by the generator of special conformal transformations. The result of imposing such
constraint on minimal twist operators was obtained in [40, 157| (see also [158, 165]), and it is most
easily expressed by introducing a complex polarization vector £ such that &2 = 0 with which to form
a scalar:

Ov,1(,€) = [Puulons (2)E -89 = - Ga(a)fs (0,6 8) ule) -, (4.A.1)

where the colon notation stands as usual for normal (or Wick) ordering (e.g. [166]), which serves to
cancel the divergence in the one-point function. The function f;(u,v) is found to be

JIT (l/(o) J o [u—wv 2 2 J—2
_ v _ "y — )2 4.A.2
fr(u,v) VT 01 ) (u+v)' CY (uﬂ) %yn,J(uﬂ) (u—v)’7",  (4A2)
with 05(0 (2) being a Gegenbauer polynomial with /(<) = 61_22&, and
J! L' (J+v© —n)

= (-1)" . 4.A.
= (1) 27T (V1O + ) 22 nl(J — 2n)! (4.4.3)

The normalization is chosen for convenience as in [157] (in particular it gives finite coefficients for
J>0ind=3).

4.A.1 Normalization of two-point functions

The two-point function at zero temperature can be computed in the free theory by applying the above
formula to the (formal) spin-0 case [157]

(Oo,5(21,£1) 00,5 (22,82)) = %C($12)fj (& YINE 51) Iy (52 92,69 - 52) C(z12) . (4.A.4)

In order to extract the normalization constant cg ; in

B (8 — 22002) 1)
(Oo,s(2,€1)00,1(0,&2)) = o,y (& ( u($2)dzz+J) &) , (4.A.5)

it is enough to choose &1 = & = &, in which case the Kronecker delta terms drop out. The derivatives
can be evaluated explicitly using the representation

rd/2—¢) 1 1 +00 el o
Cla) = 227 d/27 () (£2)%/2~¢ - 22<7Td/2p(o/0 daca?/?=¢ o (4.A.6)

and the differential formula
2

(6 . 8)kefa;p2 _ (_2a§ ) l‘)kefcwc ] (4A7)
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Noticing that 0;C(x12) = —02C(x12) and remembering that J is even, we find

2 1 2 [tee dj2—c—1 [T d/2—¢—1
(00,7 (,£)00,5(0,€)) = N (WQF(C)) /0 day oy /0 dag gy

X fJ(_Qal f - X, -2 0425 . x)Qe_(@1+a2)a:2

2
_2( 1 JIT (19) (—2£wﬂll/+mda aW}{_{/+wda o261
N 22§7rd/2r(o 4JF(V(C)+J) (xZ)d—2§+2J 0 169 0 2 Gy

2
x (a1 + ag)* 05(0 <041 a2) e (eataz)

o+ o (4.A.8)
2
_ 3 1 J'T (V(C)) (—25 . x)QJ p2H1-d /+oo o 204201 s
N \ 2X7d/21(¢) 4/ T (V(g) + J) (22)d-2¢+27 .

+1
% dt (1 — 2" =204 (1)
-1

N 2%xdr(¢)?

2T(d—20+27) [ T Q) \* 72t Or(1 4 2,0 (2(¢ - 2)2)
N 47T (Vs + J) JUJ + vOD((©)2 (22)d-26+27 7

where we used the change of variables a1 = s(1 +1)/2, as = s(1 — t)/2, and the orthogonality of
Gegenbauer polynomials

+1 2172aF(J_‘_ 20&)
1— 212002 =T AA.
/_1 a1 =8O ) JI(J + o) (ax)? (1.A.9)
We thus find
2
Lo 2Dd—2+27) [ JT (V) m21 =4I (] 4 2(0)
0T =N T AGAT(02 \ T WO+ ) ) T+ o)D) A0)
9 19X IR (4 ] - 2C — )T (4 4 T - Q) o
N NPT (4 J-¢ 1) '
A0y \?
This result agrees in the limit ¢ = 1 with [158] up to the <4Jr(u(1>+J)) factor from the normal-

ization of [157].

4.A.2 OPE coefficient f,;;

Now we compute the OPE coefficient between a spinning operator of the kind Op ; and two funda-
mental fields. The functional form of the three-point function is constrained by conformal symmetry
to be

4 4 5 §-220 &0 J 1
(Oo,5 (0, &) Pi(71)Pj(22)) = 5ng¢¢J< oy 2 > R (4.A.11)
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We can compute the three-point function explicitly by Wick theorem as we did for the two-point
function and extract the OPE coefficient by comparing with (4.A.11). We have

9 1 2 +00 d_ . +o0 d_
(0,1 (20, E)¢i(21)¢i(22)) = (2247#/21“(4“)) /0 desat ™ 1/0 dasag ™" (4.A.12)

X fJ(—2 ar € - (.’L‘o — 1‘1), —2ag&- (1‘0 — aa))eialx%liang? .

Without loss of generality we can set xg = 0 and we get to
d d

2 JIT(v(©) oo d_¢q [t 4
(0.1(0, £)di(@1)i(w2)) _N42C+J7rdf(ﬁ)(2VF(3(C)+J)/o doof” 1/0 dozo5”

(4.A.13)

a1 )
X <2a1£ o 20425 ‘ xQ)J o) 21 2 T 202 3 e
J ) : - -
z? x3 2a1% _ 2(1251%2 (22)d/2-C(2)d/2~C

Considering the region 22 > x? the argument the argument of the Gegenbauer polynomials become

1 and it is easy to extract
d

2 JIT (1) g (d

Jood = N perrmir @ + )0 (2 - <> g (2 mer/
2T (FH QT -QTrd+J-2¢-1r(§+J )

N md24HIT ()T (d — 2¢ — )T (J + 451 — () '

Now it is simple to check by a direct computation that in our conventions

fops _ 1
CoJ J' '

(2v© +.7)
> r(2v(©)J!
(4.A.14)

(4.A.15)
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Chapter 5

Dynamic critical exponent in quantum
long-range models

5.1 Introduction

Systems with long-range interactions appear in a large variety of physical situations [72]. Among the
many possible instances, a particularly interesting class of systems is the one described by models
with a two-body interaction that decays with distance according to a power law, with sufficiently slow
decay. The paradigmatic example in such a class is the long-range Ising model, associated to the

classical Hamiltonian
005
g [ (5.1.1)

,jGE

where £ C Z% is a finite d-dimensional lattice, o; = +1 are the Ising variables at site i € £, J > 0 is
their coupling, and the long-range exponent is in the range 0 < { < 1, with the limiting case ( = 1
being equivalent to the nearest-neighbour (or short-range) model. Such model, and its extensions
with internal O(N) symmetry, has been extensively studied, both in its lattice version and in its field
theoretic Ginzburg-Landau formulation [119, 120, 123, 167, 126, 127, 128, 129, 124, 66, 71, 32, 118,
122|, and several related experimental systems have been constructed in recent years (see [5] for a
review).

We emphasize that £ in (5.1.1) represents space only, time being frozen, as is always the case in
classical equilibrium statistical mechanics. When considering instead quantum versions of long-range
models, a short-range temporal interaction arises after the standard quantum-to-classical mapping
[138, 139], as explicitly emphasized in [3] (see also [134, 135]).! Keeping with the Ising example, the
quantum model is obtained by replacing the classical Ising variables ¢; with Pauli matrices 67 at
each site, and adding to the Hamiltonian a transverse field interaction k), 67, in order to induce a
nontrivial quantum dynamics:

"Z "Z

=-J > yz—j|d+2< —v> 67 (5.1.2)

i,J€L i€L

The quantum statistical partition function at inverse temperature 8 can then be mapped to a classical
one by applying the Trotter formula to e #a/ and after some manipulations [138] obtain:

Z,1 = Trle PHar

. BJ OitOjt
Nnh_>nca)o Z exp{ Z|Z j|d+2< lncoth Zalt02t+1 ,

{oi,;=F1}icc,t=1..n i,,t

(5.1.3)

'Models with long-range temporal dynamics can also be conceived, for example in the presence of dissipation,
impurities, or memory effects (e.g. [141, 168]), but we will not consider them here.
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where the classical Ising variables now have a second index, interpreted as discrete Euclidean time,
and periodic boundary conditions are assumed: o;,41 = 0;,1. One then concludes that the Ginzburg-
Landau description of the quantum long-range Ising model must be an anisotropic scalar field theory,
long-range in space and short-range in time. In chapter 4 we called such a theory a fractional Lifshitz
field theory, and the scope of this chapter is to further study its critical properties.

Scalar Lifshitz field theories were first studied in [169] to describe tri-critical points in the presence
of paramagnetic, ferromagnetic, and modulated phases. Denoting the time coordinate 7 and the
d-dimensional spatial coordinates x, a standard example is an action of the form:?

Slel = /ddxdT{;(aﬂﬁ)Q + % Z(aj¢)2 + ;(Zajaj¢)2 + V[qs]} , (5.1.4)

J

with j ranging over the spatial dimensions. Usual ordered and disordered phases can be reached
by tuning the potential, while a spatially modulated phase, breaking translation invariance, can be
obtained by choosing py < 0. The Lifshitz point [169] is by the definition the critical point at the
intersection of such phases, and one is interested in computing the associated critical exponents.
For example, this has been done for a model in this family with a quartic interaction, using either
perturbative methods up to two loops [170, 171, 172] or the functional renormalization group approach
[173], while in [174, 175, 176] the anisotropic quartic O(N) vector model was studied by means of the
1/N expansion. Notice that in the original setting of Lifshitz points, “time" is actually one spatial
direction of a spatially anisotropic classical system, but it can have an interpretation as (real or
imaginary) time in other contexts, such as Lorentz-violating quantum field theories with improved
ultraviolet behavior [152, 177, 178|, or quantum Lifshitz points [151].

One interesting feature of Lifshitz field theories is that while they break explicitly Lorentz or
rotation invariance, they exhibit anisotropic scale invariance at fixed points of the renormalization
group. An anisotropic scaling transformation of an operator O writes:

O(r,z) =120, 1z) | (5.1.5)

with A the scaling dimension of O, and z # 1 the anisotropy exponent, also known as dynamic critical
exponent due to its similar role in dynamic critical phenomena [150]. Typical Lifshitz field theories
in the literature are constructed as perturbations of a Gaussian theory with an integer anisotropy
exponent, as in the example above, which has z = 2. However, a non-integer z generally appears
at interacting fixed points. The way this happens in practice is that in the renormalized theory the
operators (9,¢)% and (> j 9;0;$)? get different anomalous dimensions, say 72 and 7y, respectively, and
one finds the relation [172, 173]:

(5.1.6)

Here, we will study a Lifshitz type of model in which a nonlocal operator, known as fractional
Laplacian, replaces the higher-order spatial derivative terms.® In other words, we will consider a
continuum version of the model (5.1.3), with the long-range kernel corresponding to the integral
representation of a Laplacian to power {, with 0 < ( < 1. As a consequence of that, the standard
short-range term (9j¢)? is in this case irrelevant,? and thus there is no modulated phase in these

2From now on, when discussing the field-theoretic approach to these models we will talk about actions rather than
Hamiltonians.

3From the point of view of our motivation the time direction has the interpretation of imaginary time in the classical
description of a quantum statistical model. However, a spatial interpretation of an anisotropic classical statistical model
is also possible (see for example [161] for a more general model with this interpretation).

“However, beyond some value of the long-range exponent it might become a dangerously irrelevant operator, as in
the isotropic case [123, 71].



5.2. The cubic model 115

models. Moreover, the nonlocal nature of the spatial term implies that it needs no renormalization,
and hence its anomalous dimension vanishes. Therefore, we expect to find z = 2¢/(2 — n2), which we
will confirm.

We will consider models with either a cubic or a quartic interaction in the regime in which they
are weakly relevant, that is, for ¢ slightly above its lower critical value (i.e. the value below which
the infrared fixed point is non-interacting, and thus mean field theory applies). We will show that
they exhibit a nontrivial infrared renormalization group fixed point, and we will compute explicitly
the corrections to the canonical value of z (i.e. z = () at leading order in the perturbative expansion.

The model with quartic interaction has Zs invariance, and it can be interpreted as the Ginzburg-
Landau theory for the quantum long-range Ising model, as explained above. The cubic model instead
will require an imaginary coupling, and thus it can be interpreted as describing the Yang-Lee edge
singularity at imaginary magnetic field for the same model, similarly to the usual Yang-Lee model
[179] (recently reviewed in [180]).

We will start from the cubic model in section 5.2, as calculations in this case are slightly easier,
and as such it provides a useful benchmark for general renormalization aspects. Moreover, such model
has never been studied before. We will then move to the quartic case in section 5.3. The latter has
been studied also in [134, 135], but with methods and results that are complementary to ours.

5.2 The cubic model

The free model. The free fractional Lifshitz theory in d 4+ 1 dimensions with Euclidean signature
is defined by the action:

1

Slél =

/deda: (1, ) [(—82)< - 83} o(r,z), (5.2.1)

NS
where 7 is the Euclidean time coordinate, 2 the d-dimensional position, and (—9?)¢ = (— Z?:l 82-81)

stands for the fractional Laplacian in the d spatial dimensions [90]. In position space, the latter is
given by a nonlocal integral kernel which corresponds to the continuum version of (5.1.1):

/dda: o(T, ) (—82)C¢(T, x) X /ddar dty $r,z)é (1 y) : (5.2.2)

o — g2

For the sake of conciseness, and for stressing the analogy to ordinary Lifshitz field theories, in the rest
of the chapter we will use the derivative notation when writing the action.
The covariance of the model, written as Fourier transform, is:

ddp dw ezw7+sz
C(r.z) = / e (5.2.3)

and it enjoys the anisotropic Lifshitz scale invariance:
C(r,x) = 1?2 C(I°7,lz) (5.2.4)

with Ay = % the mass dimension of the field under anisotropic scaling. As the model is free, the
correlators are computed by the Wick theorem and obey the scaling law:

f[d¢]675(¢) (b(’rla .’L'l) v (b(’rna .’En)
[1dle=5(@) (5.2.5)
= "% FO(Cr Loy 197, lay)

F(”)(Tl,xl; e TRy Tp) =
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reflecting the invariance of the action under a field change of variable ¢(7,x) = 24 ¢/ (1T, lz), where
we took into account the fact that the Jacobian of this change of variable is field independent.

Only the correlators with even n are non zero, and if one restricts to connected correlation functions
G™), only the two point function is nontrivial and it equals the covariance:

GO (11,0157, w2) = C(11 — 7o, 11 — m2) . (5.2.6)

The interacting model: bare theory and scaling. For the interacting theory one needs to
distinguish between the bare and the renormalized versions of the model. We start by discussing the
bare theory, defined by the action:

Sy = /dedx{;¢b(T,$) [(—82)C — 83] op(T, ) + l;\l!)gf)b(T,.x)?’} , (5.2.7)

which depends on the bare field ¢y (7, ). Depending on the regularization scheme, additional linear and
quadratic terms might be needed for renormalization, but we can view the above action as representing
our target scale-invariant theory. No couplings are introduced in the kinetic term, as they can always
be set to 1 by a rescaling of ¢, 7, and \y. Note that we have explicitly factored an imaginary unit
in the interaction, which is standard for cubic interactions. We will also assume A, > 0, since the two
choices of sign are related by a field redefinition ¢p — —¢p.

The critical value of ¢ for which the cubic interaction is marginal, that is such that the interaction
is invariant under the field change of variable ¢y (7,z) = ZAMﬁg(lCT, lx), respects 3Ay —d — ¢ = 0, that
is ¢ = g. The weakly relevant case is obtained by setting ( = d:,fe, with € > 0 small, leading to the
mass dimension of the coupling [A\y] = d+(—3A4 = §. In order to have an interesting renormalization
group flow towards the infrared, and keep ¢ < 1, which is needed for the long-range interpretation
and for avoiding the need of a relevant ¢,02¢, term in the action, we must stick to d < 5.

With the above choices, the action is invariant under the simultaneous change of field variables

and coupling:

dy(1, ) = 122, (197, 1) Ao = 12N, = Sp[dp, o] = Sp[dh, Ay - (5.2.8)

We stress that this is essentially dimensional analysis, not a a true invariance of the theory, because
the actions above are evaluated at different values of the coupling.

For € > 0, using analytical continuation when needed, the correlation functions of the theory are
finite order by order in the perturbative expansion, and they display the following behaviour under
rescaling (we denote the arguments of the correlators collectively by 7, x):

[ldgple=l0e0l gy (7, 21) .. d(T0, T0) e
[ [depp)e—Sel@vM] —

E™ (r,x|h) = FM(Sr 172N . (5.2.9)

Equivalently, the bare correlation functions respect the differential equation:
€
nAs = 5 Mdx, +CDr + Dy F™(r,2|h) =0, (5.2.10)

where D, = Zl 7i0r, is the time and D, = ZZ LTy 812_/ the space dilatation operator. Formally, the
bare correlators are eigenfunctions of the aniso‘éropic dilatation operator (D, + D, in the marginal
€ = 0 case, and slightly break it in the weakly relevant case.

This is however formal because, as usual, the bare correlation functions display poles in 1/e which
we will eliminate by passing to renormalized ones.
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The effective action. One often considers the effective action of the model, that is minus the
generating function of amputated one-particle irreducible (1PI) correlators. For the bare theory this
writes (somewhat formally):

e Tol®el — / dip e~ Potel (5.2.11)
1PI
The transformation of the bare action under scaling implies that:

T[4\ — Ty (@) (5.2.12)

=120 &) (IC7,lz); Ny =1¢/2 )\,

and it follows that under a rescaling the bare amputated 1PI correlators behave as:’

Ty (7, 2| Ap) = 1MCHERITI (167 1212 y) |

[n(( +d—Ay) — %Aba% + Dy + Dy | TS (72| 0) = 0. (5.2.13)

In momentum space the scaling transformation becomes
T8 (w, p| o) = 17"2eTM (17 Sw, 17 1pl1720,) (5.2.14)

but we note that there is one subtlety: this scaling relation concerns the full n-point amputated
correlators. Such correlators contain a global conservation of momentum and frequency:

Ty (@, pl) = 83 @)a (Y p) T (@, pl) |
T (w, plAy) = 1F 20T (17, 17 pl1m /2N, | (5.2.15)

where we denoted T the momentum space n-point kernels of the effective action.

The one loop order. At one loop order, denoting x = (7,z) and dx = drd®z, the bare effective
action is expanded in powers of the field as follows:

2

_ z& X X ﬁ xdx' D x)C(x — x')?
) =83fo) + oy [ w000 + 2 [ i 900~ x) (5.2.16)

3
3 [ i (B (x)Clx — X)CK — X )C(" = x) + O(@)

The 1PI bare two and three point functions in momentum space, where we factored out the global
momentum and frequency conservation, are at this order:

- 1
7 0. p0) = + ()¢ + 533 Blwn.po) | (5.217)

—(3
Fz(; )(w1>p1§w2>p2) =1y — 1} T (w1, p1;wa, p2)

where B and 7T are respectively the bubble and the triangle diagrams depicted in Fig. 5.1 with

®We use [ drdz ®y(T, :c)"F,()") (1,z|X) = [dr'da’ (l7A¢'i>b(l7';T',lilx’))nF,()'L)(T’,x’|l76/2)\b),

SIn order to underline the distinction between T'™ and T, observe that for an isotropic long range free theory
we have the two point amputated correlator F(Q)(p, q) = p¥d(p + q), d = 2¢ + 2A, which obeys the scaling law
17280 [172p*5(1" 'p + 17 1q)] = p**8(p + ¢), while T® (p) = p*° obeys the scaling law [4724% (172¢p¢) = p*¢.
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FIGURE 5.1: Left: bubble diagram B(wp, po). Right: triangle diagram T (w1, p1; w2, p2)-

amplitudes:
B(w )_/ d%q dw 1 1
ORI ] T P (@) (wo + )2 + [(po + @)
d%q dw 1 1
. _ 5.2.18
T (w1, p1; w2, p2) / (27m)d+1 w2 4+ (¢2)S (w1 +w)? + [(p1 + q)?]¢ ( )
1

X )
(w1 +wa 4+ w)?+ [(p1 +p2 + )¢

where we have labelled all the momenta as incoming.

Power counting. At arbitrary orders, the effective action writes as the sum over 1PI amputated
Feynman graphs with amplitude:

1
A(WE7QE) = /HdOJdeqL Hm 5 (5219)
L e e e

where g1, wy, are the independent loop momenta and frequencies, g, w. are the momenta and frequen-
cies of the internal edges, that is linear combinations of loop momenta and frequencies and external
momenta and frequencies gz, wg. Note that we have factored a global conservation of frequency and
momentum.

The power counting of a graph with P propagators (edges), V vertices and n external points is
obtained by taking qr, ~ A and wy ~ A€, leading to AHOFP-VH)=2CP  Taking into account that
2P = 3V —n, this is:

AGHC(AHQOVHEA=OP _ Ad+(=5([d=O+V(5-30) (5.2.20)

which for { = g becomes A5©~2" We conclude that, at e = 0:

e vacuum and one-point graphs (n = 0,1) are power divergent: the vacuum graphs play no role
and the one-point graphs are not 1PI, except for a generalized amputated tadpole. A linear
counterterm will be added in order to cancel this term and ensure that & = 0 is a stationary
point for the effective action.

e two-point graphs (n = 2) are power divergent, A(wgy) ~ A%d, and (9w3./4(w0) ~ AY is logarith-
mically divergent. Two counterterms bilinear in the field will be added in order to subtract the
divergent parts.

e three-point graphs (n = 3) are logarithmically divergent. A cubic counterterm will be added to
subtract their divergent part.
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Observe that, as long-range models do not exhibit a wave function renormalization,” the coefficient
of the (p2)¢ term in the two point function is not divergent.

Renormalization. In order to subtract the divergences we consider the renormalized action

S, [¢] = / dm%{;qs(n z) [(—32)C _z 83} o(r,z) + 0k ¢(7, ) + %5m2§ (7, )2
(5.2.21)

-+;Awnxﬁ},

and the associated renormalized correlators for the renormalized field ¢.

We will parameterize A = ,ué 9Zg4, with g the dimensionless renormalized coupling and Z,; a multi-
plicative renormalization factor. The renormalization functions Z =1+ 6Z(g), Z, =1+ 6Z,4(g) and
6m?¢(g) and 0k (g) are chosen so as to ensure that the renormalized correlators have no divergences.
The precise form of the counterterms depends on the renormalization scheme. For example, we could
fix them by imposing four BPHZ-like renormalization conditions, one for each class of divergent graphs.
However, as usual for a massless theory, such conditions must be imposed at a nonvanishing subtrac-
tion momentum scale p. In this respect, we note that it is more practical to chose a configuration of
external momenta in which the spatial momentum is set to zero and the external frequency acts as
cutoff:®

=0, T®0,00=0, 9,000 =1, TEu,0;—(1+c)u,0)=mg. (5222)

The constant ¢ should be chosen so that the configuration is nonexceptional [181], in our case meaning
¢ # 0, and it is otherwise an arbitrary choice of the renormalization scheme, not affecting any observ-
able quantity, such as the critical exponents. However, at one loop we encounter no problem at ¢ = 0,
and as calculations are easier in this case, we will make such exceptional choice in the following.

The first two conditions are automatically guaranteed in analytic regularization, because the prop-
agator being massless, the amplitudes of the corresponding diagrams give pure power divergences (in
the momentum cutoff), which are set to zero in analytic regularization. With other choices of regu-
larization, we would instead fix 6m?¢(g) and dx(g) so as to completely subtract the power divergent
amplitudes. Either way we can safely ignore them from now on.

The remaining two conditions require in general subtractions of both divergent and finite terms. In
minimal subtraction we instead only subtract the divergent parts, hence 8w3 f‘7(~2) (1€, 0) and f‘7(~3) (1€, 0; —pub, 0)
will be more complicated functions of the renormalized coupling, but the structure of counterterms
and renormalization group functions is simplified. In the following we will use minimal subtraction.

We go to the weakly relevant case ( = % and compute the amplitudes in analytic continuation
in €. Besides setting the power divergences to zero, this has the effect of converting the logarithmic
divergences in poles in % Although € is now to be kept finite, the same renormalization procedure as
for the € = 0 theory is to be carried out, as otherwise we would not be entitled to trust the small e
expansion. In minimal subtraction the counterterms 6Z(g) and 6Z4(g) are series in 1/e (that is they
have no finite part) which are tuned so that the renormalized correlators have a well defined € — 0

"In order to separate the divergent part of a graph we Taylor expand it at small momentum; but in a Taylor expansion
only the integer powers of the momentum appear, hence the divergences are subtracted by counterterms for bilinear
operators with an integer number of derivatives ¢(—9%)™¢.

8Due to the anisotropy of the problem, it is not obvious that this choice will prevent infrared divergence at all orders,
but we conjecture that it is true.
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limit:? » -
aelg Yelg
0Z(g) =)~ 0Zl9) =D - (5.2.23)
>1 >1
The coefficients ay(g) and v,(g) are power series in g, starting at order ¢%,'0 with finite coefficients

independent of € or pu.
The counterterms are treated as additional vertices 6Z(g) and 6Z4(g), and in the presence of such
vertices the renormalized two and three point 1PI functions write at first nontrivial order in g as:

) - 2 (R) 4 g
ljr (wo, po) = [1+0Z(g)] wy + (15)° + 5-9° Blwo, po) (5.2.24)

T3 (w1, pr;wa, p2) = w2 g[1 +62,4(9)] — s>/ g> T (w1, p1; w2, pa) -

Note that B, T, and all the other graph amplitudes arising in these expansions are computed with
the bare propagator w? + (p?)¢. The point is that the bare expansion generates divergences and these
divergences are subtracted order by order by adding the counterterms: there is never any reason to
compute amplitudes of graphs using the renormalized propagator [1 + 6Z(g)] w? + (p?)¢. Indeed,
using the renormalized propagator corresponds to resummations of infinite families of bare graphs
with arbitrary insertions of the counterterm vertex 6Z(g) on all the edges.

For the bubble and the triangle graphs we have the following singular behaviour:

b t
QU(%B(MC,O) = —/feg + finite , T (uS,0; —pS,0) = /fgg + finite . (5.2.25)

where b and ¢ are given in Appendix 5.A, hence the minimal subtraction counterterms that ensure
that the one-loop divergences are subtracted are:

1,b t
0Z(9) =397 =, 0Z(9)=g" - (5.2.26)

Renormalized theory from the bare theory. Up to terms which we can ignore, the renormalized
theory is described by the action:

S[¢] = / ded:C{;d)(T, z) [(—02)C - zaz] é(r, ) + z%w, x)S} , (5.2.27)

9In practice this is enforced at a renormalization point, as above, but once the pole is taken out in such a way, the
correlators F&”)(w, p) have a well defined € — 0 limit for arbitrary external frequencies and momenta w, p.

10Tn order to show this, first one notices that order-¢ poles appear first at £ loops, which in turn can for example be
derived by the finiteness of beta function and anomalous dimension, as in [182]. Next, remembering that for an n-point
graph with P internal propagators, V' vertices and ¢ loops we have the relations 3V =2P +nand { =P -V + 1, we
find V = 2¢ + n — 2, from which, choosing n = 2 and 3 and remembering that vertex counterterms are multiplied by an
extra factor of g, our statement follows.
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and maps onto the bare one by a field redefinition and change of couplings:!'!
o(rw)=Z 1¢y(Z73r,2), AZTT =N = S[A Z) = Splen M) - (5.2.28)
The renormalized correlators are related to the bare correlators by:

f[d¢]€_s(¢) ¢(7—1a xl) v ¢(Tn7 xn)
J1dg]e=S

and we note that, contrary to the more familiar isotropic case, one needs to rescale the time argument

with an appropriate power of Z.

One computes the renormalized amputated 1PI correlators of the theory using the renormalized
action S[¢], or by a change of variables in terms of the bare one:

Tl _ / dp e~ SO+eNZ) _ / dp e~ Silutorz 4]
1PI 1PI

O(r,a) = 2 1®y(Z 27, )

F"(r,2|), 2) = =77 (72 e D27, (5.2.29)

(5.2.30)

that is the relation between the bare and renormalized effective actions reproduces the relation between

the classical actions, I';[®|\, Z] = Fb[<1>b|)\Z7%]]q) (ra)=z3 6(21/2r2) This implies that the amputated
(T, )= T,

correlators transform like:12
L (r, |\, Z2) = 24T (2 3,2\ 27 7) (5.2.31)

or in momentum space:
(5.2.32)

As a sanity check, we can compute the amplitudes of graphs reorganizing the renormalized the-
ory, that is including the full coupling Z in the propagator. The amplitudes of amputated graphs
contributing to the renormalized amputated correlators write as:

~ 1 wr=w’ Z_1/2 _ P—-V+1
Alwe, qB) = /HdeddpL Hm —_— (Z 1/2) -A(Zl/QwEaQE)
L e € €
= 727V A2V 200 qE) (5.2.33)

1
Alwe, q5) = /HdeddpL Hm7
T . We T Pe

H1n fact, because of the scale invariance of the free theory, a one parameter family of mappings onto different bare
theories exist, involving a rescaling also of 7 and x:

o(r,x) = Zz- iR g (gzmatCor gogy - azmim (@300 _ \(@ gy 7] = G [l A)]

We can interpret this as a family of renormalization schemes, which is more evident if we keep fixed the bare coupling.
Remembering that d + ¢ — 3A4 = €/2, only the o = 0 scheme corresponds to a true minimal subtraction, in the sense

that the relation between A and A, does not involve finite redefinitions of the coupling, Ay = u/2g (1 +> .1 ;’”(g)).

en

For o # 0, the expansion in powers of g of the factor Z~*/? leads to positive powers of € that introduce in the above

relation new terms that are finite or vanishing in the ¢ — 0 limit.
2We use [ drdx ®(r, 2)"T (1, 2|\, Z) = [dr'dx’ (Z%@(ZI/QTI,CCI)) Fé”)(T',x'p\Z_%) and change variable.
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with A(wg, ¢g) being the bare amplitude with Z = 1. Since each such amplitude is multiplied by A",
we recover the above relation between bare and renormalized proper vertices:

(e qelX 2) = 2872 T2 Pwg,qe 3271 (5.2:34)

We note that, contrary to the more familiar isotropic case, the relation between the bare and
renromalized versions of the general correlators and of the amputated one particle irreducible ones is
the same.

The renormalization group flow. The renormalized correlators Fr(n)(T, x| 3 9Zg4, Z) are functions
only of g and u (and of course 7 and =) and are free of divergences. To emphasize this fact, and to
follow common practice, we will write the renormalized correlators as F,n(n) (1,x|g,p), with a slight
abuse of notation. In terms of such new notation, we rewrite equation (5.2.29) as:

F\(r,alg,p) = 27 ARy (2707, alpd g 2, 277) | (5.2.35)

where at fixed g and € > 0 both the renormalized and the bare correlators depend on p via the explicit
combination on the right-hand side of the equation. At € = 0, due to the poles in 1/e of the bare
correlators and renormalization functions, a logarithmic dependence on p survives.

The renormalization group is designed to capture the pu-dependence of renormalized correlators for
a fixed bare theory, and it does so with the introduction of beta function and anomalous dimension.
The beta function § = ug—z is obtained by tuning g with p so that the bare coupling stays fixed:

d € _1 59
b P29% 775 =0 = o) = 7 , (5.2.36)

L+97 — 197
where a prime denotes a derivative with respect to g. Using the expansion (5.2.23) in powers of 1/e
for the counterterms, we find

(67

€ 2 /
80 = -5+ % (0 - 12 (5.2.37)

and all the contributions from «, and 7, with n > 1, as well as higher powers of the n = 1 terms,
must cancel for consistency. At one loop we have a;(g) = %92 b and 7v1(g) = g t hence we get:'3

8l9) = 9+ 61— ) +0(6") (5.2.33)

Such beta function has a zero, i.e. a fixed point, at (note that ¢ = 3b according to Appendix 5.A):

d
€ oty [T (5) (5.2.39)

VT 23

which is infrared attractive, as the corresponding correction-to-scaling exponent is positive:

99B(9)lg=g= = € - (5.2.40)

'*In the a-dependent scheme of footnote 11 we would obtain 8 = —§g+ ¢°(t —b(1 4 2ea)/8). The scheme dependence
of the one-loop term is not surprising as it is scheme-independent only in the marginal case, e = 0. The critical exponents
are instead a-independent, as they should.
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For the anomalous dimension n = ,u% InZ = BZ'/Z, at one loop we find n = —g?b, which at the

fixed point becomes:
€b de

s = 5.2.41
U 2-t 3 ( )
The Callan-Symanzik equation encapsulates the change of the renormalized correlators with the
renormalization scale. It is obtained by taking into account that the bare correlators do not depend on
€ 1
the renormalization scale, M%Fb(n) (1,2|p29Z4Z %) =0, and using (5.2.35). Due to the time rescaling
between the renormalized and the bare correlator, one gets an additional term with respect to the
usual Callan-Symanzik equation:
d 1
p L pm = ey Zpp pe) o [u(?u + B0, + 2+ 21D | F™ =0 (5.2.42)
du 4 2 4 2
where D, = ). 7;0;, is the time dilatation operator. We note that, contrary to the isotropic case, one
gets the exact same form of the Callan-Symanzik for the one particle irreducible amputated correlator.

Lifshitz scaling at fixed point. In order to understand the behaviour of the renormalized corre-
lators (amputated or not) under rescaling we combine (5.2.35) and (5.2.9) to conclude:

F™ (7, 2lg, p) = "2 F (147, 1z g, 17 ) (5.2.43)

which again is just a statement about engineering dimensions. In order to deduce scaling dimensions,
we act on both sides with the derivative [ %, evaluated at [ = 0, and we combine it with the Callan-
Symanzik equation, obtaining:!*

n

nAy+ (Dy + Dy — uaﬂ} FW =0 = [n(A¢ +

)+ (¢ + g)DT + Dy + B0, | FW = 0. (5.2.44)

At the fixed point, the correlators are eigenfunctions of the anisotropic scaling operator zD, + D,,
with the following dynamic exponent and scaling dimension:

d 13
S R

5 115 (5.2.45)
A _A +&_%f%
TS T s 230

That is, they have the following Lifshitz scale invariance:
FM(r, zlg,, p) = 1" FM (17, Ll g, 1) - (5.2.46)

For example, at n = 2 the solution of the fixed point scaling equation is:

_ _ 7'2
F(7, g, p) = || 22 pu=/2 f <w7|x|2) , (5.2.47)

where the function f(u) is regular in zero and vanishes at infinity as u=®+/#, and otherwise it is
completely unconstrained. The explicit factors of p in (5.2.47) are there to make it compatible with
canonical dimensional analysis, summarized in (5.2.43), but play no role for the more interesting
scaling given by (5.2.46).

M Taking into account that the amputated correlator changes under rescaling according to (5.2.13), an equation similar
to (5.2.44) with Ay replaced by d 4+ ¢ — Ay holds in that case. The two equations are consistent as d +¢ — Ay + 7 =
d+(C+3) = (Do + 7).
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In order to compare to existing literature on Lifshitz field theories, it is instructive to repeat the
above analysis for the proper vertices in momentum space. Recalling that the renormalized vertices
are written in terms of the bare ones as:

T (w, plg, ) = Z5 2T\ (Z2w, plus gZ,273) (5.2.48)

we deduce the Callan-Symanzik equation:

1 n —
{/ﬂ% + B0y + (5 - 1)77 - Zwaw} T (w, plg, ) = 0. (5.2.49)

Dimensional analysis gives instead:
T (w, plg, ) = 1T 20T (17Cw, 17 plg, 17 ) (5.2.50)

which combined with the Callan-Symanzik equation leads to:

[(C +d—nlAy) — (D, — Dy — Mau] T (w,plg, ) = 0

5.2.51
= [<+d+g—n<a¢+z> ~ (¢4 3D = Dy + By | 4 (w,plg. 1) = 0. o
For n = 2, at the fixed point, this becomes:
{2( — 2D, — Dp} T (w, plge, ) =0, (5.2.52)
whose solution is: 2
T3 (w, plgs, 1) = [p[* <;ﬂ7lpl2z> , (5.2.53)

where the function f(u) is regular in zero and blows up at infinity as u$/%. Therefore, we have:

T2(0,pgs, p1) ~ |p|* = |p|* ¢

TP (W, 0], 1) ~ w™/ = W™ (5254

where we introduced the standard definition of correlation exponents 12 and ny¢, for which we read

off: %
%
=2-=2=—"— =0. 5.2.55
2 . T Crm2 na¢ ( )
Lastly, we obtain the following expression for the dynamic exponent:
2 —
oo T (5.2.56)
2—m

which holds also for integer values of ¢ > 1, but with a nonvanishing 7a.
As a final remark, we notice that for integer (, besides the additional counterterms that need to
be introduced, a different renormalization scheme is typically employed [170, 171], in which the bare
1

and renormalized fields are simply related by ¢(7,z) = Z¢_§¢b(7, x), with no rescaling of 7. However,
a further rescaling is later performed on ¢ and x in order to remove the redundant coupling associated
to the spatial higher-derivative operator (o in the notation of [170, 171]). It can be shown that the net
effect of such operations corresponds to the choice & = 1/(2¢) in the a-dependent scheme of footnote
11. Therefore, universal quantities are not affected by such choice.
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5.3 The quartic model

The results generalize mutatis mutandis to a model with quartic potential:

1 A
Sp[dp] = /deda:{2¢b(T,x) [(—82)C — 372.} op(T, ) + 4?@)(7’,3})4} , (5.3.1)
While the field dimension is still Ay, = %, the coupling has dimension d + ¢ — 4A4. Therefore,
the quartic interaction is marginal for ( = % and weakly relevant for { = d-?s’-e’ corresponding to

d+ ¢ —4A, = €. Therefore, in order to have an interesting renormalization group flow, and keep
¢ < 1, we must stick to d < 3.

We can rephrase the statement about marginality from the point of view of power counting,
which leads like before to the superficial divergence A(dHOFE-VH+D=2P However, this time we have
2P = 4V — n, and thus the superficial divergence is A<=z (@=O+V(d=30) which for ¢ = % becomes

Ad-m)—e(v-2n)

. Therefore, for € = 0 the theory is renormalizable, with logarithmically-divergent
four-point point graphs, while for € > 0 it is super-renormalizable, with finite four-point graphs.
The bare full correlators behave under rescaling as:

F (7,2 h) = 12 B (107, 1|17\

(n) (5.3.2)
= nAy — eyOy, + (D7 + Do | Fy (1,2 X) =0,
while the bare 1PI correlators behave as:
T3 (7,2 Ay) = AT (167 1170y
(5.3.3)

= |:7”L(< +d— A¢) — 6)\b8)\b + (D, + Dm:| Fl()n) (7‘, x|)\b) =0

Due to Zs invariance of the model, only the correlators with even n are non-vanishing. For the
n = 2 and 4 correlators in momentum space, with the global momentum and frequency conservation
factored out, we have at one loop:

2 1
I (wo,po) = wf + () = 27} M(wo.po)
— 1
Fz(,4)(w1,1)1;w2,1)2;w3,1)3) =Xy — 5&% (B(m + wa, p1 + p2) (5.3.4)
+ B(wi + w3, p1 + p3) + B(wa + ws, p2 +p3)) ;

where M and B are respectively the melon and the bubble diagrams depicted in Fig. 5.2 with ampli-
tudes:

M(UJQ p(]) _ / ddql dw1 / ddQQ dwg 1 1
’ (2m)dtt [ 2m) T wf + ()¢ w3+ (g5)S
1 5.3.5
8 (wo + w1 +w2)? + [(po + a1 + q2)%]¢ ' (5:3.5)
Bonm) = [ 0% 1 .
’ (2m) T w? 4+ (¢%)¢ (wo + w)? + [(po + 0)%]¢

As renormalization point we will take (wi,p1) = (w2,p2) = (w3,p3) = (u¢/2,0) and (w4,ps) =
(—%MC,O), so that wy 4+ wy = wy + w3 = wo + w3 = u¢ and >wi=0.
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FIGURE 5.2: Left: melon diagram M (wp, pg). Right: bubble diagram B(wy +wa, p1+p2).

Notice that the bubble integral is exactly as the one we encountered for the two-point function of
the cubic model, but in the present case it is to be evaluated in a different range of ¢, and it is now
associated to a four-point function. The net effect is that in the quartic model we are not interested
in %B(MC, 0), which in this case converges for ¢ — 0, but rather in B(u¢,0) itself, which has a 1/¢
pole.

The renormalized action is:

silel= [ dfddx{;qs(f, 0) [(~6%)° 2 32) o(r, ) + Lom* ol + Ao x)4} . (530

with A = ugZ, and counterterms 6Z(g) = Z — 1, dm?¢ and 6Z,(g) = Z, — 1. We will again employ
analytic regularization and ignore the mass counterterm. For the other two counterterms we have, in
the minimal subtraction scheme, an expression like (5.2.23), where however the coefficients ay(g) and
v¢(g) are now starting at order ¢“*! and ¢¢, respectively.'®

The renormalized 1PI two and four-point functions write at first nontrivial order in g:

_ 1
FS«Q)(WO,}?O) =[1+Z(g)] W% + (pg)C - 6M2692 M(wo, po) ,

= 1
T (Wi, pr; wa, p2; w3, ps) = pg[l +6Z4(g)] — 5;3692 (B(w1 + wa,p1 + p2) (5.3.7)

+ B(wi + w3, p1 + p3) + B(wa + w3, p2 +p3)) ,

with singular behaviour:
M B
8w(2)./\/l(uc, 0) = —pu~2*— + finite , B(uS,0) = p~¢= + finite , (5.3.8)
€ €
with B and M given in appendix 5.A, hence the minimal subtraction counterterms that ensure that

the divergences are subtracted are:

1, M
5Z(9)=—592?» 6Z4(g9) =

3

B
g —. (5.3.9)
27 €

15Tn this case order-¢ poles appear first at £+ 1 loops, for 9,2 f‘,(f)7 and at ¢ loops, for f‘}(;l). Moreover, the topological
relation is now 4V = 2P 4 n.
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The renormalized theory maps onto the bare one by the following field redefinition and change of
couplings:

o(r.x) =2 igp(Z72T,2), NI 2=Ny. (5.3.10)
The structure of the beta function is slightly altered with respect to the cubic case:

Cl Z/
po w9z,278 =0 = B . n=p2, (5.3.11)
du 1 Ly _ 1,2 Z

+97, — 397

where again a prime denotes a derivative with respect to g. Using the expansion (5.2.23) in powers of
1/e for the counterterms, we find:

2 /
€ g alg
Blg) =59+ % (19 — 21(9) , (5.3.12)
2 2 2
and all the contributions from «, and 7, with n > 1, as well as higher powers of the n = 1 terms,
must cancel for consistency. At leading order we have a;(g) = —%g2 M and v1(g) = %g B, hence we
get:16
3 1
Blg) = —eg+ 59°B+0(") ., mlg) = 39°M +0O(g") , (5.3.13)
with fixed point g, = 32—;, and anomalous dimension 7, = 35721% .

The renormalized correlators write in terms of bare ones as:
(n) =2 (n) _1 € _1
F(r,x|lg,p) = Z7aFy (Z7 27, 2|pgZyZ"2) , (5.3.14)

and hence the Callan-Symanzik equation is unchanged. In particular, we find again:

n(Ag + Z) +(C+ g)DT + Dy + B, | F™ = 0. (5.3.15)
Recalling that Ay = %, we conclude as in the cubic case that at the fixed point the correlators are

eigenfucntions of the anisotropic scaling operator zD. + D,., with the following dynamic exponent and
scaling dimension:

d 2¢2 M
P = T
o - (5.3.16)
s —€ €
A, = A = I—
* =Bty 6 T orpee

with the constants B and M given in (5.A.6) and (5.A.19), respectively.

16The melon contribution, corresponding to a two-loops diagram, does not enter the beta function in our leading-order
approximation: it would contribute at order g*, together with contributions from two-loops four-point diagrams. It is
common to consider a strict one-loop approximation, so that the anomalous dimension is vanishing; however, because
of such vanishing, it is also consistent to consider 5(g) and 7n(g) at the same order in g, as we do here, rather than at
the same loop order.
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5.A Integrals

5.A.1 The bubble integral, B
The bubble integral writes:

B d%q dw 1 1
B(wo, po) _/(27r)d+1 w2+(q2)4 (w0+w)2—|—[(p0+q)2]¢ : (5.A.1)

The integral is in general quite challenging, but when py = 0 one can integrate w by deforming the
contour in the complex plane and using the residue theorem, and then use the spherical symmetry of
the spacial momentum integral to obtain:

d__
oy [ @ 2
.0 = [ Cr @ 143~ (am)iT(d)cc

(5.A.2)

In the evaluation of the spatial integral we have assumed ¢ € (d/3, d), where it is convergent. Analytic
regularization amounts to analytically continuing the result to the region of interest.

In the cubic model we are interested in 0 < ¢ —d/5 < 1. In order to extract the coefficient b of
equation (5.2.25) we take a derivative with respect to w%, and set wy = p¢ and ¢ = <. We find:

<.
9-d=37—%

9. 2B(us,0)=—p*"—""+0(1), 5.A.3
2 B(p,0) = —p T (2) (1) (5.A.3)

and therefore:

9-d=35—%
b= ——7— (5.A.4)
(%)

In the quartic model, we are instead interested in 0 < ¢ — d/3 < 1, which lies in the range of
convergence. In this case, in order to extract the coefficient B of equation (5.3.8) we do not take any
derivative, and we directly set wg = pu¢ and ¢ = %. We find:

9-d—17-%
B(,LLC, 0) = M_Eid + 0(1) ) (5A5)
el (3)
and therefore:
Q*dflﬂ_%
B = i =4b . (5.A.6)
T (3)

5.A.2 The triangle integral, 7

The triangle integral at the subtraction point writes:

dwd®q 1 1
T, 0:— 1.0 :/ . 5.A.7T
U080 = [ Gmy 25 @ (@t 17 + (@) A7)
Using again the residue theorem we find:
_ d _1_a+D) _
.01 0) :/ d'q ¢ (12¢° + %) _ w'Th2lT T (d - 2t (5.A8)
) ) 9 d 2 - 9 N *
(2m)" 4 (4% + ) ¢2T (£) cos (2—?)
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where the spatial momentum integral is convergent in the interval ( € (d/5,d/3), which includes
¢ = L. For small € we find:

5
g—d-3, —4
TS, 05 —S,0) = =3 =T — +0(1), (5.A.9)
e (3)
and therefore, the coefficient ¢ of equation (5.2.25) is:
27d73 -4
t=32 T % _3. (5.A.10)

d
r(3)
We can also verify that the above result is independent of the choice of ¢ in (5.2.22). For general
¢ we have:

dwdq 1 1 1
2m) L w2 + (¢3S (w+ p6)? + (¢3¢ (w —cut)? + (¢?)¢

T (1S, 0; —(1 + ¢)us, 0) :/ (5.A.11)

The integration of the frequency can be performed again by residue theorem, and the remaining
integral in spherical coordinates is:

ol—d —% /+oo . qd—1—<(12q2¢+(1+C+02>M24)
0 (

¢ 0:—(1 ¢ — 4
) 1% ) (A% + ) (A% + (1+ )

(5.A.12)

which we could not evaluate explicitly. However, we can extract the 1/e pole by the following reasoning.
The integral is convergent for ¢ € (d/5,d). At ¢ = g, it is logarithmically divergent, and as it does
not contain sub-divergences, in analytic regularization it diverges as a simple pole in . Moreover, the
coefficient of such pole does not depend on the infrared regulator. Since the ultraviolet divergence
that generates the 1/e pole arises at large momenta, we can set 4 = 0 in the integrand and compute

the integral with a sharp cut-off instead to extract the universal coefficient of the € pole. We find as

before:
2_d_37r_g
T (1,0, —(1+e)pt,0) = =3 =———— +0(1) . (5.A.13)
el (5)

5.A.3 The melon integral, M
The melon integral writes:

ddql dwl / ddQQ de 1

M(wp,0) =
(0,0) / (m)Ht o @2m) Wi + (gf)¢ (5.A.14)

X b
(wo + w1 +w2)? + [(q1 + q2)?]°
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which becomes, using the Schwinger parametrization:

ddq1 dw1 ddQQ dwg oo
M(W0,0) == / (27r)d+1 / (2’/T)d+1 /0 dOéldOédeég

—on (wi+(q})¢) —aa (w3 +(q3)¢) —as ((wo+wi +wa)+[(q1+q2)?]°)

X e

diqy [ dqy [T (5.A.15)
= [ oyt G ), denddes

_ a1a2a3w8
ajagtajagtagag
% e—a1(a}) —a2(a3) —asl(a+¢2)?)¢ ___©

Am/arag + ajag + asaz
Next, taking the derivative with respect to w% and setting the latter to zero, we obtain:

ddq1 ddq2 +o00
BWMO,O:/ / / dopdasdo
MO0 2m)? Jigozp (2m) Jo R

lg1|2p
« e—01(a})¢—a2(a3) —as(q1+42)%]

(5.A.16)
1003

471’(0(1042 + aras + a2a3)3/2 '

The subscript on the momentum integrals signals that, as we have set wg = 0, the integral is infrared
divergent and needs a cutoff u. As we are only interested in the leading ultraviolet divergence, the
precise form of the infrared regulator is irrelevant.

In the sector ag > a1, as, we make the redefinition a; = ;a3 for i = 1,2, and integrate over as.
Taking into account that we have 3 sectors, we obtain:

3 ! tita
0.,2M(0,0) = —— [ dtidt
Lz M(0,0) 27 /0 1 (ty + to + titg)3/2 (5.A.17)

o / d?q / dqo 1
qrzi 2T Jjgaizp (2m) (t1(67)C 4 t2(5)S + [(a1 + ¢2)%]9)

In order to extract the residue of 1/e pole we use the following strategy. For d > 1, we go to
spherical coordinates and integrate out the angular coordinates, except the angle between ¢; and g2,
which we denote 6. Then, we define a vector with the moduli of ¢; and g2 as components ¢ = (|q1], |g2|),
and we switch to polar coordinates ¢ — (p, ), with p = |¢| and ¢ € (0,7/2). We get:

3S4-1S4—2 /1 t1to /°° p2!
8., M(0,0) = — 221242 [7 gy dp?—
2 ( ) (27r)2d+1 0 1 2(t1 Tty +t1t2)3/2 Va3 p p6§
d

T )2 sin?=2(0) sin?1 () cos™ ()
X do de ’
/0 /0 <t1 (cosQ(tp))C +to (Sm?(gp))C + [1 + 2cos(0) sin(p) cos(ga)]C)3

(5.A.18)

where S, is the volume of the n-sphere.

The integral over p is convergent for { = % > d/3 and it has a 1/e pole, f\o/%u p 172 = ;i;. It

follows that the coefficient M in (5.3.8) is:

3S4-1S4_2 /1 tita
M=————"72>X dtdt
2(27[')2‘1"'1 0 1o (tl + iy + t1t2)3/2

T w/2 Sind_2(9) Sind_l(go) COSdil((p) (5.A.19)
g /o d@/o e 9 1d/3 20\ 4/3 - da/3\*’
(tl (cos?())™ + to (sin?())™" + [1 4 2 cos(8) sin(ep) cos(¢)] )
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and the remaining integrals are convergent and can be evaluated numerically.
For d = 1, there is no angular integration for the two momenta, and performing directly the change
of variables (q1,q2) — (p,¢), where now ¢ € (0,27), we get:

= :BJ/q'dt dt futs
T 20213 Jo R + b + tite)32

1 (5.A.20)

2
X dp .
/0 <t1 (COSQ(go))l/?’ + 19 (Sin2(<p))1/3 + [1 4 25sin(p) cos(gp)]l/3>3

A numerical evaluation with 1% precision gives:

19x107* ford=2
N{?) 9 x 10 or (5.A.21)

T 1266x1073 ford=1
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Chapter 6

The small N series of zero-dimensional
O(N) model

The most famous problem of the perturbative expansion in quantum field theory is the existence of
ultraviolet divergences in the amplitudes of Feynman diagrams. This is successfully dealt with using
the theory of perturbative renormalization. However, even in one and zero dimensions (quantum
mechanics and combinatorial models, respectively), where renormalization is not needed, perturbation
theory poses another notorious challenge: in most cases the perturbative series is only an asymptotic
series, with zero radius of convergence. Borel resummation is the standard strategy to address this
problem, but this comes with its own subtleties. From a practical standpoint, we are often only
able to compute just the first few terms in the perturbative expansion. At a more fundamental
level, singularities are present in the Borel plane, associated to instantons (and renormalons in higher
dimensions). The instanton singularities are not accidental: they stem from the factorial growth of the
number of Feynamn diagrams with the perturbation order, which is also the origin of the divergence
of the perturbation series.'

From the resummation point of view, the most inconvenient feature of perturbation theory is that
it does not naively capture contributions from non-analytical terms. For example, it is well known
that instanton contributions of the type e~1/9 (g > 0 being the coupling constant) can be present
in the evaluation of some quantity of interest, but they are missed in the perturbative series as their
Taylor expansion at g = 0 vanishes identically.

Such exponentially suppressed terms are the archetypal example of nonperturbative effects, and
their evaluation poses an interesting challenge. Aiming to include them, but still relying for practical
reasons on perturbative methods, one ends up with a more general form of asymptotic expansion,
known as transseries, which is roughly speaking a sum of perturbative and nonperturbative sectors,

for example: .
F(g) = Zangn'i‘zegzngbi,ngn . (6.0.1)

n>0 % n>0

Over time it became increasingly clear that, in many examples of interest, using the theory of
Borel summation for the perturbative sector it is possible to reconstruct some information about the
nonperturbative ones. This relation between the perturbative and nonperturbative sectors is known as
resurgence, and it was originally developed by Ecalle in the context of ordinary differential equations
[21] (see [183] for a modern review). Ideas coming from resurgence theory were extensively used in
quantum field theory: for recent reviews with a quantum field theory scope, see [184, 185, 186], and
in particular [187]|, which contains also a comprehensive list of references to applications and other
reviews.

!The renormalon singularities specific to higher dimensions, are different. They are located on the positive real axis
and stem from the factorial growth of the renormalized amplitude of a family of diagrams consisting in essentially one
diagram per perturbation order.
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Zero-dimensional quantum field theoretical models, which are purely combinatorial models,? are
useful toy models for the study of transseries expansions. Most conveniently, they allow one to set
aside all the complications arising from the evaluation and renormalization of Feynman diagrams.
Moreover, their partition functions and correlations typically satisfy ordinary differential equations,
thus fitting naturally in the framework of Ecalle’s theory of resurgence. The zero dimensional ¢?*, or
more generally ¢?* with k& > 2, models in zero dimensions have been exhaustively studied [187, 190].
From a physics perspective, the current mathematical literature on resurgence deals mainly with such
zero dimensional models.

At the opposite end, the rigorous study of the Borel summability in fully fledged quantum field
theory is the object of constructive field theory [191, 114, 192]. It should come as no surprise that
the generalization of results on resurgence in zero dimensions to the higher dimensional setting is very
much an open topic: while Ecalle’s theory can serve as good inspiration, as in [184, 185, 186, 187,
the rigorous study of resurgence in higher dimensional quantum field theory is much more involved.
First of all, in higher dimensions the partition function (and correlators) does not obey an ordinary
differential equation, and one cannot simply invoke Ecalle’s theory. Moreover, the coefficients of
the perturbative series are given by divergent Feynman amplitudes, which need to be renormalized,
leading to a running coupling. Incorporating the effects of renormalization in the resurgence analysis
is an open question (see for instance [193] for an investigation of resurgence in the Callan—Symanzik
renormalization group equation). One thing is clear: in order to answer such questions it is insufficient
to simply invoke the current theory of resurgence, and one needs to develop new techniques adapted
to the more general context of quantum field theory.

From this perspective, revisiting the resurgence in zero dimensional models using techniques in-
spired by constructive field theory can be of great use. Following such route, we consider the zero-
dimensional O(N) model with quartic potential.® Denoting ¢ = (ba)a=1,.N € RN a vector in RY and
P = Zfl\[:l $apa the O(N) invariant, the partition function of the model is:*

o N
26 = [ ([[%2) 59, sig=104 2. (6.02)
\/2 2 4
- a=1 n ’

The N = 1 case has been extensively studied in [187]. One can analytically continue Z(g,1),
regarded as a function of the coupling constant g, to a maximal domain in the complex plane. Sub-
sequently, one discovers that Z(g,1) displays a branch cut at the real negative axis and that the
nonperturbative contributions to Z(g, 1) are captured by its discontinuity at the branch cut. A resur-
gent transseries is obtained when one considers g as a point on a Riemann surface with a branch point
at g = 0. From now on we parameterize this Riemann surface as g = |g|e’? and we choose as principal
sheet ¢ € (—m, 7).

An approach to the study of the partition function in (6.0.2) in the case N = 1 is to use the
steepest-descent method [195, 196]. We concisely review this in Appendix 6.A. One notes that on
the principal sheet only one Lefschetz thimble contributes. As g sweeps through the principal sheet
the thimble is smoothly deformed, but not in the neighborhood of the saddle point: the asymptotic
evaluation of the integral is unchanged. When g reaches the negative real axis there is a discontinuous
jump in the relevant thimbles and a pair of thimbles (passing through a pair of conjugated non trivial

2These are for example of interest in the context of random geometry, see for example [188, 14, 189).

3The same model has been considered in a similar context in [194], where the problem of constructing Lefschetz
thimbles in the N-dimensional space have been studied. By using the intermediate field formalism we will bypass such
problem here.

“Note that we do not use the usual normalization g/4 of the interaction in the O(N) model, but stick to g/4! in
order to facilitate the comparison with the literature on transseries which deals mostly with the N = 1 case for which
the normalization g/4! is standard. Also, we do not use the 't Hooft coupling A = gN, which is needed for a well defined
1/N expansion: in this chapter we keep N small.
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saddle points of the action) starts contributing, giving rise to a one-instanton sector in the transseries
of Z(g,1).

Another approach to the transseries expansion of Z(g, 1) is to use the theory of ordinary differential
equations [187, 190]. It turns out that Z(g,1) obeys a second-order homogeneous linear ordinary dif-
ferential equation for which g = 0 is an irregular singular point (e.g. [195]), giving another perspective
on why the expansion one obtains is only asymptotic.

More interestingly, one can wonder what can be said about the nonperturbative contributions to the
free energy, that is, the logarithm of the partition function W(g,1) = In Z(g, 1), or to the connected
correlation functions. If we aim to study the free energy, the steepest-descent method does not
generalize straightforwardly as we lack a simple integral representation for W (g, 1). One can formally
write Z(g,1) as a transseries and then expand the logarithm in powers of the transseries monomial
eﬁ, thus obtaining a multi-instanton transseries. However this is very formal, as the transseries is
only an asymptotic expansion, and we would like to have a direct way to obtain the asymptotic
expansion of W(g,1). The closest one can get to an integral formula for the free energy is to use
the Loop Vertex Expansion (LVE) [22]. This constructive field theory expansion is a combination
of the intermediate field representation with the Brydges-Kennedy-Abdesselam-Rivasseau (BKAR)
formula and has successfully been used in higher dimensional quantum field theory [25] to prove Borel
summability results and even study the decay of the correlations (note however that the results of [25]
concern a theory with fixed UV and IR cutoffs, bypassing the issue of the renormalization group flow).
However, deriving directly the transseries expansion of W (g, 1) using the steepest-descent method on
the LVE expansion proved so far impractical. One can study the transseries expansion of W (g, 1) using
again the theory of ordinary differential equations as W (g, 1) obeys a nonlinear ordinary differential
equation [187] but this can not be directly generalized to higher dimensions.

In this chapter, we consider a general N and we revisit both the partition function Z(g, N) and
the free energy W (g, N) from a different angle. We focus in particular on the small-N expansion,
which provides a natural interpretation for the LVE. Such expansion could be physically interesting in
higher dimensions, where the N — 0 limit of the model is related to self-avoiding random walks [197],
an active area of investigation in modern statistical physics [198]. However, it should be noticed that
our results will not be confined to infinitesimal N, as such expansion has a finite radius of convergence
(Proposition 2 below).

The aim of our analysis is not to “solve the problem” of computing the transseries expansion of
Z(g,N) or W(g, N): this can be done almost immediately using known results about special functions
and classical results in resurgence theory. Our aim is to analyze these objects using techniques one can
then employ in the interesting case of quantum field theory in higher dimensions. Our main results are
the use of the Hubbard-Stratonovich intermediate field formulation to introduce a small-N expansion
(Section 6.1.2), the application of the LVE to prove analyticity and Borel summability results for
the free energy (Section 6.2.1), in N and g, and the study of the resurgence properties of the LVE
expansion. The results of our study provide a proof of concept for a set of techniques which can
be employed in higher dimensions, starting in the quantum mechanical case and then moving on to
quantum field theory.

The chapter is organized as follows. In Section 6.1, we study Z(g, N) in the intermediate field
representation. This allows us to quickly prove its Borel summability along all the rays in the cut
complex plane C, = C\ R_. More importantly, the intermediate field representation provides a new
perspective on the origin of the instanton contributions: in this representation, the steepest-descent
contour never changes, but when g reaches the negative real axis a singularity traverses it and detaches
a Hankel contour around a cut. We insist that this Hankel contour is not a steepest-descent contour,
but it does contribute to the asymptotic evaluation of the integral, because the cut is an obstruction
when deforming the contour of integration towards the steepest-descent path. It is precisely the Hankel
contour that yields the one-instanton contribution. We then build the analytic continuation of Z (g, V)
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to the whole Riemann surface, identify a second Stokes line, compute the Stokes data encoding the
jumps in the analytic continuation at the Stokes lines and discuss the monodromy of Z(g, N). Next
we observe that, because in the intermediate field representation N appears only as a parameter in
the action, we can perform a small-N expansion:

Z(g,N)=>_ L <—N>n Zn(9) - (6.0.3)

We thus study Z,,(g) for all integer n, proving its Borel summability in C, and computing its transseries
expansion in an extended sector of the Riemann surface, with arg(g) € (—37/2, 37/2), which we denote
Csr /-

In Section 6.2, we proceed to study W (g, N) = In(Z(g, N)). We first establish its Borel summabil-
ity along all the rays in C, using constructive field theory techniques. We then proceed to the small-IV
expansion of this object:

W(g,N)=>" % (—N>n Wa(g) , (6.0.4)

2
n>1

and prove that this is an absolutely convergent series in a subdomain of Cs /o and that both W (g, N)
and W, (g) are Borel summable along all the rays in C;. Finally, in order to obtain the transseries
expansion of W, (g) and W (g, N) we note that W, (g) can be written in terms of Z,(g) using the
Mobius inversion formula relating moments and cumulants. Because of the absolute convergence of
the small-V series, it makes sense to perform the asymptotic expansion term by term, and thus we
rigorously obtain the transseries for W (g, N) in a subdomain of Cs; /5. In the Appendices we gather
some technical results, and the proofs of our propositions.

Ultimately, we obtain less information on the Stokes data for W (g, N) than for Z(g, N). While for
Z(g,N) we are able to maintain analytic control in the whole Riemann surface of g, the constructive
field theory techniques we employ here allow us to keep control over W (g, N) as an analytic function
on the Riemann surface only up to ¢ = +37/2, that is past the first Stokes line, but not up to the
second one. The reason for this is that close to ¢ = £37/2 there is an accumulation of Lee-Yang zeros,
that is zeros of Z(g, N), which make the explicit analytic continuation of W (g, N) past this sector
highly non trivial. New techniques are needed if one aims to recover the Stokes data for W (g, N)
farther on the Riemann surface: an analysis of the differential equation obeyed by W (g, N) similar to
the one of [199] could provide an alternative way to access it directly.

One can naturally ask what is the interplay between our results at small N and the large-N
nonperturbative effects, first studied for the zero-dimensional O(N) model in [200] (see also [184] for a
general review, and [201] for a more recent point view). This is a very interesting question: indeed, the
relation between the two expansions is a bit more subtle than the relation between the small coupling
and the large coupling expansions for instance. The reason is that, when building the large-N series,
one needs to use the 't Hooft coupling, which is a rescaling of the coupling constant by a factor of
N. This changes the N-dependence of the partition function and free energy, making the relation
between small-N and large-IN expansions nontrivial. A good news on this front is that the analyticity
domains in g becomes uniform in N when recast in terms of the 't Hooft coupling [202]. But there
is still quite some work to do in order to connect the transseries analysis at small N with that at
large N. However, we stress once more that, while the large-N expansion is asymptotic, the small-N
expansion is convergent.

Main results. Our main results are the following:

e In Proposition 1, we study Z(g, N). While most of the results in this proposition are known for
N =1, we recover them using the intermediate field representation (which provides a new point



6.1. The partition function Z(g, N) 137

of view) and generalize them to arbitrary N € R. In particular we uncover an interplay between
Z(g,N) and Z(—g,2 — N) in the transseries expansion of the partition function for general N.

e Proposition 2 deals with the function Z,(g), notably its Borel summability, transseries, and
associated differential equation. To our knowledge, Z,,(g) has not been studied before and all of
the results presented here are new.

e Proposition 3 and 4 generalize previous results in the literature [203| on the analyticity and
Borel summability of W (g, 1) to W (g, N) and furthermore derive parallel results for W,,(g).

e Proposition 5 contains the transseries expansion of W, (g), which has not been previously con-
sidered in the literature. We also give a closed formula for the transseries expansion of W (g, N).

e Lastly, in Proposition 6, we derive the tower of recursive differential equations obeyed by W,,(g).
This serves as an invitation for future studies of the transseries of W, (g) from an ordinary
differential equations perspective.

The natural next step is to explore how this picture is altered in higher dimensions. While this
is a wide open question, several lessons can be learned from our present work. First, the small N
series for the free energy W obtained via the LVE expansion will very likely be convergent, hence
one should be able to study the resurgence properties of W by first studying such properties for
the “cumulants” W,,, which can be done by studying the “moments Z,” and using Mdbius inversion.
Second, for the moments Z,,, the steepest descent contour in the intermediate o field representation
will be insensitive to the coupling constant, hence in this representation the Stokes phenomenon will
correspond to singularities crossing this fixed contour.

6.1 The partition function Z(g, NV)

In this Section we collect some facts about the asymptotic expansion of the partition function (6.0.2).
Most of them are known, or derivable from the expression of the Z(g, V) in terms of special functions,
whose asymptotic expansions are to a large degree known [204]. Nonetheless we present a “path
integral-like” derivation and rather explicit formulae for the coefficients that should be useful, as they
are more directly generalizable, in applications to proper field theories.

We study Z(g, N) by means of the Hubbard-Stratonovich intermediate field formulation [205,
206, which is crucial to the Loop Vertex Expansion [22] of the free energy W (g, N) that we will
study below. This is based on rewriting the quartic term of the action as a Gaussian integral over an
auxiliary variable o (or field, in higher dimensions):

“+oo
e H(®)? = / [do] e~ 20 T/ H9" (6.1.1)

—0o0

where the Gaussian measure over ¢ is normalized, i.e. [do] = do/v/2m and © = ¢'2. Note that o is a
real number, not a vector. With this trick, the integral over ¢ becomes Gaussian and can be performed
for g > 0, leading to a rewriting of the partition function (6.0.2) as:

+0o0 1 2 1
Z(g, N) = / (o] e~ 37 - (6.1.2)
- (1 — z\/ga)

Although the original partition function is defined only for integer N and we have assumed that
g > 0, in the o representation (6.1.2) it becomes transparent that Z(g, V) can be analytically continued
both in NV and in g.
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6.1.1 Analytic continuation and transseries

As a matter of notation, we denote ¢ = arg(g), and, in order to label some sets that will appear
repeatedly in the rest of the chapter, we define:

Cyp={9eC g=|gle*: pe (-, ¥)} . (6.1.3)

In particular, C; = C\ R_ is the cut complex plane. For 1) > 7, the set C,, should be interpreted as
a sector of a Riemann sheet, extending the principal sheet C; into the next sheets.

Our first aim is to understand the analytic continuation of the partition function in the maximal
possible domain of the Riemann surface. For later convenience, we introduce the following function,
not to be confused with the partition function Z(g, N):

+oo 1
2%g.N) = [ ldo) i

- i N2
<1 —1e'24/ |§J>

which is an absolutely convergent integral for any |g| and any ¢ # (2k + 1)m. We have used a
superscript R to distinguish it from Z(g, N) and to emphasize that the integral is performed on the
real line, irrespective of the value of ¢ # (2k+ 1)7. Moreover, for N/2 ¢ 7Z, the integrand is computed
using the principal branch of the logarithm:

Vo #@Qk+ 1), ke, (6.1.4)

b 1 T
In <1 — 2 |ga> =5 In [(cos £)? + (sin £ + lga)2] +1 Arg(1l — ez¥\/ %0) , (6.1.5)

where the Arg function is the principal branch of the argument, valued in (—m, 7). In particular,
a change of variables 0 — —o shows that Z®(g, N) = ZR(e?™g, N), which is thus a single-valued
function on C,, with a jump at R_. The analytic continuation of the partition function Z(g, N) will
instead be a multi-valued function on C, and thus require the introduction of a Riemann surface. We
can view Z®(g, N) as a periodic function on the same Riemann surface, with of course Z(g, N) =
Z®(g,N) for g € C,, and Z(g,N) # Z®(g, N) once one steps out of the principal Riemann sheet.

We collect all the relevant result concerning the partition function in Proposition 1. For now we
restrict to IV real, but the proposition can be extended to complex N with little effort.® We will drop
this assumption later.

Proposition 1 (Properties of Z(g,N)). Let N € R be a fized parameter. The partition function
Z(g, N) satisfies the following properties:

1. for every g € Cr, the integral in (6.1.2) is absolutely convergent and bounded from above by

1Z(g, N)| < (eos )™ M=o (6.1.6)
7 - 3INI/4 |g|N/4 L |N |42 ’ o
22 4 2 MRl NE) . N <o

hence Z (g, N) is analytic in Cr.

2. For g € Cy, the partition function is Z(g,N) = Z%(g, N) and has the perturbative expansion:

. T'(2n+ N/2 29\"
Z(g.N) =y M(N;;) <—3g> : (6.1.7)

n=0

®For N complex with positive real part, for instance, one uses the inequality |z~/?| < |Re(z)|Re(V)/2gmIm(N)[/2
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where ~ means that the equation has to be interpreted in the sense of asymptotic series, i.e.:
Tmax n
(2n+ N/2) 2g
li Thmax | Z(g, N) — - (- = x>0. 1.
lim ¢ (¢ N) = > Pl T(V/2) \ 3 0,  Vimax >0 (6.1.8)
geCxr n=0
3. The function Z (g, N) is Borel summable along all the directions in C.
4. Z(g,N) can be continued past the cut, on the entire Riemann surface. However, R_ is a Stokes

line, that is, the anticlockwise and clockwise analytic continuations Zy(g,N) and Z_(g,N) are
not equal and cease to be Borel summable at R_. A second Stokes line is found at Ry on
the second sheet. For ¢ ¢ w7, the analytic continuation of the partition function to the whole
Riemann surface writes:

2km < lp| < 2k+ D)7
Z(g7 N) = Wak Z(el(Qk)Tﬂ-ga N)

V2m o m 3 1(2k+1) 7w 9 =
z 3 T (2k+1)T 29_N
T i) ¢ ¢ (¢ 3) T 9,2=N)
/9 . 3 1-N
= WL VA (g, N) + M2k F(]\ZT) 6”—5 6239 (el(2k+1)7—ﬂ—%> 2 ZR(—g, 2 — N) 5
2
(6.1.9)
2k+ 1) <ol < (2k+2)m
Z(g.N) = waps1 Z(e'*F2)7g, N)
V2 T 3 g\
+ N2k+1 T(N/2) e 2e29 (ez(2k+1)7'7r§> 2 Z(el(2k+1)”g, 2—N)
V2 x 3 =N
= woks1 Z°(9, N) + Thaks1 FinezW@?g (ez(%H)W%) * Z%(-g,2-N),
(%)
where T = —sgn(yp) and the Stokes parameters (w,n) are defined recursively as:
B Wok+1 = Wag Wokt1l) = Wak+1 T T 12k+1
(wﬁvnO) - (170) ) 5 s (6110)
Mok+1 = N2k + Wok Moty = €TV gy
with 7 = ™5+ 2gin ]\g”. The recursion gives:
eV g (1,0) , k even

(waks Mak) = { rraN kL (1,-1) kodd (6.1.11)

The monodromy group of Z(g,N) is of order 4 if N is odd, and of order 2 if N is even. More
generally, we have a monodromy group of finite order if N is a rational number, and an infinite
monodromy otherwise.
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5. From Properties 2 and 4 we obtain that for g in the sector kr < |p| < (k+ 1)7 of the Riemann
surface the partition function has the following transseries expansion:

I'2n+ N/2) 29\"
“”“Z 2201 T(N/2) < 3

. g N ) 20\ (6.1.12)
wn(l—5) /2 J 2 29 (>
e 2 s (& )
(3) ; 22gI T(§ —2¢) \ 3
where we used:
I'(2¢q+1—N/2)T'(N/2 —2q) = T~  _ I'(1—-N/2)['(N/2) . (6.1.13)

sin(m — 2mq)

The transseries displays an additional property: the instanton series is obtained from the pertur-
bative one by substituting N — 2 — N and g — —g and vice versa.

6. From Property 5, the discontinuity of the partition function at the negative real axis:

discr(Z(g,N)) = lim <Z_(g,N) — Z+(g,N)> , (6.1.14)

g—R_
has the following asymptotic expansion:

discr (Z(g, N)) =v/2r (’9’> e ! <_2\39\>

5 22! I'(§ —2¢)

2 Nr (lg]\ 7 & TQq+2) [ 2]\
=4/ —sin — [ = e 24l =t 2 S (2T
T 2 3 229 ¢! 3

(6.1.15)

where for N even integer the sum truncates at ¢ = N/4 — 1, if N is a multiple of 4, and at
q = | N/4] otherwise.

7. The partition function obeys an homogenous linear ordinary differential equation:
16922" (g, N) + ((8N +24)g +24) Z'(9,N) + N(N +2)Z(9,N) =0, (6.1.16)
which can be used to reconstruct the resurgent transseries expansion of Z (g, N).

Proof. See Appendix 6.B.1. O

The proof of this proposition is quite technical. The most interesting points come at Property 4.
While the full details can be found in Appendix 6.B.1, we discuss here how the Stokes phenomenon
arises in the intermediate field representation.

In order to obtain the asymptotic approximation of an integral we need to deform the integration
contour to steepest-descent contours (or Lefschetz thimbles) where the Laplace method can be applied.
An integration contour will in principle intersect several steepest-ascent (upwards) paths of several
saddle points and it must then be deformed (i.e. relaxed under the gradient flow) to run along the
thimbles of these saddle points [196, 187]. When varying some parameter continuously the relevant
thimbles can collide and change discontinuously leading to discontinuous changes of the asymptotic
regimes at Stokes lines. This is exactly the picture in the ¢ representation of the partition function,
which we recall in Appendix 6.A.
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In the o representation the picture is different. Let us go back to (6.1.2) expressing Z(g, N) as an
integral over the real line. The partition function Z(g, N) is analytically continued to the extended
Riemann sheet Cs; /5 by tilting the integration contour to e o respectively e??o with § > 0 for its
anticlockwise respectively clockwise analytic continuations Zy (g, N) and Z_(g, N).

In this representation, the Lefshetz thimble is always the real axis, irrespective of g. In fact, as
g goes to zero, the Laplace method instructs us to look for the saddle point of the exponent in the
integrand (the function f(z) in (6.A.1)), which in this case is a simple quadratic function,® while the
subexponential function (the function a(z) in (6.A.1)) is irrelevant for the determination of the saddle
points. However, what happens is that the integrand has a branch point (or pole for N a positive
even integer) and this point crosses the thimble at the Stokes line. This is depicted in Fig. 6.1.

arg(g) =0 arg(g) > 7

O 5

]Re—zﬁ

FIGURE 6.1: As arg(g) increases, the branch cut moves clockwise in the complex o-
plane. When g crosses the negative real axis the tilted contour is equivalent to a Hankel
contour C plus the original contour along the real line (6.1.17).

In detail, as long as g = |g|e’? € Cy, the integral converges because the branch point o, = —14/3/g
with branch cut o, x (1,400), lies outside the integration contour. As g approaches R_, the branch
point hits the contour of integration: for ¢ 7 the branch point hits the real axis at —/3/|g|. The
analytic continuation Z, (g, N) consists in tilting the contour of integration in ¢ to avoid the collision
with the branch point. However, in order to derive the asymptotic behaviour of Z (g, N), we need to
deform the integration contour back to the thimble, which is always the real axis. Once g passes on
the second Riemann sheet (¢ > 7), when deforming the tilted contour to the the real axis we generate
an additional Hankel contour (see Fig. 6.1):

10_2

Zi(g,N)ij_",r - /e:FlgR[dU] (1 _j\/%g)N/?

Z%(g, N) =/R[da] e 37’ L Zg(g,N):/C[da] e 27 1

(i) (i)

where the Hankel contour C' turns clockwise around the cut o, x (1, 4+00), i.e. starting at infinity with

argument 37” — £ and going back with argument —7 — £ after having encircled the branch point o,. We

kept a subscript + for the contribution of the Hankel contour, because, even though the definition of
7Z$ (g, N) and C might suggest that it is one single function of g, in fact the integral around the cut is

divergent for |¢| < 7/2, and therefore the integrals at m < ¢ < 37/2 and at —m > ¢ > —37/2 are not

=Z%(g,N)+2%(g,N) ,

(6.1.17)

5This is perhaps more clear after rescaling o by 1/4/g to cast our integral in the same form as (6.A.1).
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the analytic continuation of each other. This fact is reflected in the 7-dependence of the asymptotic
expansion in (6.1.12).

The appearance of the Hankel contour marks a discontinuity of the contour of integration in o
as a function of the argument of g, which translates into a discontinuity of the asymptotic expansion
of Z(g,N), that is, a Stokes phenomenon. We insist that the Hankel contour is not a thimble for
the integral in (6.1.2), but it contributes to the asymptotic evaluation of the integral, providing the
one-instanton contribution in the transseries of Z(g, V).

In order to go beyond |¢| = 37/2, one notices that we can analytically continue separately Z® (g, N)
and ZY (g, N). The first is analytic in the range |p| € (7, 37), where its asymptotic expansion is just
the standard perturbative series. The analytic continuation of Z¢ (g, N) is not immediate in the Hankel
contour representation, which is only convergent for 7/2 < || < 37/2, but after resolving the discon-
tinuity at the cut and using again the Hubbard-Stratonovich trick (as detailed in Appendix 6.B.1), it
turns out that it can be rewritten as:

_N S s Vor v
7% (g, N) = (1 ﬂ(%) 2 ngF(N/2) Z(e"™g,2—N) . (6.1.18)

with 7 = —sgn(y). In this form it is manifest that Z% (g, N) is analytic in g as long as €"""g belongs
to the principal sheet of the Riemann surface, that is for 7 < |¢| < 2m. We have thus shown that,
when going from || < 7 to ™ < |¢| < 27 our analytic continuation of Z(g, N) switches:

/9 . 3 1-N
Z(g,N) AL 7R (g N + HT;;) ¢S o3 (em%> 2 ZR(_g,2— N)
/o 3 Jpa (6.1.19)
-7 2(277) N L 50 ( z7’7r7) 2 Z(e"™q.9 — N

where we explicitly exhibited the argument at which the switching takes place. In the second line
above, for m < |p| < 2w, both arguments ¢"?™ g and €""g belong to the principal sheet of the
Riemann surface, where Z(g, N) has already been constructed and proven to be analytic. The first
term in (6.1.19) is regular up to |p| = 37, but the second one has a problem when €™ g reaches the
negative real axis and retracing our steps we conclude that the analytic continuation switches again:

Z(e™g,2 — N) L2 7(@Bmg 9 - N)
_ 6.1.20
VAT er e (euzm)g)Nzl sy,
Tl N/2) 3 o

where this time the arguments at which Z is evaluated on the right hand side stay in the principal
sheet for 2r < |p| < 3m. Iterating, one obtains the analytic continuation to the whole Riemann
surface.

Remark 1. The differential equation (6.1.16) can be solved in terms of special functions. For N = 1,
3
setting Z(g,1) = / %e@ f(%), we find that the equation reduces to a modified Bessel’s equation for

f(2):

2f(2) + 2f'(2) — (22 + %)f(z) =0. (6.1.21)

Its two linearly independent solutions are the modified Bessel functions of the first and second kind
of order 1/4. However, only the second, Kj/4(z), decays for z — oo, hence the initial condition
Z(0,1) =1 fixes f(z) = Ky 4(2).
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Similarly, for general N, we find that setting Z (g, N) = (%)N/4f(%) the differential equation
reduces to Kummer’s equation for f(z):

2f"(2) + (1 —2)f'(z) — gf(z) =0. (6.1.22)

2

With the addition of the initial condition condition Z(0, N) = 1, we find that the solution is given
by the Tricomi confluent hypergeometric function f(z) = U(N/4,1/2, z), whose transseries expansion
can easily be obtained order by order. However, such expressions of the partition function in terms of
special functions do not generalize to quantum field theory. Similarly, even the more general resurgence
theory for formal solutions of ordinary differential equations will be of limited use in that context, as the
partition function of a quantum field theory model does not satisfy an ordinary differential equation.
For this reason, while displaying for completeness the relevant ordinary differential equations, in this
work we do not make use of them, and rather refer to the literature (see references in [187]).

Our result (6.1.12) provides a useful repackaging of the transseries expansion of the partition
function and an alternative derivation that should be more easily generalizable to quantum field
theory.

6.1.2 Convergent small-N series of Z(g, N) and transseries of its coefficients Z,(g)

We will now study the discontinuity of Z(g, N) from a different perspective. We expand the integrand
of (6.1.2) in powers of N and exchange the order of summation and integration:

Z(g, N) = Z% <—];f)nZn(g) L Zn(g) = /+Oo[da]e§"2 <ln(1 _ z\/ga)>n . (6.1.23)

n>0 o

Unlike the usual perturbative expansions in g, this is a convergent expansion: from the bound in
Property 1 of Proposition 2 below, the Gaussian integral and the sum can be commuted due to
Fubini’s Theorem. As a function of N, we can regard Z(g, N) as a generating function of “moments":
unlike the usual moments, we are dealing with expectations of powers of the logarithm.

Proposition 2 (Properties of Z,,(g)). The Z,(g), n € N>q satisfy the following properties:

1. Z,(g) is analytic in the cut plane Cr. Indeed, for every g € Cr, the integral (6.1.23) is absolutely
convergent and bounded from above by:

(|1n(cos‘§)! + 1>n

Zalg)) < K"

<1 + |g|"5r(”€2+1)) : (6.1.24)

for any € > 0 and with K some g-independent constant. Using this bound with some fized ¢ < 2
shows that, Yg € C the series in (6.1.23) has infinite radius of convergence in N.

2. For g € Cr, Z,(g) has the perturbative expansion:

29\ (2m)! (—1)"n! .
Zn(g) ~ _2 T et 6.1.25
W= (-¥) i Y a4 ©012)

m>n/2 mi,...;m2m—n+120

S kmp=2m, > mr=n

3. The functions Z,(g) are Borel summable along all the directions in C.

4. Zn(g) can be continued past the cut on the extended Riemann sheet Csy /o, and the small-N series
has infinite radius of convergence in N in this domain. However, R_ is a Stokes line and the
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anticlockwise and clockwise analytic continuations Z,4(g) and Z,—(g) are not equal and cease
to be Borel summable at R_.

5. For g € Car )9, Zn(g) has a the following transseries expansion:

Zu(g) = 25 (g) +ne® 2 (g) (6.1.26)

with Z8™"(g) as in (6.1.25), and:

Z (g) :J;?\/gi . ;(g)q <Z> dpdz;z)

z=2q+1

9=0 p=0 (6.1.27)
n—p n—p
(ln(e””g) - zw) - (ln( ”“g) + Z7T) ,
3 3
with T = —sgn(p) and n a transseries parameter which is zero on the principal Riemann sheet
and one if |@| > m. Proceeding in parallel to Proposition 1, one can study the full monodromy of

Zn(9)-

6. The discontinuity on the negative axis has the following asymptotic expansion:

discx (Zn(9) \/i \F > Z p <_|m> <Z> dpdl;goz)

g=0 p=0

z=2q+1

[(ln|g|—m>n_p— (ln\g\+m>n—p] .

Summing over n, the discontinuity of the partition function (6.1.15) is recovered.

(6.1.28)

7. The functions Z,(g) obey a tower of linear, inhomogeneous ordinary differential equations:
ZO(g) =1,
49°Z1(9) +6(9+1) Z1(9) =1, (6.1.29)
49°Z;(9) + 6 (9 + 1) Z,.(9) = n (4923, 1(9) + Zn-1(9)) — n(n — 1) Zu-2(g) -
which can be used to reconstruct the resurgent transseries expansion of Z,(g).

Proof. See Appendix 6.B.2 O

As with Proposition 1, the most interesting points are Properties 4 and 5. Again the analytic
continuations Z,+(g) of Z,(g) to the extended Riemann sheet Cs,/, are obtained by tilting the
integration contour to e¥¢ with # > 0. The branch point o, of the integrand in (6.1.23) crosses the
real axis when g reaches R_, and deforming the tilted contours back to the real axis detaches Hankel
contours around the cut o, x (1, +00):

2o, oo = [ et (= [0)) = 220+ 26000
28(0) = [ ldo) 1" (1m(1 - z\/§o>>n - 2l = [ e e (- z\/§o>)n .

The transeries of Z,(g) is obtained by summing the asymptotic expansions of the two pieces:

(6.1.30)

3
Zn(9) = ZE7(g),  Zyalg) = e Z{(9)| .y -
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Notice that the homogeneous equation in Property 7 in Proposition 2 is the same for all n > 1,
and it admits an exact solution in the form of a constant plus an imaginary error function:
3

29

49277 (g) +6(9 +1)Z1(g) = 0 = Z1(g) =c1 + 02/ et . (6.1.31)
0

The asymptotic expansion of the error function reproduces the one-instanton contribution of (6.1.26)
for n = 1. For n > 1, instead, this is only part of the instanton contribution, the rest being generated
by the recursive structure of the inhomogeneous equations. Similarly, the perturbative expansion
comes from the special solution to the inhomogeneous equation, even at n = 1, as for those we cannot
match exponential terms with the right-hand side. For n > 1 the homogeneous equation remains the
same, but the inhomogeneous part depends on the solutions to previous equations, and thus it can
also contain exponential terms.

6.2 The free energy W(g, N)

We now turn to the free energy W(g, N) = In Z(g, N). Our aim is find the equivalent of the results
listed in Proposition 1, in the case of W (g, N). Taking the logarithm has drastic effects: the nonper-
turbative effects encountered in W (g, N) are significantly more complicated than the ones encountered
for Z(g, N). One can understand this from the fact that the linear differential equation satisfied by
Z(g, N) translates into a nonlinear one for W(g, N), leading to an infinite tower of multi-instanton
sectors in the transseries [187]. Here we will follow a different route, based on the small-N expansion.
Much like the partition function Z(g, N), its logarithm W (g, N) can also be expanded in N:

W(gN) = In(Z(g, N) = 3 % <_]§>n Wi(g) - (6.2.1)
n>1

The coefficients W,,(g) can be computed in terms of Z,(g). As already mentioned, Z,(g) are the
moments of the random variable In(1 — z\/g%a), hence W), are the cumulants of the same variable
and can be computed in terms of Z,(g) by using the Mdbius inversion formula (which in this case
becomes the moments-cumulants formula). Let us denote 7 a partition of the set {1,...n}, b € 7 the
parts in the partition, || the number of parts of m and |b| the cardinal of b. Then:

Zn(9)=>_ [[Wiule),  Wale)=> A ][[ 209 (6.2.2)

T beT ™ berw
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where Ay = (=1)I"1=1(|7x| — 1)! is the M6bius function on the lattice of partitions. Grouping together
the partitions having the same number n; of parts of size i this becomes:”

Za) = 3 Wﬂwxg)"a
>0 e TR

N1 yeee,n = =1

S ini=n

. e (623)
W) =0 Y e T A

k=1 nl,.“,nn,k+120

Sini=n, Y n;=

Equation (6.2.3) relates W,,(g) and Z,(g) as analytic functions of g. However, this translates
into a relation between W (g, N) and Z(g, N) which holds only in the sense of formal power series
in N. Even though Z(g, N) is analytic in some domain, one cannot conclude that W (g, N) is also
analytic in the same domain: convergence of the series defining Z (g, N) does not imply convergence
of the series defining W (g, N) in (6.2.1). This can most readily be seen at the zeros of the partition
function, the so-called Lee-Yang zeros, which are singular points for the free energy. In order to study
the analyticity properties of W (g, N) one needs to use a completely different set of tools. However,
as we will see below, the Mobius inversion has its own uses: it is the most direct way to access the
transseries expansion of W (g, N).

6.2.1 Constructive expansion

The following Proposition 3 is a slight variation on the Loop Vertex Expansion (LVE) introduced in
[22] (see also [203] for more details). It gives an integral representation for Wy, (g) in (6.2.1) which
allows us to prove that W (g, N) is convergent (hence analytic) in a bounded domain on the extended
Riemann sheet Cs /3, wrapping around the branch point at the origin.

In Proposition 1 we fixed N to be a real parameter. However, equation (6.1.23) writes Z(g, N) as
an expansion in N with a nonzero (infinite!) radius of convergence in N, as long as || < 37/2 (note
that the bound in Property 1 of Proposition 2 suffices only for |p| < 7; in order to reach || < 37/2,
one needs to use the improved bound in (6.B.42)). We can therefore extend NN to a larger domain in
the complex plane. As the following proposition shows, something similar applies also to W (g, N),
but with a finite radius of convergence.

Notation. Let us denote T;, the set of combinatorial trees with n vertices labeled 1,...n. There are
—2\!
% trees over n labelled vertices with coordination d; at the vertex ¢ and Z d =2(n —1).
i=1

The total number of trees in T}, is n"~2. Let T € T, be such a tree. We denote P/ , the (unique)
path in the tree 7 connecting the vertices k and [. If we associate to each edge (k,l) € T a variable

uy; between 0 and 1, we can define the n x n matrix w’:

T_ )b if k=1 o
w - ‘ ' . .
o mf(i,j)ep,j_l{uz‘j} , else

"This can also be obtained directly from Faa di Bruno’s formula:

d n! -1 nit-+ny—1 Dims
an|u =0 = Z an( N (n1+-..+nn71)!(z)nnﬁn[z()]1|u:07
ni,...np >0 i>1
Eznl—n

noticing that for u = —N/2, we have zZW = z,.
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The matrix w” is a positive matrix for any choice of u parameters, and is strictly positive outside a
set of measure 0 (see Appendix 2.5.2 for more details). Of course the matrix w depends on u but we
suppress this in order to simplify the notation.

Proposition 3 (The LVE expansion, analyticity). Let N be a fized complex parameter and let us
denote g = |g|e"?. The cumulants Wy, (g) can be written as:

Wig) = Zi(g) = /+°°[da] e 17 m [1 - z@a} ,

—00

< 11;ldoi] o35, 0w e
W, du; i Z
9= T;n/ (ZET Y VdetwT © o (6.2.5)
di —1)!
i (1—2\/;%)

where we note that the Gaussian integral over o is well defined, as w
Furthermore:

T is positive, and normalized.
1. The functions Wy,(g),n > 2 are bounded by:

(2n — 3)! nt
(n—1)!

Therefore, they are analytic in the cut plane Cy.

g

3(cos £)?

Wa(g)| < (6.2.6)

2. The series . A

n>1

18 absolutely convergent in the following cardioid domain:

1 3 V.9
Dn = — . - — — . 2.

3. Wi(g) can be analytically continued to a subdomain of the extended Riemann sheet Csy /o by
tilting the integration contours to o € e R

Wate) = [ lao) e (1 o)

Waolg) =~ (5)" T;n / (ZETd“w (6.2.9)

[Le M) o205 jowmytoy [T G=DE
R VdetwT ; (1—z\/;e wai)di

4. Forn > 2 we have the following bound:

n—1

(Who(g)| < @n-3 1 g : (6.2.10)

(n—1)! \/cos(26) 3. /c0s(20) (COS ‘p_TQO)Q
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5. The series . N
Wol(g, N) = ] <—) Who(g) » (6.2.11)

n>1

1s absolutely convergent in the following domain:

1 —20)\?
Dy = {g €C,g=|gle”: |g| < — g (cos ? 9) \/cos(29)} . (6.2.12)

[NV 2

Consequently, W, (g) and W (g, N) can be analytically extended to the following respective domains:

7r
Wn(g): ‘2‘9‘<§7 |S0_29‘<7T7
1 3 _ 929\ 2 (6.2.13)
W(g,N):  [260] < g -2l <m. o< x5 <cos‘p . ) V/cos(20) .
. . . 3T
Pushing 0 — 7 /4 allows us to write a convergent expansion for all |¢| < <.
Proof. See Appendix 6.B.3 O

FIGURE 6.2: The cardioid domain Dy of (6.2.8) (dotted blue line) and the extended

cardioid Dy of (6.2.12) (red line), for § = ¢/6, which is similar to the optimal domain

Dopt, in the complex g-plane. The branch cut is on the negative real axis, thus the

portions of Dy going beyond it are to be understood as being on different Riemann
sheets.

The main point of the proposition is that by constructive methods we can prove analyticity of
W (g, N) in a nontrivial domain. In a first step, without touching the integration contours, we prove
that such domain is the cardioid of equation (6.2.8). However, the cardioid does not allow us to reach
(and cross) the branch cut. Tilting the integration contours by 6, we are able to extend the original
cardioid domain to the larger domain of (6.2.12) (see Fig. 6.2), going beyond the cut on a subdomain
of the extended Riemann sheet Cs; /5. The optimal domain Doy can be found by maximizing the
right-hand side of (6.2.12) with respect to 6, at fixed ¢, but a simpler and qualitatively similar choice
is to take 0 = /6.

Note that the domain of analyticity of W (g, N), (6.2.12), depends on N and shrinks to zero for
N — oo. Results uniform in N can only be established if one keeps the 't Hooft coupling ¢ = g/N fixed
[203]. On the other hand, for any g on the extended Riemann sheet Cs /o, the radius of convergence
of the LVE expansion in /N is nonzero.
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Remark 2. It is also worth noticing that the explicit expressions for the partition function in terms
of special functions, discussed around (6.1.21), provide us with some useful information about the
zeros of Z (g, N) (Lee-Yang zeros), and hence about the singularities of W (g, N). For example, in the
case N = 1, the partition function is expressed in terms of a modified Bessel function of the second
kind, whose zeros have been studied in some depth. In particular, from what is known about K, (z)

3
(e.g. [207]) we deduce that Z(g,1) = 1/Q;O’F—ge@ K1/4(%) has no zeros in the principal sheet C,, while
on each of the two following sheets it has an infinite sequence of zeros approaching the semiaxis at
|o| = 37/2 from the left, and accumulating towards g = 0 (see Fig. 6.3). Therefore, it should come as

no surprise that W (g, N) cannot be analytically continued around the origin beyond |p| = 37 /2.

0.00
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-0.151

-0.

20 L L L
-0.020 -0.015 -0.010 -0.005 0.000

FIGURE 6.3: Approximate location (see [207]) of the Lee-Yang zeros of Z(g,1) (blue
dots) in the quadrant m < ¢ < 37/2 of C3,/2, together with the boundary of the domain
Dy (in red).

Remark 3. Integrating out the u parameters and performing the sum over trees, one should be
able to prove that integral expressions (6.2.9) reproduce the moment-cumulant relation in (6.2.3). In
particular this would provide an alternative proof that the moment cumulant relation holds in the
sense of analytic functions on the Riemann surface. The proof that this indeed happens is involved as
the summation over trees requires the use of combinatoiral techniques similar to the ones discussed in
Section 2.5.2. We postpone this for future work.

In [22] the LVE is used to prove the Borel summability of W (g,1) along the positive real axis.
Building on the techniques introduced in [22]|, we now generalize this result.

Proposition 4 (Borel summability of W;,(g) and W (g, N) in C;). The cumulants Wy(g) and the free
energy W(g, N) at any fixred complex N are Borel summable along all the directions in the cut complex
plane C.

Proof. See Appendix 6.B.4. O

6.2.2 Transseries expansion

It is well known that the (perturbative) asymptotic series of W (g, N) at g = 0 is a sum over connected
Feynman graphs. The connection between the LVE expansion of W (g, N) presented in Proposition 3
and the Feynman graphs is discussed in Appendix 6.C. On the other hand, the power series in each
multi-instanton sector of the transseries of W (g, N) has no simple diagrammatic interpretation; they
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can be constructed from the nonlinear differential equation obeyed by W (g, N), or more formally by
expanding the logarithm of the transseries expansion of Z(g, N) in powers of the transseries monomial
exp{3/(2g)} (e.g. [187]). The latter is however only a meaningful operation in the sense of formal
power series.

In this Section we take a different route and derive rigorously the transseries expansion of W (g, V)
by exploiting the analytical control we have on the small-N expansion. We first notice that, from
Propositions 2 and 3, Wy,(g) and Z,(g) are analytic functions on the extended Riemann sheet Cs /.
Next, we use (6.2.3) to construct W, (g) as a finite linear combination of finite products of Z;(g)’s.
Each such product is in fact a (factored) multidimensional integral, hence we can apply to it the
steepest descent method to obtain its asymptotic expansion. In C;, the asymptotic expansion of each
factor Z;(g) is of the perturbative type, equation (6.1.25), and W, (g) is just a finite linear combination
of Cauchy products of such series.

When turning g past the negative real axis, each integration contour in this multidimensional
integral must be deformed past a cut and each Z;1(g9) = ZX(g) + Z5.(g) (see the discussion below
Proposition 2). It follows that W;(g) is a linear combination of products involving Z®(g)’s and Z&, (g),
and this representation holds in the sense of analytic functions on the Riemann surface. In order to
obtain the transseries of W, (g), one needs to build the transseries expansion of each of the terms
in the linear combinations. As the multidimensional integrals are factored, this is just the Cauchy

product of the transseries Z*"(g) and e Zl-(n) (g) corresponding to ZF(g) and ZS,_(g), respectively.
The summation over n is more delicate, as it is an infinite series. As we have seen in Proposition 3,
the small-N series of W (g, N) converges in the domain Dy of (6.2.12), thus yielding W (g, N) in terms
of W, (g) as an analytic function on such domain. Therefore, we can apply the steepest descent method
term by term to the small-/V series, and hence the transseries of W (g, N) is rigorously reconstructed
by substituting the transseries for Wy, (g) in (6.2.1).
Unsurprisingly, at the end we recover the formal transseries of W (g, N) which can be obtained by

direct substitution of the transseries expansion of Z(g, N), taking formally its logarithm, and then

expanding in powers of ZZ-(") (9) and ZP*"(g) — 1. What we gained in the process is that we replaced

a formal manipulation on transseries with a rigorous manipulation on analytic functions.

Proposition 5. The cumulant W, (g) and the full free energy W (g, N) have transseries expansions,
that can be organized into instanton sectors. The instanton counting parameter is denoted by p.

1. For g € Cgy/9, the cumulant Wy (g) has the transseries expansion:
Walg) = 3" (Wﬂﬁ) > ()" Y g Wi, (6.2.14)
p=0 I'=0 >0

where R_ is a Stokes line, T = —sgn(p) and n is a transseries parameter which is zero on the

)

principal Riemann sheet and is one when |p| > 7. The g-independent coefficient Wépl y 18 given
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by the following nested sum:

n

W= S 0=y Y Y gt

| Nn
=p nl,...,nn7k+120 {O<pz<’n, pz) bi: (Z )
k+p>1 Sini=n, Y n;=k i=1,...,n—k+1
pi=p
n—k+1 p; i n—k+1
1\ 2t 25t 95 2\ it Pl Zpit1 %
x > > <6> <—3> (6.2.15)
{al>0}l roon it {O<C’L<’L 1}1 - 'ZZ k+1
> Z] afl 222 C§:l’
n—k+1 Di
XH (HG]737><HG37)7
i=1 \j=1 =p;+1
with (201 (1)
2a)! —1)%!
Glasi) = 1 oo
| |
2%al ai,.-,02q—i+1>0 Hk keka!
S kap=2a, 3 ap=i (6.2.16)
i—1 .
; ! d’T'(2)
G c7) — 2 i—1—b—c 1 ‘
(a,¢:9) — (v72m) aldle! (i—b—c) dzb lz=24+1
2. For g € Dy, the full free energy W (g, N) has the transseries expansion:
1 N\"
WieN) =Y (—2) Wo(9)
n>1
BN ESY o\ ! (6.2.17)
3 s p
— Z€2gp (7] [2mel™s (6 ; g) ) Z (_?v)g> I/Vl(p)(N) ,
p>0 1>0
where
(P)( \7y — S (p+g—1)!
W/lp (N) - Z (_1)p+q p'q|
q>0
p+q=>1
q p :
n1,eng>1 i=1 22min; | D(N/2) j=1 22mjmj! F(7 - 2m;)
my,..,mp=>0
Proof. See Appendix 6.B.5 O

While the expressions in Proposition 5 are not the most amenable to computations, one feature
is striking. Expanding the cumulant W, (g) into p instanton sectors, we observe that only the first
n instantons contribute to W, that is the sum in (6.2.14) truncates to p = n. The n instanton
contribution to W,, comes from n = p = k in (6.2.15) which implies n; = n and all the others 0,

hence:®
W (g) o~ e2" (n\/ﬂ\/@n (=) (n — 1)! (;io(qu)! (%)q . (6.2.19)

8This formula is most easily derived from (6.B.74).
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This is genuinely new phenomenon. Usually, for quantities that are interesting for physics, one
either deals with functions having only one instanton, like Z(g, N) (or Z,(g)) or with function receiving
contributions from all the instanton sectors, like W (g, N). This is, to our knowledge, the first instance
when some physically relevant quantity receiving contributions from a finite number of instantons
strictly larger than one is encountered. The n instanton contribution comes from n; = n and all the
others 0, such that effectively:

Wi (g) ~ (Zi(g))" .

and, for all n, Z,(g) has just a single instanton.

6.2.3 Differential equations

The exotic behaviour of W, (g) can also be understood in terms of differential equations. By rewriting
the partition function as Z(g, N) = e"(@N) it is straightforward to turn (6.1.16) into a differential
equation for W (g, N), which in turn implies a tower of equations for W, (g).

Proposition 6. The function W (g, N) obeys the nonlinear differential equation:
16g°W" (g, N) + 169> (W'(g, N))* + ((8N +24)g + 24) W'(g, N) + N(N +2) =0 . (6.2.20)
The functions Wy (g) obey the tower of differential equations:

4°W (g) + 6(g + 1)W (9) —1=0,

4g° W3 (g) + 6(g + 1)W(g) + 8 92 (Wi(9))" ~ 8gWi(9) +2=0, (6.2.21)

46°W" (g) + 6(g + 1)W/. (g +4g22< > _ Wi —4ngW,_1(g) = 0.

The differential equation for W7 (g) is, unsurprisingly, identical to the one for Z;(g) (the connected
one-point function equals to the full one-point function). Note that although the differential equation
for W (g, N) is nonlinear, the one for Wy, (g) is linear. In fact, since Wy(g) = 0, the nonlinear term
(W'(g,N))? produces only source terms in (6.2.21). The linearity of the equations provides another
point of view on why only a finite number of instantons arise in each W, (g).

6.A Asymptotic expansions

Analytic continuations of exponential integrals like Z(g, N) can be carried out by deforming the
original real integration cycles in the complex plane. Complex Morse theory (Picard-Lefschetz-Theory)
provides a systematic framework for decomposing the original integration cycle C into a sum of more
convenient cycles J; called Lefschetz thimbles:

I(g) = /cdxeg Z/ dz es"@a(z) . (6.A.1)

Generically, each thimble intersects one critical (or saddle) point 2} € C™ and consists of the union of
downward flows with respect to the real part of f(x) originating at 2. From a topological point of view
{J:} generate the m’th relative homology group of the underlying 2m-dimensional space. Crucially,
the imaginary part of f(x) is constant along each J; and the integral along a thimble is absolutely
convergent. Since the individual integrals are non-oscillating, it is possible to apply Laplace’s method
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to each term, expanding the integrand around the critical points:

Zelf(ﬂ”*)cb( 0 (6.A.2)

where () (g) is an asymptotic series, possibly containing logarithms and non-integer powers of g. As
g is varied, the thimbles are deformed and the number of thimbles appearing in the decomposition of
the original contour C may vary discontinuously. These discrete changes, happening at values of g for
which different thimbles intersect each other, are connected to the so called Stokes jumps.

Lefschetz thimble techniques are standard tool in resurgence analysis [208, 186, 187| and have
many other applications to path integrals [209, 210, 211, 212, 194, 213]. More details and a nice
pedagogical introduction can be found in [196].

In the following we review the derivation of the asymptotic expansions around the critical points
of the zero-dimensional ¢* theory for N = 1.

6.A.1 The ¢ representation of the partition function

The vacuum expansion. Our starting point is the partition function of the model in the ¢ repre-
sentation. We set N = 1 and consider:

-
2(9) = / 6] e, slg] = 87 + Tt (6:4.3)

—00

where again we set [d¢] = d¢/v/2mw. There are three solutions of the equations of motions, i.e. critical
points S'[¢,] = 0, namely ¢g = 0 and ¢5 = :I:z\[ and each of them has an attached thimble, Jy and

J+ (see Fig. 6.4). For symmetry reasons it is clear that Zz, (¢9) = Z7_(g), thus there are only two
asymptotic expansions.

Equation (6.A.3) is absolutely convergent if g is in the right half complex plane Re(g) > 0, hence
in this domain it defines an analytic function Z(g). In order to analytically continue this function we
turn in the complex plane and parameterize g = |g|e’? but we tilt the contour of integration by e~
to compensate. In detail, we define:

—lg2_lole®” ot _1g2p-20_ lgle!(PT40)
Ze(g)—/R_w[dqb]e 2 G/R[dtﬁ]e L (6.A.4)

which is absolutely convergent if both ¢—460 € (—7/2,7/2) and —20 € (—7/2,7/2), and is independent
of 0 as long as it converges. As Zy(g) = Z(g), it follows that Zy(g) is the analytic continuation of Z(g)
and it is easy to check that the integral in (6.A.4) defines it for all —37/2 < ¢ < 37/2. We denote:

Z(g9) = Zy(g) for 6 >0, Z_(g9) = Zy(g) for 6 <0, (6.A.5)

the anticlockwise respectively clockwise analytic continuations. Both Z, (g) and Z_(g) are defined for
any g with Re(g) < 0, but they are not equal. That is Zy(g) is a multi-valued function in the complex
g-plane, with a branch point at the origin. We chose the range —m < ¢ < 7 for the principle Riemann
sheet, with a cut along the negative real axis.

For |p| < 7 the integration contour in (6.A.4) is homotopic to just the perturbative thimble Jp,
which at the origin is tangent to the real axis. In this case, the Laplace method applied to Z7,(g)
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amounts to Taylor expanding the quartic interaction and computing the Gaussian integral:?

Z(9) = Zg(9) = /J [d¢]e_%¢2_%¢4 - i 1 (_%)n /_Z[d¢]e_%¢2¢4"

ol

- 6.A.6
_ i _g " <4n)' n — iApert. n ( )
_n:O 3 26”(2n)!n!g = g

The instanton sector. At ¢ = £, i.e. at g < 0, the perturbative thimble intersects the instanton
thimbles. At |¢| > 7 they split again, but on the opposite side, so that the perturbative thimble
effectively has a jump at |p| = 7, leading to a jump in the decomposition of the original contour C.

As the evaluation of of the integrals along the instanton thimbles, Z7,, is well behaved and
continuous across the Stokes line at ¢ = m, for the asymptotic expansion around the instanton, we
consider the case g < 0. In this case the thimbles Jy are described by Re(¢) = +,/(Im(¢))? + %.
Since we know the analytic expression of the thimbles, we take an explicit parametrization of the curve
and use it to compute the integral. For example we can chose:

Y+ t € (—00,00) — (:I: t2 4+ ‘S|> +at. (6.A.7)

and the integral reads:

Zg. = [ 101 = [ (a4, (050
I > (6.A.8)

= / [dt] 4 (e 50+ 0) 4 / [dt] 4 (—t)eSO+(=D) |
0 0

The imaginary part of the action is zero along the thimbles. Also we have that 44 (—t) = \/% + 1,
Tal

and thus the real parts of the two integrals cancel. In the end we find:

o _3 42 lalya 3 [T
Zy. =2 / di] e~ T o / (de] e—HEE (6.A.9)
0 —00
Now we can rescale the ¢ by % and find the same integral as for Jy but with the opposite sign for g.

In the end we have:
2 3

Zg, = —ze? Y (—1)PADTgP (6.A.10)
V2o

Discontinuity. The discontinuity at the cut can be computed as:

dp 142 1ol dp 142 1ol
7 (— — 7. (= - e 0"+ e —/ — e 3¢t d , 6.A.11
(—lgl) = Z+(=lgl) /Re”’/s or s Von ( )

where we tilted the contours by the 6 of minimal absolute value which ensures convergence. Each of
the two contours can be deformed to the perturbative thimble alone for |p| < 7. However, in the limit

9As explained for example in [195], in the Laplace method we restrict the integration to a small neighborhood of the
saddle point, we expand the integrand, keeping only the first nontrivial term in the exponent while expanding the rest,
and lastly exchange sum and integral, extending the integration domain to an infinite line along which the integrals are
convergent and computable.
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g>0 g<0

T+

Rewr/B

Jo

Re—zﬂ'/B

FIGURE 6.4: Critical points and thimbles (thick lines) in the complex ¢-plane. The
crosses mark the positions of the instantons and the dashed lines are the tilted contours
of (6.A.11).

of |p| /7 the difference of the two perturbative thimbles approaches the sum of the two instanton
thimbles (see Fig. 6.5), leading to the asymptotic expansion in (6.1.15), with N = 1.

o/ N\ —T

FIGURE 6.5: The thimble Jy for Z, (—|g|) (left) and Z_(—|g|) (right) as || 7.

6.B Proofs of Propositions

In this appendix we gather the proofs of various Propositions in the main body of the chapter.

6.B.1 Properties of Z(g, N)

Proof of Proposition 1. The proof of this proposition is linear.

Property 1. This follows by bounding the square root and taking into account that the Gaussian
integral is normalized to 1. For N > 0 and g = |g|e’? with —7 < ¢ < 7, we have the uniform bound:

1_\/5 —le% — /o) > cos Z 6.8.1
| 1 30\ e 7 30"_C082 ( )

For N < 0 we use |1 — Z\/g0'| <1+ %\ﬂ and splitting the integration interval in regions where

\/ %|a| < 1 respectively %|a| > 1 and then re-extending the integration intervals to cover (—oo, 00)
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we get:

1Z(g, N)| < - [do] e 27" (1 + 1/ 4| |)INI/2 < oINI/2 4 222 g r(XE2) (6.B.2)
g7 — e 3 _— \/7—_(_ 3‘N|/4 4 . . .

‘N/4

Property 2. The perturbative expansion is obtained using (1 — z)~N/2 = Zqzo (q+Nq/2_1)xq and
commuting (formally) the sum and integral:

> (on4 Y — n 12 g e n "
Z(g,N):nz:%(Z +2721 1) (—%) /R[da]e 30% 52 :nZ::o m <—239> . (6B.3)
I(2n+1/2)

For the case N =1 for instance we have T2y = 42%&)7!1)! (see also (6.A.6) in Appendix 6.A).

Property 3. Properties 3, 4, 5 and 6 are closely related and require that we deal carefully with the
integration contour. We define:

_1, 1
Zolg.N) = [ ldo] i v
R (1 -1 %0‘)
_an 1 (6.B.4)
= / e Y[do] g2 o =75
R

which is absolutely convergent if both ¢ —260 € (—m,7) and —260 € (—7/2,7/2). Moreover, as long as
it converges, it is independent of 6, as can be verified by noticing that the derivative with respect to 6
can be rewritten as the integral of a total derivative in o. Thus Zy(g, N) is the analytic continuation
of Z(g, N) and optimizing on # the partition function can be continued to the extended Riemann sheet
Csr /2 with a branch point at 0.

Using a Taylor formula with integral rest we have Zp(g, N) — 9”1 %Zék)(O,N)gk = Ri(g,N)
with:

! 1 — )%t L o2 [d \ 2 1
RY ,N — d ( / —z@d —se o Bl
V) = [ aul G [ et (L <

1 (1 _ u)2q71 N
= du/e_la dole —~
/o a1 J© e\
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—20
where for N < 0 we need to chose ¢ > —N/4. Using |1 —1 %e’w 2 ou| > cos (p—229

bounded as:0

the rest term is

[RY(g, N)| < 1 (%> 1 T(2¢+N/2) (2q)!

< (005(20))%4-(1 (cos L%>2q+N/2 29)!  T(N/2) 2uq1 (6.B.6)

2

and using the Stirling formula as upper/lower bound for the I" function'! we have for ¢ large enough
(larger than max{1, N'}):

F2q+7%5) _ 20+ _ )20 1= CGaty )
2qq! 24g3+e—4
agtN-1 (6.B.8)
N 2 .
< K 21 qq+%_16_q (1 + 52_ ) < K ¢! q¥ 29,
q

for K some ¢ independent constant.'? Conveniently choosing 6 = /6, we get the following bounds
on Z, (g, N) and Ri/G(g,N):

q
K N-3 1 1
|R?0/6(g’N)| < S N+1 q! q 2 <3<p3> ‘g‘q 5 ‘Zcp/ﬁ(gaN)’ < I (6B9)
(COS %) 2 2 (COS §) (cos %) 2

Observe that Zy(g, N) is independent on 6 only as long as ¢ and € are independent, but the choice
0 = ¢/6 fixes 6 in terms of the argument of g and Z, (g, N) depends on ¢.

We are now in the position to prove that Z(g, N) is Borel summable along all the directions in the
cut plane C, by verifying the conditions of Theorem 1, Appendix 2.A. This comes about as follows:

o let us fix some o € (—m, 7). As already noted in Properties 1 and 2, Z(g, N) is analytic in Cy,
hence in particular at |g|e’® and its asymptotic expansion at 0 is known.

e Z(g,N) is analytically continued to any g in a Sokal disk (with 0 on its boundary) tilted by a,
that is g € Disky = {2 | Re(e'*/2) > 1/R} via Z,/5(g, N). Note that this Sokal disk extends
up to g with argument ¢ = o« = 7/2. In the entire Sokal disk the rest term obeys the bound:

q

! ! )3 } . (6B.10)

q
|g| miax { oy NEL atZ
atg 2 cos =2
cos —52 3
at?d

3
For any fixed a € (—m,7), ming {% (cos 3 ) } = p > 0 for some p hence the Taylor rest
obeys the bound in (2.5.4).

9The factor 1/(cos(26))? can be improved to 1 by Taylor expanding in the Gaussian measure along the lines of the
proof of Proposition 4.
H1n detail:

N-3
2

IR (9. N < K ql q

[JIet

I(z+1)
= V2nz(xz/e)®

<em <2 ze[l,00). (6.B.7)

N\ AeENo1 N N
2Note that (14_227[11) z < exp{AEN=1n(1 4 22q1)} gexp{WNzliw} < K forg>1.
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Property 4. Although this point is discussed in the main body of the chapter, we include it also
here for completeness. We denote the analytic continuation of Z(g, N') to the extended Riemann sheet

C37r/2 by:
6>0: ZJr(ng):Z@(g)N)? Z*(ng):Z—Q(ng) (6B11)

Observe that the factorial bound on the Taylor rest term cannot be satisfied (for any choice of §) when
¢ — £37/2. As Borel summability along a direction « requires analytic continuation and bound on
the rest term in a Sokal disk centred on that direction, hence extending up to e+ /2, Z(g, N) looses
Borel summability at g € R_.

We start from (6.1.2) which we quote here again:

2.3 = [ ldr) 3 : (6:8.12)
g, = g| e N/2 .D.
- <1 — '3 \/§O'> /

and the Lefschetz thimble of the integral is the real axis irrespective of ¢ (comparing to (6.A.1), we see
that in the present case thimbles are defined by the saddle points of 02). As long as g = |g|e*¥ € C,,
the integral converges as the singularity at

3 ™ 3
Oy = Z\/7 = 6_15_1% — (6B13)
g 9]

lies outside the integration contour. Notice that the singularity is a pole for N even, and otherwise
it is a branch point with branch cut o, x (1,400). We will discuss in detail the general case with a
branch cut, as the case of even N turns out to be readable as a special case of the results at general
N.

As g approaches R_ the branch point hits the contour of integration: for ¢ 7 (that is we
approach the cut in the g-plane counterclockwise) the branch point hits the real axis at —4/3/|¢]
while for ¢ \, —7 (that is we approach the cut in the g-plane clockwise) the branch point hits the real
axis at \/3/|g|. The analytic continuation Z, (g, N) (resp. Z_(g,N)) consists in tilting the contour
of integration in o by some clockwise rotation —f < 0 (resp. counterclockwise, # > 0) to avoid the
collision with the branch point. However, once g passes on the second Riemann sheet ¢ > 7 (resp.
¢ < —) the tilted contour is no longer a thimble and in order to derive the asymptotic behaviour of
Z+(g,N) we need to to rotate it back to the real axis. This costs us a Hankel contour C' along the
cut (see Fig. 6.1):

10_2

)
Zi(g, N ,Tz/ do ¢
0,2 = [ o -

=Z%(g,N)+2%(g,N) ,

(6.B.14)

142 1
Zg(g,N):/C[da]e 2 (1_Z\/§0)N/2.

The integral Z®(g, N), defined in (6.1.4), is absolutely convergent, and hence analytic, in the range
lo| € (m,3m), where it is bounded from above as in (6.1.6).

The Hankel contour C' turns clockwise around the cut o, x (1,400), i.e. starting at infinity with
argument 37” — £ and going back with argument —% — % after having encircled the branch point o,.
We kept a subscript & for the contribution of the Hankel contour, because, even though the definition

of Z{ (g, N) and C might suggest that it is one single function of g, in fact the integral around the
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cut is divergent for |p| < m/2 and therefore the integrals at 7 < ¢ < 37/2 and at —m > ¢ > —37/2
are not the analytic continuation of each other.

We will now rewrite Z (g, N) in a more useful form. With the change of variables ¢ = e 2 "2 /3/[g| o
the contour C' becomes a Hankel contour C’ turning clockwise around (1, 400) and a shift to o/ = 14+
brings C’ to C”, a clockwise oriented Hankel contour around the positive real axis, starting at infinity
with argument 27 and going back with vanishing argument after having encircled the origin:

1/2
c _ 1,2 1 (3 n 30?2 1
Z1(9,N) = /C[da] e 2 - = <ewrg) /,[da] e (1— o)N2

(1 - 67\@0)]\”2 (6.B.15)

1/2
- 7= (3> RGO
T e g "

where we have made explicit the choice of branch by expressing minus signs as phases. Notice that
the integral converges because for ™ < |p| < 37“ the exponent has a negative real part.

Next, we make the change of variables t = """ u, with 7 = —sgn(p) (i.e. 7 = — for ¢ > =, that
is for Z¥(g) and 7 = + for ¢ < —m i.e. for Z%(g)), obtaining:

ZTTr(l—%) =N

c (g)T e / du (e_”ru)_%e_“'%u2 . (6.B.16)
3 e wTT—rp (!

02T

The two choices of 7 are dictated by the fact that for 7 < |p| < 37/2 the contour of integration
should stay in the domain of convergence continuously connected to C”. The fact that this entails two
different choices of 7 reflects what we anticipated about the need of keeping a + subscript. Lastly,
the contour of integration can be deformed back to C”, where we easily evaluate the discontinuity (for
N < 2) as:!3

Z$(g,N) =

ZTﬂ'(lfﬁ) 1-N N +oo
259N = % <%) S e 28in(772)/0 du e~u 80y~
(=) o 1N .
0

Vor 3

In the last step, we performed the change of variables u = p?/2 in order to make explicit that for
N =1 we reproduce (6.A.9) (times two, because the Hankel contour is only one, while there are two
instanton thimbles in the ¢ representation). For general N, the integral resembles that of the O(NV)
model in polar coordinates, except that in that case we would have the opposite sign for the power
of the insertion, i.e. pN~1. This also explains the relation between the coefficients of the perturbative
and nonperturbative series in (6.1.12), which are related by the transformation N — 2 — N (up to an
area of SV=1 of the missing angular integration in (6.B3.17)).

(6.B.17)

13 This is obtained by writing, for Re(z) < 1,

0 “+oo “+oo
du efs(u) (67”\'u)7z — du e*S(u) efz(ln |u|427) +/ du efs(u) efz(ln |u|—2m) - % sin(ﬂz)/ du e*S(u) ufz )
c +400 0 0
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The integral over u (or p) in (6.B.17) is convergent as long as Re(g) < 0, i.e. for /2 < |¢| < 37/2.
One can use again the Hubbard-Stratonovich trick to write (for N < 2):

+oo +oo 2 [too
N e N
/ du e VT Evy T = / [do] e = / du eV +V30) =%
0 0

—00

— (1 NJ2) /_J:O[da] e (1 + \/§a> o

where, in order to ensure uniform convergence of the u integral, we keep |p| = m. Note that the integral
is independent of choice of branch of /g, as a sign can be absorbed in o. The reader will note that
this is proportional to our integral in (6.1.4) with arguments Z®(—g,2 — ), which is unambiguous as
Z®(g, N) is periodic with period 27 in the argument of g, hence one can chose any determination of —g.
The advantage of the manipulation above is that the integral over o now converges for 0 < |p| < 27,
hence it allows us to analytically continue Z§ (g, N) beyond |p| = 37/2 up to |¢| / 2.

Using Euler’s reflection formula, I'(1 — 2) sin(7z) = 7/T'(2), we get:'

N

wrm(1-4) =N 27 +oo 2 — 21
ZoN:€922/ dole=% [1-../29
£, N) = — 7= (5) i ) e T (e

— o0

(6.B.18)

1-N
_arn=Y) (92 & V2T R o (6.B.19)
© (3) T 2 (792 N)
1-N /
_ ZTTI'(].*E) Q 2 2 27 T -
e 2 (3) 629F(N/2) Z(""g,2—N).

In the last line above we have chosen a determination of —1 such that €¢”""g belongs to the principal
sheet of the Riemann surface, where Z = Z¥, hence Z(e"""g,2—N) = Z®(e""g,2— N) = Z8(—g,2 —
N), where in the last equality we used the fact that Z¥ is single-valued. We have thus shown that,
when going from || < 7 to ™ < |¢| < 27 our analytic continuation of Z(g, N') switches:

Z(g, Ny LT 72 (g N) +

/ 1-N
27 ZT% 6% (ez‘rﬂ*g

2 R, B
T(N/2) 3) 27(=9,2=N)
o N (6.B.20)
uy 3 2
_ Z(ez(Zﬂr)g’ N) + F(N;;) T3 2 (elrwg> 2 Z(e"™™g,2 — N |,

where |p| ' 7y signifies that the switching takes place when |p| crosses the value 7 coming from
below. In the second line above, for 7 < |¢| < 27, both arguments e*?™™g and e*""g belong to the
principal sheet of the Riemann surface , where Z(g, N) has already been constructed and proven to
be analytic.

The first term in (6.B.20) is regular up to |p| = 37, but the second one has a problem when e'""g
reaches the negative real axis (which is ¢ — —277). Note that Z(e'""g,2 — N) approaches the cut
singularity in the principal sheet of the Riemann surface, as its argument is ¢“""g. But we already
know what happens with Z(¢g’, N') when ¢’ traverses the cut singularity in the principal Riemann
sheet: a branch point crosses the integration contour, one detaches a Hankel contour and the analytic
continuation switches again:

Z(€e"™g,2—N) lel72ms, Z(e®™g 2 — N)

_ 6.B.21
+ ﬂ ezr% eﬁ (e’b(QTW)g) % Z(ez(%ﬁ) N) ( )
T(1— N/2) 3 S

Notice that this allows us also to analytically continue the result to N > 2.
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where this time the arguments at which Z is evaluated on the right hand side stay in the principal
sheet for 2w < |p| < 3.

We iterate this and build the analytic continuation of Z(g, N) in terms of Z® on the whole Riemann
surface. The first few steps in this continuation are:

lp| <m: Z(g,N)=2Z%(g,N),

T <lp| < 2m: Z(g,N):Z(e’(zT”)g,N)—i-r(N)e 2 e2 3) * Z(e"™g,2—N)
2
ND) 1-N
— ZF(g,N) + L2 75 o2 (emg) 2 ZR(_g,2 - N),
ey 3
o < || <3n: Z(g,N)=(1+7)Z(? g, N) (6.B.22)
1—
+ 617'7r(N—1) \/?\TT( 5 @39 (€Z(3T7r)g) 2 Z(ez(?’m)gﬂ o N)
ey 3

where we denoted:

V27T wE 2 (67,77rg)1_2N ( V27T ez‘rg 623”% (61(27'#)9)1\]2_1
r

T = e’2 e2 =
I'(N/2) 3 1—-N/2) 3 (6.B.23)
= 2sin(£F) T

In order to iterate equation (6.B.20), we must make sure that at each step the arguments of the
functions Z involved in the analytic continuation are brought back to the principal sheet. We denote
the analytic continuation of the partition function to the Riemann surface by:

2km < |p| < (2k+ 1) :
Z(.ga N) = W2k Z(el(Zk)Tﬂ-gv N)

V 27T © 3 - =y
+ M2k 71-\(]\[/2) €2 e29 (61(2’“‘1)7 %) 2 Z(ez(2k+1)”g,2 - N),

(6.B.24)
2k+ D7 < || < (2k+2)7:

Z(.ga N) = W2k+1 Z(el(2k+2)‘rﬂ-g7 N)

m - 3 (ez(2k+1)mg> % Z(ez(Qk-‘rl)Tﬂ'g’ 2 — N) )

+ Mok+1 3
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a general recursion relation for the (wgq,7,) is obtained from (6.B.20) and (6.B.21) generalized to the

Riemann surface:'
(wo, o) = (1,0) Wok+1 = Wog Wok+1) =T M2k+1 + Wkl (6.8.25)
’ Mok+1 = M2k + wak M) =€V Dy
The recursion can easily been solved by introducing a transfer matrix:
W L (1 147 7
<n2k> =A <0> ) A= <err7r(N1) €ZT7T(N1)> ) (6B26)

1T XN

which leads to (6.1.11). Since the eigenvalues of A are +¢”"" 2, we have that A* equals the identity
matrix for k = 4 if NV is odd, and for £ = 2 if N is even. Therefore, in these two cases we have
a monodromy group of order 4 and 2, respectively. More generally, we have a monodromy group of
finite order if N is a rational number, and an infinite monodromy otherwise.

Property 5. This follows by combining Property 2, which gives the asymptotic expansion of ZX(g, N),

with (6.B.19) using (1 + z)V/271 = 2450 %xq:

1-N q
C _ vrr(1-5) g\ 2 2 1 Qig
Zi(g,N)=e 2271 <3) e2s E g T(Y —2g) \ 3 . (6.B.27)
q>0 2

Property 6. In order to compute the discontinuity of the partition function, let us consider g in the
complex plane of the coupling constant slightly below the negative real axis, Re(g),Im(g) < 0. This
g can be reached either counterclockwise with Z, or clockwise with Z_. There is a subtlety here: if
we denote this point as g = |g|e’? with ¢ € (m,37/2) in the clockwise direction, it corresponds to
g = |g|e**=2™ in the counterclockwise direction. While only the real axis contributes to Z_(g, N) (as
turning clockwise we do not cross the cut to reach it), Z; (g, N) has the additional contribution of the
Hankel contour (as turning counterclockwise we cross the cut):

Zi(9,N) = Z%(g,N)+ Z(9,N) . Z_(9,N) = Z%(e™*"g,N) = Z%(g, N) , (6.B.28)

where we used the fact that Z® is single-valued. When taking the difference, the Z® pieces cancel and
the discontinuity is given by the Hankel contour contribution, Z_(g, N) — Z4 (g, N) = —Z% (g, N). In
particular, at the negative real axis we have:

discx(Z(g,N)) = 3;1{2 (Z_(e7®™g,N) — Z4(9,N)) = —Z$(e"™|g|,N) . (6.B.29)

Lastly, notice that the computation done on the other side of the cut, lim, »_r (Z_ (9, N) — Z, (e*™g, N)),
gives the same result, because Z% (e~ |g|, N) = —Z¢(e"™|g|, N).

5 .
15Tn detail, we use:

k ™ xr 3 =N
Z(€Z<2k)T7Tg,N) lo| /1 (2k+1)m ¢ Z(ez(2k+2)‘r7'rg7N) + F(\{VT;;) T2 e3¢ (61(2k+1)7'7r%) 2 Z(ez(2k+1)7ﬂg,2 . N) ,

Z(el(2k+3)7-7rgy 2— N) + V2 617-% 6_% (€Z<2k+2)7-ﬂ-g) : Z(el<2k+2)7ﬂn‘g7 N) )

ol A (2k+2)m s
? T(1-N/2) 3

Z(ez(2k+l)7'1'rg’ 9 _ N)

1-N N-1
V27 Ty 21 1(2k+1)T7 g 2 V27 1Ty 7% 1(2k+2)Tm g 2 _ o~
e sew (e 3 ra-n/p ¢ 7 ¢ ¢ 3 =7
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Property 7. From the intermediate field expression (6.1.2) of the partition function we find straight-
forwardly that (N +4¢g0y)Z(g9, N) = NZ(g, N + 2). Applying this twice, we have:

(N +2+4+490y)(N +4904)Z(g,N) = N(N +2)Z(g,N +4) . (6.B.30)

Integrating by parts in (6.1.2) with N — N + 4, we find N(N + 2)Z(g,N +4) = —4!Z'(g,N), and
thus we arrive at the equation:

N(N +2)Z(g, N) + ((8N + 24)g + 24) Z'(g, N) + 16¢°Z" (g, N) = 0 . (6.B.31)

This concludes the proof of Proposition 1. O

6.B.2 Properties of Z,(g)

Proof of Proposition 2. The proof is similar to the one of Proposition 1.

Property 1. We start from:

Zn(g) = /_ :ooo[da]e—$02 <1n(1 —2\/§J)>n _ /_ :O[da]e—%ff? <ln(1 —26’3\/@0)>n . (6.3.32)

where we parameterized g = |g|e*? with ¢ € (—m, 7). For any real  we have 1+ |z| > |1 — 1’2 2| >
cos ¥, hence we can bound the logarithm as:

(1 — 'S 0)2 < 72 + max{[ln(cos 2))2, [ln(l + |x!)} 2} o5
< 2[ (IIn(cos §)[ + 1) In(e™ + |:c|)]2 , B

which implies:

1 Zn(9)] < |22 (| In(cos £)| + 1)

n/[dﬂ]eé"2 [ln(e” + 'g'yay)]n : (6.B.34)

We have In(e™ + %|a|) < L™+ %|O‘|)E for any € > 0. Cutting the integration interval into

regions where €™ < %\cﬂ and regions where e™ > %‘O” and extending each piece back to the
entire real line we get a bound:

n

22 (|In(cos £)| + 1) ne .
| Z(9)| < - [(QQW)ns+ <4|39|> /[dg]e—f |U|ne]
. (6.B.35)
<] In(cos £)| + 1) y
3 R (1+1ar%rC) .



164 Chapter 6. The small N series of zero-dimensional O(N) model

Property 2. In order to derive the asymptotic expansion of Z,(g), we use Faa di Bruno’s formula:

to expand:

(~1)"n!

g .\ a\" !
In(1 — a)> - (z ) i L S L (6.B.36)
(o=nf30) =X (5) X T

S kmi=m, Y. mi=n

and integrate the Gaussian term by term. As a cross check, we can (formally) resum:!'”

v (—Z)nzn@) ~y (—Z) > <—239>m o

n!
n>0 m>n/2
(=1)"n!

n>0
X E —_
| |k ke my,

M1, M2m >0
> kmg=2m, ka*n

B > 29\ (2m)! 1

B < 3) 22mm Z H 2k: my!
mi,...,M2m >0 k=1

kak 2m

= D@m+N/2) [ 2g\™
_";)QQWm!F(Nﬂ) (‘3) ’

reproducing the asymptotic expansion of Z(g, N) in (6.1.7).

(6.B.37)

Property 3. We analytically continue Z,(g) to the extended Riemann sheet Cs, /o as in Property

3, Proposition 2, by turning the integration contour by e~*:
+o00 B n
Zno(9) :/ e ¥dole” “0o? (ln(l et EJ)) . (6.B.38)
—0o0

Using a Taylor formula with integral rest, the reminder R (g) writes:

1 1-— u)2q—1 1-202 [ d 2 ©—20
q — d ( —10 d —ze oc [ % In(1 — 2¢*
R} ,(9) /0 U g = 1] /Re [do] e™2 (du) n(l —e' 2

1/ ’?au))
_ 2q
(ze’w 7 @0)

1 (1 —w)2at 1,-2:0,2
= [ du-—F—T+— “do] em2¢ 7
R e R <1 e >2q (6.3.39)
— 1€ ou

2 3

n—> % Mk
(2! (=p="*nl ez gl
In(1 — 2¢* - .
. Z [, mulk™ (n— >, my)! Bl — et 3 ou)

mi,...Mq
> kmp=2q,> mip<n

1Namely, we evaluate the g-th term of the Taylor expansion using the following formula (at u = 0)

Lo —wy =Y d Xy Een [T (DT
> kmp=q, 3 mp<n

2k \ "k — c© T N/2
"In the last step, we use: Zml,mz,...zo Hk21 m%v' (J\gk ) = eXP{Ek>1 Sr=0a — ) N2 = m=0 1*((72172)571!) ™.
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Now [1 — 14/ 5 lol o5 0u| > cos ‘p22 and:

n*Zk my
<1n(1 — e \/ |g|au)>

n—y_ mg
2'/2(| In(cos #5)[ + 1) In(e™ + |g]|o])

. — . (6.B.40)
<1 et ﬁau) (COS E )

therefore:

|R1,(9)]

nl2s <| In(cos £5 2‘9)| + ) I7(2¢+ 1)
< () “a2 [aote e g2 1 gl
P !
(COS © 22 ) q (6B41)

In(cos £=22)| + 1) e .
<K <| et (M>q (29)! g l912 g+ el
- (Cos ¢—T29>2‘1 3 244! (cos(26))4+1/2 (cos(26)) 7= tD/2 |

for any e with (K depending on n and ¢). Fixing for example ¢ = 1 and 0 = £ yields the desired
result as in Property 3, Proposition 1.

Property 4. A slight variation on the bound in Property 1 yields:

(] In(cos 22| + 1) ne o metl
gl = T(*5-)
. 1+ 27 ) - (6.B.42)
€ (cos(20))
Fixing for convenience # = £, one observes that Zn>0 +(—N/2)"Z,9(g) has infinite radius of conver-

gence in N for any |¢| < 37/2. Denoting, similarly to the notation we used for Z(g, N), the analytic
continuation of Z,(g) to the extended Riemann sheet Cs, /o by:

‘Zne(.g)’ < K"

0>0,  Zni(9) = Zno(g) , Zn—(9) = Zn-0(9) , (6.B.43)

we note that the bound on the Taylor rest term in (6.B.41) is lost for ¢ — £37/2, hence Borel
summability is lost for ¢ — +m. As in the case of Z(g, N), after g crosses the cut at R_, say
counterclockwise, in deforming the contour of integration e R back to the steepest-descent contour
along the real line, we generate a clockwise-oriented Hankel contour around o, x (1,400):

Zust, oo = [ et ([0} = 220+ 26000
ZP(g) = /R[do] ~3o? <1n(1—z\/§a)>n . Z%(g) —/C[da]e%02 <1n(1—2\/§a)>n .

Property 5. We now compute Z$,(g). As in Proposition 1 this is given by integrating along the

clockwise orientated Hankel contour C. First we change variable to o = e"g_’%\/i’)/ lglo” and the
contour becomes C’ clockwise oriented around (1,00) and a shift o/ =1 + ¢ brings C’ to a clockwise

(6.B.44)



166 Chapter 6. The small N series of zero-dimensional O(N) model

oriented contour around the positive real axis:

o-(2)" /{da]ez% (1~ o)

e'Lﬂ'g
L e (6.B.45)
A further change of variables t = €™ §u with 7 = —sgn(¢p) yields:!®

Zni (g

L L [T e a5 — - () +m)]
T m\[ QQg)q' qi)() (6.B.46)

1T

p=
X / du e " u*(Inu)? [ L) — )" P — (In($52) + m)"‘p} ,
0

and integrating over u we get

T

e q "L /n\ dPT(2)
=T i (% ()
! dzP  1z=2¢+1
vover o &0 L \p/ Az “* (6.B.47)
X [(ln (61"9) —ur) - (ln <6”3”9) + m)np} ,
which combined with Property 2 implies the full transseries expansion (6.1.26).
A good cross check of the results consist in summing over n:
S () - B 5 (2
= n! 2 27 q' et p! k! 2 dzP  |:=2¢+1
1T 1T k
{onm o) —<m<639>+m>}
(6.B.48)

_ e e29 2— N N e g - _ N7 e g _%
- A (8 rens 2 e (5 (5
e

z7'7r(1—7) e@ q % F(2q—|—2 N) Fz 211 29 q
N ? Vor (3) Z 224! 3)

q>0

Which coincides with the instanton part in (6.1.12).
Property 6. This follows from discx (Z,(g)) = —Z¢, (€'"|g|) combined with Properties 4 and 5.

Property 7. The derivation of (6.1.29) is straightforward. We substitute the small-N expansion
(6.1.23), with the condition Z(g,0) = 1, in the partial differential equation for Z(g, N), equation
(6.1.16), and collect the terms with the same powers of N.

This concludes the proof of Proposition 2. O

8See comments below (6.B.16) for an explanation of the 7-dependence.
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6.B.3 The LVE expansion, analyticity

Proof of Proposition 3. We review here briefly the proof the LVE formula for the free energy. For
more details, see [22] and followup work. We use the notation of the Gaussian integral as a differential
operator (see [214] for a detailed discussion of this notation), as a convenient bookkeeping device for
the action of derivatives with respect to matrix elements of the covariance of a Gaussian measure and
we denote V(o) = In(1 —11/g/3 ). Equation (6.1.23) becomes with this notation:

Z(g,N) = Z% (—JZ)nZn,

n20 (6.B.49)

Zu(9) = [ldo] ¥ (1~ 1/af30))" = [e

where §/do denotes the derivative with respect to o.
Let us take aside a term Z,(g). We introduce copies with degenerate covariance and we introduce
fictitious interpolating link parameters xx; = xj, = 1:

1 <n s s
_ S v
0;=0

i=1

[SIE
Sl
gl
<
—~
Q
S—
3
[E—

Zn(g) = [e% %“LH V(o) (6.B.50)

oi:O,xijzl

We fix the diagonal elements x;; = 1 and use symmetric interpolations x;; = x;; where z;; with ¢ < j
are independent parameters. For all ¢ # j:

9 e% 22,1:1 xkl%k% — e% 22,1:1 l’klﬁa% ii (6.B.51)
a$z’j (SO'Z' (SUj ’

and using Section 2.5.2, we get:

Z(g,N):Z Z/ I duw;

n>0 ! FEF, (i,7)eF

2 Z Wit 5o'k50'l
e 7

HV (04)

, (6.B.52)

50’Z oj

(4,9)EF ;=0

where F}, is the set of all the forests over n labeled vertices.

Observing that the contribution of a forest factors over the trees (connected components) in the
forest, the logarithm is trivial: it comes to restricting the sum above to trees over n vertices (hence
with n — 1 edges):

2

)
2§wkl Sop.d0;
et 11
(@3)eT

N

W(g,N):Z(_nQ')nZ/I H du;

n>1 o T7en, 0 (ijeT

. (6.B.53)
;=0

HV 0;)

50’1503 paley

Taking into account that the action of the derivatives on the interaction is:

d
d (d—=1)(2,/%
6{7 In(1-— z\/ga) =(-1) ( 3> 3 (6.B.54)

(i)
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denoting d; the degree of the vertex ¢ in 7T, recalling that ), d; = 2(n — 1) and observing that the
terms n = 1 is special we get:

N
W(g,N):—Qleét&z%ln(l—z ga)]
=0
(6.B.55)
1 N 3 zw;r%% (di_l)!
S O I A | I | ‘]
n>2 TeT, (4,9)T i (1_2\/§O_i> ;=0

Reinstating the notation of the normalized Gaussian measure as a probability density, we obtain the
series in (6.2.7), with coefficients (6.2.5).

Property 1 and 2. Inorder to determine the domain of convergence of (6.2.7), let us denote as usual
g = |gle’?, and take —m < ¢ < 7. In this region, we can use the uniform bound |1 — z\/gaﬂ > cos ¥,
remaining with Gaussian integrals over o; and integrals over u;;, both bounded by 1. Therefore, for
n > 2, a crude bound on W, (g) is

il (n—2)! "-l(df)_”‘2 | (2n-3)
(cos £)2(n—1)  (n—1)!

di>1

n—1

J : (6.B.56)

3(cos £)?

(Wa(9)]

IN

5

where we used the fact that there are (n — 2)!/[[;(d; — 1)! trees over n labeled vertices with degree
d; at the vertex i, and that the sum over d; is the coefficient of 2"~2 in the expansion of (1 — z)™" =
Zq>0 ("71+q) x?. Using Stirling’s formula for the asymptotics of the factorials, it follows that W (g, N)

n—1
is convergent in a cardioid domain [gN| < 3(cos £)2.

Property 3. The domain of convergence can be enlarged by turning o — e o, which yields a
convergent expansion in a subdomain of the extended Riemann sheet Cz;/5. In order to make this
precise, let us define:

N —21 1 N\" n—1
Witg, )= [ o e (10 fgeo) - S L (T (5)
n>2

! [[; e "ldos] Oldo;] 1,20 (W) o (d; — 1)!
X duj U=z Xy 0w o ’
Z / H ! Vdet wT H

d;
i (1 - z\/ge—“’al)

and implicitly Wy,g(g). It is easy to check that, for g in the cut plane C; both Wy(g, N) and W,(g)
are independent of # as long as they converge. As 6 can be chosen such that the integrals converge
for |p| > m, Wy(g, N) and Wye(g) analytically extend W (g, N) and W, (g) to some maximal domain.

(6.B.57)

Property 4 and 5. We now have the bound |1 — z\/ge"aai\ > cos “D_TQG and the Gaussian integral

is bounded by:
1

< ———=
~ [cos(20)]2

—0 . Yy _
‘ Me 3e 203 joi(w)! : (6.B.58)

Vdet wT
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and the combinatorics runs as before leading to:

n—1

(2n=3)! 1 g

(’I’L—l) \/COS(20) 3\/0()8(720)(008%29)2

|Wn0( )| =

(6.B.59)

Using again Stirling’s formula, we find that W (g, V) is convergent for |g| < ﬁ% cos(260) (cos T 20) :

This concludes the proof of Proposition 3. O

6.B.4 Borel summability of W,(g) and W(g,N) in C,

Proof of Proposition 4. We focus on W (g, N): for W,,(g) one follows the same steps without summing
over n. Our starting point is the expression:

Wg(g,N):_];fleé 202 2 ln(l_l\/ge—wa)] ;( ];7>n g\
" Z /‘1< H duw) [6%3219 Ei,j wgg%i%j H (dl — 1)
; o

Tel,’9 “(j)eT

for the analytical continuation Wy(g, V) of the free energy.

We are interested in finding a good bound on the Taylor rest term of order ¢ of the expansion of
W (g, N). This Taylor rest term consists in two pieces. We denote Qf(g) the sum over all the trees
having at least ¢ edges:

(6.B.61)

12005 LT 6 8 di —1)!
« 3 / ( 11 du”)[ 26 Xi 5 ] 507 5 11 (di —1) d.] .
TET, 0 (4,9)€T 7 <1 — Z\/§6_100i> 0;=0

Due to the overall ¢g"~! factor, such trees contribute only to orders higher than ¢ in the Taylor
expansion of Wy(g, N), hence are entirely contained in the Taylor rest term. The trees with less than
q edges contribute both to the explicit terms of order lower than ¢ in the Taylor expansion and to
the rest term. In order to isolate their contribution to the rest term we perform for each of them a
Taylor expansion with integral rest up to an appropriate order. We do this by Taylor expanding the
Gaussian measure, which generates loop edges, each of which comes equipped with a g. For a tree
with n — 1 edges, n — ¢ explicit loop edges need to be expanded. The Taylor rest term coming from
such trees writes then:

Pj(g,N) = N/ q—l (;Dq [eéema‘iiln (1- ge—zea)L:O
_Znu (_)n 3 n 1 Z/ H duij / m (6.B.62)

d>q‘"+1 [ ooy s (d; — 1)!
X ( 62 ) 17 601 60 H T .
dt i (1 - z\/ge_wai) =0
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The total rest term of the Taylor expansion of Wy(g, N) is the sum R{(g, N) = Pj (g, N) + Q3 (g, N).

Q5(g: N >,(GB%)

1 1 <2n—3

[\/COS(29)(COS 50_729)2]7171 n(n—1)

The contribution of large trees Q¢(g, N). Using (6.2.10), the contribution of large trees is im-
1
| < ——=
\/cos(26) n>q+1 n—1

mediately bounded by:
1

and using D) (2” 3) < 2273 we get:

n—1
N]| 1 _
q ,N | N n—1
@lg, N)| < cos(26) Z ( 3 /cos(26)(cos “’229) ) Nl

n>q+1
Ve g (6.B.64)
44/cos(20) ( 1 )
) [Ng|?.
N, 3 o
b 3 605(2‘9)(Z(|)S @202 2 cos(20)(cos £5= 5 )2

Observe that this bound does not have a ¢! growth. This seems much better than expected. In fact
this is not surprising: the factorial growth of the rest term comes from the divergent number of graphs
in perturbation theory. As the large trees do not need to be further expanded in graphs, they do not
generate a factorial growth. In fact it is the small trees that pose a problem.

The contribution of small trees PjJ(g, N). The contribution of small trees requires more work.
We have:

R e e G N (R
n . 1 1 —t)an
—§;<—Z> () 2 [ (I ) [ G5 6559

TET, (i) €T
o205, T 62 1 52 o (d; —1)!
% 62 7 ij 6060 76219 Z wT H i . '
2 — Y 0005 : 7.0 \"
(% i (1—1/5e "0 ;=0

The first term is bounded by:

Ly [ (24 = 1! (lﬁ)?]
0 o=0

2q+1 q—1)!
<uﬂ<m0q@q_n! 1 (6.B.66)
> 2

24/ cos(26) q! (COS @—229> a

V| L
= 4./ cos(20) (1) (g( 03”229) ) oI

Observe that, due to the expansion of the ¢ loop edges, this first term displays a ¢! growth. Thus
already the first term has a worse large-order behaviour than the sum over large trees.
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We now analyze the contribution to the rest term of the trees with 2 < n < g vertices. Note that
a term has initially > d; = 2(n — 1) corners (factors 1/(1 — z\/gefwai)) and 2(q¢ — n + 1) derivatives
will act on it. The additional derivatives (corresponding to the loop edges) create each a new corner

on which subsequent derivatives can act. In total, for each tree, the loop edges generate exactly:

(2¢ — 1)!

200 = 200 = )+ 1] 20 = ) +20g —n D) = 1) = (5 o

(6.B.67)

possible terms, each with 2(n — 1) + 2(¢ — n + 1) corners (factors 1/(1 — z\/; ;). The w’s are
bounded by 1 and the sum over trees is done as in (6.2.10) leading to the global bound:

Z\N\ 9| (2¢ — 1)! 1 (n—2)! (2n—3 1 2 1
20134 (2n —3)! (¢—n+1)! n! n—1 cos ‘P_T% [cos(20)]n/2

. (6.B.68)
(2 —1)! [g| 3 1 [N|"
= 204134 (cos £520)20 2= (g — n+ 1lnl(n — 1)! [cos(26)]/2
Now, using (2¢ — 1)! < 2247 14!(g — 1)! we get and upper bound:
q q
1 1 q! |N|™
R Y I I q
1Y <3<cos w-29>2> 92 DI ) eos20)]
2 2 n=2
q - (6.B.69)
1 1 L
,(q _ 1) ( —5 > ‘g‘q 2qe\/cos(29) .
B
Adding up (6.B.64), (6.B.66) and (6.B.69) we get:
[N] q
44/cos(26) 1
[Rj(g, N)| < N ; | N9l
1— a9 54/ cos(20)(cos #57)
51/ cos(20)(cos £5=)2 (6.B.70)
q
1 1 || LN |
+ — —1)! - q| = + 2qe\/cos(29) .
4(q ) (g’(cos 90_229)2> 1 ( cos(26)
We opportunistically chose §# = £ and using some trivial bounds we get
44/cos £ 1 1 Ll/
|R5(9, N)| < ol 5o | Nl | 555 27e=(HV* . (6.B.71)
1_3(T)5/2 5(cos £) 5(cos £)

We are now in the position to prove that W (g, N) is Borel summable along all the directions in the
cut plane C; by verifying the conditions of Theorem 1, Appendix 2.A. This comes about as follows:

o let us fix some o € (—m, 7). As we are interested in analyticity and rest bound in some Sokal

disk extending op to ¢ = a £+ m/2, we denote ¢ = min{cos a+§r/2); cos a_g/Q)} > 0 (because as
la| < ).

e W(g,N) can be analytically continued via W, /6(9, N)¥ to any ¢ in a Sokal disk (with 0 on
its boundary) tilted by «, that is g € Disky = {z | Re(e'*/z) > 1/R} provided that R =

YIndeed, W,6(g9, N) = Qg/G(g,N) and the series defining it converges absolutely in such a disk |Q?0/6(g,N)\ <
1/(4¢*/?v).
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—25\,' &/ 2(1 — v) for some fixed v > 0. In this disk the Taylor rest term obeys the uniform bound:
q q
|N| 1 2 1/2
R0 < iy (oo ) bt o Dl 75 ) (6B.72)

Fixing K = max{|N|/(4cl/2u),e‘NVcl/Q} and p = min{3/2¢?;3/4¢%)}, we finally obtain uni-
formly in the Sokal disk:
|R§(g, N)| < K ¢! p~®|g|?, (6.B.73)

hence the rest obeys the bound in (2.5.4) and from Theorem 1 we conclude that W (g, N) is
Borel summable along «.

Note that Borel summability is lost in the N — oo limit.

This concludes the proof of Proposition 4. O

6.B.5 Transseries expansion of W, (g) and W(g, N)

Proof of Proposition 5. An explicit expression for W,,(g) is obtained by combining the Mobis inver-
sion formula in equation (6.2.3) with the transseries expansion of Z,(g) in (6.1.26). In order to prove
Proposition 5, we have to use standard sum and product manipulation tricks and factor the pow-
ers of the transseries monomial 62% in front. Although the manipulations are not complicated, the
expressions are very lengthy and we will introduce some bookkeeping notation to keep the formulas
readable.

Property 1. Combining the M&bis inversion formula (6.2.3) with the transseries expansion of Z,(g)
in (6.1.26) leads to:

n n—k+1

Wa(g) = > (- ' Ek-1)r > Hnn"(z')" I1 (Zfert‘(g)+ne239Zi(")(g)> , (6.B.74)
U i=1

k=1 N1y — k4120

>oing=n,> n;=k

2P () =3 (_29>a G(a;i),  Glai) (2a): > =t (6.B.75)

 Q2aq) kara!’
ai,...,a2q—i+1>0 Hk k
S kar=2a, > ar=i

z{"(g) = \/22?\/5 f: > % (4" <Z> db;z(;)

and:

F=2et (6.B.76)

[0 ($)" = (n (§) + 72m)""] as
7 = 4. Using now 7 [(In($))" — (In (§) + m2m)"] = —7 S (") (In (£))° (r2m)"~¢, commuting

[
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the sums over b and ¢, and combining the binomials, this can further be written as:

a=0 b=0
d°T(2) =l i ) e
— In (£ 2m)' ¢ 6.B.77
a2 () @) e @B
oo t—1
g g\°
=V2r 3 ZZ (6> (In (%)) Gla, i),
a=0 c=0
with:
i—1 . b
L i—1—b—c il d’I'(z) m _
G(a,ci) = Z (vr2m) A —b= 1 2 lemaa’ and Z;” =0. (6.B.78)

b=0
First, we pull the transseries monomial to the front in (6.B.74):

n n—k+1

— TL‘ ert. 2 n;
W@ =3 0T X g L@@+ 27 0)
k=1 N1yl g1 20 10 i=1
Sini=n, > n;=k

I N T -1 Y

k=p Mook 1 >0
ktp>1 S ini=n, Y ni=k

n Hn k+1 (Zpert (g))m—pi (nZi(n) (g))pi
2 [1;(ni — pi)lpi! (i)

(6.B.79)

This is a transseries in g, with Zi(n) (g) carrying also powers of /g and In(g). In a second step, we

()

want to make this statement manifest and use the expressions for ZP*" and Z;" to calculate:

H(Zfe”'(g))”i_pi(nZi(n)(g))pi=H< > II( ) a;;o)

i>1 i>1 ai >0 j=1

((r@z %ﬁ() ()" G50

>Ocl, <5 _0] 1

i>1DPi I g I (6B80)
77V \/7 g (n (%)) > >
l>0 i i= 1 m,n k+1 i i= 1 yeeoyn—k+1
{a} >O} {i—1>c* >0}
(i-Dp;>t>0 I TIThee Lps
il za¢4 3 el

1 2221251:111; 2 Zile?ipi+la; n; .
8 <6> <3> H HGa]’CJ’l H G(aj;i) | -

J=pi+1



174 Chapter 6. The small N series of zero-dimensional O(N) model

Finally, inserting this into (6.B.79) we obtain the transseries expansion of W, (g), organized into
instanton sectors:

" 3 p I
Walo) = DB (avam [2) 5 o m () W, 051)
p=0 1>0,n—p>l'>0
with:
» _\ b1 , nl
USTEDDEC VR UES DS 2 T i
k=p N1y g+120 {0<p;<n;} PN vy
k+p>1 Sini=n,>. n;=ki=1,...n—k+1
Ppi=p
> > L2 T VPR M DAY B
o L 6 3 (6.B.82)
e T (o s Rl L
Zi Zj aj-: ZZ Zj ct=l
n—k+1 Pi ] ) n; )
11 (HG(a;-,c;;w)( 11 G(a;;w),
i=1 Jj=1 Jj=pi+1

as advertised.

Property 2. It remains to transseries expansion for the full free energy W(g, N). In this case,
the expressions are simpler because the Z; have been summed. Starting from the relation between
W (g, N) and the W,,(g):

Wie. ) =3 4 (-5) Walo

n>1
~ (_%)n - 1 k—1 k 1) n! el Zpert. 212(77) n;
~> nl PBC A UCES DY Mot 1L (207 (9) + ne 2" (9)) 5
7’7421 k=1 MY yeeny nn_k+120 =1 (6 .83)
Sing=n, Y n;=k
k-1 ! Ll Nyiper. 35 7 () i
=S k-0 Y [T(5(-3) (@ @ +ne 2 (9))
k>1 nime..>0 i>1 7
Sni=k
which becomes:
1 1 N, ert. 3 k
> (D) H(Zﬁ(—i) (20" (9) + e 2" (g))
k>1 i>1
1 3
=> (D (E - 1) H((Zpe“-(g,J\f) — 1 +ne2 2 (g, N)))" (6.B.84)

k>1

§ : (_1)]671 ert ) k ert )
N (207 (9, N) = 14 ne2s 2% (g, N))* = In(ZP* (g, N) + ne> ZX (g, N))
k>1
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we unsurprisingly recover, that formally W (g, N) = In(Z(g, N)). Here, we used the notation (cf.
3
equation (6.1.12)) Z(g, N) = ZP** (g, N) + ne2s Z (g, N), with:

= T'(2n + N/2) 29\"
Zpert. N) = _ZJ
(9, N) nz:% 2201 T(N/2) ( 3)

(6.B.85)

1-N 0 q
() _ (1= 9\ 2 1 29
Z'"(g,N)=¢e 2) /27 (3) “29) <

= 221g! T'(§ 3

As before, the expansion into instanton sectors can be made manifest, by pulling the transseries
monomials to the front in W (g, N). We start from the second to last line in (6.B.84)), that can also
be written as:

1 3
W(g, N) =Y (=DM k=1 Y 5= (27" (9) - 1) (e 20 (g))”
k=1 pa>0 D€
pra= ’“p+q Iy (6.B.86)
=Y e 3 (ot S () =) (27 (9)"
p>0 q>0
p+q=>1
Next, we use the expressions for ZP¢™ and Z to calculate:
(Zpert.(g) _ 1)(1(,,72(77)( ))P
o0 1-N
n ey 5 \P
- (35 e (9)) (v (7))
n=1
P
2 m
(Z 22mm'F 7—2m) (?g> )
m>0
JomeE (€7 5 \p g T (2n+5) 29\ ™
=(verei (550) 7 ) X (i (%)
ni,...,ng=>1 \1=1
M1 ey >0 (6.B.87)
p
1 29\
x (1_[122m1mj!r(1§—2mj) (§g> )
j=
\/7 &g % p 2g l g 1"(2n1 )
=(verei (550) T )2 (=) X Hwmy
1>0 n1yeng>1 \i=1
mi,...,mp>0

p
(=)™
X <H22m 'F(2 2mj)> .

Jj=1



176 Chapter 6. The small N series of zero-dimensional O(N) model

Finally, inserting this into (6.B.86) we obtain the transseries expansion of the free energy, organized
into instanton sectors:

1-N

7l' 17'7(' l
V)= 32 (/o (52) )T ()
p>0 1>0
q P
+¢—1 (p+g—1)! I'(2n;+N/2) (=)™ (6.B.88)
X < Z (=1)Pre plg! Z (H 22"ini!F(N/2)> (H 22mjmj1r(N/2—2mj)>> ’
>0 n1,.mg>1\i=1 j=1
p+q>1 my,...,mp>0
an-‘rz mj:l
which has the desired form:
eV % P 2 l
N g g )
W(g) ~ 2629 (77\/ me'” < 3 > ) Z <—3> T/Vl(p (N), (6.B.89)
p=>0 >0
and we can read up the coefficients VVl(p ),
This concludes the proof of Proposition 5. O

6.C Feynman graphs and W(g, N)

Each term in the convergent series in (6.2.7) can be further expanded in a formal Taylor series in the
coupling constant. The series thus obtained is asymptotic to W (g, N) as long as (6.2.7) converges
hence in a cardioid domain of the cut complex plane C; (see Proposition 3) which sweeps all the
directions in C,. In this range of g no singularity of the integrand crosses the real axis, which is the
steepest-descent contour of the exponentials in (6.2.5).

The asymptotic series of W (g, N) in the first Riemann sheet is well known to be the formal sum
over connected Feynman graphs of amplitudes. However, due to the presence of the w parameters
and the integrals over the us, it is not exactly transparent how this comes about starting from (6.2.7).
The fact that (6.2.7) does indeed reproduce the Feynman graph expansion has been proven in [215].
We sketch below how this comes about.

Hepp sectors. To any graph G with vertices labeled 7,7 = 1,...n one can associate a characteristic
function depending on edge variables f(z;;) = H(i’j)eG x;; where the product runs over the edges of
G. The forest formula applied to this function yields:

1= Z/ / H duy;j H wi(ur)| - (6.C.1)
Fcald 0 \GjerF (k1) EF
|.7:| times

Remark that the derivative of the characteristic function is nonzero only if the forest F is made of
edges of G (which we signify by F C G). Furthermore, if 7 has more than one block, then one of the
ws in the product is set to zero. It follows that only trees contribute:

1= Z/ / H du; H wl(ur)| . (6.C.2)
TCG e \(B.)ET (k)e¢T
\7—| times
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This formula defines normalized weights associated with the graph G and the spanning trees T C G:

w(G, T) = / / 1 dus | | I when)|. S wGm=1,  (6C3)
(6.9)€T (kDET TCG
|'T| times

which admit a striking combinatorial interpretation. We define a Hepp sector as a total ordering 7 of
the edges of G, that is a bijection 7 : E(G) — {1,...|E(G)|}, where E(G) is the set of edges of G.
For any m the leading spanning tree in m, denoted 7 (m), is the tree such that 3 .7, 7(e) is minimal.
The tree T () is obtained by Kruskal’s greedy algorithm: at each step one adds the edge e € G with
minimal 7(e) that does not form a loop.

Lemma 1. We have:

NG T)
[E(@)]
where N(G,T) is the number of sectors m such that T (m) = T, that is w(G,T) is the percentage of
Hepp sectors in which T is the leading spanning tree of G.

w(G,T) = (6.C.4)

Proof. Let us define the function:

1,ifV(i,j)€E(G)\T, ui-ginf T Ukl
x(up@e\7 < ur) , ’ (kDEPS,; (6.C.5)
0, otherwise
On the one hand we have:
1
w(G. T) = /0 T due | xCuenr <ur). (6.C.6)

e€E(Q)

as, at any fixed {ue, e € T} the integral over the loop edge variable uy; yields w,;rl(uT).

We now split the integration interval according to Hepp sectors. In the sector 7 corresponding to
Ur-1(1) > Ug-1(2) > ... the characteristic function x tests whether every loop edge (i,7) has smaller
ui; than inf{uy} in the tree path le] connecting ¢ and j. This is true if and only if 7 is the leading
spanning tree in 7:

1
/0 I due | x(uenr < ur)

ecf G)

Ur—1(1) Ur—1(E(G)|-1)
= ; d“rl(l) ; x| dur—1((e)) X(ua\T < uT)

(6.C.7)
1 Ur—1(1) Ur—1(|E(@)|-1)
= ¥ 1)) A1) - dur—1(B(@)))
T (m)=T"0 0 0
1
= 1
LD
| (G)"W,T(w):T
O

Lemma 2 (Asymptotic series [215].). The asymptotic expansion at zero of the free energy W (g, N)
in the cut plane g € C is the formal sum over connected Feynman graphs of Feynman amplitudes.
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Proof. Taylor expanding the Gaussian integrals in (6.2.7) to infinity yields:

\lQ

N
=y T ()| - @ [T w)
> o=0

n>2 TeT, (i,9)€T

% 1 (145 5 \" Z 1L (T8 5 lij H (di—1)!
;' \ 260, 0oy ll‘j! 1] do; 50’j i
{ . i >0} < 3 - 3 0;=0
1

B BAY [L(di + 1+ 32,1l — 1)!
N ”!( 2> 2 2 (TT; 20D (T T bis")

TET {1;>0},{l;j>0}i<;

(6.C.8)

1 n=14+3 7 i+ 5 lij
T g l i<j v
[ I ) (Te7) | () |

(4:.5)€T (i<d)

The additional derivatives with respect to o generate loop edges decorating the tree 7: [;; is the
multiplicity of the loop edge between ¢ and j and [; the number of tadpole edges (or self loops) at the
vertex i. We denote the graph consisting in 7 decorated by such extra loop edges by G. Of course, T
is a spanning tree of G which we denote G O 7. From Lemma 1, the integral over u in (6.C.8) is:

G N(G,T)
(4,J)ET (k,D)ET
|T| times

yields the percentage of Hepp sectors in which 7T is the leading spanning tree of G. Collecting the
coupling constants and the symmetry factor in the amplitude A(G) of the graph G, we write:

Z S wl (6.C.10)

n>1 T TET. GOT

that is for each tree T we resum the amplitudes of the graphs in which 7 is a spanning tree with a
weight given by the percentage of Hepp sectors of G in which 7 is the leading tree. Denoting G,, the
set of connected graphs over n vertices, we commute the sums over trees 7 and graphs G and using

ZTcG w(G,T) =1 we get:
Z > AG (6.C.11)

which is the familiar perturbative expansion of the free energy in connected graphs. O
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