N
N

N

HAL

open science

Enumeration of triangulations modulo symmetries and

of rooted triangulations counted by their number of (d —

2)-simplices in dimension d > 2
Nicolas Dub

» To cite this version:

Nicolas Dub. Enumeration of triangulations modulo symmetries and of rooted triangulations counted
by their number of (d — 2)-simplices in dimension d > 2. Other [cs.OH]. Université Paris-Nord - Paris

XIII, 2021. English. NNT: 2021PA131050 . tel-03641958

HAL Id: tel-03641958
https://theses.hal.science/tel-03641958

Submitted on 14 Apr 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://theses.hal.science/tel-03641958
https://hal.archives-ouvertes.fr

Universite
TI Sorbonne
Paris Nord

THESE DE DOCTORAT DE L’UNIVERSITE
SORBONNE PARIS NORD

N° d’ordre NNT : 2021-PA13

Ecole Doctorale N° 146

Sciences, Technologies, Santé - Galilée

Spécialité : Informatique

Soutenue publiquement le 28/06,/2021, par :
Nicolas Dub

Enumeration of triangulations modulo
symmetries and of rooted triangulations
counted by their number of (d — 2)-simplices in

dimension d > 2

Devant le jury composé de :

Frédérique BASSINO  Professeure, LIPN, Villetaneuse Directrice de thése
Valentin BONZOM Maitre de conférences, LIPN, Villetaneuse Co-directeur de these
Eric FUSY Directeur de recherches, IGM, Marne-la-allée Rapporteur

Thomas KRAJEWSKI Maitre de conférences, CPT, Marseille Examinateur

Adrian TANASA Professeur, LABRI, Talence Rapporteur






Abstract

Theése de doctorat de 'université Sorbonne Paris Nord

Enumeration of triangulations modulo symmetries and of rooted

triangulations counted by their number of (d — 2)-simplices in dimension d > 2

by Nicolas DUB

O(N) invariants are the observables of real tensor models. We represent them by regular
colored graphs dual to d-dimensional triangulations. We enumerate the invariants using
permutation group techniques and reveal that the algebraic structure organizing them
differs from that of the unitary invariants. At fixed rank and fixed number of vertices,
an associative semi-simple algebra with dimension the number of invariants naturally
emerges from the formulation. Using the representation theory of the symmetric group,
we enlighten a few crucial facts: the enumeration of O(N) invariants gives a sum of con-
strained Kronecker coefficients, there is a representation theoretic orthogonal basis of the
algebra that reflects its dimension; normal ordered 2-point correlators of the Gaussian
model evaluate using permutation group language, these functions provide other repre-
sentation theoretic orthogonal bases of the algebra.

Tensor models are furthermore generalizations of matrix models and as such, it is natural
to ask whether they satisfy some form of the topological recursion. The world of unitary-
invariant observables is howbeit much richer in tensor models. It is therefore a priori un-
clear which set of observables could satisfy the topological recursion. Here we show that
some set of observables is present in arbitrary tensor models which have non-vanishing
couplings for the quartic melonic interactions. It satisfies the blobbed topological re-
cursion in a universal way. The spectral curve is a disjoint union of Gaussian spectral
curves, with the cylinder function receiving an additional holomorphic part. This result
is achieved wvia a perturbative rewriting of tensor models as multi-matrix models due
to Bonzom, Lionni and Rivasseau. It is then possible to formally integrate all degrees
of freedom except those which enter the recursion, meaning interpreting the Feynman
graphs as stuffed maps. We further provide new expressions to relate the expectations of

U(N)4invariant observables on the tensor and matrix sides.
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Résumeé

Thése de doctorat de 'université Sorbonne Paris Nord

Enumeration of triangulations modulo symmetries and of rooted

triangulations counted by their number of (d — 2)-simplices in dimension d > 2

par Nicolas DUB

Les invariants orthogonaux sont les observables des modéles de tenseurs réels. Nous les
représentons au travers de graphes colorés et réguliers qui sont duaux a des triangula-
tions de dimension d. Nous énumérons ces invariants a l'aide de méthodes empruntées
au groupe symétrique et montrons que la structure algébrique qui les régit différe du cas
unitaire. A rang et nombre de sommets fixés, une algébre associative et semi-simple de
dimension le nombre d’invariants émerge naturellement de notre formulation. A D'aide
de la théorie des représentations du groupe symétrique nous prouvons notamment que
I’énumération des invariants orthogonaux se traduit par une somme de coefficients de
Kronecker contraints et qu’il existe une base de Fourier orthogonale de 'algebre qui re-
flete sa dimension.

Les modéles de tenseurs généralisent les modéles de matrices, 'on est de fait en droit
de se demander s’ils satisfont une certaine forme de récurrence topologique. Le monde
des observables unitaires étant néanmoins bien plus riche pour les tenseurs, il est difficile
a priori de savoir quel ensemble d’observables est en mesure de satisfaire cette récur-
rence. Un de ces ensembles est cependant présent dans tout modéle de tenseurs dont les
constantes de couplage des interactions quartiques meloniques sont non nulles. La courbe
spectrale est une union disjointe de courbes spectrales gaussiennes, et l'amplitude du
cylindre se dote d’une part holomorphe. Ce résultat est obtenu par une réécriture pertur-
bative des modeles de tenseurs en modéles dits multi-matrices, et due & Bonzom, Lionni
et Rivasseau. Il est ainsi possible d’intégrer, du moins formellement, tous les degrés de
liberté, sauf ceux entrant dans la récurrence. Les graphes de Feynman s’interprétent alors
comme des cartes farcies. Finalement, nous donnons de nouvelles relations liant valeurs

moyennes des observables tensorielles et matricielles.
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Introduction

Matrix and tensor models — Random tensor models are a generalization of matrix
models. Since their inception [1, 2, 3|, random tensors offer a framework for studying
random discrete geometries as they aim at extending the successful relationship between
random matrices [4] and two-dimensional quantum gravity to higher dimensions. The
main goal of this approach is to devise a transition from discrete geometries to contin-
uum geometries in any dimension. Howbeit, the original proposals for tensor models were
plagued with difficulties and no significant development occurred in the field for twenty
years. Only recently have random tensor models witnessed major progress [5| with, for
instance, the advent of a new large N expansion generalizing 't Hooft genus expansion (6]
for higher dimensional (pseudo-)manifolds. Moreover, recall that matrix models are in-
timately connected to combinatorial maps, the latter being generated by the Feynman

expansion of the former [4, 7]. For instance, in the 1-Hermitian matrix model,

/dM e—%trM2+Nzk21 %ter _ Z %szh thk’ (1)

maps k>1

where the sum is over maps of genus h with n labeled edges and n,, faces of degree k > 1.
The quantity in the exponential on the left-hand side is called the action, or the potential,
and the t;s are called the coupling constants. In tensor models, this relationship is also
generalized, meaning that the Feynman expansion of tensor models generate piecewise-
linear d-dimensional (pseudo-)manifolds [5, 8, 9, 10]. This is why tensor models were
already proposed as candidate for quantum gravity in the early 90s, long before a large
N limit was found [11]. The existence of such a limit for tensors naturally unveiled several
analytical results, among which the discovery of their critical behavior (branched poly-
mers [12, 13|), the universal property of random tensors [14], and the discovery of new
families of renormalizable non-local quantum field theories with interesting UV [15, 16, 17|
and nonperturbative behaviors supporting the discovery of new universality classes for
gravity [18, 19, 20].
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More recently, and quite unexpectedly, tensor models have been shown to provide the
same large N limit as the Sachdev-Ye-Kitaev (SYK) model |21, 22| of condensed matter
physics (a model which is exactly solvable at large N in the IR and exhibits maximal
chaos, it is dual to the Jackiw-Teitelboim 2D gravity [23, 24]). For its deep connections
with black hole physics and AdS/CFT correspondence, the SYK model embodies a vi-
brant topic of research. This has driven the development of tensor models in the last
few years. Indeed, new models have been introduced and their large N limit explored
[25, 26]. Some models could also be explored beyond leading order using combinatorial

techniques [27].

A key feature of tensor models is that the set of observables and interactions is quite
larger than in matrix models [28], and grows with d. In U(N)-invariant matrix models,
observables are products of traces tr M™, for M Hermitian. In U(N)%*invariant models,
they are products of traces tr(MMT)" for M a complex matrix. In both cases, there is
a single invariant at fixed degree in M (in addition to products of invariants of smaller
degree). More generally, there is a set of generators of the ring of U(N)%invariant poly-
nomials, called the set of bubbles. They are characterized by a d-tuple of permutations,
up to a left and a right action on the tuple. There is a graphical representation as d-
regular bipartite graphs with edges labeled by a color from [1,d] such that all colors are
incident on every vertex. They have been studied in [29, 30, 31|, where a relation to
Kronecker coefficients was found. Enforcing other sets of symmetries leads to other sets
of observables, like using O(N)? instead of U(N)? relaxes the bipartiteness of the bubbles
[33, 32| as will be seen later on.

This enlarged set of observables in tensor compared to matrix models is the source of
various universality classes found in the large N and continuum limit. Indeed, it is well-
known in 2D that models built with interaction tr M*, generating k-angulations, have
all the same universality class (that of pure 2D quantum gravity). However, for d > 2,
there are more possible bubbles, i.e. more interactions at fixed order k in T, T, which
correspond to different d-dimensional building blocks. Choosing different bubbles as in-
teractions can then lead to different universality classes [9]. This however does not seem
to be the case in 3D, where all planar bubbles (dual to building blocks homeomorphic to
the ball) used as interactions always lead to the universality class of random trees (i.e.

branched polymers) [10].
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FIGURE 1 — Symmetric group view of unitary invariants.

Orthogonal invariants — As already mentioned, several, if not all, of the previous
studies heavily rely on the understanding of the combinatorics of the Feynman graphs
and observables of the considered tensor model. Let us now introduce two particular
contributions on tensor model graphs that the present work extends.

In [29], the authors worked out the enumeration of the unitary invariants, as observables
in complex tensor models. One way of comprehending the theory space of rank-d complex
tensor models is to specify its set of observables. The latter are merely U (N )%-invariants
(at time, we simply call them U(N), complex or unitary tensor invariants). We know that
a convenient manner to represent U (V) invariants defines as a canonical mapping to d-
regular bipartite colored graphs [34]. Stated in this way, the inventory of tensor invariants
formulates by uniquely using permutation groups (see Figure 1). One should record that
these symmetry group techniques and its representation theory have been developed dur-
ing the last years [35]-[46]. They turned out to be powerful, flexible and versatile enough
to address diverse enumeration problems from scalar field theory and matrix models, to
gauge (QED, 2D and 4D Yang-Mills) and string theories. In physics, for instance, they
brighten the half-BPS sector of N' =4 SYM [35]-[40]. Moreover, unforeseen correspon-
dances arise from these studies, for instance, counting Feynman graphs in ¢* scalar field
theory relates to string theory on a cylinder or listing Feynman graphs of QED relates to
the counting of ribbon graphs [39]. These correspondances emerge from another interface
playing a hinge role between enumeration problems: wvia the Burnside lemma, with each
enumeration problem using the symmetric group (and its subgroups), we can associate
a Topological Field Theory on a 2-complex (named TFT,) with gauge group given by
the symmetric group (and its subgroups). Such a formulation also unfolds multiple in-
terpretations of the counting formulae with links with the theory of covering spaces in

algebraic and complex geometry (see references in [39]). The reference [29] establishes
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several enumeration formulae pertaining to observables of complex tensor models. Using
the Burnside lemma, one recasts the enumeration of U(N) invariants into a partition
function of a permutation lattice gauge field theory, a TFTs. It is wia this mapping that
one elucidates that counting unitary invariants corresponds to counting branched covers
of the 2-sphere. Branched covers are well known objects in algebraic and complex geom-
etry [47], in topological string theory, and in dimension 2, they correspond to complex
maps [38]. Thus, there is an underlying geometry inherited by tensor models from the
TFT, formulation that still needs to be understood. There is however a proviso: the
counting formulae are only valid when the size N of the tensor is larger than the number
of tensors convoluted. More generally, one should resort to a more careful study [45, 46].
The study of tensor invariants has a follow-up in [30]. Their equivalent classes are viewed
as the basis elements of a vector space Kq(n), a subspace of C[S,|®?, the rank-d group
algebra of the symmetric group S,. Kg4(n) shows stability under an associative prod-
uct, and it is endowed with a non-degenerate pairing. Therefore, at a fixed rank d and
fixed number of vertices n, tensor invariants span a semi-simple algebra. (Note that,
importantly, other algebraic structures could be set up on tensor invariants [48, 49, 50].
The above structure is however unique, up to isomorphism.) As a consequence of the
Wedderburn-Artin theorem, any semi-simple algebra decomposes as a sum of irreducible
matrix subalgebras. The representation theory of the symmetric group sheds more light
on the remaining analysis as it enables to reach the Wedderburn-Artin matrix decomposi-
tion of the algebra of tensor observables: the dimension of the algebra is a sum of squares
of the Kronecker coefficients (these are multiplicity dimensions in the decomposition of
a tensor product of representations in irreps; Kronecker coefficients are still under active
investigation in Combinatorics and Computational Complexity Theory, see, for instance,
[51, 52| and more references therein), each square matching exactly the dimension of a
matrix subalgebra. The orthogonal bases of the algebra and its matrix subalgebras have
been worked out, meanwhile the Gaussian 2-point correlators also provide new represen-

tation theoretic orthogonal bases.

In this work, we consider O(N) tensor models and their observables and investigate
if they support the same previous enumeration and algebraic analysis. Fleshed out the
first time in [33], such models extended the large N expansion to real tensors. The
graphs that determine the O(N) invariants keep the edge coloring but are not bipartite.
This naturally leads to a class of observables wider than that of the U(/NN) tensor mod-

els. To enumerate O(N) invariants, we use a standard counting recipe: we use tuples
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of permutations on which act permutation (sub)groups that define equivalence classes.
We then count the points in the resulting double coset space. The equivalence relation
in the present setting is radically different from the U(N) situation and requires more
work to obtain a valuable counting formula. With their generating functions in hand, we
provide software (Mathematica, Sage) codes to achieve the counting of O(V) observables
for any tensor rank. We emphasize that our results match the seminal work of Read in
[55] that dealt with the enumeration of k-regular graphs with 2n vertices with k-edge-
coloring. However, Read’s formula was only evaluated for the k& = 3 regular graphs with
2n = 2,4,6 vertices with edges of three different colors. Our code extends this counting
for any k and any n. We produce integer sequences that are new (un-reported as of yet)
to the On-Line Encyclopedia of Integer Sequences [56].

Moreover, seeking other correspondances, we address the TFT formulation of our count-
ing and show that to count O(N) observables amounts to count covers of glued cylinders
with defects (the rank of the tensors relates to the number of cylinders and defects). After
introducing the algebra of O(N) invariants, we show that it is semi-simple, and as such,
admits a Wedderburn-Artin decomposition. An invariant orthogonal basis of the algebra
transpires in our analysis but it does not yield the decomposition of the algebra in ma-
trix subalgebras. We proceed to the representation theoretic formulation of the counting
and its consequences. As to be distinguished from the U(N) case, the dimension of the
algebra is a sum of constrained Kronecker coefficients restricted to partitions with all
even length rows. The representation theoretic tools exhibit a basis of the algebra, the
dimension of which directly reflects the sum of constrained Kroneckers. The Gaussian 2-
and 1-point correlators also compute in terms of permutation group formulae. A corol-
lary of that analysis is that 2-point functions, in the normal order, select a representation
theoretic orthogonal basis of the algebra. In that sense, the Gaussian integration in the

representation Fourier space performs as a pairing of observables.

Blobbed topological recursion — A natural question for tensor models is to go be-
yond the large N limit. In particular, it is natural to ask whether the methods used for
this purpose for matrix models still work for tensor models and whether it depends on
the set of chosen interactions. In this work we will focus on the topological recursion of
Eynard-Orantin [57, 58, 59, 60]. Let us nevertheless mention previous works on tensor
models beyond the large N limit. A standard combinatorial analysis of maps was applied
to the Feynman graphs of the so-called colored tensor models by Gurau and Schaeffer

[61], and extended to the set of Feynman graphs of the multiorientable model (which has
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U(N)? x O(N) symmetry, at d = 3) by Fusy and Tanasa [62]. They classify the Feynman
graphs appearing at a given order of the 1/N expansion of their respective models. They
also identify those which are the most singular in the continuum limit at each order of
the 1/N expansion, thereby allowing for a double-scaling limit, whose 2-point function
was calculated.

In parallel, interest grew around the so-called quartic melonic model. It is a tensor model
with up to d quartic interactions having a special structure called melonic. This interest
in the quartic model comes from the existence of the Hubbard-Stratonovich technique
which transforms this tensor model into a multi-matrix model. It opened up a new way of
analyzing tensor models through matrix models. The double-scaling limit for this model
was done in [63] (for a result similar to [61]). It was also realized in [64] that in the large
N limit, the eigenvalues do not spread because the Coulomb repulsion is subdominant.
Instead, they all fall in the potential well, as anticipated in [65]. One can then study the
fluctuations around the saddle point, an analysis started in [64] where the leading order

fluctuations were shown to obey Wigner’s semi-circle law.

In [66], the first instance of topological recursion in the context of tensor models was es-
tablished. Recall that in the ordinary Hermitian 1-matrix model, the topological recursion
applies to the calculation of the n-point, genus g, correlation functions W, ,(z1, ..., z,)

which appear in the expansion of connected n-point functions

1 1
(tr oo tr M>C = Z N>"2W, (1, T). (2)

- M Ty —
1 n 9>0

In terms of maps, it is a recursion on the generating functions of maps of genus g, with n
marked faces whose perimeters are tracked by the variables x1,...,x,. The topological
recursion takes a universal form, and uses a spectral curve as initial data. The spectral
curve is determined by the disc and cylinder functions Wi o(z) and Wao(z1, z2).

In [66], the matrix model is the one obtained in [64] for the fluctuations of the eigenvalues
around the saddle point. It has d Hermitian matrices My, ..., My where M, is said to be

of color ¢ and the correlations now need to have the colors of their variables specified,

1 1
Wn 3 CLy vy Ty Cp) = (b ot ce 3
(1,015, Tn, Cn) (fxl_Mq rxn—Mcn> (3)

As it turns out, the coupling between the colors is not too strong and a topological

recursion can be derived where the spectral curve is a disjoint union of d spectral curves for
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Gaussian matrix models, with an additional holomorphic term for the cylinder function.
This is due to

condition 1 the U(N)? symmetry. It implies that the matrices of different colors can
only interact through products of traces of different colors. The action is of the

form

Sn(My, ..., Ma)= Y tn(pr,...,pa) teMP . MDY, (4)

P1ye--Pa >0

condition 2 the 1/N expansion. It is such that only the quadratic terms of the action

survive the large N limit,

d d
Sy(Mi,....Ma) ~ N ateM;+ ) betrMctrMo, (5)
c=1 c,c/=1

(in which sense is explained in the text).

Those two conditions guarantee that an extension of the topological recursion, called
the blobbed topological recursion, or rather a multi-colored extension of the latter, holds
with the spectral curve being a disjoint union of Gaussian spectral curves, except for
Wao(x1, ¢1; 22, ¢o) which has an additional holomorphic part compared to its usual form.
The blobbed topological recursion was introduced by Borot [67] and further formalized
by Borot and Shadrin [68|. In our context, it applies to matrix models with multi-trace

interactions having a topological expansion, i.e. of the form

Sy(M) = Z Z N2n=2h W) () py) trMPY L tr MP (6)

n,h>0 p1,...,pn>0

Combinatorially, those types of models generate stuffed maps, defined in [67]. They are
maps which are not built by the gluings of disks but as gluings of surfaces of genus h
with n boundary components of perimeters py, ..., p,. In [66] this interpretation survives
with an additional coloring of the boundary components.

In the blobbed topological recursion, the recursion for correlation functions still has the
same universal term as the ordinary topological recursion, which calculates the singu-
lar parts of the correlation functions. In addition, there are now holomorphic contri-
butions [67, 68]. It is also important to keep in mind that the action (4) is in fact
topological only for d = 4d' + 2, for d € N [66], meaning that the couplings take the
form tx(p1,...,pa) = Phs0 N2=4=2h¢(M) () ... pg). For other values of d, one can do



8 Introduction

as if the action were topological by absorbing some N-dependence into the couplings
t™ (py,...,pa), and then apply the blobbed topological recursion.

Here we show how to apply this approach to arbitrary U (N )%invariant models, provided
that there are quartic melonic interactions (among others) and some invertibility con-
dition of a quadratic form at large N. This revolves around the fact that after some
intermediate field techniques and formal integration, such tensor models can always be
rewritten as matrix models with a set of d Hermitian matrices satisfying the conditions
1 and 2. Therefore, the correlation functions of these matrices satisfy the blobbed topo-
logical recursion, with the same spectral curve as in the quartic melonic model of [66].
Remarkably (and evidently from [67]), the specifics of the model, i.e. the choice of in-
teractions, only contribute to some effective action and not to the form of the blobbed
topological recursion. In combinatorial terms, the specifics only contribute to the generat-
ing functions of the stuffings of the maps. Proving the blobbed topological recursion does
not require knowing the explicit effective action, but only that the conditions 1 and 2 are
satisfied. In this sense, the blobbed topological recursion is universal in our framework.
The only difference between our formulas and those of [66] is that the generating func-
tions of the stuffing were explicitly known in [66] while their explicit dependence on the

coupling constants will be left unknown here (their N-dependence is however important).

Method — There are however some technical obstacles to overcome. Arbitrary tensor mod-
els cannot be directly transformed into matrix models using the Hubbard-Stratonovich
transformation as the latter only works for quartic interactions. This first obstacle was
overcome in [70] where it was shown that there are still matrix models rewritings. This
was proven using a bijection between the Feynman graphs of the tensor model and those
of the corresponding matrix model. A second proof was also provided by manipulations
of formal integrals (integrals which are only defined as their Feynman series). Here we
will repeat this proof, adapting it to go through the second obstacle, which we explain
now.

The method of [70] turns a tensor model into a matrix model with complex matrices M¢
labeled by subsets of [1,d], i.e. C' C [1,d]. However, applying the same recipe as in
[66] requires to have d Hermitian matrices My, ..., M, instead. This is remedied in two
steps. We first show that it is possible to replace the complex matrices M with pairs of
Hermitian matrices (Yo, ®c)ocp,qp- Then, provided that the quartic melonic interactions
are turned on, it is possible to integrate formally over all matrices except Y7,...,Yy. In

terms of Feynman graphs, this means that one has combinatorial maps with colored edges
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corresponding to the matrices Y7, ...,Yy, and everything else is packed in some stuffing
of the maps. Keeping in mind the goal of the topological recursion, it is necessary to
control the N-dependence of the stuffings in terms of their boundary components.

The next step is to observe that all the eigenvalues of Y7, ..., Y} fall into some potential
well at large N, and move on to the study of their fluctuations. This is where one ob-
serves that the conditions 1 and 2 are still satisfied and lead to the blobbed topological
recursion. It would be interesting to know whether condition 2 could be removed in gen-
eral. It is known to be possible in the case of a single matrix model as originally done
in [67]. However, in the multi-colored case, it would require a 1-cut (Brown’s) lemma for
a system of coupled equations with catalytic variables, thus extending the framework of

[71], which is outside the reach of this manuscript.

Expectations — When discussing the topological recursion in the context of tensor mod-
els, there is another natural question to address, which is how to relate the expectations
of generic observables on the tensor side to the quantities evaluated via the topological
recursion on the matrix side. In [64] for the quartic melonic model, it was shown that
the expectations of tr M are expectations of Hermite polynomials of some melonic cyclic
bubbles on the tensor side. This relation can also be inverted via Hermite polynomi-
als. In [66], the expectations of arbitrary tensor observables (bubbles) were expressed in
terms of quantities evaluated by the matrix models, but it involved summing over Wick
contractions.

In the present work, we generalize the Hermite polynomial relationship of [64] to arbi-
trary observables on both the tensor and matrix sides. To express the expectation of a
matrix observable in terms of tensorial observables, one has to take derivatives of the
potential (which in the case of the quartic melonic model is quadratic, therefore leading
to Hermite polynomials). The other way around, i.e. to express the expectation of a
tensorial observable in terms of matrix expectations, one has to take derivatives of some
effective potential for the matrices Yeos (in the quartic melonic model, it reduces again to
a quadratic potential, hence Hermite polynomials), which comes from integrating all the

matrices Pcs.

Plan — The manuscript is structured as follows. Chapter 1 starts by briefly introducing
the problem of quantum gravity in any dimension, and then gives the recipe for working
it out in d = 2 with the help of random matrices. It ends by an elementary example of

the topological recursion formalism applied to Hermitian matrices. In Chapter 2 random
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tensor models are defined and some of their properties and features are given. The sym-
metric group techniques for counting tensor invariants are also discussed. In Chapter 3
things get more involved. A particularly important type of tensor model is introduced,
viz. the quartic melonic model, and the heavy machinery of the topological recursion
formalism applied to it, it serves as a reference point for our study in Part III. Chapter 4
sets up our notations for real tensor models and their O(N) invariants. We then develop
the double coset counting using permutation group formalism. We also discuss therein
the TFT formulation of the counting and its consequences, introduce the basics of the
representation theory of the symmetric group, and re-interpret the counting in that lan-
guage. Chapter 5 discusses the double coset algebra built out of the O(N) invariants and
lists its properties. Next, Chapter 6 details the 1- and 2-point correlators of the Gaussian
tensor models and their representation theoretic consequences. Chapter 7 briefly lists
a few remarks on the counting of invariants of the real symplectic group Sp(2N). The
counting principle here is similar to that of the O(N) model, but with subtleties that
one should pay heed to. In Chapter 8 we define the tensor models of interest and their
multi-matrix equivalent. Theorems 8.3.2 and 8.3.3 give some of the relationships be-
tween the expectations of observables on the tensor and matrix sides. Chapter 9 explains
how to formally integrate all matrices except Yi,..., Yy, leading to an effective matrix
model in Theorem 9.1.1. We use the same technique of formal integration to express the
expectations of tensorial observables in terms of matrix expectations in Theorem 9.2.1.
The large N limit of the effective model is discussed and leads to a matrix model for
the fluctuations. We study the latter in Chapter 10, by describing the Schwinger-Dyson
equations, which can be analyzed along the lines of [66, 67]. We only present some key
aspects which are needed to state Theorem 10.4.1, about the blobbed topological recur-
sion, since everything works as in [66]. We then summarize our work and draw some of its
perspectives. Finally, the manuscript closes with an appendix that divides into two main
parts: the first collects identities of the representation theory of the symmetric group
that are useful in the text, while the other details the software codes that generate the

sequences of numbers of invariants at sundry tensor ranks d = 3,4, ....
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Introduction en Francais

Matrices et tenseurs aléatoires — Les modeéles de tenseurs aléatoires sont une geé-
néralisation des modéles de matrices. Depuis leur création |1, 2, 3|, ils offrent un cadre
dans lequel étudier la géométrie aléatoire et visent a étendre le succes des modeéles de
matrices [4] quant a la gravité quantique 2D aux dimensions supérieures. Cette approche
a pour but d’opérer une transition entre géomeétries discrétes et continues en dimension
arbitraire. Cependant, les premiers modéles de tenseurs proposés souffraient de multiples
difficultés et aucun développement significatif ne vit le jour pendant une vingtaine d’an-
nées. Ce n’est que récemment que d’importants progrés [5] ont été réalisés, comme par
exemple la découverte d’'un nouveau développement en 1/N généralisant le développe-
ment en genre de 't Hooft [6] aux (pseudo-)variétés de dimension supérieure. Il convient
également de rappeler que les modeéles de matrices sont intimement liés aux cartes com-
binatoires, ces derniéres étant générées par le développement en graphes de Feynman de

ceux-ci |4, 7]. Par exemple, dans le cas du modéle & une matrice hermitienne, on a :

. t"
/dM e_%trM2+NZk21 %ter _ Z m]\72—2111_[152%’ (7)

cartes k>1

ou la somme porte sur les cartes de genre h avec n arétes étiquetées et n; faces de degré
k > 1. La grandeur a l'intérieur de ’exponentielle dans le terme de gauche est appelée
action, ou potentiel, et les ¢, sont les constantes de couplage. Les modéles de tenseurs
généralisent également cette relation. En effet, le développement en graphes de Feynman
des modéles de tenseurs génére des (pseudo-)variétés de dimension d, linéaires par mor-
ceaux [5, 8,9, 10]. C’est pourquoi les modéles de tenseurs avaient déja été proposés comme
solution au probléme de la gravité quantique au début des années 1990, bien avant qu’une
limite large N ne soit découverte [11]. L’existence d’une telle limite pour les tenseurs a
naturellement contribué a dévoiler plusieurs résultats analytiques, parmi lesquels on peut
citer la découverte de leur comportement critique (polyméres ramifiés [12, 13]), la pro-
priété d’universalité des tenseurs aléatoires [14] et la découverte de nouvelles familles de

théories quantiques des champs renormalisables et non-locales, avec des comportements
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non-perturbatifs et UV intéressants |15, 16, 17|, appuyant ainsi la découverte d’une nou-

velle classe d’universalité pour la gravité [18, 19, 20].

Plus récemment, et de maniere plutét étonnante, il a été montré que les modéles de ten-
seurs admettaient la méme limite large N que le modeéle Sachdev-Ye-Kitaev (SYK) |21, 22]
de la matiére condensée. Ce dernier est exactement résoluble a large NV dans I'IR, il mani-
feste la propriété de chaos maximal et est dual a la gravité 2D de Jackiw-Teitelboim |23,
24]. En partie pour ses liens avec la physique des trous noirs et la correspondance
AdS/CFT, le modéle SYK est un sujet de recherche brilant qui a porté le dévelop-
pement des modéles de tenseurs ces derniéres années. En effet, de nouveaux modéles ont
été introduits et leur limite large N étudiée |25, 26]. Certains d’entre eux ont méme pu

étre explorés au-dela de l'ordre dominant en usant de techniques combinatoires [27].

Un trait caractéristique des modéles de tenseurs est le fait que leurs ensembles d’ob-
servables et d’interactions sont bien plus larges que dans les modeéles de matrices [28], et
croissent avec d. Dans les modéles de matrices dits U (N )-invariants, les observables sont
des produits de traces tr M™, ot M est hermitienne. Dans les modeéles U (N)*invariants,
ce sont des produits de traces du type tr(MMT)", ot M est une matrice complexe. Dans
les deux cas, il n’y a qu’un seul invariant a degré en M fixé (en plus de produits d’inva-
riants de degrés inférieurs). Plus généralement, il existe un ensemble de générateurs de
I'anneau des polynomes U(N )%-invariants appelés bulles. Celles-ci se caractérisent par un
d-uplet de permutations, aux actions a gauche et a droite prées sur ce dernier. L’on peut les
représenter graphiquement comme des graphes bipartis d-réguliers dont les arétes portent
une couleur dans [1,d] de telle sorte que toutes les couleurs soient incidentes a chaque
sommet. Ces graphes ont été étudiés dans [29, 30, 31|, ot une relation avec les coeffi-
cients de Kronecker a été mise a jour. Enfin, imposer d’autres symétries améne d’autres
ensembles d’observables, comme le fait d’utiliser O(N)? a la place de U(N )¢ qui assouplit
la condition de bipartisme des bulles [33, 32] comme nous allons le voir.

Cet ensemble élargi d’observables tensorielles est source de nombreuses classes d universa-
lité qui apparaissent dans les limites large N et continue. En effet, il est bien connu que les
modeéles 2D, construits avec une interaction de type tr M* et générant les k-angulations,
ont tous la méme classe d'universalité, a savoir celle de la gravité quantique 2D dans le
vide. Néanmoins, pour d > 2, il existe potentiellement plus de bulles, donc plus d’inter-
actions a ordre k fixé en T, T, qui correspondent a différents composants élémentaires

de dimension d. Un choix différent de bulles comme interaction peut alors conduire a
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FIGURE 2 — Invariants unitaires représentés au travers du groupe symé-
trique.

différentes classes d’universalité [9]. Cela ne semble cependant pas étre le cas en 3D,
ou toutes les bulles planaires (duales & des composants élémentaires homéomorphes a la
sphére) utilisées comme interaction meénent toujours a la classe d'universalité des arbres

aléatoires (polyméres ramifiés) [10].

Invariants orthogonaux — Comme mentionné précédemment, de nombreuses, si ce
n’est toutes les études sus-citées reposent sur la compréhension de la combinatoire des
graphes de Feynman et observables du modéle de tenseurs considéré. Ce travail s’appuie
sur et étend deux principaux résultats sur les graphes des modéles de tenseurs.

Dans [29], les auteurs ont énuméré les invariants unitaires comme des observables dans
des modeéles de tenseurs complexes. En effet, une facon de décrire I'espace des tenseurs
complexes de rang d est d’en donner les observables. Ces derniéres ne sont autres que
les invariants U(N)? (nous les appellerons indifféeremment invariants U(N), complexes ou
unitaires). Nous savons que ces invariants sont idéalement représentés par des graphes
colorés bipartis d-réguliers [34]. Leur inventaire est alors uniquement déterminé par des
groupes de permutations (voir Figure 2). Il est important de noter que ces techniques
de groupes symétriques ainsi que leurs théories des représentations ont été développées
ces derniéres années [35]-[46]. Elles se sont révélées puissantes, flexibles et suffisamment
versatiles pour s’attaquer a divers problémes d’énumération tant en théorie des champs
scalaires et modeéles de matrices qu’en théories de jauge (QED, Yang-Mills en 2D et 4D)
et théories des cordes. En physique, par exemple, elles jettent un éclairage nouveau sur le
secteur demi-BPS de la théorie de Yang-Mills Supersymétrique N = 4 [35]-[40]. De plus,
de nouvelles correspondances inattendues se dégagent de ces études, comme par exemple

le lien entre graphes de Feynman de la théorie ¢* et théorie des cordes sur un cylindre,
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ou encore entre graphes de Feynman de l'électrodynamique quantique et le comptage
de graphes a rubans [39]. Ces derniéres émergent d’une autre interface occupant un role
charniére entre problémes d’énumération. En effet, via le lemme de Burnside, a tout pro-
bleme d’énumération impliquant le groupe symétrique, on peut associer une théorie des
champs topologique sur un 2-complexe (appelé TFTs) dont le groupe de jauge est donné
par le groupe symétrique. Une telle formulation améne a de nouvelles interprétations des
formules de comptage avec notamment des liens avec la théorie des revétements en géo-
métrie algébrique et complexe (voir les références dans [39]). La référence [29] établit de
nombreuses formules se rapportant a I’énumération des observables des modéles de ten-
seurs complexes. A I’aide du lemme de Burnside, I'énumération des invariants unitaires
est refondue en une fonction de partition d’une théorie de jauge sur réseau, une TFT,.
Ainsi, compter les invariants unitaires revient a compter les revétements ramifiés de la
2-sphére. Les revétements ramifiés sont des objets bien connus en géométrie algébrique et
complexe [47], en théorie des cordes topologique et correspondent, en dimension 2, & des
applications complexes [38]. Il existe donc une géométrie sous-jacente pour les tenseurs,
héritée de la formulation en termes de TFT5 et qui reste a étre élucidée. Il est cependant
important de souligner que les formules de comptage ne sont valides que lorsque la taille
N des tenseurs est supérieure a leur nombre. Plus généralement, une étude plus appro-
fondie est nécessaire [45, 46].

L’étude des invariants tensoriels se poursuit dans [30]. Leurs classes d’équivalences sont
vues comme les éléments d’'une base d'un espace vectoriel Ky4(n), un sous-espace de
C[S,]®?, lalgébre de groupe de rang d du groupe symétrique S,. L’espace Kq(n) est
stable par produit associatif et est muni d’un produit scalaire. C’est pourquoi, a rang d et
nombre de sommets n fixés, les invariants tensoriels engendrent une algeébre semi-simple.
(Il est néanmoins important de noter que d’autres structures algébriques peuvent étre
construites a partir de ces invariants [48, 49, 50|. La précédente est en revanche unique, a
isomorphismes prés.) Par le théoréme de Wedderburn-Artin, toute algébre semi-simple se
décompose en somme de sous-algébres de matrices irréductibles. La théorie des représen-
tations du groupe symétrique permet ensuite d’expliciter la décomposition en matrices de
Wedderburn-Artin de l'algébre : la dimension de I'algébre n’est autre qu’une somme de
carrés de coefficients de Kronecker (ces derniers peuvent étre vus comme les multiplicités
dans la décomposition d’un produit tensoriel de représentations en représentations irré-
ductibles ; ils sont toujours activement étudiés en combinatoire et théorie de la complexité

computationnelle, voir par exemple [51, 52] et les références qui y sont contenues), chaque
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carré correspondant exactement & une des sous-algébres de matrices. Les bases orthogo-
nales de l'algébre et de ses sous-algébres ont été explicitées, d’autres encore proviennent

des corrélateurs gaussiens a 2 points.

Dans ces travaux, nous nous intéressons aux modeles de tenseurs O(N) (appelés aussi
orthogonaux, ou réels), ainsi qu’a leurs observables et cherchons & déterminer s’ils suivent
le méme schéma d’énumération que précédemment ou ont le méme comportement algé-
brique. Etudiés avec précision pour la premiére fois dans [33], ces modeéles étendent le
développement large N aux tenseurs réels. Les graphes correspondant aux invariants or-
thogonaux conservent la coloration de leurs arétes mais perdent leur caractére biparti.
Cela ameéne tout naturellement une classe d’observables plus large que dans le cas unitaire.
Pour énumérer les invariants orthogonaux, nous utilisons des n-uplets de permutations sur
lesquels agissent des (sous-)groupes de permutations, définissant ainsi des classes d’équi-
valences. Nous comptons ensuite les points dans la classe double ainsi formée. La relation
d’équivalence est ici radicalement différente du cas unitaire et nécessite plus de labeur
pour obtenir une formule de comptage satisfaisante. Equipés de leurs fonctions généra-
trices, nous donnons quelques codes informatiques (Mathematica, Sage) pour compter
les observables orthogonales a n’importe quel rang. Nous soulignons que nos résultats
sont en accord avec les travaux fondateurs de Read [55] qui traitent de 'énumération
des graphes a 2n sommets k-réguliers a arétes k-colorées. Cependant, Read n’appliqua sa
formule qu’aux cas k = 3 pour 2n = 2,4, 6, alors que notre code étend ce comptage a tous
k et n. Nous produisons des suites nouvelles (non encore rapportées) qui n’apparaissent
pas dans I'OEIS [56].

De plus, la formulation en termes de TFT de notre comptage montre que compter les
invariants orthogonaux revient a compter des revétements de cylindres accolés présentant
des lacunes (le rang des tenseurs est en lien direct avec le nombre de ces cylindres et la-
cunes). Aprés avoir introduit I’algébre des invariants orthogonaux, nous montrons qu’elle
est semi-simple et en tant que telle admet une décomposition de Wedderburn-Artin.
Notre analyse révele ’existence d’une base orthogonale invariante de 1’algébre, mais qui
ne fournit pas la décomposition de I’algébre en sous-algébres matricielles. Par opposition
au cas unitaire, la dimension de ’algébre est une somme de coefficients de Kronecker
contraints et restreints aux partitions paires. Les outils de la théorie des représentations
fournissent une base a l’algébre, dont la dimension dépend directement de la somme des
Kronecker contraints. Les corrélateurs gaussiens & 1 et 2 points s’expriment également

dans le langage du groupe symétrique. Comme corollaire & cette analyse, les fonctions
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a 2 points normalement ordonnées sélectionnent une base orthogonale de représentation
de l'algébre. En ce sens, l'intégration se traduit par un couplage des observables dans

I’espace de Fourier.

Récurrence topologique a blobs — Une question qui se pose pour les modéles de
tenseurs est la possibilité d’aller au-dela de la limite large N. Tout particuliérement, il
est naturel de se demander si les méthodes utilisées a cette fin dans les modéles de ma-
trices sont encore applicables aux tenseurs et si elles dépendent des interactions choisies.
Dans ces travaux nous nous focaliserons sur la récurrence topologique d’Eynard-Orantin
[57, 58, 59, 60]. Citons néanmoins quelques travaux précédents menés sur les modéles de
tenseurs au-dela de la limite large N. Une analyse combinatoire standard a été appliquée
aux graphes des modeéles dits colorés par Gurau et Schaeffer [61], et étendue & 1’ensemble
des graphes de Feynman du modéle multi-orientable (qui a pour symétrie U(N)? x O(N)
en dimension d = 3) par Fusy et Tanasa [62]|. Les graphes de Feynman apparaissant a
un ordre donné en 1/N ont été classés dans chaque modéle. Les auteurs ont également
identifié les graphes les plus singuliers dans la limite continue a chaque ordre en 1/N
prouvant ainsi l’existence d’une double limite d’échelle dont la fonction & 2 points a été
calculée.

En paralléle, un modéle particulier, dit quartique melonique, commenca a attirer 1’at-
tention. C’est un modéle possédant jusqu’a d interactions quartiques d’une structure
particuliére appelée melonique. L’intérét porté au modele quartique melonique provient
essentiellement de I'existence de la technique d’Hubbard-Stratonovich qui transforme ce
modeéle de tenseurs en un modéle multi-matrices, ce qui ouvrit ainsi la voie a une nouvelle
méthode d’analyse des modéles de tenseurs, a savoir au travers des modéles de matrices.
La double limite d’échelle de ce modéle fut explicitée dans [63] (un résultat similaire a
[61]). Dans [64], les auteurs ont également réalisé que dans la limite large N, les valeurs
propres ne s’étalent pas car la répulsion coulombienne est sous-dominante. En revanche,
elles tombent toutes au fond du puits de potentiel, comme anticipé dans [65]. L’on peut
alors étudier leurs fluctuations autour du point col, une analyse débutée dans [64], ou il a

été montré que 'ordre dominant des fluctuations obéit a la loi du demi-cercle de Wigner.

Dans [66], une premiére instance de la récurrence topologique dans le contexte des modéles
de tenseurs a été établie. On rappelle que dans le cas du modéle & une matrice hermitienne,
la récurrence topologique s’applique au calcul des fonctions de corrélation W, ,(x1, ..., x,)

a n points, de genre g qui apparaissent dans le développement des fonctions a n points



Introduction 17

connexes
1 1

(tr oo tr M>C = Z N>"2W, (21, T). (8)

xr — M T, —
! " 9>0

Dans le langage des cartes, c’est une récurrence sur les fonctions génératrices des cartes
de genre g avec n faces marquées dont les périmétres sont reliés aux variables zq, ..., x,.
La récurrence topologique revét une forme universelle et repose sur la donnée initiale
d’une courbe spectrale. La courbe spectrale est quant a elle déterminée par les fonctions
du disque et du cylindre W o(x) et Wa (21, z2).

Dans [66], le modeéle de matrices obtenu est celui trouvé en [64] pour les fluctuations des
valeurs propres autour du point col. Il se compose de d matrices hermitiennes My, ..., My
oul M, est dite de couleur ¢ et ou les fonctions de corrélation doivent refléter la couleur
des variables,

1 1

W, = (t ot :
n(ajlacl >$n7cn> < rl’l _ Mc1 rl'n _ Mcn >C

(9)

Il se trouve que le couplage entre les couleurs est relativement faible et I’on peut écrire une
récurrence topologique ou la courbe spectrale est une union disjointe de d courbes spec-
trales de modeéles de matrices gaussiens, a ceci prés que la fonction du cylindre acquiert

un terme holomorphe. Ceci est dii aux conditions suivantes :

condition 1 la symétrie U(N)%. Celle-ci implique que les matrices de différentes couleurs
ne peuvent interagir qu’au travers de produits de traces de différentes couleurs.

L’action prend la forme

Sn(Mi,... . Mg)= Y tn(pr,-..,pa) trM}" . trMy?, (10)

D1;.-spa >0

condition 2 le développement en 1/N. Il est tel que seuls les termes quadratiques de
I’action survivent dans la limite large /V,

d d

SN(Mi, ..., Mg) ~ N> agtrM? + Y beotrMetrM,. (11)

N—o00
=1 c,c/=1

Ces deux conditions garantissent qu'une extension de la récurrence topologique, dite a
blobs (ou multi-colorée), existe et dont la courbe spectrale est une union disjointe de
courbes spectrales gaussiennes, excepté pour Wy o(x1, ¢1; T2, ¢2) qui se dote d’une partie

holomorphe supplémentaire. La récurrence topologique a blobs a été introduite par Borot
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[67] et plus tard formalisée par Borot et Shadrin [68]. Dans notre contexte, elle s’applique
aux modéles de matrices avec des interactions multi-traces admettant un développement

topologique, a savoir de la forme

Sv(M)y=>Y"" > NT"W(p o p,) Mt MPn (12)

n,h>0 p1,...,pn >0

D’un point de vue combinatoire, ces types de modeéles générent des cartes farcies, définies
en [67]. Ce sont des cartes qui ne sont pas construites en recollant des disques, mais des
surfaces de genre h & n composantes du bord de périmétres py, ..., p,. Dans [66], cette
interprétation survit avec néanmoins une coloration supplémentaire des composantes du
bord.

Dans la version a blobs, la récurrence sur les fonctions de corrélation posséde toujours le
méme terme universel que dans le cas ordinaire, a savoir celui qui calcule les parties singu-
liéres de ces fonctions. Qui plus est, des contributions holomorphes s’ajoutent [67, 68]. 11
reste néanmoins important de garder a 'esprit que 'action (10) n’est en fait topologique
que pour d = 4d + 2, pour d’ € N [66], ce qui signifie que les constantes de couplage
prennent la forme tx(p1,...,pa) = D0 N2742tMW (py, ..., pg). Pour d’autres valeurs
de d, on peut faire comme si I'action ét_ait topologique en réabsorbant une partie de la
dépendance en N dans les constantes de couplage /" (py, ..., pg), puis en appliquant la
récurrence topologique.

Ici nous montrons comment mettre cette approche en ceuvre pour des modéles U (N )4-
invariants arbitraires, sous réserve qu’il existe des interactions quartiques meloniques
(entre autres) ainsi qu’'une certaine condition d’inversibilité d’'une forme quadratique a
large N. Tout cela repose sur le fait qu’aprés emploi de certaines techniques de champ
intermédiaire et d’intégrations formelles, de tels modeéles de tenseurs peuvent toujours
étre réécrits comme des modéles de matrices a d matrices hermitiennes satisfaisant aux
conditions 1 et 2. C’est pourquoi les fonctions de corrélation de ces matrices satisfont la
récurrence topologique a blobs et ce avec la méme courbe spectrale que le modéle quar-
tique melonique de [66]. De maniére remarquable (et évidente d’apres [67]), les détails du
modéle, & savoir le choix des interactions, ne contribuent qu’a une action effective et non
pas a la forme de la récurrence topologique a blobs. En termes combinatoires, les détails
ne contribuent qu’aux fonctions génératrices de la farce des cartes. Démontrer la validité
de la récurrence a blobs ne nécessite pas de connaitre explicitement ’action effective, mais
seulement que les conditions 1 et 2 soient satisfaites. En ce sens, la récurrence topolo-

gique a blobs est universelle dans notre cadre. La seule différence entre nos formules et
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celles de [66] repose sur le fait que les fonctions génératrices de la farce étaient connues
explicitement dans [66], alors que leur dépendance en les constantes de couplage demeure

inconnue ici (leur dépendance en N reste néanmoins importante).

Meéthode — 11 existe cependant quelques obstacles techniques a surmonter. Tout modéle
de tenseurs ne peut étre directement transformé en un modéle de matrices grace a la
transformation d’Hubbard-Stratonovich étant donné que cette derniére ne fonctionne
qu’avec des interactions quartiques. Ce premier obstacle a été surmonté dans [70] o il a
été montré qu’il était toujours possible de réécrire le modéle avec des matrices. Ceci fut
prouvé en utilisant une bijection entre les graphes de Feynman du modele de tenseurs
et ceux du modéle de matrices correspondant. Une seconde preuve fut également donnée
par des manipulations d’intégrales formelles (qui ne sont définies que via leurs séries de
Feynman). Ici nous répéterons cette preuve en l'adaptant afin de surmonter le second
obstacle que nous explicitons maintenant.

La méthode employée dans [70] transforme un modéle de tenseurs en un modéle de
matrices avec des matrices complexes M¢ étiquetées par des sous-ensembles de [1,d], a
savoir C' C [1, d]. Néanmoins, appliquer la méme recette que dans [66] nécessite a la place
d’avoir d matrices hermitiennes M, ..., M. Ce probléme est résolu en deux étapes. Nous
montrons d’abord qu’il est possible de remplacer chaque matrice complexe My par une
paire de matrices hermitiennes (Yo, ®c)ccpi,qp- Ensuite, et sous réserve que les interactions
quartiques meloniques soient allumées, il est possible d’intégrer formellement sur toutes
les matrices hormis Yi,...,Y,;. En termes de graphes de Feynman, cela signifie que 1’on
est en présence de cartes combinatoires a arétes colorées correspondant aux matrices
Y1,..., Yy, tout le reste étant entassé dans une quelconque farce de la carte. Gardant en
mémoire le but de la récurrence topologique, il est nécessaire de controler la dépendance
en N des différentes farces en termes de leurs composantes du bord.

La prochaine étape consiste a observer que toutes les valeurs propres de Y7, ..., Y, tombent
dans un puits de potentiel a large N et de poursuivre par I’étude de leurs fluctuations.
C’est ici que 'on observe que les conditions 1 et 2 sont toujours satisfaites et conduisent &
la récurrence topologique @ blobs. Il serait intéressant de savoir si la condition 2 peut étre
supprimée en général. L’on sait cela possible dans le cas d’'un modéle mono-matrice [67],
cependant, dans le cas multi-coloré, cela nécessiterait un lemme a une coupure (ou lemme
de Brown) pour un systéme d’équations couplées possédant des variables catalytiques,

élargissant partant le cadre de |71], ce qui dépasse les limites de ce manuscrit.
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Attentes — En traitant de la récurrence topologique dans le contexte des modéles de ten-
seurs, il est une autre question qui vient naturellement & I'esprit, & savoir comment relier
les valeurs moyennes d’observables du coté des tenseurs aux quantités évaluées via la ré-
currence topologique du coté des matrices. Dans [64] pour le modéle quartique melonique,
il a été montré que les valeurs moyennes de tr M sont des valeurs moyennes de polynémes
d’Hermite en des bulles cycliques melonique du c6té des tenseurs. Cette relation peut étre
inversée grace aux polynomes d’Hermite. Dans [66], les valeurs moyennes d’observables
tensorielles (bulles) arbitraires ont été exprimées en termes de quantités évaluées par les
modeéles de matrices, mais cela impliquait de sommer sur des contractions de Wick.

Dans ce manuscrit, nous généralisons la relation sur les polynomes d’Hermite de [64] a
des observables arbitraires a la fois du co6té des tenseurs et des matrices. Afin d’expri-
mer la valeur moyenne d’une observable matricielle a 'aide d’observables tensorielles,
I'on est contraint de dériver le potentiel (qui dans le cas quartique melonique est qua-
dratique, ce qui conduit aux polynémes d’Hermite). Dans le cas contraire, c’est-a-dire
exprimer la valeur moyenne d’une observable tensorielle en termes de valeurs moyennes
matricielles, il faut prendre les dérivées d’'un potentiel effectif en les matrices Yo (dans
le modele quartique melonique, il s’agit encore d'un potentiel quadratique, d’ou les poly-

nomes d’Hermite), qui vient par intégration de toutes les matrices ®c.

Plan — Ce travail est structuré de la maniére suivante. Le Chapitre 1 commence par
introduire le probléme de la gravité quantique en dimension arbitraire, puis en donne
une solution en dimension d = 2 a 'aide des modéles de matrices, qu’il introduit. Il se
termine par un exemple élémentaire d’application du formalisme de la récurrence topo-
logique au modéle hermitien mono-matrice. Dans le Chapitre 2, on définit les modéles
de tenseurs aléatoires et on en donne les principales propriétés et caractéristiques. L’on
introduit également les techniques issues de la théorie du groupe symétrique pour comp-
ter les invariants tensoriels. Dans le Chapitre 3 on rentre dans le vif du sujet. Un modéle
de tenseurs aléatoires particuliérement important est introduit, a savoir le modéle quar-
tique melonique, et le formalisme de la récurrence topologique lui est appliqué; il sert de
référence pour 'analyse de la Partie III. Le Chapitre 4 présente nos notations pour les
tenseurs réels et leurs invariants orthogonaux. L’on développe ensuite le comptage double
classe en utilisant le formalisme du groupe des permutations. L.’on discute également dans
ce chapitre de la formulation TF'T du comptage et de ses conséquences, puis on introduit
le b.a.-ba de la théorie des représentations du groupe symétrique avant de réinterpréter

le comptage dans ce langage. Le Chapitre 5 traite de l'algebre double classe construite
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a partir des invariants O(N) et liste ses propriétés. Ensuite, le Chapitre 6 détaille les
corrélateurs gaussiens a 1 et 2 points et leurs conséquences en termes de théorie des re-
présentations. Le Chapitre 7 liste briévement quelques remarques concernant le comptage
d’invariants du groupe symplectique réel Sp(2NV). Le principe est similaire au cas orthogo-
nal, moyennant quelques subtilités. Dans le Chapitre 8, on définit les modéles de tenseurs
qui nous intéressent, ainsi que leurs équivalents multi-matriciels. Les théorémes 8.3.2 et
8.3.3 révelent quelques relations entre valeurs moyennes d’observables du coté tensoriel
et matriciel. Le Chapitre 9 explique comment formellement intégrer toutes les matrices
a 'exception de Y7,...,Yy, ce qui conduit & un modéle de matrices effectif dans le théo-
réme 9.1.1. Les mémes techniques d’intégration formelle sont utilisées pour exprimer les
valeurs moyennes d’observables tensorielles en termes de valeurs moyennes matricielles
dans le théoreme 9.2.1. La limite large N du modele effectif est discutée et conduit a
un modéle de matrices pour les fluctuations. Ce dernier est étudié dans le Chapitre 10
a l'aide des équations de Schwinger-Dyson suivant I’analyse de [66, 67]. Seuls certains
aspects essentiels a l’établissement du théoréme 10.4.1 sur la récurrence topologique a
blobs sont traités, étant donné que tout fonctionne comme dans [66]. Nous résumons en-
suite nos travaux et en tirons les perspectives. Finalement, le manuscrit se clot sur un
appendice qui se divise en deux grandes parties. La premiére recueille des identités de
la théorie des représentations du groupe symétrique qui nous sont utiles dans le texte,
alors que la seconde détaille les codes informatiques qui générent les suites du nombre

d’invariants a divers rangs d = 3,4, ...
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Chapter 1

Quantum gravity as random geometry

Quantum gravity (QG) has been evading physicists for quite some time now. From
as early as the 1960s, Feynman rules for the gravitational field are established and an
attempt to combine the mathematics of quantum mechanics and General Relativity (GR)
results in the Wheeler-DeWitt field equation [72]. However, the latter remains ill-defined
as standard quantum field theory methods fail because of the nonrenormalizability of GR.
Hawking’s “wave function of the universe” approach [73] is similarly flawed and one has
to wait until the 1980s for a renaissance of the genre with string theory and later Loop
Quantum Gravity and Tensorial Field Theories. For further accounts on the history of
QG, see for instance |74].

1.1 Looking for a quantum theory of gravity

Let d > 2 be an integer. In d-dimensional space, pure gravity is described by the partition

function

ZEH—/D[Q]e_SEH[g]a (1.1)

where the integration is performed over the space of all (semi-)Riemannian metrics of a
given smooth manifold 3. Denoting by R the (Ricci) scalar curvature of g and A the

cosmological constant, the Einstein-Hilbert (EH) action reads in local coordinates

1
S =—— [ d% R—2A 1.2
enld] = 5 @' V1ol — 24, (1.2
in natural units where ¢ = 1, G is Newton’s fundamental constant of gravity and |g|
the determinant of the metric. In the classical theory, one then recovers the vacuum

Einstein field equations by applying the least action principal to Sgy. Namely, in local



26 Chapter 1. Quantum gravity as random geometry

coordinates, for u, v ranging from 1 to d and R, being the Ricci tensor (¢"* R, = R):

1
R, — §Rglw + Ag = 0. (1.3)

From there one can obtain some rough insight into QG by “linearizing” Einstein’s equa-
tions on Minkowski space, i.e. by taking the metric to be a small perturbation of the flat
Minkowski metric 7,,: g = Nw + €hy and demanding that this metric be a solution
of (1.3) up to first order in . The quantum theory thus obtained turns out to be the
theory of a massless spin-2 particle called the graviton. The standard viewpoint of quan-
tum field theory would then be first to study the linearized equations and then turning
on the interactions by incorporating the non-linear terms. This approach however vio-
lates the “background independance” spirit of GR as it privileges the particular solution
being perturbed about (the Minkowski metric). This plagues the theory with infinities:
it is not renormalizable. As it is now thought that for a theory to accurately describe
our universe, it should be renormalizable, this failure calls for a different approach. A
common one - mainly developed by Regge |75| - consists in discretizing the manifold in
the following way. Consider a triangulation' 7 of ¥ consisting of blocks of d-simplices
o4. Historically, the discretized EH action treats all the lengths of the triangulation as
many geometric degrees of freedom, yielding a classical approximation of gravity on the
triangulation. Assume now that all edges have the same length, say [. The theory now
becomes an intrinsically quantum one, as the degrees of freedom are the triangulation
itself. Such a triangulation can be seen as piecewise flat, the d-simplices are flat and the
curvature is concentrated around the (d — 2)-simplices. The latter being given by the

so-called deficit angle

0(0az) =27 — > 0(04-1,0a-2), (1.4)

0d—1204—2
where the 0(c4_1,04_2) are the dihedral angles hinged on 0,4_» and the sum is taken over
pairs of (d — 1)-simplices sharing the same (d — 2)-simplex. For instance in dimension
d = 2, the curvature is concentrated over the vertices where arrangements of triangles
meet. A vertex with positive (resp. negative) deficit angle thus represents a concentration
of negative (resp. positive) curvature.
The EH action then takes the discrete form of the Regge action, where the first term en-

codes curvature and the second being the total volume of 3, measured by the cosmological

1 Such a triangulation may not exist in general when ¥ is only topological [76]. However, we know
from [77, 78] that every smooth manifold admits a (piecewise-linear) triangulation.
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constant:

SRegge = # ( Z VOl(Ud_2)5<0'd_2) — QAZ VOI(O‘d)> . (15)

0d—2 oqd

* [+l
k! 2k

can be shown [12] that the action reduces to

Denoting by vy = the volume of a k-simplex and by nj the number thereof, it

1
SRegge = %(Ud_QAd_Q — 2A7’Ld’l}d), (16)
where Ay_9 =21 ng_o — @ arccos (Cll) ng is the sum of the deficit angles. Indeed, the

deficit is linked to the number @ of 041 simplices around each o4 o simplex, the

dihedral angle being arccos (%)2. We then substitute the integral over the metrics of X

with a sum over homogeneous triangulations of the manifold

/D[g] — > (1.7)

T triangulation of ¥

A complete account of this substitution in d dimensions can be found in [12, 79|, here we

only cite the result for d = 2:

Z(A) = [6_42}2%(2) Z [GSWAG];@H;riangles7 L5

T triangulation of ¥

where h(X) is the genus - the number of handles - of the surface 3.

Let us now turn our focus to the two dimensional case, where the problem of QG can be

solved explicitly. This will allow us to introduce the central notion of random matrices.

1.2 Discretizing surfaces

Take d = 2 and suppose ¥ is an orientable compact manifold without boundary. In this

setting, classical gravity is trivial. Indeed, from the Gauss-Bonnet theorem, the scalar

2 Tt is worth noticing that in dimension d = 3, as arccos (%) * %7‘(‘, the sum of deficit angles cannot
be zero, hence the question of simulating flat three dimensional spaces with tetrahedra.
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curvature® term is topological, thus non-dynamical:

/E 2 /TgIR = 4y (%), (1.9)

where? y(X) = 2 — 2h(X) is the Euler characteristic of the surface. This, however, does
no longer hold in the quantum case, the reason of which is twofold. On the one hand,
large quantum fluctuations may change the genus of the surface, the partition function

should hence involve a sum over surfaces of all genera h. We write

Z(A) = Z / D[g]e_ﬁ(fd% ViglR=2A [ &z \/lg))

(1.10)
= Z/D[g]e‘wWAGA,
h
with A = fd2x\/m being the area of the surface. On the other, at fixed genus, the
random contributions stem from local (quantum) fluctuations of the metric field that
modify locally the area of the surface - it can be seen by factoring out the Gauss-Bonnet
term in the path integral (1.10). An illustration of this phenomenon is best given by the
Brownian map, where “random fluctuations” of the graph distance produce highly fractal
patterns as seen in Figure 1.1.
Note that even in two dimensions, the integral over the (infinite dimensional) space of
metrics is hard to perform in general, especially if ¥ is not compact. Nevertheless, a way
was developed by Polyakov [81] in the 1980s as he was working on the quantization of
the bosonic string and which is nowadays known as Liouville’s approach to QG (see [4]
for a quick review). We, however, will not be taking this route. So let us once again
discretize the surface with triangles. The triangles are chosen to be equilateral so that the
triangulation is locally flat when there are exactly six triangles incident to a vertex v and
has positive (resp. negative) curvature when there are less (resp. more). More precisely,

the discrete equivalent of the Ricci scalar for each vertex is R, = 27(6 — degv)/ degv, so

that . 4
2 eg v
E/Ed rVlglR = D (1— 5 ) (1.11)

veV(T)
where deg v is the degree of the vertex v € V(T), i.e. the number of triangles incident

3 Note that in dimension d = 2, the Gaussian curvature is simply given by half the Ricci scalar.
4 When ¥ is non-orientable the Euler characteristic reads x = 2—k, where k, the non-orientable genus,
is the number of real projective planes appearing in a connected sum decomposition of the surface.
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Y s

S

FIGURE 1.1 — A Brownian map of genus 0, or more precisely a very large
random bipartite quadrangulation of the sphere. Image by Jérémie Bet-
tinelli [80].

to it. Writing V', F and F respectively the total number of vertices, edges and faces
(triangles) in 7, the following relations hold: > i deg v = 3F (as there are three
corners per triangle) and 3F = 2F (since each face has three edges, each of which shared

by two faces). From (1.6) it now follows that the discretized action takes the form

1 1 A

SRegge(A) = E(V - §F)'U(] — SWGUQF. (112)
But from the definition of the Euler characteristic,
- 1
2—2h:V—E+F3F£2EV—§F, (1.13)
the action reduces to the expression
Seon(A) = —=(2 — 2h) — —_ (1.14)
egge = A - — VoL, .
fiegg 4G 8rG

given at the end of the previous section.
A way of implementing such triangulations of surfaces uses the theory of random matrices,

that we now introduce.
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1.3 Random matrices

Broadly speaking, random matrix theories deal with probability laws on spaces of matri-
ces. Originally introduced by Wishart [82] in multivariate statistics, they made their first
appearances in physics with Wigner in the 1950s [83| through the study of the energy
spectrum of large nuclei. Since that time, random matrices have spread to almost every
field of mathematics and physics. They have been used in chaotic quantum theory to
compute for instance the Rydberg levels of hydrogen atoms in a strong magnetic field
[84], by 't Hooft [6] in the large N limit of U(N) Quantum Chromodynamics, in string
theory and to count various maps and knots [85].

A random matrix theory is defined by the choice of both a matrix ensemble and proba-
bility measure on that ensemble. Depending on the symmetries of the system, one finds
that one has to consider three sets of matrices, invariant respectively under the orthogonal
O(N), unitary U(N) and symplectic group Sp(2/N). It is conventional to refer to them
by the integer 8 = 1,2,4 that counts the number of real parameters of the off-diagonal

entries. One can furthermore assume that the matrices follow a Gaussian distribution:
1
p(M)dM o exp <—§BM2> dM. (1.15)

For 8 = 2 this defines the Gaussian Unitary Ensemble (GUE) of random matrices. The
Lebesgue measure is then expressed as the product of the Lebesgue measures on the real

components of the matrix:

dM:HdMn' HdReMZ’demsz- (1.16)

i<j

However, measures that we will encounter are all constructed via a potential V:
dp(M) = e VDAL, (1.17)

often chosen to be a polynomial function, but more involved potentials, sometimes called
semi-classical, can also be considered. A matrix of the GUE has real eigenvalues and can
be diagonalized as M = UAUT, where A = diag()\;,...,\y) and U is a unitary matrix.

The measure (1.16) can then be rewritten in terms of the measures on A and U as

dM = A*(\)dA dU, (1.18)



1.3. Random matrices 31

where dA = [],d)\; is the Lebesgue measure on RY, dU is the Haar measure on U(N)
and A(A) is the Vandermonde determinant

A =det AT = Tv =), (1.19)

j<i

To show this, notice that (1.16) is invariant under U(NV)-conjugation, thus one has for

the differential of M:

(1.20)

Computing the Jacobian then yields

dM dM;; dM;;
et “) et Y = AZ()\). 1.21
dNdU G <dAi/ ) i35 <dUw') ») 2

The partition function associated to the measure du(M) (1.17) then becomes

N
1 / B ,
Z=— dNAZ(N)em 2V ) 1.22
Zo | -|—|1 (A) (1.22)

where Z; is a normalizing factor related to the volume of the GUE. Explicitly®, it
reads [101]

N(N-1)
1 T2
Z = — —  vol(U(N)) = . 1.2

It will henceforth be omitted.

Introductory example — Following what was said in the previous section, we consider
a particular random triangulation of a surface as examplified in Figure 1.2. Consider

N x N Hermitian matrices, the partition function of such a model is given by
Z(t;,N) = /dM e~ N (gptrM?—F ) (1.24)

where the measure of integration is (1.16). This integral may be computed by formally

expanding the t3-term of the exponential, and by explicitly performing the term-by-term

5 The prefactor in the intermediate term stems from the liberty in choosing U in the diagonalization
of M. Indeed, the set of eigenvalues remains unchanged if one multiplies U on the right by elements of
the sets U(1)" of unitary diagonal matrices and Sy of permutation matrices.
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FIGURE 1.2 — An example of a random triangulation of a surface. Each
triangle is dual to a three point vertex of a matrix model.

Gaussian integration:

> th trM3)*
Z@&A0=:§:Aﬂz%/}M4£3——le-Z“M2
k=0 ’

3k
- i (1.25)
t
=D NE(trd?)).
k=0
These integrations can be carried out by applying Wick’s theorem:
<Mi1j1 ce Mian2n> = N_n Z H 5ipmj4m5i‘1mjpm’ (126)

{pa »qa} m=1

where the sum is taken over all the pairings of indices such that |J,_,{pa. ¢.} = [1,2n].

As an example let us work out the case k = 2:

1 1 1 (I (. (I 1
(trM>teM®) = MMMMMM + MMMMMM + MMMMMM
I [ E—

1 [ I 1T 1 I 11

+ MMMMMM + MMMMMM + MMMMMM

| E— L 1 e —|

1 1 1 1 1

+ MMMMMM + MMMMMM + MMMMMM (1.27)
L e — | I
1 1 1

+ MMMMMM + MMMMMM + MMMMMM
Lo L (I
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1 1 —t 1
+ MMMMMM + MMMMMM + MMMMMM,
L1 L L L

where each matrix pair contraction is given by the propagator
Hence we obtain (repeated indices are summed):

(N2 tr M tr M®) = N?(M; M j, My; My, My M)
1
= 7 (040 8kmOaOmidun + 03k 0knOinOundrm + - (1.29)

= 12N? + 3.

This computation can be given the following graphical interpretation. Consider the gen-
eral matrix model (7). To each matrix element A;; one associates an oriented double
half-edge, where each line carries an index of the matrix. Each factor of the form tr M*
is pictured as a k-valent vertex with k outgoing double half-edges, each vertex carrying
a weight Nt,. By virtue of Wick’s theorem, the result of the Gaussian integration is
obtained by summing over all possible ways of connecting the half-edges of the integrand
into pairs so as to form a closed graph, called fat or ribbon graph. FEach vertex now
counts for a power of N, the sum over all indices results in a weight N per loop (face) of
the graph, and each propagator, or edge, comes with a ¢/N factor. We obtain the total

dependence on N of a ribbon graph as
NV—EHE — NX = 22, (1.30)

We conclude that in our example, the dominant graphs O(N?) are the (twelve) planar
ones, that can be drawn on the sphere, there are also three non planar O(1) graphs,
that can only be drawn on the torus. This result can be generalized to arbitrary n-point

correlation functions of traces of powers of M:

Theorem 1.3.1 (’t Hooft [86], Brézin-Itzykson-Parisi-Zuber [87]).

n r M Pk x(T)
<HN1;M> Z“ﬁt (1.31)

Py Pk

where the sum is taken over all connected graphs I' with n vertices of valence py., k € [1,n].
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Furthermore, on taking the logarithm of the partition function, one is left with only
connected graphs. In our example, we get the following expansion for what is called the

free energy
InZ(ts, N) = F(ts, N) = Y _ N> 2" F(t3), (1.32)

h>0
where F}, is the generating function of triangulations of genus h. In the large N limit,
only the leading order Fj survives, it counts the planar triangulations, i.e. triangulations
of the sphere S?%.

1.3.1 The steepest way to the continuum limit

One way of computing this large N limit is through the so-called steepest descent method
- or stationary phase approximation - that we now introduce. Consider the general matrix

model given by the partition function
Z(N) = / dMe™N oVD

(1.33)
= / H dAiAZ(A)e—NZZvV(Az—)’

where A()) is again the Vandermonde determinant, the A;s are the eigenvalues of M and

we consider a polynomial potential. Let us first rewrite this integral as:

N
Z(N) = / [T dxnie ™5™, (1.34)
=1

the action being:
N

SO =3 Vi) - % S log [ — Al (1.35)

i=1 j<i
This action exhibits a remarkable feature. Because of the presence of the Vandermonde
determinant, the eigenvalues cannot all fall in the potential well created by V, it is as if

they were experiencing a (2D logaritmic) Coulomb repulsion®. We are now interested in

8;?; =0, for

finding the stationary points of the action, i.e. in solutions {\;} satisfying

6 This is known in the litterature as the Coulomb gas picture.
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all i € [1, N]. We obtain the following equations for all i € [1, N],

N2 (o). (1.36)

w(x) = —tr = — . (1.37)

Multiplying now (1.36) by 1/(z — ;) and summing over ¢, one gets successively

2 1 1 V(N

i
1 1 1 1 B V’(/\Z) — V/($> V’(m)
VIS () N
: i J?éll , , , i . i (1.38)
i) — Vix
N N2 Tz - NV’
N;x—Aix—Aj N £ (@ = A)? Z e TNV

2 ) V) — L5 V) = V(@)
o)+ glla) = Viaolo) = 5 =55

where we have divided the whole expression by N. We denote p(z) = + Zf\il W,

it is a polynomial in x of degree [ — 2 for degV = [. In the large N limit, we can neglect

the w'/N term, we arrive at the equation:
w?(z) — V'(2)w(z) + p(z) = 0. (1.39)

Notice that in this limit, the distribution of eigenvalues p(A) = + >, 6(A — A;) becomes

continuous and w is given by the Stieltjes transform of p:

w(z) = / PWAG) (1.40)

r—\

Eq. (1.36) can then be rewritten

/dX PX) iy, (1.41)
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The eigenvalue density is extracted from w(x) via

p(z) = % lim (w(z + i€) — w(z — ie)) (1.42)

A general treatment of (1.39) can be found in [4], here we will focus on the Gaussian

case, in order to introduce the topological recursion later on. Let us write

Wi(z) = Zx e M™),
% 1% JT\L;O 1 (1.43)
Pi(x) = (tr (xw) : M( )> and set V(x) = ng.

Note that in the saddle-point approximation, Wi (z) ~ Nw(z), such that the 1-point

correlation function W satisfies again (1.39) with P, = 11{/m p. The solution reads

Wi = V@ VEP IR (1.44)

where we chose the negative branch as W scales like 1/ for |z| large and with P (z) = 1.

In the general case, W; has 2(I — 1) branch points corresponding to the roots of the
polynomial V’? — 4P;. The support of p is then composed of [ — 1 disconnected pieces.
In the simplest case, which interests us here, the potential has only one minimum, there
is thus just one connected support, thus only two branch points (with opposite values as
V is even). Then:

2
t_2

2(1’—2\/_)(1’+2\/—)

V'(2)* — 4P (x) =

|~

(1.45)

ot

which was to be expected according to Brown’s lemma (see next section). Such that

Wi(z) = 2175 (x — Va2 — 4t> : (1.46)

from which we get back Wigner’s celebrated semi-circle law: for A € [—2v/%,2v/],

o) = VI = A, (1.47)

2rt
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1.3.2 The double scaling limit

Consider now the following quartic model,
Z(ty, N) = / dM Nz gunt) (1.48)

The free energy F(ty, N) = log Z(t4, N) admits an expansion over Feynman graphs.
Graphs contributing to F'(t4, N) are ribbon graphs with 4-valent vertices and no external
leg, while those contributing to the 2-point function Gy(t4, N) = (%trM %) are graphs
with quartic vertices and a marked edge. Let us now use the apparatus developed in the
previous paragraphs to compute the 2-point function in the large N limit. The potential

is now the following

Lo tay
= - = 1.49
V() 57 + 14 (1.49)
and the correlation function becomes
1 1
Wi(z) = i(x + tg2?) — 5(1 + tyx? + 2t40%) V22 — 4a?, (1.50)

with .
a’ = 67(\/1 +12t, — 1). (1.51)
4
From (1.42) together with (1.43) we find that

1
pA) = (L4 1N + 2040%) Via? — A2, (1.52)
m

Notice that as t; — 0, a — 1 and we recover Wigner’s semi-circle law (for ¢ = 1). We

may now compute the 2-point function from

Gy(ty) = / dAN2p(N). (1.53)

This leads to (the sum is taken over the unmarked faces):

(14 12tg)¥2 = 18ts — 1 23" 2n et

a result already obtained by Tutte in the 1960s [88] for counting rooted planar quadran-

gulations. From Theorem 1.3.1, it follows that Gs(t4, N) can be expanded over powers of
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N, indexed by the genus h of the surface:

Ga(ts, N) =Y N> "Gy (ts). (1.55)

h>0

From Eq. (1.54) we see that the planar contribution of the 2-point function exhibits a

critical behavior (square root branch point) at ¢, = —1—12 and can thus be expanded as

t—t4 t—tq

t n
Go(ts) ~ Y n7™® (74) ~ Jte — a7, (1.56)

which is known as the critical limit. In our quartic potential example, v = —%. This is

generalized for higher order genera to” 8

Covaem—1 [(ta\" _ _
G27h(t4) ti\;m Zn(’)/str 2)(1—h)—1 (_4) ~ ah|tc_t4|(2 Ystr) (1 h). (157)

te t—ty

We see that the higher genus contributions are enhanced when ¢4 approaches t., this
means that if we take simultaneously the limit N — oo and t4; — t., the large N genus
suppression would be compensated by the enhanced t4, — t. one, enabling every genus

surfaces to be treated on equal footing. To see this, define
k1= N(ty —t,) @ w)/2 (1.58)
and take the limits N — oo and t4 — t. by keeping fixed the coupling x, yielding

Ga) =) _ans™>. (1.59)

h>0

This is known as the double scaling limit.

7 The critical exponent 7y, is called the string susceptibility exponent, it characterizes asymptotically
the number of planar graphs with a fixed number of vertices. Note that in the planar case, 4, coincides
with v of (1.56).

8 This is quite a striking result, it holds for every genus and while the exponent could a priori be any
complicated function of h, it is merely linear.
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1.3.3 Loop equations and topological expansion

We now turn our attention to the loop equations. In essence, loop equations are re-
lations between correlation functions obtained by integrating by parts in the matrix
integral. Equivalently, loop equations follow from the invariance of the matrix integral
under changes of integration variables — in this sense, loop equations are Schwinger-Dyson
equations and we will use the two names interchangeably. Consider thus the following

vanishing integrals:

]' a n - T
z/ dM; g, (M ase™ VD) =0, (1.60)

and let us define the connected correlation functions of order n:

Wo(zy, ... z,) = Z ﬁx_’“_l <ﬁteri> = <ﬁtrx' _1 M> , (1.61)

Lowokin i=1 i=1

where the subscript ¢ of course stands for “connected” and the connected expectation
value is defined by restricting its Feynman expansion to connected graphs only. For our

model, the loop equations yield

3
—

((trM®) (tr M8 + (e MFerM™ ' F),) — N{tr(M™V'(M))) = 0. (1.62)

e
Il

—n—1

To get the equation satisfied by the generating functions, multiply this equation by x
and sum over n. The first term becomes Wy (z)? + Wy (z, z). For the second term use the
following trick
S (MY (M) = (V) Z VM),
n>0 =M =M (1.63)
= V'(z)Wi(z) — Pr(z),

yielding the 1-point equation
Wl(x)Q + WQ(I, l’) - NV’(JI)Wl(LL’) + NP1<I> =0. (164)

We will now act repeatedly on (1.64) with the loop insertion operator defined as follows.
If we write the potential as V(M) = > t,M", then for all z € C, %(x) => x_”_1%
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is such that 5

oV (z)
Before giving the n-point equation, define the sets I, I, C [2,n] that are such that

Wy (1, .. ) = Wha(x, 21, ..., x). (1.65)

L U I, = [2,n]. We furthermore write x, the |I,|-tuple of z values. We then have

ZVV\BHI('I'D xh)mlel(xla xfz) + WnJrl(xlv L1, ,l’n)
11,12
n

+Z 0 Wn 1 xl,...,a:j,l,xjﬂ,...,xn) - Wn,1($2,...,xn) (166)
6:6] T — T

— NV (2 )W(x1, ..., 20) + NPy(21, ..., 2,) =0,

where we defined

P(x1,...,2,) = <t V/(xl ﬁtrx > : (1.67)

=2

it is a polynomial function in its first argument x;.

Finally, we know by Theorem 1.3.1 that all correlation functions admit the following

topological expansion

Wn($17 o 793”) _ Z N2—2g—an7g($1, .. ,:L'n). (1.68)

920

Plugging this into (1.66) then yields

Z melHLgl (‘rl’ xfl)m12|+1,g2 (Q?l, 'le) + Wn+1,gfl(l‘17 PR 7xn>

g1tg2=g I1,I>
n

8 Wn—l,g(l‘ly e ,Ij_l, 'rj-l—l? e ,l‘n> — Wn_ljg(t’[‘g, Ce ,In> (169)
an Ty — Ty

Jj=2

_ Nvl(xl)ng(.Tl, RN ,iCn) + Nng(:L‘l, R ,l’n) = 0.
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1.4 A story of maps

There are various ways to define combinatorial maps, that will not be listed here. Instead
we will focus on two particular definitions that will be of interest for us, namely the

topological one and through Feynman graphs.

Definition 1.4.1 (Cellular embedded graph). A cellular embedded graph is the datum
(S,G, f) where

e S is a closed (connected, oriented) topological surface,

e (G is a connected graph,

o f:G — S s such that

(i) f(G) is a union of Jordan arcs,

(i) S\f(G) is a union of simply connected open subsets of S.

Two cellular embedded graphs (S, G, f) and (S’,G’, f') are said to be isomorphic if and
only if there exist a surface homeomorphism ¢ : S — S’ and a graph homeomorphism
¢ : G — G’ such that the following diagram commutes
!
G —> §
l la' , (1.70)
G ——» g
f g

We are now equipped to give our first definition of a map.

Definition 1.4.2 (Combinatorial map [60]). A map is an equivalence class of cellular

embedded graphs modulo graph isomorphisms.

We call face a connected component of S\ f(G), its degree is defined as the number of arcs
making up its boundary. A face can be marked by marking an edge, which is oriented so
that the face is on its right. A map with n boundaries is then a map with n marked faces

such that each face has only one marked edge oriented such that it is on its right. Let

us define the set of maps with n boundaries, v vertices and genus g as Mj, , and write
for m € M;, ,, ni(m) the number of unmarked faces of m of degree 1 <4 <1 and k;(m)

the degree of the j** marked face. We furthermore allow marked faces to have degree at
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least one’; except for the atomic map for which k;(e) = 0. The generating function of

these maps is given by:

nz (m)

v fk (m)—
Wn7g($1,...,$n|t1,...7tl‘t Zt Z H |Aut | H (1 71)
v memMy o :
€Qlay, ., (),
where | Aut(m)| = 1 for all n > 1, as marking a face kills the symmetries of the map.

Notice also that the number of vertices is redundant in the previous formula. Indeed,

from the definition of the Euler characteristic of a map with boundaries m € M; ,

X(m):2—2g—n:v—e+2ni(m), (1.72)
i=1
where e is the number of edges of the map, that expresses as twice the number of half-

edges:
n l
2e =Y kj(m)+ > ini(m), (1.73)
j=1 i=1

yielding overall
n l

1 1 .
j=1 i=1

W, , can thus be recast into a formal power series in Q[[z', ..., 2,1, t1,...,t]] by making
the following substitutions

i_ Z;
t; — titz 1 T; — 7;, t—1, (1.75)

and working with ¢ = 1. We will use the two definitions interchangeably and merely write
Wi g(z1,...,x,) the generating function. It relates to the matrix correlation functions
by setting the potential to

Viz) ==+ —a (1.76)

i=1

9 This means that our graphs may contain tadpoles and multi-edges.



1.5. Topological recursion for the 1-Hermitian matrix model 43

1.5 Topological recursion for the 1-Hermitian matrix

model

The topological recursion (short for Eynard-Orentin topological recursion [57, 58, 59, 60])
is in layman’s terms, a way of counting maps of a given topology, using only planar maps.
Recall Equation (1.44) of the previous section where we solved for Wi (x) in the Gaussian

case. Let us now get more involved. First define

flz,y) =y* = V'(z)y + Pi(x). (1.77)

Notice that W, satisfies f(z, W;(z)) = 0. We know that W is defined near infinity (~ 1)
but the form of the polynomial

20-2

V/(2)? = 4Pi(z) o< [ [ (& — a) (1.78)

i=1

tells us it cannot be analytically continued on the whole complex plane, but instead on
1-1

C\ | lazi-1, a2, (1.79)
i=1

where C is the Alexandroff compactification of C obtained by adding a point at infinity,
C = CU{oo} ~ CP" and is called the Riemann sphere. Also the intervals [ay_1, az;] := T;
are the branch cuts and we write I' = | J._| T';. One can thus define W; either on C\ T or
on the whole Riemann sphere, rendering it multivalued. In the case where W, has only
one branch cut [a_,a.|, one has the following useful lemma, referred to as Brown’s or

1-cut lemma:

Lemma 1.5.1 (Brown). The singular part of Wy can be written

V'(z)? — 4P (z) = M(z)*(z —ay)(z —a ), ar=a=+2y, (1.80)

aeClh, ... ][], a=0(t)
where v* € Clty, ..., ti][[t]], v =t+ Ol<t2)
M(z) € Cltv, .. tllliz], M) = 2 4 o).

T
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So that the solution to f(z,y) = 0 is given by

Wi(z) = V’éx) + %M(l‘)\/(w —ay)(r—a_), (1.81)

which is of course (1.44) when we choose the negative branch. At this point however,
W7 remains multivalued, it is then convenient to introduce a two-sheeted cover of the
Riemann sphere. This is done by parametrizing the algebraic curve f(x,y) = 0 through
the so-called Zhukowsky transformation given for z € C by

_ a+;—a_ a+;a_(2+z_1>,

A (1.82)

y(z) = P

The exterior of the unit disc |z| > 1 then corresponds to the physical sheet, i.e. Equa-
tion (1.81) with the negative sign, while the interior |z| < 1 is mapped to the non-physical
sheet, i.e. Equation (1.81) with the positive sign. The two sheets are exchanged by the

(local Galois) involution that leaves the covering map x invariant:
Lz 1)z (1.83)

Note that the fixed points of ¢ are the zeros of 2/(z), namely the branch points z = +1,

and their images by x are the extremities of the cut a_ and a.

1.5.1 Disc and cylinder functions

From (1.68) we immediately see that in the large N limit the only surviving terms are
the planar ones, i.e those for which ¢ = 0. The planar correlation functions then sat-

isfy (1.66). There are two of them of importance for us here:

o the disc function Wip(x) = limy_e0 %Wl(x), which is the generating function for

rooted planar maps with one marked face, and

o the cylinder function Wao(x1,x2) = limpy_oo Wa(z1,z2), which is the generating

function for planar maps with two boundaries.

Disc function — We already computed the disc amplitude in the previous section, it is
given by
1
Wio(z) = — (x V- 4t> , (1.84)
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it has a cut along I' = [—2ﬁ, 2\/ﬂ

Cylinder function in the Gaussian case — By setting n = 2 in (1.66), one gets

/ o W — W
(V(x1) — 2Wh o(21))Wapo(21, 22) = 3 Lo(@1) Lo(z2) + Poo(z1, z2). (1.85)
4 Tr1 — T2

We now restrict ourselves to the Gaussian case again, then by denoting the singular part

o(x) = va? — 4t, we have
(9W1,0(x) o _WL()(‘T)

O 1.
oz o(x) ’ (1.86)
which leads to the following expression for the Gaussian cylinder function
x1x9 — o(x1)0(x9) — 4t
%% = . 1.87
20(71,72) 2(x1 — 19)%0(x1)0o(22) (187)
1.5.2 Topological recursion formula
Our correlation functions are singular on the cut I' = [—Qﬁ, 2\/5] except for (n,g) €

{(1,0),(2,0)}, we thus perform a Zhukowsky tranformation (1.82)
z(2) = Vit(z + 271), (1.88)

that allows us to turn our correlation functions into differential forms by defining

dﬂ?leL'z

(71 —$2)2’

Wnog(215 -5 2n) = Wi g(@1, .. 2n)dey . d2y 4 O(ng),(2,0) (1.89)

where for all i € [1,n],
ri=x(z) and dx; = 2'(2)dz;. (1.90)

They have the following properties [60] that we do not prove here:
1. wp4(#, ..., 2,) is a meromorphic form in every variable,

2. wp, is -antisymmetric, i.e. for all i € [1,n], (n,g) # (1,0),

Wiog(21y vy 2n) = —wng(21, .. (i), ..., 2n), and

3. for 29 —2+n >0 and (n,g9) ¢ {(1,0),(2,0)}, wng(21,...,2,) has poles in z; only
at z; — +£1.
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One can then compute the disc and cylinder forms of the GUE:

1— -2
z dz

z (1.91)

ledZQ
wz,o(zb 2’2) = m

w1,0<2) =

Finally, we will need the following notations. For a differential form ¢ denote

Ap=p—1i"p, (1.92)

where the * denotes the pullback on differential forms, also write

G(Zazl>:/ wa2,0(+s 21), (1.93)
u2)

and define the recursion kernel

AG(z, )

K(Z, Zl) = m

(1.94)

This allows us to write the following theorem:

Theorem 1.5.2 (Eynard '04). For all 29 — 2+ n > 0, one has

Wnog(#1, -y 2n) = Zlitisl K(z, 2z) {wnjLLg_l(z, 1(z), 29,y 2n)

/

+ Z w|f1\+1791(27Zh)w|f2\+1792(b(2)7Zfz) )

I uIy=[2,n]
g1+92=9

(1.95)

where the primed summation Z/ is to be understood as the exclusion of the terms
(I, 1) = (0,0) and (11, g1) = ([2,n], g). This formula expresses w,, , in terms of invariants
with larger Euler characteristic y = 2 — 2g — n, hence the name topological recursion. It

stops after || steps, when it reaches xy = 0 and hence ws .
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Chapter 2
Random tensor models

Tensor models are a natural generalization in dimension d > 2 of matrix models. Intro-
duced almost thirty years ago, their aim was to reproduce the successes of matrix models
in providing a theory of random geometries, especially in ways of quantizing QG. The
basic idea is that a certain integral over a space of rank-d tensors is the partition function
of a theory of d-dimensional triangulations.

Let V' be a vector space over a field K of dimension dimg V' = N. A tensor T of type
(p,q) can be seen as an element of V& @ V*®1 where V? is to be understood as the
tensor product of p copies of V', and V* is the corresponding dual space. If we equip
V and V* with the canonically associated bases {e,} and {€°} (b(e,) = 4°) then the

components of 1" are defined as
T = T“l‘“apblmbq Cay @ ®eq QN @@, (2.1)

where repeated indices are summed. In what follows we will often identify the tensor with
its components in a given basis (that will not be specified). Also we do not distinguish
between covariant (down) and contravariant (up) indices. Hence, for us a tensor of rank
d € N5y will be written 7}, ,,, where of course a. € [1, N] for all ¢ € [1,d].

Consider now such a tensor and its complex conjugate, treated as independent variables.
We further assume that they obey no symmetry relations upon permutation of their
indices. In general, the main object of interest in any quantum theory is the expectation
value of a certain observable O, taken to be a function O(T, T) of the components of the

tensor, we define it as

(O(T,T)) = % / dpc (T, T)YO(T, T)e N~V (T, (2.2)
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where Z(N) = [ duc(T, T)e N"""V(TT) is the partition function and dpuc(T, T) the Gaus-

sian measure of covariance C' defined as

Apo(T,T) = det e Zepay Toroa @O Tt TT AT, 0T (9.3)

ap

Standard (invariant) tensor models are built from the standard Gaussian measure with

identity covariance, reducing the Gaussian measure to

Apo(T,T) 1= e ™ T[T 0,0T (24

ap

Non invariant tensor models, such as those arising from group field theories require
more involved covariances [89], such as projectors over gauge invariant states or in-
verse Laplacians. Finally, a typical interaction term V (T, T) may be written in the form
V(T,T) =3 ,c; N%XBi(T,T), for some finite set I, scaling coefficients {¢;} and coupling
constants {\;}. The B;s are polynomials in the tensor entries and will be introduced in
the next section. We will get back to them in many more details in Part III. An example

of such an interaction term is given by the so-called multi-orientable model [90] where
Vmo(T T) 2 Z i3,k lmn 7ﬂz]kTvzrrmT‘n]lT‘lmk

2.1 Uncolored tensor models

There is a natural transformation of a complex covariant rank d > 2 tensor T under the
action of the tensor product of representations of ®f:1 U(N,.) where each factor acts on
a tensor index independently. The complex conjugate of 7' is a contravariant tensor of
the same rank and denoted 7. Here T is considered an object in W = ®§:1 V., where V,
for all ¢ € [1,d] is some Hermitian space of dimension dimg V., = N..

This defines uncolored tensors!, they transform in a given basis as

U _ 2: d)
Ta1 .aqg a1b1 te addebl .bg

b1,..,b4
=U Z _ (2.5)
Tal...ad - Ualbl N addebl bd’

b1,...,bq

! The name is historical. The first models [11] to be proven to admit a large N expansion required
d+1 pairs of colored conjugate tensors T¢, T¢. It was then shown that integrating out all tensors but one
in the initial colored model leads to an action for a single uncolored tensor, hence effectively uncoloring
the colored model [28].
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where for all ¢ € [1,d] the U®s are in fact the matrices of the group representations
pe € Hom(U(N,),GL(V.)). One can of course construct other such models by taking a
different Lie group in lieu of each U(N,.), e.g. in the multi-orientable model [90], W carries
a representation of U(N;) x O(Nz) x U(N3), while the main focus of Part II will be put
on real tensors transforming under tensor products of representations of the orthogonal
group O(N).

We are now interested in constructing polynomial invariants of the components of the
tensors, called - by analogy with matrix models - trace invariants. Those can be obtained
by contracting, in all ways possible, pairs of covariant and contravariant tensors. As it
turns out, these contractions are in bijection with k-edge-colored bipartite graphs called

bubbles that we now introduce.

Definition 2.1.1 (k-bubble). A bipartite closed k-colored graph or k-bubble is a graph
B = (V(B),E(B)) that is a collection V(B) of vertices of fized valence k and set E(B)
of edges, such that

e V(B) can be partitioned into two disjoint sets V* and V° of equal size, such that
each edge e may only connect a vertex v® € V* called black to a vertex v° € V°
called white;

e the graph has a k-line coloring T, that is an assignment of a color to each edge,
7: E(B) — [1,k], such that the colors of the k edges incident to any vertex are all
different. Note that 77(c) is the subset of lines of color c.

The trace invariant associated to the k-bubble B is denoted

Trp(T,T) or B(T,T) Z(S H TzUTJ . H H 0 ooy iCo ey (2.6)

i,J vv'eV (B c=1ecer™1(c)

Following the Italian school of Pezzana, we know that every regular bipartite (d + 1)-
edge-colored graph G represents a d-dimensional colored triangulation of an orientable
pseudo-manifold. Besides, from our previous definition, a k-bubble of G is a maximally
connected subgraph of G comprising only edges with k fixed colors. We then get the
colored triangulation by duality, where every k-bubble By, represents a (d — k)-subsimplex
o4 and the (k 4 1)-bubbles containing By, represent the faces of o4 . In particular,
(d — 2)-subsimplices correspond to cycles in the graph alternating two different colors. In

general we have the following correspondences:
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dual triangulation colored graph
d-simplex <> vertex
(d —1)-simplex <> edge
(d — 2)-simplex <> bicolored cycle

(d — k)-simplex <> k-bubble

A colored d-simplex is a simplex, the boundary (d — 1)-subsimplices of which have a color
in [0,d] such that each color appears exactly once. Through the colors, we can thus
define a canonical attaching rule between colored simplices as follows.

Notice that in a colored d-simplex, every (d — 2)-subsimplex is shared by exactly two
(d — 1)-subsimplices, say of colors ¢, ¢, and can thus be labeled by the pair of colors
{¢,}. Similarly, a (d — k)-subsimplex is identified by a k-bubble of colors in [1,d]. The
attaching rule is then the following. Take two different (d — 1)-subsimplices o, and o, of
the same color ¢ € [[0,d] living in two different d-simplices and attach them in the only
way that identifies all the subsimplices of o, and ¢/, which have the same color labels. In
other words, it is the only attaching map which preserves all induced colorings of their
k-subsimplices for k € [0,d— 1]. Let us give two lower-dimensional examples for the sake
of clarity.

In two dimensions, a colored triangle has edges of colors 0, 1, 2, and vertices ((d — 2)-
simplices) labeled by the pairs of colors {0, 1}, {1,2}, {0,2} where the vertex with colors
{c, '} is the one shared by the edges of colors ¢ and ¢’. Two triangles can be glued along
an edge of say color 0 by identifying the vertices of colors {0, 1} on both triangles, and
similarly identifying the vertices of colors {0,2}, see Figure 2.1.

01 01
1 1
12 0o N 12
2 B 2
02 "2

FIGURE 2.1 — Unique gluing of triangles of colors {0, 1,2} which respects
all subcolorings.

In three dimensions, a colored tetrahedron has four triangles (faces) of colors 0, 1, 2, 3,
six edges ((d — 2)-simplices) colored {c, ¢ }o<c<er<3 Where {c, ¢’} labels the edge shared by
the triangles of colors ¢ and ¢, and four vertices ((d — 3)-simplices) with labels {0, 1,2},
{0,1,3}, {0,2,3}, {1,2,3} where the vertex with label {c,, ¢’} is the one shared by the
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three triangles of colors ¢, ¢ and ¢”. Two tetrahedra can be glued along a triangle of
color say 0 by identifying pairwise the edges which have 0 in their labels, ¢.e. both edges
of colors {0,c} for ¢ # 0 in the two tetrahedra are identified, and further identifying
pairwise the vertices which have 0 in their labels, i.e. both vertices with colors {0, ¢, ¢'}

in the two tetrahedra are identified for all 1 < ¢ < ¢ < 3, as shown in Figure 2.2.

o2 02

123 023 123

013

FIGURE 2.2 — Unique gluing of tetrahedra of colors {0, 1,2,3} which re-
spects all subcolorings.

2.2 Gurau degree and melons

Let us now introduce some definitions.

Definition 2.2.1 (Jacket). Let G be a (d + 1)-colored graph and T be a cycle on [0,d].
A colored jacket J of G is an edge-colored ribbon graph having as 1-skeleton the graph G
and with faces made of graph cylces of colors (19(0), 7971(0)), for q € [0,d], modulo the

orientation of the cycle.

There are d!/2 such jackets for every (d+ 1)-colored graph, and being ribbon graphs, they

are completely classified by their genus g;.

Definition 2.2.2 (Gurau degree [5]). The degree w(G) of a colored graph G is the sum
of the genera of its jackets

w(G) =) g9s>0. (2.7)

The main characteristic of the degree is that it allows to count the number of faces of a
graph. Indeed, for a (d + 1)-colored graph with 2p vertices, the total number of faces is

given by
d(d—1)
2

F = p+d— L!w(g). (2.8)

(@1
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The (reduced) degree can also be defined for the dual d-dimensional triangulation 7 and
reads

w(T)=d+ @nd — Ng_s. (2.9)
Notice that for d = 2, the degree corresponds to (twice) the genus of the surface. In higher
dimensions, it provides a generalization of the latter. It is not a topological invariant,
but it combines topological and combinatorial information about the graph.
There is a single quadratic trace invariant up to a factor, it is associated to the dipole, a

bubble made of two vertices and connected by d edges. Its trace invariant reads

TI'D(T, T) == ZTal...adTaL..ad = T ’ T’ (210)

ap

and is used to construct the normalized Gaussian measure (2.4). Let now I be a finite
set, {B;}icr a set of bubbles and {t;} their coupling constants. This allows us to define
the most general (d + 1)-dimensional generic tensor model via the following partition

function:

Z({t;},N) = / dpo(T, T) exp —Ndz N-@ By BT, T). (2.11)

iel
Remark 2.2.3. A large N expansion exists if and only if w is bounded from below.

Let us now focus on a specific family of graphs called melonic, defined by inserting

recursively dipoles on the fundamental melon, himself a d-dipole.

Definition 2.2.4 (Melon). The melonic graphs or melons are the graphs generated by

melonic insertions on the elementary melon.

This process is illustrated in Figures 2.3 and 2.4 hereunder.

B

FIGURE 2.3 — The D-dipole or elementary melon.

Theorem 2.2.5 (Bonzom, Gurau, Riello, Rivasseau, 2011 [12]). The degree of a graph

vanishes if and only if the graph is a melon.
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FIGURE 2.4 — A melonic insertion on an edge of color 1.

Proof. Let us give the proof for the necessary condition, the reverse being trivial. We start

by computing the degree for the elementary melon, from which we can generate every

melonic graph by repeated melonic insertions. For the elementary melon M, F' = @
and p = 1, hence from (2.8) w(M) = 0.
Lemma 2.2.6. Melonic insertion leaves the degree unchanged.
Proof. By melonic insertion,

— 1

{ T 212

- F4 2
such that again by (2.8), the degree remains the same. O
Which completes the proof. O

Remark 2.2.7. Melonic graphs form an infinite family of diagrams with vanishing degree.

From (2.7) and Theorem 2.2.5 one can then conclude that the generic tensor model (2.11)

has a well defined large N expansion dominated by melonic interactions Feynman graphs.

2.3 Counting U(N) invariants

In this section we restrict our discussion to d = 3, generalization to arbitrary dimension

is straightforward.

2.3.1 Symmetric group enumeration

Recall that invariants are generated by all the possible ways to contract pairs of covariant
and contravariant tensors. Diagrammatically, one can view these contractions as all

possible pairings between, say, n white and n black vertices, as depicted in Figure 2.5%.

2 In Figure 2.5 the color labels have been made explicit to emphasize the fact that each white vertex
connects to a black one through edges of the same color. This is the most general 3-bubble with invariant
given by Equation (2.6).
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\ U3

T, T,

FIGURE 2.5 — Diagrammatic contraction of pairs of rank-3 tensors defining
the triple of permutations (o1, 092, 03).

The different connections can be parametrized by a permutation ¢ € S,. Different
permutations can give the same graph if they are related by an equation of the form
o' = v107, where 71, 75 live in subgroups Hy, Hy of S, related to the symmetries of the
white and black vertices respectively. This allows to count invariants as points in double
cosets of permutation groups. The enumeration of possible graphs is then recast into

counting triples of permutations
(01,092,03) € (S, X S, X S,), (2.13)
under the equivalence relation
(01,09,03) ~ (110172, 710272, 110372), (2.14)
where 71, 72 € S,. We are thus counting points in the double coset
Diag(S,)\ (S, x S, x S,,)/Diag(S,). (2.15)

We denote the number of points in this double coset as Z3(n). For more general subgroups

H, <G, Hy < @G, the cardinality of such a coset is given by (see below)

1 H1—G ryHy—G
|H1\G/H2‘ = |H1HH2’ ZZC - ZC - zC, (216)
c
where the sum runs over conjugacy classes C' of G, ZF~% is the number of elements

of H in C' and z¢ stands for the size of the centralizer of C. The conjugacy classes
of S3 are entirely determined by a triple of partitions of n, namely (pi,p2,p3). This

correspondence holds because each conjugacy class is determined by a cycle structure.
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The diagonal subgroup now produces conjugacy classes of the form (p, p, p), and applying
(2.16), one gets

1 n\ 2 3 - b
Z3(n) = (e > (Z,) 2= "T["p!, (2.17)

pkn pkn i=1

where the sum over p = (py) is performed over all partitions of n =) . ip; and
o= [ (2.18)

denotes the number of elements in .S,, commuting with any permutation of cycle type p.

This sequence can be generated [29] and shows
1,4,11,43,161,901, 5579, 43206, 378360, 3742738, . .. (2.19)

which corresponds to the series A110143 of the OEIS website.
Note that the number Z3(n) counts both connected and disconnected invariants. Fig-
ure 2.6 on the next page shows the graphical representation of the connected invariants

up to n = 3. The first order terms are (the capital letters refer to Figure 2.6):

e Z3(1) =1 consists in the single connected dipole A,

e 73(2) = 4 consists in three connected invariants, By, By and Bs, one of which being
given by
Z Tz'clicz,i,;g TiglichcS@éligziég Ticlz'g il (2.20)

Yy 2les
ta,lh
while the two others are obtained by a color permutation, plus one disconnected
invariant of the form )
(Z Ticliczi%iclz‘czicg> ; (2.21)
la

which is nothing but twice the dipole term (A, A),

e 73(3) = 11 consists in seven connected invariants, viz. Cy, Cy, C3, Dy, Do, Ds
and F, plus four disconnected ones given by the combinations (A, A, A), (A, By),
(A, BQ) and (A, B3)

To get the number of connected invariants Z§(n) one can use the plethystic logarithm

function (see Chapter 4) and finds

1,3,7,26,97,624,4163, 34470, 314493, 3202839, . .. (2.22)
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2 2z o G cl € 1
] Co Cc3
D, D, Dy B

FIGURE 2.6 — Colored graphs associated to connected contractions of pairs
of rank-3 tensors defining the triple of permutations (o1, 02, 03).

Note that Equation (2.17) easily generalizes to arbitrary dimension d:

Zaln) = 2" (2.23)

pkn
Let us now revisit this counting once more in the Topological Field Theory framework.
Equation (2.16) is in fact a consequence of Burnside’s lemma for counting the number of

orbits of a group action, we state it without proof:

Proposition 2.3.1. (Burnside’s lemma)

Consider a finite set X and a finite group H acting on it by multiplication. The number
of orbits of the H-action on X, denoted |X/H| is given by the average number of fized
points of the group action. More explicitly,

1
| X/H| = ] > o xh (2.24)
hell

where X" = {x € X |h-x =z} is the set of fived points of h € H.
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Consider thus the double coset as the orbit of the H; x Hs - action on GG. The fixed-point

counting formula for the number of orbits is given by

H\G/Hal = s ||H| >0 d(hughag™), (2.25)

h1€H1 hoeHy geG

where ¢ is the delta function over the group G, equal to 1 if the argument is the identity
element and 0 otherwise. From this definition of the delta function, one sees that h; and
hs have to be in the same conjugacy class of G. Next, organise the sums according to
the conjugacy classes C' of G and note the number of elements in the conjugacy class C'
from Hy (resp. Hy) ZH 7% (vesp. ZH7). So the counting picks up a Z4' ¢ Z5>~¢
term from the hy, hy sums and for each such pair, there are z¢ possible gs, hence (2.16).

Particularizing to our double coset (2.15), this becomes - using (A.5) -

(71017207 )8 (Y1097205 1) I (1037205 1)

%GSn 0;ESn

B )X (r2)x ™2 (1) x 2 (32)x ™ () x ™ (12) (2.26)
'yZGS Ran

=ZC&&&ﬂ
RiFn
where the symbol
1
C(Ry, Ra, By) = — > XM (o)™ (0)x™ (o), (2.27)
O'ESn

stands for the Kronecker coefficient that can be defined as the multiplicity of the irre-
ducible representation R3 in the tensor product of the irreps R; and R, or equivalently
as the multiplicity of the one-dimensional representation in Ry ® Ry ® R3. We refer the
reader to Appendix A for a precise definition of representations and characters of the
symmetric group. Hence, counting observables of tensor models of rank 3 coincides with
a sum of squares of Kronecker coefficients. As it turns out, this sum is also the dimension

of an algebra:

dim Ks(n Z C(Ry, Ry, Rs)?. (2.28)
RiFn
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2.3.2 Double coset algebra

In what follows we only state the main results pertaining to this algebra, a detailed
account thereof can be found in [30]|, while the orthogonal case will be addressed in

Chapter 5. We consider C[S,,] := Spanc{o, o € S, } the group algebra over S,,.

K3(n) as a double coset algebra in C[S,,|** — Consider elements 0; @0y ®03 € C[S,]?
and the left and right diagonal action of Diag(C[S,]) on the triple as:

01803003 — Z 710172 @ V10272 @ V10372, (2.29)
’Yiesn

K3(n) is the vector subspace of C[S,]®® which is left invariant by this group action:

Ks(n) = Spang { Z 110172 @ 110272 @ V10372,  01,02,03 € Sn} : (2.30)

Yi ESTL

The equivalence classes defining KC3(n) are the double cosets (2.15). Noticing that
id ® id ® id is the unit of K3(n), one easily verifies the following proposition.

Proposition 2.3.2. K3(n) is an associative unital subalgebra of C[S,]®3.

A Fourier basis of invariants — The Fourier transform of the basis (2.29) gives another
basis of invariants labeled by the tuple (Ry, R, R3, 71, 72) and given by

Qi — i 37 ST Ot fon o B DI (1) DI (72) DI, (073)0 @ 0 @ 1,

7177'2 11,2253 J1,J2573 2171 1272 1373
01€Sn ta,s Ja

(2.31)
with k = W and i, j, € [1,d(R,)]. Besides, 011311213123123,71 are Clebsch-Gordan
coefficients involved in the tensor product representations of S,, with multiplicities 7, 5 €
[1,C(Ry, R, R3)]. These basis elements are invariant under left and right diagonal action
and multiply like matrices

R1,R2,R3 Ry, Ry,R _ 5 . "R, 3271{3
Q7'17T2 7’21773 ° 5R R’Qﬁ 73 (2'32)

where we denoted R = (Ry, Ry, R3).
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Orthogonality of the Q-basis — Consider the pairing 83 : C[S,]®® x C[S,]®* — C
33(01 ® 09 ® 03, 0y @ 0y @ 0y) = 6(010, )0 (0205 1) (0305 1), (2.33)
which extends linearly to the (Q-basis:

63(QR1’R2’R37 QR/IDR/Q’RIB) = Kd<R3>26é7E/5T1,T{572,Té' (234)

T1,T2 71,74

Hence the -basis is orthogonal and since the pairing is bilinear non-degenerate, the

following theorem holds.

Theorem 2.3.3. K3(n) is an associative unital semi-simple® algebra.

3 A (finite-dimensional) algebra is said to be semi-simple if it can be expressed as a Cartesian product
of simple algebras, i.e. algebras having no non-trivial two-sided ideals.
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Chapter 3
The quartic melonic tensor model

In this chapter we will cite results pertaining to the so-called quartic melonic model. This
model is of significance as it is the first tensor model on which the topological recursion
formalism has successfully been applied, yielding a blobbed topological recursion [66].

As before, we denote by Ty, . ., the components of the tensor 7" of rank d > 2 and size
N and Tal__ad those of T. Let E. ~ CV be the vector space of color ¢. Then T lives in

d
&:_, E. and transforms as

d
T — QUT. (3.1)
c=1

For all ¢ € [1,d] and ¢ its complement, we denote the quartic melonic bubble invariant

of color ¢ as

Bc(Tu T) = Z Ta1...ac...athn...acflbcac+1...adTb1...bc...debl...bcflacbch...bd -
ap, bp
(3.2)
We furthermore define H,(T,T) as the matrix obtained by contracting all the elements of
T with those of T except for the ones in position ¢. It can be written out in components

as
Hc(Tu T)ab = Z Tal...acflaac+1...adTa1...acflbach...ad~ (33)

A15eeesOe—1,0c415-50d

Our bubble invariant then rewrites B.(T,T) = try, H.H, and the partition function of

the model reads

d

_ 1 _
Ztensor(N, {ge}) =/ duo(T,T) eXp—Nd‘1§ > " g2B.(T.T), (3.4)
(CN)®d

c=1
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where the g.s are the bubbles’ coupling constants. We now introduce an intermediate
Hermitian N x N matrix field X, in order to split the interaction term; this is known in

the litterature as the Hubbard-Stratonovich transformation and expresses as

T)X.)

1 1
exp —N4~ 1§g23 (T,T) = /ch exp — N4t (§trEc X2 —ig.trp, (HC(T,

(3.5)
The integral over T and T is now a Gaussian integral and can be computed explicitly.
Introducing the notation X, = 19D © X, @ 1%@-9) we rewrite the partition function

using the previous representation as

Ztensor(N, {9c}) /H dX, exp - = Z tr®CEC — treg, g, In (]1®d 44 Z Je C)]

(3.6)
If P(T,T) is a polynomial in the tensor entries and f a polynomial function that takes

as argument an N X N matrix, we have the corresponding expectation values:

— 1 . o B o
(PIT)r = / dpo(T, T) P(T,T) e N*"'3 Zeza 92Be(TT),
Tensor
1 d (37
<f(Xc)>M = Z /Hch f( ) e QZC LB, X2—tre. B, ln(Il@dJrzZZ:lchc).
Tensor 1

In particular, in the symmetric case where g> = %, Ve € [1,d], we have the following

proposition [64]

Proposition 3.0.1. For p € N* we have:
(tr Hy(T, T) )7 = (tr Hy(Xe))ar, (3.8)

and

(tr X2)ar = (tr Hp(HU(T, T)))r, (3.9)

where H! = Q\QH is a rescaling of our matriz (3.3), and H, is the Hermite polynomial

2
of order p defined as H,y(x) =e el

This result will be generalized in Theorems 8.3.4 and 9.2.1 of Part III to arbitrary tensor

models with arbitrary bubble invariants.
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3.1 Large N limit and fluctuations

The large N limit of general quartic models is addressed in [9, 104]. To put it in a nutshell,
general quartic interactions possess two pairs of vertices linked together by k& > 1 colors
and two other pairs by d — k colors. The large N limit always yields branched polymers
as long as k is different from d/2. For k = d/2, the model possesses a branched polymer
phase and a planar map one, with a transition between the two. The melonic models
correspond to k = 1 (or k = d — 1 by symmetry). Let us now turn our attention to the
study of the eigenvalue fluctuations for the latter.

In [64] the saddle point analysis revealed that all the eigenvalues collapse into the potential
well by following a Wigner semi-circle law of width 1/(1 — a?). The usual spreading of
the eigenvalue density is here absent due to the fact that the Vandermonde is negligible
at large N. The extremum of the potential found by the authors is

V14+2d\ -1
a=Y"F (3.10)

2id\/N)2

This result is further generalized in [66] to the non symmetric eigenvalue distribution of

the model (3.6), and reads
\J1+4> 051 (3.11)

e = Gc -
21 Zp g2

In order to study the fluctuations around these values, we follow again [64, 66| and make

the change of variables

—_

XC = O, ]lE‘C + TMcu (312)
NS

2
where the scaling of the fluctuations is chosen such that the leading terms in the action
for the X_s scale like the Vandermonde contribution, i.e. in N2. The partition function

then rewrites

d
G_NT Zc ag

(L+i). geae)

d
ZFluct(N7 {aC}) = /H dMC exp ( B g Z trEc MC2 + Z
c=1 c

p>2

ZTensor<N7 {gc}> = Nd ZFluct<N7 {ac})a for

d

NZ
p

ptr®cEC ( Z acMc) p) )

(3.13)
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with the same notational convention as earlier Mc =12 @ M, ® 1@ Notice that
the second term of Zp.t consists of multi-trace interactions. In order to derive the loop
equations for this model, we follow [66] and write them for the general d-matrix model

with interactions Hle tr M3 with generic action

d d
S=NY trVi(M)+ N 3"t o, [ tr M. (3.14)
c=1 c=1

at,...,aq >0

3.2 Correlation functions

We introduce the following generating functions for products of n traces of colors ¢y, . . . , ¢,,
I17 - 1 (k1,15 3kn,cn) = —k;—1
Wn(f,El,Cl,...,.Tn,Cn): <HtrEclm> = Z Wn sz s

i=1 g k1,....kn>0 =1
(3.15)
1.€.
ik etiknen) [H x""i_l}Wﬂ(azl, Clye e} Ty, Cn) = < H trp,, MY > (3.16)
i=1

and their connected counterparts

n

. . _ E k1,c1;...;kn,c —k;—1
Wn('xlaclv"'amnacn - <HtrEc > W( . e sz ' )

k1,...,kn>0 i=1
(3.17)

i.€.
W ketieiknsen) — [Hg:"‘f } W(T1, 0150 Ty, ) = <HtrEcle> (3.18)

The variable z; is said to be of color ¢; when it is the generating parameter for trg, M, ck;
expanded around infinity. We denote C. the copy of C of color ¢, so that z; € U,, for

some open subset of C.,. We will also need the functions

Wb (o <HtrE,M HtrEc ——) . (319)

j
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which are obtained from W,,(z,c1;. .. Tp_i, Cni; T", ;... 2}, c)) by extracting some se-
) 3 ) ) s M1 C1o [t S

ries coefficients, viz.

l

W(kl,cll;‘..;kl,cg) . . _ I—k;—1 1974 . . ol ol
n (xlacla"wxn—lvcn—l)_ €; n(xlacla"'7xn—l7cn—l7x17cl7"‘axlacl)'
i=1
(3.20)
Furthermore we write (k;, ¢;) := (k1,15 . 5 kic1, i1 Kiv1y Civas o5 knycn), Vi € [1,n].

It will also appear natural to introduce global correlation functions which are defined on

(an open subset of)
d
E, = (U C.\ FC> , (3.21)
c=1

so that each x; can be evaluated on any color. These correlation functions are

n

d
Wz, ..., x,) = Z Wn($1,61;...;[£n,cn)Hﬂ(l‘i,ci). (3.22)

ClyeeyCn=1 1=1

where 1(x,c) is 1 if z € C, and 0 otherwise. In terms of components,

n

Wy, o) = Y Wikvenssbnen) TT bl (4, ¢;). (3.23)
k1,0.0skn>0 i=1
(c1,..,en) €L, d]™

The correlation functions W, (z1,¢1;...;x,,¢,) are said to be the local expressions of
W (x1,...,x,), since each variable is assigned a fixed color. We are now ready to derive

the loop equations of the quartic melonic model.

3.3 Exact resolvent equations

3.3.1 1-point equation

The Schwinger-Dyson equations are obtain from the family of equations

Ve e [1,d], % / HdMi 2};% (M) ape™) = 0. (3.24)
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Computing the derivatives explicitly and summing over n > 0 with 27" ! yields
Walw, e, ) = NS (b (MIV/(M,))o !
n>0
a..r —n— 2
— N2 Z Aclay..ay Z(tr Mraet H tr MYz~ =0, (3:25)
ac>1 n>0 c'#c
a.r >0, V! #c
for all ¢ € [1,d]. The second and third terms are split using the standard trick
1 x*— M
n+a,_.—n—1 __ _.a
ZtrM x = trx—M_tr Y (3.26)
n>0
yielding for the second contribution
Z(tl" (Mcn‘/c/(MC)))x_n ' V,( >W1<JI, C) - Pl(xv C)? (327)
n>0
where Pi(z,c) = (tr %) The last contribution is similar and reads
Z(tr Mae—t H tr Mo Yo"t
n>0 c’;éc (3 28)
Mac—l .
— pOc— 1 a/ Ma/
T P H tr
c/#c e
The quantity (tr % [Tog tr M¢) must be further split by
2t - Mg azf ac—2-q )\ fa 3.29
= — xte :
T — Mc c) ( )
yielding overall, for all ¢ € [1,d] and z € C,,
Wy(z,c;z,¢) — NV (2)Wi(x,c) + NP (z,c)
ac—2
— N2-d Z Gelta,..a, <xac1W£l“1701?“-§ad1vcd1)<x7c> + 2= qW (ac,0);q C)) —0.

ac>1
ac/zt), V! #c
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We now would like to rewrite (3.30) in terms of connected correlation functions. For this

purpose denote R = {Ry,..., Ryr)} a set-partition of [1,n], then

¢(R)
Wz, cr5.. 52, 0,) = Z H Wir, ({TRas CRA Y (3.31)
RH[1,n] a=1
with the short-hand notation {zg_,cr,} = {2, ¢ }rer,. This first gives

Wz, c;x,¢) = Wiz, ¢)* + Wy(x, c; x,c). (3.32)

Now take R = {Ri,...,Rypr)} to be as set-partition of [1,d] and for ¢ € [1,d] denote
R. = {c} U R, the part that contains ¢, where R/ can be empty. Then,

Wt g = 37 Wit e TT W g
RH[1,d] Rone
and (
acc CLR/ CR/ ,fI7 aRa,CRa
= > W H W Rai (3.34)
RH[1,d] Ra;éRc

The loop equation now reads in terms of connected components

Wi (z, c)*+Wa(z, c; z,¢) — NV!(2)Wy(z,c) + NPy(x,c)

NSNS ite e, [ W

RH[1,d ac>1 o
II ’ ]] aC/ZO, V! #c Ra#Rc (335)
ac.—2
1 “R’ cR/) Ge—2—q aR/ CRY, 5 4,C)
X | x% W, x,c e |44 = 0.
( PCROEDY X
q=0

3.3.2 n-point equations

For a potential of the form Vi(z) =), t92" define the colored loop insertion operator

as

I= (Il, ..., I4) such that I, C[2,n] and |_| = [2,n]. Repeated action of the loop

6VC =y x " 1 ) and for integers A, n denote Z4(n) the set of lists of the form
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insertion operator on (3.35) then gives for the global correlation functions

Z Win 1 (xn, 20 )Winee (21, 21,) + Waga (o1, 01,0, 20)

(I1,12)€T2(n)

d
— N (ar,0) (V@) Walzr,. . 2) = Pala, ... 20))

o 0 Wn71<x27"'7$n>_anl(xla-"7x'717x‘+17"'7xn)
—I—Z]l(:vl,xj)agc ! j
7j=2

j l'j—.’El

d
2—d (@RnCRy)
-NT Y D Maene) D acdue, ][ WRIE (on)
c=1

RE[Ld] (11, o(r)) EZo(ry (d) . l;gzvlc,# Ra%Re

ac—2
ae—1 aR/ CR’ ac 2-¢ (aR/ CRL, 5 4,C) o

(3.36)
I. is defined as I, where o* is the index such that R, = R.. Moreover, we defined

1(z,y) = Zle 1(z,c)1(y,c), it is 1 if and only if z and y are of the same color.

3.4 Disc and cylinder function at genus zero

Having treated the general potential case, we come back to the quartic melonic model,

where we have the following.
e The potentials are V.(x) = 2?/2 for all ¢ € [1,d] and z € C,;

e The color couplings are [66]

d
1 E a d—2
- _ cre | | ac \jd=2—57 3 ae § > 2. 3.37
tal--‘ad ZC i, <a1’ o ’ad) @c 2 , Qe = ( )

d

N
Sn., = - 2(1 —a?)tr M2 + ; aeaptt Motr M. (3.38)
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We will now cite, without re-deriving them, the expressions for the disc and cylinder

functions.

3.4.1 Colored disc functions

With the previous large N action, the disc function of color ¢ satisfies the equation [66]

C

Wio(r,c)* — (1 — a2)aWig(z,c) + (1 —a?) =0, Ve e C, (3.39)

the solution of which being

1—a? 4
Wio(z,c) = 5 (x— (/22— 1—&(2;) . (3.40)

This is the disc function of the GUE, it has a cut along I'. = [— 2 2 } which is

\/l—ag’ \/1—a2

said to be the cut of color c.

3.4.2 Colored cylinder functions

We introduce the notation

——.  VzeC\l. (3.41)

Then it can be shown that the colored cylinder functions take the form

1179 — 021, 0)0 (29, 0) —4/(1 — a?)
2(x1 — x9)%0(x1, c)o(x2, C)
B Zp;ﬁc(acap)z Wl,o(ﬂh, C)W1,0<5U27 c)
ZZ:1 a2 —1 (1 —a?)o(z,c)o(xe,c)

Wao(x1, ¢ 29,¢) =

(3.42)

, for (z1,7,) € C?

p
and
4% 1%
W270(x1’61;x2’62) _ daclacz 1,0(1.1701) 1,0(-,1:2762)7 for (1:171,2) c Ccl % CCQ.
D10 —1 o(z1,c1)0 (22, C2)

(3.43)
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3.5 Blobbed topological recursion

3.5.1 Spectral curve

As before, we denote C, the copy of color ¢ € [1,d] of the Riemann sphere. For each

color, define
felwy) =y* = (1 = ad)ay + (1 — o). (3.44)
These polynomials vanish along a curve C C Ule C. defined by

d

flwy) = 1z, 0)l(y, c) fu(w,y) = 0. (3.45)

c=1

We then introduce the following Zhukovski parametrization

L (3.46)

)
e 1 — o

In order to write the topological recursion, we will pull back the correlation functions
on the z-planes using the Zhukowski transformation, this will allow us to turn them into

differential forms:

Wn(21, .oy 2n) = Wo(x(21), ... 2(2n))da(21) . . . dx(zy,)

d ©(21)da (2 3.47
— 502 S 121,01 (2, 0) (ch(zf) zdx((@)))w (3.47)

and give the expressions for the disc and cylindar differentials. The (global) disc function

has simple zeroes at z = +1, those are the zeroes of dx(z):

d

wi(2) = Z 1(z,¢)

c=1

1—272

z

dz. (3.48)

While the cylinder forms are

( : dzdzy Zp¢c(0‘cap)2 dz1dzy
woo(21,¢; 29,¢) = —

2,0\~1, &y <2, (Zl _ 22)2 ZZ:1 04127 1 2%23 3
Ol Oy \/(1 — e, )(1 = ag,) dz1dzy

d 9 2,2 -
Zp:l ap - 1 le2

(3.49)

w2,o(21,01;22702) =
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Notice that wo (%1, ¢; 22,¢) has a double pole on the diagonal z; = 2, and that both
wa0(21, ¢; 22, ¢) and wq (21, €15 22, c2) have poles on z; = 0 and 2z, = 0 on each color. The

points z = £1 in each color are called ramification points and we write
R ={z==x1|Ve e [1,d],z € C.}. (3.50)

Finally we define a global bi-differential by writing

d ledZQ ledZQ
wa (21, 22) = Z 1(z1, 1)1 (22, c2) 5c1cQﬁ — Q=55 | (3.51)
c1,c2= 1 Zl 22 Zl 22
where
e/ (1 — ) (1 — au) +a? + . — 1)
O = VA 4 ) (Epze ) , (3.52)

>0 —1

3.5.2 Blobbed topological recursion formula

We know that correlation functions admit a topological expansion, this is true also for

their associated differential forms, thus we write

Wn(xly s 7xn> = Z N272g7anvg(x17 e ,l’n), (353)
g=>0

w21,y 2m) = Y NP0, (21, 2). (3.54)
920

With the same notations as in section 1.5.2, the kernel of the topological recursion is

again given by G )
Z, 21

K(Z, 21) - QACUL()(Z)’

(3.55)

and finally define the polar Pw, , and holomorphic Hw, , parts of wy 4(z1, ..., 2,) by

Puw, 4(21,...,2 ZResZ (2, 21)Wn (2, 22, - - -5 2n)
= (3.56)

Hwpg(z1,. .0, 20) = Wng(21, oy 2n) — Pwp (21, ..., 20).
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We can then give topological recursion formulae for Pw, , and Hw, 4, viz.

Puwyg(z1,...,2 Z Res, K(z, 2 (wnﬂygl(z, 1(2), 29,y 2n)

/
+ Z Wi |+1,01 (zvzh)wllel,gQ(L(Z)vZfz))7 (357)

(I1,I2)€Z(n)
91+92=9g

1

Hwy g(21,...,2,) = 5 %}d " wo,0(21, 2)Vng(2, 22, . . ., Zn),
L U1,

where U(1). is the copy of the unit circle of color ¢, and
Ung(2, 20,y 2n) = Vig(@(2), 2(22), ..., x(2n))da(22) . . . dz(z,), (3.58)

for

Vg (T, 22, ... a) :Z Z Z 1(x,c)

e=1 RFLAL (Ih,.... I ) €Ly iy (d
b Iy To(RY)EZ (R (D)

QR CRy
> > acaas® [ Wik ().
heyeeey h >0 ac>1
AR o
d— R+ ) ha=g

(3.59)
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Chapter 4
Counting O(N) invariants

We now turn our attention to real tensor models and begin by setting up our notations.
Consider d > 2 real vector spaces V., ¢ € [1,d], of respective dimensions N,, and the
action of ®f:1 O(N,) on ®f:1 Ve. Let T be a tensor of rank d with components T;, ;,
transforming under the tensor product of d fundamental representations of the groups

O(N.). Each group O(N,) acts independently on a tensor index i, and we can write

i1...09 *idjd
jl”"’jd

1 d
10 = 0L .09 T, .. (4.1)

The observables in this model are the contractions of an even number, say 2n with n € N,
of tensors T which are obviously invariant under ®?_, O(N,) transformations. We simply
name them O(N) invariants. Such invariants generalize real matrix traces and will be
denoted:

Ok(T) =Y KM HZE" T o Thew e, (4.2)
i

where the kernel K (-) factors in Kronecker deltas and identifies the indices of the tensors
in a particular pattern; the sole contractions permitted involve the tensor indices with
identical color labels ¢ € [1,d]. An elegant way of encoding the contraction pattern
of tensors consists in a d-regular graph with edge coloring with d different colors, and
one of each color at every vertex (representing each tensor). Those graphs are defined
as the bubbles of Chapter 2 albeit for the bipartiteness condition that is relaxed. We
hence slightly shift the notation and write b the colored graph, the invariant denotes
equivalently Ok (T') or Oy(T"). We will detail this in the next chapter.
We build a physical model by introducing a partition function

Z = / dv(T) exp(—Sy(T)), (4.3)
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where the action Sy(T) = >, AW N PO,(T) is defined as a finite sum over some O(N)
tensor invariants representing the model interactions each with coupling A\, and scaling
parameter p(b); dv(T) is a tensor field measure. In this part, we will consider only
correlators that are Gaussian. This means that the field measure will be Gaussian and
of the form

(1) = T[T e @, 0oT) = S (T, (4.4

N Jk

In other terms, Oy(T) plays the role of a quadratic mass term. The free propagator of

the Gaussian measure is given by

<E1---id1—7jl---jd> = /dV(T) El---idel---jd = 6i1j1 s 5idjd7 (45)

and will be used in the Wick theorem for computing Gaussian correlators. We will be

interested in the mean values of observables that are defined by

(O,(T)) = ﬁ / AAT)O(T) .,
(OW(T)0p(T)) = ﬁ / dv(T)O,(T)Oy (T) (4.6)

The second correlator will be restricted to normal order allowing only Wick contractions
from Oy(T") to Oy (7). In Chapter 6, enlightened by the symmetric group formulation of
the O(N) invariants, we will reformulate (4.6) and analyse the representation algebraic
structure brought by the 2-point correlator. The first correlator is sketched as it evaluates

by modifying the previous calculation method.

We now proceed to the counting per se. Counting the number of invariants based on the

contractions of 2n copies of real tensors 7; starts by a symmetric group construction.

-
Actually, this enumeration problem expresses as a permutation-TFT that we also discuss.
Finally, switching to representation theory, we derive the same counting formula in terms

of the Kronecker coefficients.
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a1 o)) a3
1 1 2 9 . . .
voovy vi vy 0l (R T

FIGURE 4.1 — Diagrammatic contraction of rank-3 orthogonal tensors
defining the triple of permutations (o1, 09, 03).

4.1 Enumeration of rank d > 3 tensor invariants

Orthogonal invariants are in one-to-one correspondence with d-regular colored graphs
(see for instance [33]). We emphasize again that contrary to the graphs corresponding
to unitary invariants [11, 29|, the present graphs are not bipartite and, so, their dual
triangulations might be non-orientable. It is however always possible to make a graph
bipartite by inserting another type of vertex of valence 2 called “black” (henceforth the
initial vertices are called “white”) on each edge of the graph. We therefore perform that
transformation and denote the new vertices v§, i € [1,n] (recall that 2n is the number of
tensors) and ¢ € [1,d]. The resulting graph is neither regular, nor properly edge-colored,
as opposed to the unitary case. It is however bipartite as illustrated in Figure 4.1, that is
to be compared with Figure 2.5 of the previous part. This property concedes a description
of a colored graph in symmetric group language. We shall focus on d = 3 as the general
case will follow from this one.
We denote Sy, the symmetric group of order (2n)!. Counting possible graphs consists in
enumerating triples

(01,092,03) € Sap X Sap X Sop, (4.7)

subjected to the equivalence

(01702,03) ~ (7101%7202%73037)7 (4-8)
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where v € Sy, and the ;s belong to the wreath product! subgroup S,[S2] C Ss,. We

intend to count the points in the double coset
(Sn[SQ] X Sn[SQ] X Sn[SQ])\(SQn X S2n X Szn)/Dlag(Sgn> . (49)

Let us denote Z3(2n) the cardinality of this double coset. Recall from Chapter 2 that in
a broader setting, for two subgroups H; < G and Hs < G, the cardinality of the double
coset |H1\G/Hs| is given by

|H\G/Ha| = > ZBCzi0 o, (4.10)

|H|!H!

where z¢o stands for the number of elements of G commuting with any element in the
conjugacy class C. The sum is over conjugacy classes of G, and ZZ~¢ is the number of
elements of H in the conjugacy class C' of G. The conjugacy classes of Sy, X Sy, X S, are
determined by triples (p1, p2, p3), where each p; is a partition of 2n. The presence of the
subgroup Diag(Ss,) implies that only conjugacy classes determined by a triple (p,p, p)
should be conserved in the above sum. Applying (4.10), we get

52]3—>53n (2n) 3

z
" pk2n p

_ Z Sn SQ] —>52n 2
n|2n Tnlon]3 P:P:p) “p

pH2n

(4.11)

with z, = [],#"p;! and where the sum over p = (py), is performed over all partitions

of 2n = . ip;. The cardinality of a conjugacy class C, of Sy, with cycle structure?

determined by a partition p is given by |C,| = (2n)!/z,. Next, we must determine the
size of Z(S ”IES;)] =55 which factors as

Sn[S2]—S2, . .

oy = (Z RIS (4.12)

! The wreath product S,,[Sa] = S5 15, is defined as the semi-direct product SF x S,, and is known
in the literature as the hyperoctahedral group. Seen as a permutation group, it is the signed symmetric

group of permutations of the set {—n,—n+1,...,—-1,1,...,n— 1, n}.
2 Two permutations have the same cycle structure or are of the same cycle type if the unordered list of
sizes of their cycles coincide. The cycle type of a permutation in Ss,, determines a list p = (p1,...,pan)

of numbers p; > 0 of cycles of length i. The list p is a partition of 2n.
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We can get a single factor in this product from

1
T (521 5n = [gngp] Z25=191(, ), (4.13)
n n

where appears the generating function of the number of wreath product elements in a

certain conjugacy class p F 2n, namely

ZSel5al(¢ Z " 75154 (7) = exp Z Z H e (4.14)

qHd qe 1

with & = (21, 22,...), ¢ = ()¢ a partition of d such that ), ¢v, = d and in multi-index

notation P := zF' ... zP?". We adopt the “combinatorists
1 2n *

799

notation and write as (x| Z(x)
the coefficient of ¢ in the series expansion of Z. To understand where this comes from,

define the cycle index polynomial of H < S, as

f(7) = Tl ZZH%S" chpl (4.15)

pkn

The generating function for cycle index polynomials of S, is (see Chapter 15.13 in [53])

e}

t'a;
25 (,7) = S "2 (& —expz i (4.16)

n=0

The cycle index polynomial of a wreath product is given for H < G by (see Chapter 15.5
in [54])
ZGH(7) = Z29(7), with r; = ZH (2, 20:, 235, .. ), (4.17)

so that finally one can write the generating function of cycle index polynomials of S, [Sy]*:

[e.9]

n=0

- Ztn Z dnnl S Sl S prl (4.18)

= pFQn

Sa
—eXpE dez,...,:cdz),

which is indeed (4.14).

3 For d = 2, Z%=[51(t, #) = exp 352, 21( + 29;).
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The expression (4.11) finally computes to

Zs(2n) = Y ([tnar] 25, 7)) 22 (4.19)

pH2n

In general, for arbitrary d, the above calculation is straightforward and yields, for any
d>2,

Zay(2n) = Y ([t"a?) 2550t 7)) 20 (4.20)

pH2n

We can generate the sequences Z3(2n) and Z,(2n) (both with n € [1,10]) using a Math-

ematica program shown in Appendix B.1 and obtain, respectively,
1,5, 16, 86,448, 3580, 34981, 448628, 6854130, 121173330 (4.21)

and
1,14, 132,4154, 234004, 24791668, 3844630928, 809199787472,

4.22
220685007519070, 75649235368772418 . ( )

Following Read [55], the number Z;(2n) of d-regular colored graphs made with 2n vertices
is the coefficient of t" in [[ = ®,,(t), where

Z ,'/;(Z,)tm]ﬂ if m is even,
, jlm
=0
D (t) =< '3 (@) (2N (4.23)
Z ,"d ( 5 ) t"™ if m is odd,
= Y
and the function A(j) relates to the j* Hermite polynomial by Ax(j) = (zx/E)jH](ﬁ)

We generate the corresponding sequences Z3(2n) and Z4(2n), n € [1,10], using a Math-
ematica program (in Appendix B.2) and the results match with (4.21) and (4.22), re-
spectively. Hence, both methods yield the same results. The sequence (4.21) naturally
corresponds to the OEIS sequence A002830 (number of 3-regular edge-colored graphs with
2n nodes) [56]. The sequence (4.22) however is not yet reported on the OEIS. Hence,
the formula (4.20) is likely to generate arbitrary new sequences for each d > 3. We must
underline that the above counting of observables concerns connected and disconnected
graphs (generalized multi-matrix invariants). To obtain only connected invariants, we

use the plethystic logarithm (for recent applications of this function in supersymmetric
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FIGURE 4.2 — Connected colored graphs associated with rank-3 orthogonal
tensor invariants with up to 6 vertices.

gauge theory and further references, see [99]) transform on the generating series of the

disconnected invariants. This is achieved in the following manner. Define the generating

function of disconnected invariants as
x) = Z Zs(n)z", (4.24)
n=0

the plethystic logarithm is defined as

— (k)
Plog Zs(x ; — " log Zs(x 5, (4.25)
where u(k) is the Mobius function given by
1 ifk=1,
(k) = 0 if k has repeating prime factors, (4.26)

(—1)™ if k is a product of n distinct primes.
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We obtain the enumeration of connected invariants (see Appendix B.2) as the coefficients
in the previous series’ expansion. For rank d = 3 and 4, respectively, up to order n = 10
they read,

1,4, 11,60, 318, 2806, 29359, 396196, 6231794, 112137138 (4.27)

and
1,13,118, 3931, 228316, 24499085, 3816396556, 805001547991,

(4.28)
219822379032704, 75417509926065404 .

As an illustration, Figure 4.2 depicts the rank-3 connected orthogonal invariants up to

order 3.

4.2 Topological Field Theory formulation

From the above symmetric group formulation of the counting of tensor invariants, one
extracts more information wia other correspondences. In particular, the enumeration
reformulates as a partition function of a Topological Field Theory on a 2-complex (in
short TFTy) with Sy, and its subgroup S,[Ss] as gauge groups. For a review of TFTs,
see |91, 92| and, in notation closer to what we aim at, |38, 39]. Let us however recall
some key features here. Consider a 2-dimensional cellular complex (a Hausdorff space
together with a cellular structure) X. We call vertices the 0O-cells, edges the 1-cells and
plaquettes the 2-cells. Then one can define a partition function for a finite group G by
assigning a group element g. to each edge e and a weight w(gp) to each plaquette P,
where gp = [[,cp ge- A natural choice independent of the size of the plaquette is given
by

1 if gp = Zd,
w(gp) = 0(gp) = . (4.29)
0 otherwise.
The partition function of the model then writes
1
Z[X;G] = WZHU}(QP), (4.30)
ge P

where V' is the number of vertices in the cell decomposition. We will be interested in
cases where G is taken to be the groups Ss, and S,[S3], but let us exemplify it with
S,. Take as an elementary example the torus realized as a rectangle, with opposite sides

identified. This is a cell decomposition with a single vertex, two edges a, ¢ and a single
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plaquette. Assign to each edge a group element in S,,:
a— o, c— 7. (4.31)
Thus the weight for the single plaquette is

w(gp) = 6(yoyloh), (4.32)

and the partition function is given by

2% 5,] = 3 sor o), (4.33)

" oyESK

This partition function counts equivalence classes of homomorphisms from the fundamen-
tal group of the torus m(T?) ~ (a,c | cac”'a™ = 1) to S, (weighted by the number of
elements of S,, which fix the homomorphism under conjugation) where the equivalence
relation identifies a homomorphism with each of its conjugates by elements in S,,. By
Riemann’s existence theorem, this is equivalent to counting equivalence classes of covering
spaces of T? of degree n (see for instance [100]), counted with weight equal to the inverse
of the order of the automorphism group of the cover. The partition function (4.33) thus
counts n-fold covers of the torus and can be interpreted as a partition function of a TFT,

on a cellular complex having the topology of a cylinder, as shown in Figure 4.3 below.

a

e

a

FIGURE 4.3 — TFTy associated with the counting of n-fold covers of the
torus.

Consider now the counting of classes in the double coset (4.9), denote it as Z3(2n), and

then consider the relation (4.10). Using Burnside’s lemma, we have in standard notations:

Z3(2n) = LY DY 6o )(eoyoy )a(vsosyoy ), (4.34)

n‘2”
[ 77,6571,[32] O"LESQ’IL 'YGSQn

where ¢ is the Kronecker symbol on Sy,. This counting interprets as a partition function

of a TFT, on a cellular complex given by Figure 4.4. On that lattice, we use two gauge
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groups So, and S, [S2]. The topology of that 2-complex is that of three cylinders sharing
the same end circle. Thus, enumerating orthogonal invariant corresponds to a Sy, TFT,
on three cylinders glued along one circle, with a restriction of the gauge group to be
Sn[Se] at the opposite boundary circle. This TFT, has boundary holonomies endowed
with S,,[S2] group elements.

FIGURE 4.4 — S5,-TFT5 associated with the counting of orthogonal invari-
ants.

By successively integrating some delta functions, the TFT, formulation produces alterna-
tive interpretations of the same counting. We extract v from (4.34) and get v = o5 '3 o3
such that

Z3(2n) = Z > b(noilog'ys os)or o (a0a(o s os)os )

[n'2”
'Yz €Sn [52} 0;€S2n

(4.35)

A change of variables 09 < 01205 ! leads us to

Zs5(2n) =

Z Z 5 ’7101’7301 )5(7202’7302_1) . (436)

n'Q” 3
Vi ESn[S2] 01,2€52n

This integration illustrates, in Figure 4.5, as the removal of a 1-cell associated with
the variable v in the 2-complex. The partition function therefore shows two types of
invariances: the extraction of v corresponds to one type of topological invariance, and
then, it is followed by the change of variables oy o — 07 205 ! corresponding to a topological
invariance of a second kind.

Thus, the partition function (4.36) can also be written as

Zs3(2n) = Z(S' x I; Dg, 5, ), (4.37)
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o1 Joy Ty e 7Y 1 0y

FIiGURE 4.5 — Topological transformations of the 2-complex leaving the
partition function stable.

where Z(S! x I; Dsg,s,]*®) is the partition function obtained by inserting three S,[Ss]-
defects - written Dg, (s, -, one at each end of the cylinder S' x I, and another one at
finite time ¢y € I, for some finite interval I, see Figure 4.6. A defect is defined as a closed
non-intersecting loop with a marked point. The relation (4.37) shows that orthogonal
invariants are in one-to-one correspondence with n-fold covers of the cylinder with three
defects, up to a (symmetry) factor, viz. the stabilizer subgroup of the graph that we
denote Aut(Go, oy.04)-

FIGURE 4.6 — Cylinder with three defects.

The order of the stabilizer infers from

Sym(o1,09) = > 611017307 )3(12027305 1) = Aut(Go, 0, 04), (4.38)
Yi€Sn[S2]

which also relates to the number of equivalences (.S,,[S2] x S,[Sa])\ (S, X S,,)/Diag(S,[Ss])
corresponding to a fixed (o4, 09).

The TFT formulation of the counting enriches it with a geometrical picture. Most of
the time, the base space of the TFT is viewed as a string worldsheet. The counting now
becomes a counting of worldsheet maps over a cylinder with defects. As noticed elsewhere
[29, 30], this once again shows that a link may exist between tensor models and string
theory, which could be elucidated via the TFT formalism. Such a link may be worth

investigating in the future.
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Rank-d counting and TFT,; — More generally, for rank d > 3, the counting Z4(2n)
has a TFT, formulation that generalizes what we discussed above in a straightforward

manner:

Zy(2n) = n‘Z" Z Z Z H5 (vioiyo; !

%ESn[SQ} 0265271 YES2n i=1

= n|2n d Z Z H 5 %Ozfyda (439)

Vi ESn[S2] 0i€S2n =1

where we extracted v as previously: v = acjlvd_lad.

The first equation of (4.39) shows that, in rank d, the TFTy-formulation of the counting
extends Figure 4.4 as the gluing of d cylinders along one circle. After integration, the
second equation reveals that the counting of orthogonal invariants therefore amounts to
the counting of weighted covers of d — 1 cylinders with d defects, one of the defects being
shared by all cylinders. In formula, denoting C; the i*" cylinder with base circle S} and
C%! the quotient space | |/, C; / ~, with the identification S} ~ S}, we have

Zd(Qn) = Z(Cd_l; Dgn[g2]><d).

4.3 The counting as a Kronecker sum

We now revisit the counting (4.34) under a different light, that of the representation
theory of the symmetric group (Appendix A reviews the main identities used in this
chapter and the following). Irreducible representations (irreps) of the symmetric group
Sy, are labeled by partitions R F 2n, that are also Young diagrams.

Starting from the Burnside lemma formulation of (4.34), consider the following expansion

of the counting of rank-3 invariants using the representation theory of Sy,:

Z3(2n) = n'2” Z > ) dmorver (109705 )3 (1505705

7165 [S2] 01€S2n YES2n

_ DD P (X ()X ™= ()X (vs)x ™ ()

n'2"
’YZESn [S2] vE€S2n RiF2n

- nl2n3ZC Ry, Ro, Rg) > X" (1) Y x™(32) D x™ (),

R, F2n v1ESn[S2] Y2E€S5n[S2] 13€Sn[S2]
(4.40)
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where Y denotes the character in the representation R, we used the identity (A.5) in

Appendix A.1 to compute the deltas, and the Kronecker coefficient is defined as

C(Ry, Ry, Rs) = @)l D A 0 G GO PRI COR (4.41)

’YESQn

Recall that the Kronecker defines the multiplicity of the representation R3 in the tensor
product Ry ® Ry, or the multiplicity of the trivial representation in R; ® Ry ® R3 when
expanded back in irreps.

Above, the sums over the subgroup S, [Ss] have not yet been performed. To proceed with
these sums, we will use a useful result by Howe [93] (see also [95, 96 or a more recent
use of it in [43]):

1 R
’S I:SQ” Z X (7) - 5R,even7 (442)
" YESn[S2]

where dpeven = 1 if R is an “even” partition, that is, all its row lengths are even - we
denote it naturally 2R - and 0geven = 0 otherwise. This result is actually a consequence
of what is called Littlewood’s formula and Frobenius’s reciprocity, which we now recall.
Written out in terms of characters, Littlwood’s formula (see Proposition 4.1 in [94]) reads,
for all o € S5,

SQn
Ls, (s T Z X’ (4.43)

SH2n

where 1g, s, 1520 is the character of the trivial representation of S,[Ss] induced on So,,.
Now denoting y% ls.[s,) the restriction of a character of Si, to S,[Ss], the following

equality, known as Frobenius’ reciprocity theorem*, holds:

R Son R
(Ls,(5:]5 X isn[sz]>5n[52] = (Ls, 15 T, X >52n. (4.44)

By expliciting the scalar products, the previous equation becomes successively

Z L5 (VX Lsasa) () = ,Z Ls,(s) 15 (0)x (), (4.45)

’yESn[SQ} o€San
a2 A = Qn.Z 2 (o), (446)
YESR[S2] SHF2n oceSs,
1
nlon Z Xy = Z5R,25, (4.47)
YESK[S2] St2n

4 This is a special case. In all generality, for G a finite group with subgroup H and class functions
¢ :G— Cand 1 : H— C, the theorem states (¢, Res$ o) = (Ind§ ¥, ¢)c.
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which gives the desired result. Note that in the second line we used Littlewood’s formula
and the fact that by definition for v € S,[Ss], Lg,(5,(7) = 1 and x* 1,15, (7) = X7 (7),
while in the third, the characters’ orthogonality relation (A.6) was used.

Thus, we obtain, inserting this in (4.40)

Z3(2n) =Y C(2R;, 2Ry, 2R3). (4.48)

R/2n

Comparing this sequence and (4.21), we produce a Sage code (see Appendix B.3) showing
that the numbers generated by (4.48) match with (4.21).

In the next chapter, we will show that this number is also the dimension of an algebra
Ks3(2n). It is an interesting problem to investigate how the counting of colored graphs
could contribute to the famous problem of giving a combinatorial interpretation to the
Kronecker coefficients [51, 52] (in the same way that Littlewood-Richardson coefficients
have found a combinatorial description). From previous work [30], we know that the sum
of squares of Kronecker coefficients associated with S, equals the number of d-regular
bipartite colored graphs made with n black and n white vertices. Here the interpretation is
the following, the number of d-regular colored graphs (not necessarily bipartite) equals the
sum of all Kroneckers precluded those that are defined with partitions with odd rows. An
idea to contribute to the above problem is to refine the counting of graphs in a way to boil
down to a single Kronecker coefficient. In other words, given a non vanishing Kronecker
coefficient is it possible to list all graphs contributing to that Kronecker coefficient 7 This

is certainly a difficult problem that will require new tools in representation theory.

Counting rank-d tensor invariants — The above counting generalizes quite naturally

at any rank d as

Zy(2n) = [n‘?” Z Z Z H5 Yioiyo;

’YlES [SQ] o1ESan YES2, =1

- n‘2”d Z Z Ca(Ry, ..., R)X™ () - x"(a) (4.49)

Ry F2n ~,€8,[S5]

= Z Cd(QRlv s 72Rd)7

R;F2n

where we introduced the notation

Cr(Ry, ..., Ry) = L > X)) (4.50)
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This counts the multiplicity of the one dimensional trivial S, irrep in the tensor product
of irreps R1®...®Ry, k > 4. It expresses as a convoluted product of Kronecker coefficients
as

k—4

[ C(S: Riva, Sin)

=1

Ci(Ri,....Ry) = > C(Ry, Ry, S)

SiF2n

C(Sp_s, Ri_1, Ry). (4.51)
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Chapter 5

Double coset algebra

We now discuss the underlying structure, an algebra, determined by the counting of the
O(N) invariants. The rank-3 case is first addressed for the sake of simplicity, and from
that, we will infer the general rank-d case whenever possible.

Consider C[Sy,], the group algebra of Sy,. Our construction depends on tensor products

of that space.

5.1 K4(2n) as a double coset algebra in C[S,,]¥?

We fix d = 3. Consider 01 ® 03 ® 03 as an element of the group algebra C[S,,]®3, and
three left actions of the subgroup 5, [S5] and the diagonal right action of Diag(C|[Ss,]) on
this triple as:

01 ® 09 Q03 — Z Z Y1017Y & Y2027 & Y3037 . (5-1)
Y €ESn[S2] YES2n

IC3(2n) is the vector subspace of C[Ss,]®® which is invariant under these subgroup actions:
Ks3(2n) = Spang Z Z NO1Y @ 12027 @ 3037, (01,09,03) € Sy o (5.2)
’Yiesn [SQ} YES2n

It is obvious that dim K3(2n) = Z3(2n), since each basis element represents the graph
equivalent class counted once in Z3(2n). Pick two basis elements, called henceforth graph

basis elements, and consider their product

Z Z 71017®72027®73037H Z Z TIOT @ To0yT @ T305T

Vi €Sn[S2] YES2n T;€Sn[S2] TES2n
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/ / /
= E E ’710'1’)/7'10'17' ® ’}/20'2’77'20'27' ® 730'3’77'30'37'
i, Ti €Sn[S2] ¥, TES2n

- Z Z [ Z Z '71<0177'10/1)7'®72(027720§)7'®’Y3(0377'3cré)7'] (5.3)

T, ESn[S2] YE€ES2n i ESR[S2] TES2n

This shows that the multiplication remains in the vector space. Hence, K3(2n) is an
algebra and (5.3) defines a graph multiplication. The proof is totally similar for K4(2n)

(considering d factors in the tensor product) which is thus an algebra of dimension Z;(2n).

The product of graphs in the algebra KC3(2n) illustrates as in Figure 5.1 below.

02

e e R
Ty TUT TV

2 2 2 A
oo vy vt

|
vl
iy - ~ .

T ™ T3

o ‘l » | 7 7 o o

FIGURE 5.1 — Product of two graph basis elements (on the left) gives a
sum of graphs (on the right).

Gauge fixing — There is a gauge fixing procedure in the construction of orthogonal
invariants. One initially fixes a permutation o; but is still able to generate all invariants.
Consider £ = (12)(34)...(2n — 1,2n), and fix o; to belong to the stabilizer of &, i.e.
oy '€y = & Since Stabg = S,[S,], we simply mean that we choose o, to be in that
subgroup. We already observe a difference with the unitary case [30]. Indeed, while
the gauge fixing in the unitary case leads to the definition of a permutation centralizer
algebra, the gauge fixing here will not bring such an algebra. The main difference with
the unitary case also rests on the fact that the left and right invariances on the triple

(01,09,03) in this case are radically different.
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Associativity — In the graph basis, we can check the associativity of the product of
elements of K3(2n):

([ Z Z V1017 @ Y2027 & 73037] [ Z Z TIOVT @ Ta0aT @ Tgag7}>

Yi€Sn [SQ] YES2n T€Sn [52} TES2n

X [ E 5 a10]a ® axoya ® OégO'gOéi|

@; €8p[S2] a€San

= E E [ E NOIVTIOITAL0] O ® Y209 To05T 205 &) 730377'3057%05/04]

Tiy O 7Y, T Y,

— [ Z Z 71017®7202’y®73037}

Yi €Sn [SQ} YES2n

X [ E E TIOYT @ Ta0sT @ Tgaér] [ E E a1ola @ aoya ® agaga}

Ti€Sn [S2] TES2n ;€Sp [S2] a€San

(5.4)

The proof easily extends to any d, and we therefore claim the following:
Proposition 5.1.1. K3(2n) is an associative unital sub-algebra of C[Sy,]®?.

The unit is given by the equivalence class of (id, id,id). Such element corresponds to the
disconnected graph made with n connected components with full contraction of n pairs

of tensors (i.e. dipole graphs).

Pairing — There is an inner product (that we will call pairing) on &4(2n) defined from
the linear extension of the delta function from the symmetric group to the tensor product
group algebra (see (A.24) in Appendix A.3 for details pertaining to the following nota-
tion). Take two basis elements (in obvious notation) and evaluate using proper change

of variables:

5(2 é%ﬂﬂ ; Z é Tﬂﬁ) = Z Z ﬁ d(vioiy(Tioi) ™)

Ti T & Yi,Y Ti,T 1 (55)

= 20)(n12") Y [T 6(uoin (o)) ™).

Yiy

Thus, either the tuples (o1, ...,04) and (o7, ..., o)) define equivalent graphs G,, ,, and
G0, respectively, or the result is 0. This precisely tells us that the graph basis forms

an orthogonal system. The above computes further using the order of the automorphism
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group of the graph

5 ( > Q3@ T,-a;T) = 20)/(112")6(Gory. s Gt ) AU(Gor0y) - (5.6)

Viry % TiyT

Therefore, there exists a non degenerate bilinear pairing on K4(2n) and the following
holds:

Theorem 5.1.2. K;(2n) is an associative unital semi-simple algebra.

As a corollary of Theorem 5.1.2, the Wedderburn-Artin! theorem guarantees that Ky(2n)
decomposes into matrix subalgebras. It might be interesting to investigate a basis of such
a decomposition of /C4(2n) in irreducible matrix subalgebras. One could be tempted to
think that, at d = 3, restricting to KC3(2n), the Kronecker coefficients for even partitions
could be themselves squares, and therefore define the dimensions of the irreducible sub-
algebras. This is not the case as can easily be shown using the same Sage code given in
Appendix B.3 (by printing the Kronecker). This point is postponed for future investi-
gations. In the meantime, it is legitimate to ask a representation basis with labels that

reflect the dimension (4.48). This is the purpose of the next section.

5.2 Constructing a representation theoretic basis of C3(2n)

Let us introduce the representation basis of C[Ss,| given by the elements

5 = (;f)' Z Dg(a)a, with k%, = (2n)!d(R) , (5.7)

0ESap

that obey the orthogonality relation o( Z;Qﬁ;,) = 0rr0;i0j;. The basis {ijﬁ} counts
> rion A(R)? = (2n)! elements and forms the Fourier theoretic basis of C[Sa,]. Appendix
A.3 collects a few other properties of this basis for a general permutation group.

We fix d = 3 and build now the invariant representation theoretic (Fourier for short)

basis of the algebra IC5(2n) (5.2). Consider the right diagonal action pg(-) and the three

I The Wedderburn-Artin theorem states that any finite dimensional semi-simple algebra, is isomorphic
to a finite product of matrix algebras over division algebras.
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left actions g;(+) on the tensor product C[S,,]®3. Then we write:

Z Z 91(71)92(72>93(73)PR< )le Ql2]2 Qms

V1,72, ¥3ESn[S2] YES2n

- Z Z 71 Qzljlf}/ ® 72 QZQJQ /y ® /73 Q13]3 ,7

R R:
- Z Z Z me ga! qun JIQI( ) ® Dpzzzz (72)@132(12 quz( ) ® Dp;zs (73)Qp3q3 qus( )

Ya Y Pi,qi
2n R1,Ro;Rs,7 ~R1,Ro;Rs,m R1 Rs R3
- Z Z Z Oh 32393 Oqﬁt}zflé > me( )me( )mefs (73)Qp1q1 QP2Q2 qus
Ya Pi,91 T

(5.8)
We used (A.22) to multiply group elements with the Q-basis, see Appendix A.3; then use
(A.18) to sum over 7 the three representation matrices, see Appendix A.2.

We couple this last result with a Clebsch-Gordan coefficient, in order to get, using (A.16):
(B BoiRs
Ciidean Zzgl M) 02(72)03(13)pr(7) Q1 © Qrz, ® Q%

R1,R2;R3,T
2n Zoqﬁqz?qs o ZD 171 71 ZD 212 72 ZD 313 73 ern ®qu2 ®Qp3qs'

Pr,q

(5.9)
Once again, we should stress that >~ g g, D () # 0if and only if R is a partition of 2n
with even rows. This condition will be always assumed in the next calculations. Now, we
can split the Wigner matrix element using branching coefficients of .S,,[S5] in Ss,,. Consider
VE an irrep of Sy, (see Appendix A listing a few basic facts on representation theory of
S, and our notations), and the subgroup inclusion S,,[Ss] C Sa,, we can decompose V%

in irreps V" of S,,[Ss] as
- @ v X VR,T7 (510)

where Vg, is a vector space of dimension the multiplicity of the irreducible representations
rin R. A state in this decomposition denotes |r,m,,v,), where m, labels the states of
V" and v, € [1,dim Vg, ].

The branching coefficients that are of interest are the coefficients of |r,m,,r,) when

decomposed in an orthonormal basis of the irreps R:

R;r.v,

B = (Ryilr,me,vp) = (r,my, v, |R,i) (5.11)
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The last relation is deduced from the fact that we use real representations. Using the

decomposition of the identity, the branching coefficients satisfy the following identities

R;rvr pR;S,Us
§ :Bz my Bi; ms 5rs§yru35mrms (512)
i
R; R’
E Bl By = Ormdii - (5.13)
T5My,Vr

We have the following useful relation, for o € S, [Ss],

ZD ) Bir = ZD o) B (5.14)

where D], . (o) is the representation matrix of o as an element of S,[S;]. Restricting

this to r = [2n], the one-dimensional trivial representation of S,,[Ss], we obtain:

R 2n],1 2n R;[2n],1 R;[2n],1
ZD st = pi(e) BRI = gkt (5.15)

%

We now treat the sum over the representation matrices in (5.9). Inserting twice a complete

set of states therein, we get

Z Dg(cr): Z Z ZRWTT”TBRS”S(T, Vp, M| 0|8, Vg, M) . (5.16)

0ESn[S2] 0ES,[So] LYo

syMs

Noting that >, g 15,00 = > es,(55 Lsa(s2(0)0 is, up to the factor 1/[n!2"], nothing but

the projector onto the trivial representation of S,,[S], the overlap computes to

Z <’l“, Vr, mr|0|3a Vs, ms> = (2nn!)5r,[2n}53,[2n]51mT(51m5511/551w ) (517)
0€Sn[S2]

since we have

Z ols, vs, mg) = Z L, [5:( ZD o)|s, vs, k)

O’ESn[S2] UES’/L[S2}
n 2” !
= Z D2] ZD ‘8 I/s,]{?> = v Zé 2n](51ms511,5(51k\s Vg, >
0ESn[S2]

= (2"n1)ds (20 O1m, O1v,

2n],1,1). (5.18)
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Hence,
> Df(o)=2"n! BB}, (5.19)
UES"[SQ}
where we have defined B = (R,i|[2n], 1,1).

From the above calculation, we finally get from (5.9):

Z Cﬁlj,szf& Z Z o1(m)e2(72)03(73)Pr(7) th ® Qm]g ® QZ3J3
' e (5.20)
= (2n)!(n12")* B B2 By " ¢t el i g pls It

q1,92;93 Pigqa QPQQZ QPSQS

pr,q

We now define an element

QR17R21R37T = K § OB, R2,R37TBR1 BR2BR3Q

q1,92593 Piq1 QP2Q2 QPS‘]B

Pr,q

o (5.21)
_ R1 Rz Rs ZZORLR%RBT [HBRIDR 01 ® 02 X 03,

q1,92;93
g; P,

where x5 is a normalization constant to be fixed later and the notation R stands for
(Ry1, Ry, R3). The set {QFvE2857} i of cardinality the counting of orthogonal invariants
given by (4.48).

Invariance — Let us check that the element Qff2:57 is invariant under left multipli-

cation on each factor and diagonal right multiplication:

(11 ® 72 ® 13)QTFT(y @y @) = Kk Z Clileilis T gl it plis

P ,q1
R1 R1 Z R2 RQ Z RS RS

X 2 : Dflpl ’71 51]1DQ1J1 ® D52p2 72 L2372 Dq2J2 ® D53p3 73 L3353 DQ3J3 (7)

£1,51 £2,52 £3,53
— Ri1,Ra;R3,7 § : Ry nR2 Rs nR3 Rs
o K/R Z C]17]2733 D£1p1 B ‘szpz( )B Dédpd( )B Qf1]1 ® Qfg]Q ® QZ&]J

] jR]
— R1,R2;R3,T R1 Re pR3
- HR Z CJlJzJS B B B QZ1J1 ® Qfgjz ® Qéggg
Jiyl

— QRl’R2’R3’T, (5‘22)

where we used once again (A.22) and (A.16) as intermediate steps and the identity (5.15)
to get the last line. We now check a few properties of the product of elements of KC5(2n).
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Product — The elements (5.7) of the Fourier basis of C[Sy,] multiply as follows (see
Appendix A.3.)

’ K 7
5’ p = W]};)stR/(Sijg - (5.23)

The definition (5.21) and relation (5.23) allow us to compute the product

QR1 ,R2,R3 ,TQRQ Ry, RE T

5R5R15R1/€R2/§JR3 5 CRl,Rz,Rs,T R} ,R);R}, 7’
/ .
= R AR 2 Caia O,
Rl R2 R3 R’ R, DRy A (5'24)
B B B B B B Qplbl ® mez ® ngbg (5(11(11 5q2a2 5q3a3

_ /ﬂR/fPu /fRz K:Rg . [ CRI,R2,R3,TBR1 BRQBRQ QR
d(Rl)d(Rg RR q1,92;93

Hence, the product of two basis elements expands in terms of Q% %2837 In a compact

notation, we write
QR1,R2,R3,TQR'1,R’2,R§7T’ _ 5éﬂ ( )QR17R27R37 o (5.25)

which shows that the product is almost orthogonal. Still it cannot represent the basis of
the Wedderburn-Artin matrix decomposition. The basis {Q7f27:7} therefore decom-
poses K3(2n) into blocks mutually orthogonal in the labels Ry, Ry, R3. Still in each block

the decomposition remains unachieved.

Associativity — We check the associativity of the product in the ()-basis. On the one

hand, we have

(QRl,Rz,Ra,TQR’I,R’Q,Rg,T') QI RY Ry T

KJR‘KJRl"iR2KJR3 R R R R R R
= 5qﬂ/|: C 1:4t2,413; B 1B 2B 3]
d(Ry)d(Ry)d(Rs) ™ ; a1,02;03 @
1

« (KJR/;QR(I /ﬁ}R)/ /fR R,R,, Z CR/ll’Rg’Rg’T,BRNBRNBR3 QRlllngngvT/l7
d R/ d R/ 41,9293
1

(5.26)
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while on the other,
QR Rar <QR’1,R57R§,,T’QR&GR;',R(@:,T”)

KR KR KR KR!
R'VR{VR,VRY R//,RY;R}.,7' pR! RRY pRY
)5R,R,, e B B BI
a

d(R/)d(R/)d(R’ q1,92;93 (527)
% KRR KRy FGR:), C«Rl,R’Q’,Rg,TBRl BR2BRg QR’I’,Rg,Rg,T”
d(Rl)d(Rg RR" q1,92;93 q q3 :
The two expressions are identical.
Pairing — We use the pairing on C[S,,]®* along the lines of (A.26) and evaluate:
5(QR17R2:R3»T. QRLR'Q,RQ,T')
e o R1,Ra;R3,m ~R1, Ry Ry, R1 R2 R3 R’ R, pRY
=rghp » Coulalerc Wi gl plt: plts pit gl B
P1,q1,a1,b1
X 5<QP1Q1 QPQQQ st%; a1b1 Qa2b2 Qa3b3)
— e o R1,R2;R3,T R17R27R37 Rl R2 R3 R’ R/ R’
= Rghp Z CQMIQ,!B Cbl,bz,b3 B B B B 1B 2B (5 28)

P1,q1,01,b1
X 5ﬁﬁ’ 5?1 a1 5p2a2 5;03&3 6(11 b1 5112b2 5%53

= Kd(Rs) ) [HBRl] ARd

D =1

= R% d(Rg)(SéR‘,(sTT/ >

where, in the first line, we used (A.26), in the last, (A.13), and the fact that, by (5.12),
the following holds Zp(BfV = > ,([2n], 1| R, p)(R,p|[2n],1,1) = 1, for all R I 2n.
We could therefore fix the normalization % = 1/d(R3).

R
The following statement holds:

Proposition 5.2.1. {Q®F2857) s an invariant orthonormal basis of K3(2n).

Proof. 1t is sufficient to show that the graph basis expands in terms of the ()-basis. We
express any graph basis element Gy, 5, 0, = Z%esn[sg] Zyegm V10177 @ Y2097y @ Y3037 as

Gal,cg,ag _ Z 5(@R17R2,R3,T; G017027g3)QR1’R2’R37T. (529)

Ry,T

The definition of Qfvf2:f.7 calls a linear combination of triples 7y ® 7o ® 75 that must

have a non trivial overlap with G, 5, »,. Let us compute the overlap between the bases.
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Start with (5.21) and then write (using (A.16) and then (5.15))

3
KRR, KR, K ) .
B ) = i 2 ) S s [T 22 D]

ag by

(5.30)

This number is, up to the normalization factor ((2"n!))3(2n!), the coefficient of the triple

01 Q09 ® 03 in QRLRQ»R&T. 0

We note that the basis {Qf172537} is of the correct cardinality, that of Z3(2n) as we
sought. Finding the Wedderburn-Artin matrix basis of K3(2n) would mean that Z3(2n)
can be written as a sum of squares. Interestingly, within the TFTy formulation of the

counting, we note that the partition function (4.36) computes further using (A.5) as

Z3(2n) = n,2n o Z (Zx (m )(ZXRQ(%)) (ZXRl(’Yz)XRQ(’Ys))
n'2" Z 2 M ()X () (5.31)

RiF2n 3

n,an(zx 7)

Y3 REF2n

thus, as a normalized sum of squares. This shows that Z3(2n) could admit several decom-
positions into squares. If (Z Rion X2R(’}/3)> i is the dimension of a subalgebra (given that
the characters are integers via the Murnaghan-Nakayama rule), this would mean that this
decomposition into subalgebras would be labeled by 73 and will be even different from
the Wedderburn-Artin decomposition. This decomposition deserves further clarification

in the present O(N) setting.

About projectors — Let us conclude this chapter by defining the normalized projectors

1
Sn[S
P [Q}Z_HW > o).

YiESn [Sz]

P;%": IZPR

’YESQn

(5.32)
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and by checking that the trace of their product indeed yields the dimension of the algebra
KCs(2n):

dim /C5(2n) = tregs,, jos (PP Pyt ponlsel poany — 0 (1) (5.33)
We have

Z Z Q1(71>Q2(72)Q3(73)p1%( )Qlljl leh lejs

Ya ESn [SQ] YES2n

=335 DI (w)DE (1) DR, (12) DL, ()DL (v) D3 (+) (5.34)

Ya 7 PLa

Qp1q1 C21’2‘12 QP3Q3 :

To compute the trace, pair this with Q“ b Qw i st %, using the orthonormality property
S(QE s ; Q7)) = Orsdid; and sum over Ry, i;, j; yielding

SN ST D () D (1D, (1) D2, (4) D (43) Dyt ()

RiF2n ya v PLQid

X 52'11?1 5]'1 Q1 5i2p2 5j2 q2 5i3p3 5j3q3

=> > Z > DI ()DL ()DE, (v2) D2, (4)DE2 (5) DI (1)

RiF2n va i1,
=(2n)! ZC Ry, Ra, Bs)X™ (1) X" (12)x ™ (73) . (5.35)
RiF2n vaq

Hence we find (4.40) using Burnside’s lemma, and we have Z3(n) = dim K3(2n).
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Chapter 6
Correlators

Let us now analyze Gaussian correlators, starting with d = 3 we then extend the result
to any d. We consider the normal ordered correlator of two observables O,(T)Oy (T) in

the Gaussian measure dv(T') (4.4). Normal order means that we only allow contractions
from Oy(T") to Oy(T).

6.1 Rank d = 3 correlator

Before computing the correlators, a few remarks are in order. A 3-tuple of permutations
labels the observables: Oy(T) = Og, 5y.05(T) and Oy (T) = Os 7y (T). Recall that
an observable Og, 4, ,(T) is in fact defined by a contraction of tensor indices. This
contraction pattern, that gives in return the colored edges of the graph associated with

the observable, is not defined by the triple (o1, 09, 03) but instead by the following triple

(G1,59,03) = (07 €01, 05 '€y, 05 E3), (6.1)

where we recall that ¢ is the fixed permutation (12)(34)...(2n —1,2n). The justification

of this is immediate: each swap in £ corresponds to a label of the half-lines of the vertex

[ edge of color ¢ from the ("

vy, see Figure 4.1. Consider the tensor. The vertex links v

the image of o.(l) and the pre-image through o, of £(0.(l)). We will need the following

convenient notation for tensors: 7, where the index i € [1,2n] stands for the

a;1a2053 )
label of the tensor which at the end will not matter in the definition of the observable.
Using this, an observable made of the contraction of 2n tensors can be expressed, for

a;c € [1, NJ, as:

2n 3 2n
001,02,03 (T) = Z H H 53;(1-)6 H T(lilaiQCLiB : (62)
=1

a;c. =1 c=1
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There are many redundant Kroneckers ds in the previous expression. However, the cal-
culus here is discrete and so there are no particular issues. When we will compute the
correlator using Wick’s theorem, it is the triple (4, 09, 03) that will be concerned.

The Wick contraction between two observables, in the normal order, introduces a permu-
tation p € So,. A correlator simply counts cycles of a convolution of permutations. Let

us determine which convolution that is, using twice (6.2) and the free propagator (4.5):

1
fT / dV(T) 001,02,03 (T)OTlvT%TS (T)

o Z Z [HH Zi;i(z)c n()c][ au( )c] '

B Qic,bip =1 c=1 i=1 c=1

<OU1 102,03 (T)Oﬁ iT2,73 (T)> =
(6.3)

Summing over the by; variables and using a change of variables, b, = a,-1(;)., lead us to

(Orsrsirs(T)Or (T ZZ[HH e o 0l |

Qe i=1 c=1

-3 3 [T
Ue(i)e p—17pu5c0(i)e |’

Qe i=1 c=1

(6.4)

where we also used o,' = 7.. We can already guess that the correlator expresses as a
power of N in a number of cycles of ;= '7,ud,. However, the proof is not obvious because
of the redundancy of the ds introduced in the definition of the observable, see (6.2).
The following statement holds

Lemma 6.1.1. Let a; be an integer, a; € [1, N], fori € [1,2n]. Then (at fized color c

that we will omit in the ensuing notation),

2n
a;  sa; _ are(p™ 17 us)
Z [Ul 5&3(1') 6(1;4_1?”5(1')] - N ’ (65)

where c(o) is the number of cycles of the permutation o.

Proof. The sole issue here is the redundancy of the Kroneckers. In fact, there is enough
information in the above sum to withdraw the correct number of cycles. Call “vertex §s”
those appearing in the product Hf“l 531( . and (Wick) “contraction ds” the remaining ones
coming from the resolution of the Wick contraction. Note that there are redundancies in

each product of Js.



6.1. Rank d = 3 correlator 103

Consider a fixed index i: to make things easier, we start by the simple case given by
pw i Tpo (i) = . If p'7uo (i) = 4, then (i) is a l-cycle of p~'7uo and we also have
o (i) = p~'7u(i). Thus we have, among the contraction ds, two distinct ds which become

trivial, viz. 05" and (525(()) . The sums over a; and az(;) boil down to a single sum precisely
because of the vertex 5(‘1‘;(“. Hence that cycle is counted once.

Let us inspect the general case. For an arbitrary ¢, call ¢; > 1 the smallest integer such
that (4~ '7u0)% (i) = i, and which defines a g;-cycle of u~'7uo (the case ¢; = 1 has been
dealt with above). In the product (6.5), we collect all contraction ds involved in the cycle

starting at some fixed ¢
qi a
(p=17ue)=1(i)
H 5“<wl?ua>l<i> ' (6.6)
=1

Since this product is at arbitrary i, we have a companion and distinct product of con-
e Ll CIO))
I=1"%

sy Hence, we combine both products

traction ds that starts at o (i):
and multiply by one vertex o

qi
a; Y= 7ue) =1 () §U 1 Fue) = (3(0)

6aa<i> H 5“(#*1@6)1@) 5“(#*1?;;5)1(&(1')) ’ (6.7)

1=1
which evaluates to N after performing the sum over the corresponding a;s. Again, the
gi-cycle is counted once. It just remains to observe that the cycles, each defined by a
subset of indices a;, define partitions of the entire set of indices a; (once an index is used
in a cycle it cannot reappear in another). Thus, the sum over a; factorizes along cycles,

which completes the proof. O

Note that there may be alternative ways of defining real tensor observables using pairings
and without introducing the gauge redundancy. In any case, we could work in this setting,
keeping track of the necessary information.

From Lemma 6.1.1 applied to each color ¢ = 1,2, 3, we finally come to

3 e F. o,
(001,005 (T) Oy gy (T)) =y N2emr Sl 7ende) (6.8)
I

The 1-point correlator can be recovered from the above discussion. First, the 1-point
correlator cannot be normal ordered. Introduce the Wick contraction p that belongs to

Ss. the subset defined by the pairings of Sy, (a permutation pairing is made only of
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transpositions). Then, we obtain

2n 3
O () = 3 > [HH o [TITT %2, (69)
pESS, aic  i=lc= i=1 c=1

Next, we adapt Lemma 6.1.1 to 3 [Hgf 6% 5o ] = N and get

i=1 "ag (i) AFu(i)

(Osronos(T)) = Y NZemr o) (6.10)

HES3,

6.2 Representation theoretic basis and orthogonality

We re-express the 2-point function in order to make explicit some of its properties. In-

serting three auxiliary permutations . € S, the above sum (6.8) reads

3
(Os1.005 (T)Ory 7y, (T)) = Y N ”C)H5 po Tengeae) = Ny T (0" Fenoe ),

My Qe no c=1

(6.11)
Nelee) =2, The proof rests on

the equality c(a;!) = c(a,), which holds because each cycle has an inverse, a cycle of the

where we introduced the central element Q. = > ¢

same length. Then, we can rewrite (6.11) as

(O51,02,05(T)Ory 72,75 (T))

= NY 8[(n )P (R © T © T)u® (01 © To © 73) (h © Qe © Q)]

o
= N 8[(F @R @T)u® (61 © 5 ®53) (1) (h @ KB e Q)], (6.12)

I

where in the last equation we used the fact the €.s are central. We introduce the repre-
sentation theoretic element by pairing a basis element Q#f2:%57 (5.21) and an observable

Ooy,02,05 8S

R1,Ro.Rs,7 R1,Ra,Rs.7 -1
OB B2, R, E 5 Q 1:4%2,0%3, ®02 ® oy )001,02,03
o1

3 (6.13)

_ . R1,R2;R3,T R
= kR H l Z Z th 92;43 [H B pzq 001,02,03'

=1 oL PLql
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As a linear combination of observables, we can calculate their correlators:

T RR; KJR’
<OR1,R2,R3,T ORL Ry, Ry ) = NS 2k ,[ ]
e E( 2n)! (2n)!
| Ro:Rs,r Ry Ry Ry, 7' R
XD 8| D0 Y oo [HBRDR DB D (o)
o
X (0] ® 0 @ 35) (01 © 72 © 73) (1) ( ® O ® Q)

Z
gl 9Jl/ P, 7p27ql
KR, FJR'
_ AOn . . R Z R1,Ra;Rs,m ~RY, Ry Ry, 7!
=N KRKR,[H 2n } 5[ E: Oq1q2,q3 C‘hv‘b»‘]g

=1 P1,q15P]9]

[®B BT }®3[®BR2 D o ()

X (1 ® Q@ Q)

(6.14)

Next, we introduce the operator Ty : Sa, — Sa, that acts on Sy, as T¢(0) = 0o =7
and extends by linearity on C[S,]. The operator T¢ actually maps any permutation to
a pairing. Its image in C[Sy,] is the vector subspace generated by all pairings (more

properties are derived in Appendix A.3). We re-express the above correlator as
<OR17R27R3»T ORLR/Q,RQJ/)

_ N6 #E Ri1,Ra2;R3,m ~R1, Ry Ry, 7’
=N 27 6[ Z Cq1,Q2,fI3 Oql,qQ,q3

H DULALD) )

3 3
R! R/ ) ) _
<[ @ BT |n | @ BT [ ) o 0 )
=1 =

- N“Zé Y ®BR'Q |1 (6.15)

pl’ql

X [T£®3 Z Cﬁft}f?]f& ® pz‘]z] _1)®3(Q1 ® Dy ® Q3)

Y2l
=N"Y"s

I3

= N (2n)! 8| (TEHQRRRT ) (TEQM By () @ Qy @ Q)

(T QUMM P T Q o) (1) 0 @ )
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where we used the right diagonal invariance of the basis Q12757 to achieve the last
stage of the calculation. Hence, this correlator computed with the Gaussian measure
of O(N) tensor models in the normal order, regarded as an inner product on the space
of observables, corresponds to the group theoretic inner product of the algebra K3(2n)
calculated on a product of the transformed basis T??’QRI’RQ’RS’T with an insertion of the
factor 2 ® Qy ® Q3. The action T§®3 on Qftvf2.s.™ reflects the fact that it is the triple
(61,02, 03) which plays a major role for computing the cycles associated with Feynman
amplitudes in this theory (meanwhile the triple (oy, 09, 03) was associated with the class
counting of the double coset space and its resulting algebra). In U(N) models [29], there
is a correspondence between Gaussian 2-point correlators in normal order and the inner
product on the algebra of observables but without the presence of the operator T, £®3. The
presence of T, 5‘83 determines therefore a feature proper to O(NV) tensor models.

We can further evaluate the above inner product as in Appendix A.4 and find:

2
(OffvfifiaT Ok 3’T = 0307 Z H Dimy (S ( Z D brei( lil,’c%f{wnBR > |
S, i=1 bi,ci\pi
(6.16)
which expresses the orthogonality of the representation theoretic basis {Of#2 571 (cor-

responding to normal ordered Gaussian correlators) of C3(2n). Note also that the pairing

between basis elements is a representation translation of the Gaussian integration.

Rank-d 2-point correlator — We obtain the 2-point correlator at rank d in a straight-
forward manner from the above derivation. We generalize (6.2) and (6.3) by extending

the product over ¢ up to d > 3 and considering a tensor T, The calculations are

i1342...Qid *
direct: we get (6.8) and (6.10) by changing the sum over ¢ running over the colored cycles
up to d. Meanwhile, the orthogonality of the 2-point function is a property specific to

the rank 3 and cannot be reproduced easily at any rank.
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Chapter 7
On Sp(2N) tensor invariants

We provide a few remarks on the counting of real Sp(2/N) tensor invariants. Carrozza and
Pozsgay recently addressed symplectic complex tensor models in the context of tensor-
like SYK models [26]. The authors focused on the complex group U(N) N Sp(2N,C)
(its quantum mechanical tensor model admits a large N expansion and shares similar
properties with the SYK model) and, at the combinatorial level, on the improvement of
the numerical computations of the number of its singlets in rank 3. We could ask, in the
same vein as discussed above using symmetric group formulae, how to enumerate real
symplectic invariants in the pure tensor model setting, ¢.e. with no spacetime attached
to the tensor. We stress that, unlike in [26], we are interested in real and Bosonic fields
and address in the following the symplectic group itself Sp(2N,R) = Sp(2N) and its
(symplectic) invariants in any rank. We show below that they follow an enumeration
principle with the same diagrammatics than that of the O(N) invariants albeit with
some changes occuring at the level of the coset equivalence relation. Interestingly in
this Sp(2N) setting, the “virtual” vertices v, in Figure 4.1, find an interpretation: they
correspond precisely to symplectic matrix J insertions in the Sp(2/N) invariants.

Let us recall the usual notation and introduce the real 2N x 2N symplectic matrix J

which writes in blocks

—Iy O

0 1
J = ( N ) , J? = —lay, (7.1)

where 1y, for all NV, is the identity matrix of My(R). A matrix K € Sp(2N) obeys
KTJK = J.
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A rank-d real tensor T', with components T, ,,, p. € [1,2N], transforms under the
fundamental representation of ®"_, Sp(2N.,) for fixed N,, if each group Sp(2N.) acts on

the index p. such that the transformed tensor satisfies:

Q1 qa Z Kq1’p1 e q11)01 TP1---Pd7 (7'2)

P1,--5Pd

where K(© € Sp(2N.), c € [1,d].

Observables in Sp(2N) tensor models are the contractions of an even number of tensors
T. They are invariant under ®f:1 Sp(2N,) transformations and we call them Sp(2N)
invariants.

In understood notation, we define a new trace on two rank-d tensors as

T Jd Z plQl T pdl]d Tpl---pqu1---qd . (7'3)

Piyqi

Thus, the tensor indices that are contracted couple with J. This is the generalization of
the symplectic form over matrices which is defined as w;(M, W) = tr(MTJW), and that
is invariant under symplectomorphisms.

We check that Tr(7'J2T) is invariant under symplectic transformations:

T(TE T TR) =3 N (K Ko IS0 - - (KparaKgusad o ) Trrora Ty s
TiSi  Piyqi (74)
= Tr(TJT).

Now, we extend the trace (7.3) to arbitrary number of tensors. Still the contraction
obtained is an Sp(2N) invariant. We can easily observe that the Sp(2N) invariants can
be viewed once again in terms of d-regular colored graphs with a decoration on each edge.
The decoration seals the symplectic matrix J on each pair of contracted tensor indices.
Therefore, J can be represented by a new vertex on each edge which plays precisely the

same role as a black vertex v{ in Figure 4.1.

The counting of Sp(2N) invariants is more subtle than that of O(N) invariants. Indeed,
for simplicity, let us consider in rank 3 (generalizing the following argument at any rank d

is straightforward), 2n tensors and count the possible triples (o7, 09, 03) € Sa, X Sa, X Sy,
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subjected to the following invariance:

(01702703) ~ (7101%7202%73037)7 (7-5)

where, on the right, we have the ordinary diagonal action of Diag(Sy,) on the triple.
Meanwhile, on the left, the ;s belong to an identical subgroup G; = G’ but that is not
any more S,[S;]. Switching the half-edges of the vertices v¢ produces a sign. This hints
to the fact that we should switch to the group algebra C[S,] x C[Sa,] x C[Sa,] to perform
the coset. At this point, note that nothing excludes that the number of Sp(2/N) invariants
matches the number of orthogonal invariants. Such interesting questions require much

more work and is left for future investigations.
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Chapter 8

Definition of the tensor and matrix

models

8.1 Bubbles and partition function

Let us begin this chapter by refreshing the reader’s memory about (un)colored tensor
models and expanding upon it.
Let d > 2 be an integer. For ¢ € [1,d], we call E, ~ C¥ the space of color c. Recall
from Chapter 2 that a tensor T' of rank d is an object in ®f:1 E. and its elements are
denoted Ty, ., with a. € [1, N] for all ¢ € [1,d]. Also, in (un)colored tensor models, one
is interested in polynomials in the tensor entries which are invariant under the natural
action of (a representation of) U(N)? on T and T. This group acts as a different copy of
U(N) on each color index,

T— Q UYT (8.1)

cel1,d]

The only way to realize this invariance is to identify the index of a 7" and a T which are
in the same position, 7.e. have the same color, and sum over the values of that index.

This is represented graphically as follows

N _ “NT 7, "
ST T = e 52
d

A bubble is a connected, bipartite graph whose edges are labeled by a color in [1,d], and
such that each vertex has degree d and all colors are incident to each of them. If B is a
bubble, the above rule associates to it a polynomial which is invariant under U(N)? and
denoted B(T,T). These polynomials generate the ring of U(NN)%invariant polynomials.

If B has 2n vertices and one labels the white vertices from 1 to n and similarly for black
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vertices, then B can be described as a d-tuple (V... 7(9) of permutations on [1,n].
Set 7(9)(v) = v’ if there is an edge of color ¢ connecting the white vertex v to the black

vertex v'. The associated polynomial is

— FD)r(@
B(T,T) = Z 5@(116) ’ (Zc))( g HT<1> (d)T @ (8.3)
(Z(IC)7 i (C))

G5

with by definition

71> T(d>
000G, ) = ST (8.4)

v=1 c=1 U,J((U)

Invariance under relabeling of the white and black vertices implies invariance of B(T,T)
under left product of 7™, ... 7 by ¢, and right product by oz, two permutations on
[1,n]. If C C [1,d] and C is its complement, then denote

Eo = ® E, and
ceC

€ Ec ® Ef, (8.5)

the matrix obtained by contracting all the colors from C between T and T. We will write

(HC(TJ T))(i(@%(j(@) -
factor), given by the contraction of 7" with 7" along all colors, namely our dipole (2.10),

the matrix elements. There is a single quadratic invariant (up to a

N
T-T= > Tu-aTara =Ho(T.T). (8.6)

ay,...,ag=1

For quartic invariants, we choose a color subset C' C [1,d] and connect the indices of T’

with colors in C' with a T and those with colors in C' with another T,

<
Qc(T,T) = trg, (HC(T, T)2> = ‘ : (8.7)
o

where the notation trg, indicates that the trace is taken in the spaces with colors in C'.

It is invariant under C' — C. Note that for C' = {c} for some ¢ € [1,d] we get back
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the quartic melonic model of Chapter 3. In this part, we will furthermore consider cyclic

interactions, labeled by a color set C' and an integer n > 2

Ben(T,T) = trp, (HC(T, T)”) - (8.8)

It is again symmetric under the exchange of C' and C. We say that the cyclic interaction
is melonic if |C| = 1, meaning that in Ho(T,T), T and T are contracted along all colors
except one. Let I be a finite set and {B;};c; a finite set of bubbles, {¢;} their coupling
constants and {s;} some scaling coefficients. Denote B = {(B;,t;, s;)}ier. Then the

partition function is

Ztensor (N, B) = / dTdT exp—N*'T-T + Vys(T,T),
(CN)@d

with  Vys(T,T) =Y N*t; By(T,T),

iel

(8.9)

and the free energy is given by F(N,B) = In Zyensor(N, B). Here the measure dTdT is
proportional to the product of the Lebesgue measures over the tensor entries, normalized
so that
Ztensor (N, ) = / N dTdT exp —N*'T-T =1. (8.10)
(©™)

Moreover, we only consider (8.9) to make sense by expanding e'¥ 8(TT) gg a series in T, T

—Nd-1p.T

and integrating each term with the Gaussian weight e , 1.e. we write

Vs (1) Z H NSztB (T,7))", (8.11)

{n;>0};eq 1€l

and perform the integral at fixed {n;} using Wick’s theorem. More precisely, we expand

B;(T, T)™ as a polynomial in the tensor entries

. m\n: {ni}) (¢) leal —
[[B(T.T) = > %D ({al, DT, g0 Ty g - Ty 0Ty o, (8.12)
i€l {04518) 7b((]‘f) }

by taking a product of (8.3). The tensor §{"}) is thus a product of Kroneckers. Here p is
the total degree, i.e. if B; is of degree p; in T, T, then p = > icr nivi- Then Wick’s theorem
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is applied, and leads to an expansion onto pairings, which are here simply permutations

o € S, on the set of p elements,

7 —N4-1T.T T T
/deT e Ta(l)ma(d)Tb(l)mbgd) . .Taél)ma;d)Tbél)mbéd)

8.13
:N*(dfl)pz(g(a)( ale ), b }) (8.13)
o€Sp
with
p d
5@ ({al), b} HH%@, . (8.14)
q=1c=1

A Feynman graph denoted G = ({n;}, o) has amplitude

AN’B((;):N—u—l)pHUVSi_?:)m S5 (0l B9 (o 60} (8.15)

” n
il {af? by}

Since the tensors 64"} and 6(°) are products of Kroneckers, and the sums range from 1 to
N, those sums give N¥(@) for some function F(G) which can be given a simple graphical
interpretation. Draw n; copies of B;(T,T) and use ¢ to connect each white vertex (labeled
with ¢) to a black vertex (labeled o(q)) with an edge. It is customary to give the color
0 to those edges. A bicolored cycle of colors {0, c} is a closed path alternating an edge
of color 0 and an edge of color ¢. Denote F.(G) the number of bicolored cycles of colors
{0,c}. Then, by tracking the sequence of index identification along the Kroneckers in

the above calculation, it comes that F(G) is the total number of such bicolored cycles,
F(G) = Zle F.(G). Therefore

Ay p(G) = NFO- @ pSersim TT 4, (8.16)
ier P
and the free energy reads
F(N.B)= > Ays(G). (8.17)

connected G

The parameters s; are necessary so that the model has a large N limit which is non-trivial.

A non-trivial large N limit is such that F'(IV, B) appropriately rescaled! is a non-trivial®

I The usual rescaling is N~¢.
2 In fact, one usually requires a condition which is a bit stronger: that an infinite number of graphs
from the Feynman expansion contributes to limy_,, F(N,B)/N9. Tt could be that only a finite number
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function of the coupling constants. A priori, those parameters depend on the whole set
{B;}. However, all models solved so far are such that s; is determined by B; solely. For
instance, if B; = Bc,, then s; = (|C| — 1)n +d — |C|. If P(T,T) is a polynomial in the
tensor entries, its expectation is

— 1

(P(T,T))p = 7o (N.B) / dTdT P(T,T) exp—N“T-T 4+ Vyp(T,T). (8.18)

8.2 Contracted bubbles

We introduce another representation of U (NN)?, this time on matrices. Let (®c)ccq,q be
a set of Hermitian, or complex, matrices labeled by all color subsets (except the empty
set), such that ®c € Ec ® E%. The action of U(N)? is

Oc = QU o R U, (8.19)

ceC ceC

Bubbles are graphs which can be associated to polynomials which generate the ring of
U(N)4invariant polynomials in 7, T. In this representation, the same role is played by

contracted bubbles.
Definition 8.2.1. A contracted bubble P = (B, 7) is obtain from a bubble B by
e orienting the edges of B from white to black vertices,

e choosing a pairing ™ of the vertices of B into pairs {v,m(v)} where v is white and

m(v) is black,
e identifying the vertices v and w(v) of each pair and removing the loops.

Equivalently, i.e. by a trivial bijection, P is a connected graph with oriented edges, each
carrying a color ¢ € [1,d], and such that the sub-graph P., for ¢ in [1,d], made of the
edges of color ¢ only, is a disjoint union of oriented cycles. As a remark, we recall that
P can further be transformed into a map with colored edges, as shown in [70]. This will
not be necessary here. There is a bijection between the vertices of P = (B, ) and the
white vertices of B. For this reason we will identify them and use the same notations.

From the definition, we see that every vertex v of P carries a color set C, C [1,d], with

of graphs contribute at large N so that the free energy is a polynomial in the coupling constants. In
practice, these two conditions have always been equivalent and we will not discuss these subtleties further.
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exactly one incoming and one outgoing edge of every color ¢ € C,. To obtain an invariant
polynomial P({®¢}) from the contracted bubble P, one associates to every vertex vg of
color set C' a matrix @, to every incoming incident edge of color ¢ a right index jq(,c) and

to every outgoing incident edge a left index i) , €.g.

<®{C1102,C3,C4}) =

(ile1)j(e2)j(ez)j(ea)) (j(en) jlea) jlea) j(ea))

A left index of color ¢ of a ¢ at vertex ve is identified with the right index of the same

color of a & at vertex ver if there is an edge of color ¢ from ve to ver.

Proposition 8.2.2. The polynomial associated to the contracted bubble P = (B, ) is
related to the bubble polynomial of B as follows

P({Hc(T,T)}) = Bp(T,T). (8.21)

Proof. We simply rewrite B(T,T) in terms of the matrices Ho(T,T) given the choice of
pairing 7. Indeed, each white vertex carries a T' and each black vertex carries a T. If v
and 7(v) are connected by edges with colors in C , then the sums over the indices of this
T and T with colors in C form the matrix He (T, T). Therefore

B(T,T) = Z H {HCE (T, T)(zﬁc)),(j,(rc()qj)) I_CI 6&””?&)@)}
cely

(iz()c>)c€Cv v=1
G5 eecy
(8.22)

SRR | Ly
6 (e @8ecoy LT TIEDGE)

(ivc )CECU =

(j’L()C))CEC»U

with
n

(1)...p(d)
or T T = H H 0.(¢) (o) . 8.23
(Z‘S)L))Cecv’(jgd)cecv Zq; 7'77\'—107‘(0)(11) ( )

v=1ceCy
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Using the bijection between the white vertices of B and the vertices of P = (B, 7), we

recognize the dependence on H¢ as the function P({H¢}),

P({@c}) = Z 0 T(d)ﬁu [1(®c.) o, 0 (8.24)
v=1

(15 cecr (357 ) ey
(% )cECU
G5 eecn

which concludes the proof. O

8.3 Multi-matrix model and expectation values

Let {P,}ic; be a finite set of contracted bubbles and denote P = {(P;, t;, s;) }ie; and

Vvp({®c}) = Y N*it; P({®c}). (8.25)

el
We then define the partition function, for pairs of matrices {X¢, ®ctocqp,q

Zym(N, P) = / [[ dXcd®c exp— Y trp. (Xe®o) + Vip({2c})
ccCl1,d] cc[1,d] (826)

- tI‘®CEclIl(ﬂ - N_(d_l) Z Xc),
c

where Xo = lp, ® Xc is the lift of X¢o to ®f:1 E. by adding the identity to the
colors ¢ ¢ C'. Here MM stands for “multi-matrix”. In order to proceed to the Feynman

expansion, the above logarithm has to be expanded as

~ N—(d=D)n
~trg g (L= NTDY TR0 ) = 3 S s, (Z Xe)'
C n>1
N (821
= Z TU&ECXQ tee ch.

words w =C17---Chp

There are two possibilities for the integral over X¢, ®¢, for each C' C [1,d], and the

precise form of the Feynman expansion depends on those choices:

o X¢o= <I>TC are complex matrices, adjoint to each other;
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FIGURE 8.1 — On the left hand side are the Feynman rules for the complex

model, with one propagator and two types of bivalent vertices. On the right

hand side are the Feynman rules for the Hermitian model, with two types
of propagators and one type of bivalent vertices.

e O, is Hermitian and X = —iYy where Yo is Hermitian. In this case, one needs
the coupling constant of the quartic bubble Q¢ to be negative. We write it —t¢ /2
with to > 0.

The equivalence between those two choices is not a given a priori because they require
different Feynman expansions. In the first case, one uses the quadratic term trg, Xc®c
to define the propagator. In the second case however, one cannot use this term since it
reads —itrg, Yo®c in terms of Hermitian matrices, and this is not positive-definite. This
is the reason why we need to add the condition ts > 0. The following lemma proves the

equivalence we need.

Lemma 8.3.1. For positive coupling constants t, 7, and a potential U which is a series

in two variables, the following equality holds formally

/ AZd7t e—tZZ —tuz?—Fuztu(2,2h) _ / AY d® eitry ®—5tr®2—FtrY2+U(®,—iY')
My (©) HY

(8.28)
Here My(C) is the set of complex N X N matrices and Hy the set of N x N Hermitian

matrices.

Proof. The Feynman rules of the left hand side and right hand side, for propagators
and bivalent vertices, are in Figure 8.1. The Feynman expansion of the left hand side is

obtained from the expansion

—t/2)"(—7/2)™ " i
Z< t/2)"(=7/2) azdz' e (wz2) (wz2) U(z, 21, (829)
Pyl In!m! My (C)

and performing Wick contractions between Zs and Z's. The Feynman rules are thus
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solid half-edges corresponding to the matrix Z and dotted half-edges corresponding
to Z1:

the propagator, coming from the quadratic term —trZZ7, gives rise to edges which
have a solid half and a dotted half, with weight 1;

special vertices of degree 2 with weight —% with two incident solid half-edges;
e special vertices of degree 2 with weight —5 with two incident dotted half-edges;
e other vertices coming from the series expansion of U(Z, Z1).

We call the set of graphs from this expansion Geompiex- The Feynman expansion of the

right hand side is obtained from the expansion

z' ' / dY dd ¢~ 500507 (trch) U(®, —iY), (8.30)
Db Juz

and performing independent Wick contractions between pairs of s and between pairs of
Ys.

e Solid half-edges corresponding to the matrix ® and dotted half-edges corresponding
to X;

e propagators, coming from the quadratic terms —%tr@Q—gtrYQ, give rise to two types
of edges: either two solid half-edges, with weight 1/¢, or two dotted half-edges, with
weight 1/7;

e special vertices of degree 2 with weight ¢ with an incident solid half-edge and an

incident dotted half-edge;
e other vertices coming from the series expansion of U(®, —iY").

We call the set of graphs from this expansion Ggermitian. We show that summing the
chains of bivalent vertices in both Geomplex and Ghermitian leads to the same new set of

rules, for a set of graphs we denote Ggummea- These graphs are defined as follows.

e They have solid and dotted half-edges, and three types of edges: fully solid edges
with weight 7/(¢t7 + 1), fully dotted edges with weight —t/(¢t7 + 1) and edges made
of a solid and a dotted half-edge with weight 1/(¢7 + 1).

e Other vertices coming from the series expansion of U.
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In the expansion of U, the solid half-edges are associated to the first variable (Z or ®)
and the dotted half-edges to the second variable (ZT or —iY"). The sum of bivalent chains

starting and ending on solid half-edges in Geomplex gives

a 4[]7 g/’ _ Z S + ............... _}n _ tT:_ 15aa’(5bb’- (8.31)

Here the indices a, b, d’, b’ are the matrix indices which are identified along Wick contrac-
tions. Notice that each vertex contributes to either 2 x (—t/2) or 2 x 7/2 where the extra
factors of 2 come from the two possibilities to add the bivalent vertices, since they are
symmetric under the exchange of their incident half-edges. The sum of bivalent chains

starting and ending on dotted half-edges is obtained by exchanging 7 with —t¢,

(Sals]

m gl/zz “““““ — ( ....... e )” _ St ot - (8.32)

tr+1

The last sum of bivalent chains is between a solid half-edge and a dotted half-edge

o —Jf- o :Z . ( ....... S ).n L(sm,abb,, (8.33)

= tr+1

These are indeed the rules for Goummeq. Performing the same operation in Gyermitian, ON€

gets
/ n 1 9\ T
Qo ;0 —f — = _HZN)(;:) — thr ~Oaarday (8.34)
2\ 1
¢ @ = i ) " %Z(%) _ tri Durdy (8.35)
n>0 n>0
a o _ N e n 444444444444 _ J 2\" — :
0 pey () et

(8.36)

These are not exactly the expected rules, but the difference is compensated by the other
vertices. Indeed, in Gyermitian, the other vertices come from U(®, —iY), i.e. there is a
factor —i on each dotted half-edge incident to such a vertex. Those factors can be re-
absorbed so that the weight of the vertices really comes from U(®,Y’), by multiplying
each dotted half-edge in (8.34), (8.35) and (8.36) by —:. This turns those rules into those
of Gsummed- O
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Let O({X¢, ®¢}) a U(N)%invariant function (for the simultaneous action (8.19) on X¢s

and ®¢s). Its expectation is

<0<{Xc,¢c}>>p=m / [ dXcdde O({Xe, oc})

ccli,d]

xexp— >t (Xe®c) + Vip({Oc}) — tro,pln (1= N4V X0 ). (8.37)
ccli,d] C

Lemma 8.3.2. Let f be a series which takes as arguments N x N matrices labeled by
the subsets of [1,d]]. Then

(FH{H(T, T)D)) vy s=0 = (F{Pc}H))viy =0 (8.38)

It was proven in [70], both using a bijection between their Feynman expansions, and
using formal integrals in the case of complex variables. Here we briefly reproduce the
calculation using formal integrals, in order to later relate the expectations of observables

on the tensor and matrix sides using the same technique.

Proof. Let us first focus on the case where the expectation on the right hand side of

(8.38) is evaluated using complex variables only, <I>TC = X¢. Then (8.38) comes from

f(hl,...,hm):/ [[ dzider ex=Cmotaio f(gy o gy), (8.39)
Cm =1
where T; = ¢; for each [. It holds via Wick’s theorem, order by order in its series

expansion. Making use of (8.39) with every matrix elements of H¢, ®¢ as variables, one

gets

f{H(T.T)}) = /qu)chc eXctrrg (- XoPot XeHe (D) f({po}). (8.40)
c

It is now possible to directly integrate the above equation over T, T with a Gaussian

distribution, leading to

/ ATdT f({Ho(T,T)}) e N7

= > ctrEcXcPe—trg B ln(ﬂ—N*(dfl) Zcffc) (8’41)
= [ T d@cdxXc f({@c}) ¢ TetreXere o, r, |
C
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This equality holds up to irrelevant constants. Moreover, the measure on the tensor side
has been normalized. On the matrix side, the normalization is trivial when Vy » = 0. This
proves (8.38). In the case one wishes to use the Hermitian ®¢, Yo with X¢o = —iY, it is
necessary to have, instead of vanishing potentials, Vy p({®¢}) = —N? Hotrp, ®2/2 (and
in turn to have on the tensor side a quartic interaction Vy (T, T) = — N cQc(T, T)/2).
Then Lemma 8.3.1 can be applied to turn the integrals over the complex matrix elements
to real matrix elements. The coefficient 7 needed in Lemma 8.3.1 comes from the expan-

sion of the logarithm in the definition (8.37) of the expectation. O

Theorem 8.3.3. Let B = {(B;,t;, ) }icr as in Section 8.1 and P = {(P;, t;, si) }ier such
that P, = (B;,m;). Then,
Z Tensor(N, B) = Zym(N, P). (8.42)

Let f be a series which takes as arguments N x N matrices labeled by the subsets of [1,d].
Then

(f{H(T,T)}))s = (f({Pc}))p- (8.43)
Again, (8.42) was proved in [70], both using a bijection, and using formal integrals.

Proof. The equality between the partition functions simply derives from Lemma 8.3.2
for f({®c}) = e"™U®ch) and the fact that, from Proposition 8.2.2, Vyp({Ho(T,T)}) =
Vn.s(T,T). This takes care of the denominators in (8.43), and the latter is then equivalent

to
(f({Ho(T,T)})e e WHe@Dy, o = (f{@c})e P Uel)y oy, (8.44)

which follows from Lemma 8.3.2. O

Theorem 8.3.4. With the same notations as previously,

(1)...(d) T _8
P{X _ 67’ 74 7 < —Vn.8(T,T) VN, p o > )
(P{Xch)» .(C)E: (W) eec i eecy N\ 1;[18(@01,)(.@))(.@) ‘ |¢C:HC(T’T) B
(lv )cecy v Jv " )\t
(G57)eccy
(8.45)

This theorem generalizes Proposition 1 of [64] in two ways.

e First, [64] is focused on the quartic melonic model, Vy s = >, == N4 'trH.(T,T)>.
In this case, Vyp({®c}) = >0, 5=N?'tr 7, is quadratic. The theorem thus
explains the appearance of Hermite polynomials in [64].
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e Second, Theorem 8.3.4 presents the expectation of an arbitrary contracted bubble,

while [64] only considered (trp, X7, ).

The reciprocal theorem is Theorem 9.2.1. It is presented later because it uses the tech-

nique of partial integration of Section 9.1.

Proof. To prove (8.45), we apply Lemma 8.3.2 to the expectation on the right hand side,

s Vn,p >
e . )
< QH a((bcv)('(c)) (~(c)) ’(I)C’:HC(T,T) B
] & (8.46)
— < —Vn,p({®c}) eVN7p>
which can then be rewritten as
< —Vnr{®c}) evN,”P>
H 0 (I)CU) C>) (i (C)) P
~ Zuu(N,P) N P) /H H ‘I’C«% @), 60
X exp — ZU'EC (Xc®c) — tl"@cEEln(]l _ N-(d-1) ZXC)
¢ c
dXqu)C H e ZC trEc(XC‘:I)C)
= Zum(N.P) N / 1 —
v (N, P) ‘PCU)( ©) (14 .
x exp Vv p({®c}) — trg,pIn(1 — N1 ZXC’

= (NP N P /Hchdcbc H (Xew) .60

X exp — ZtrEC (Xc®c) + Vwp({®c}) — trg,pIn(1 — N1 Z
c

n

- <H(Xcv)<z£°)>,<j$>)>'

v=1

In the second equality, we have used integration by parts. Summing over all indices with

() .r(@) o

the tensor § , one recognizes the expansion (8.24) of P({X¢}). O
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Chapter 9
Effective matrix model

Denote X, = Xy for ¢ € [1,d] to make the notation lighter. We will show that correla-

1 1
t S B — 1
< e o 60X, e T, —0X,, >c’ (9.1)

Cc1

tors of the form

where 0.X, is some fluctuation of X, around its saddle point value, satisfy the blobbed
topological recursion. To this aim, we will integrate over all matrices except for X, ..., Xy
to get an effective matrix model for them. This effective matrix model has multi-trace
interactions. It is convenient to write them using partitions. Given a set of integers
AL > - > N >0, we say that A = (A\q,..., ) is a partition of length ¢(\) = [ and size
Al = Zw‘ Ai. We also allow the special case A = (0) with £(\) = 1. If M is a matrix on

V', we denote the multi-trace (also known as power sums)

o)
M) =[] trv ™. (9.2)
i=1
Furthermore, we denote A = (A ... A@) a vector of partitions, one for every color,

and

IN({M.}) H Lo (M, (9.3)

It contains £(A\(©)) traces of color ¢, for a total of £(A) = Zle £(A\©) traces. It is of total
degree [A| = S2°_ [A©[ in the matrices.

Proposition 9.0.1. A series F in the matrices X1,..., Xy which is invariant under

U(N)? has an expansion

F({Xc}) ZF JIA({Xc})- (9.4)
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Proof. F has an expansion onto contracted bubbles. The latter are easily seen to be

disjoint union of unicycles for all colors, and their corresponding polynomials are Iy. O

9.1 Partial integrals

We will assume

e the free energy F(N, B) has a 1/N expansion

F(N,B)=N"Y NF(B), (9.5)

i>0

where (0;)i>0 is an increasing, positive sequence and d’ > 2. As far as we know, all

tensor models for which the scaling of the free energy is known satisfy d’ = d;

e [ is a finite set and s; is rational for all 7 € I. This implies rationality of the d;s via
Equation (8.16);

e cach Fj(B) exists in a neighborhood of the origin in the space of coupling constants;

e denoting —t./2 the coupling constant of the quartic bubble Qg for ¢ € [1,d],
we will need £, > 0 in order to choose ®(, Hermitian and X. = —iY, with Y.

Hermitian.

The results of this section are a bit simplified by rescaling the matrices X, in the definition

(8.26) by N97! so that up to irrelevant constants,

Zym(N, P) = / [I dXcd®e exp— Y N*'trg. (Xe®e) + Vp({@c})
cci,d] ccli,d] (96)

— tr®cEcln<Il — ZXC>
C
Denote .
. 1
LU{Xo)) = —tr®cEC1n<]l _ ZC:XC> - SN thrECXf, (9.7)

which just removes some quadratic terms from the expansion of the logarithm (recall
Xe = Xig)-
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Theorem 9.1.1. Define the partial free energy

d
exp Fyp({Xc}) = / [ dxcddc [[doeZeN nEetarsvnri@oLixe)),

ccCl1,d] c=1
Cl>2

(9.8)
where X, = —iY,, Y. Hermitian for ¢ € [1,d]. In the integral Oy are Hermitian, while
the pairs {®c, Xc} can be chosen complex, CDTC = X¢, or with X¢ = —iYe with ®¢, Yo
Hermitian (provided te > 0) for all |C| > 1. Then

Fyp({Xc}) =D NT™N ity p(A) I({X.}), (9.9)

where typ(X) has a 1/N expansion which starts at order O(1)

tvp(A) =D NNV, (9.10)

>0

and (8;(N))i>0 are positive, increasing sequences of rationals. Furthermore

d d
1
Z tensor( N, B) = / [T dxc exp (5]\7‘“ > trp X2+ FN,p({XC})), (9.11)
c=1 c=1

with the same relation between B and P as in Theorem 8.3.4.

Proof. The proof first establishes (9.11), by showing that the Feynman expansion of
ZTensor(IV, B) can be obtained from that of Fyy»({X.}). Then, for each Feynman graph
of the expansion of Fyp({X,.}), we build a special Feynman graph for Zpeysor(IV, B) in
a way such that the N-dependence of this construction is controlled. Thus, the 1/N
expansion of the Zrensor(IV, B) implies (9.9), (9.10).

Feynman rules — Theorem 8.3.4 allows for studying the matrix model instead of the
tensor model. Then proving (9.11) amounts to show that one can write the Feynman rules
so as to integrate first over all matrices ¢, X¢, except X1, ..., Xy, and then integrate the
latter. This will be clear once we have described how we use the Feynman expansion on
Zym(N, P). We choose for the Feynman expansion of Zyi(V,P) to use @y, Hermitian
and X, = —iY, with Y, Hermitian for ¢ € [1,d]. As for the matrices ®¢, X¢ for |C| > 1,
we can use the complex matrices or the Hermitian matrices either way. Let us choose

the latter, since it will let us have a unified description of the Feynman rules, and it is
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the setup for Theorem 9.2.1. This however requires t > 0. We thus write integrals over

Hermitian matrices,

ZMM(N, 73) — /Hd@cdyc eZC tre, (iNd—lécYc—tTCdﬂc_Nd;IC\YC%)+VN77:({<I>C})+K({YC})’
c
(9.12)
with .
K({Ye)) = —tr®g:1Ecln<ﬂ Y XC: YC) +5 EC: NCly 2
(=)l . 3 (9.13)
dz y —\w| tr®f:1 ECYCI .. YC‘w‘,
words w €

which is the series expansion of the logarithm minus its single-trace, quadratic terms

(since we have isolated them to be used for the propagators). The set W is a set of words

W={w=0C---Clyl Vg € [1,|w]], Cq C [1,d], |w|# 2 or w=C,Cy with C; # Cs}.
(9.14)
We have also separated from Vy p its quadratic terms but we retain the notation. To

perform the Feynman expansion, we first expand
eXc ey iNT ecYo+Vn p({2cH+K({Ye})

! ! ! 9.15
(ne b [midnw} [Ione! TL n! T, nw!w| ( )

<[] (trEC CI>CY0> ne H (pi({q)c}))ni I1 (tr& Yo, ... YC‘M)M.

(2 w

Here the indices C' span the subsets of [1,d], and i € I, and w € W. Wick’s theorem
can then be applied and, at fixed {n¢,n;, n,}, expresses the Gaussian moments as sums

over pairings {o¢, pc}, the first identifying pairs of ®¢s and the second identifying pairs
of ch,

t 1
/e_gtrECq)%@Calbl R (DCGan2n = t_n Z H 5ai,aj 5bi,bj7 (916)
C

gc {17]}600

where a pairing o¢ is a way to partition [1,2n] into disjoint pairs {i,j}, and

d—|c|
/e_l\]?trECYgYYCalbl o YCaanzn — N—(d—|C|)n Z H 5ai,aj5bi7bj' (917)
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We call a Feynman graph G = ({nc,oc, pc}ocp,a, {nitier; {nwwew). The Feynman

rules are as follows.

e Solid half-edges of color type C' correspond to the matrix @, and dotted half-edges
of color type C' correspond to Y¢.

e Propagators come from the quadratic terms —% Zc(tctrECCI)%ﬁ—Nd*'C'trEC Y2) and
give rise to two types of edges: fully solid edges of color type C' with weight 1/t¢
and fully dotted edges of color type C' with weight NI€I—4.

e A special bivalent vertex of weight iN?~! with an incident solid half-edge and an
incident dotted half-edge.

e Vertices coming from the expansion of K have dotted incident half-edges, and ver-

tices coming from the expansion of Vy p have solid incident half-edges.

The sums over all the indices, identified along interactions and Wick contractions will
be described below. Denote G the set of connected Feynman graphs for this Feynman
expansion. It is clear with those rules that one can first perform the integrals over
the matrices ®¢, Yo for |C| > 1 and @y, ..., Pygy by summing over the corresponding
pairings, and then integrate over Yi,...,Y; by summing over pi,...,pq. This proves
(9.11). In fact, one can integrate the matrices ®¢, Yy in any particular order. This
means that partial integrals can be performed as one wishes. However, only in our case
will we be able to describe the effective action Fy p({Y.}). We denote G({Y.}) the set of
connected Feynman graphs for Fiy p({Y.}). They are constructed using the same set of
Feynman rules except that fully dotted edges of color ¢ € [[1, d] are not allowed anymore.

This means that all dotted half-edges of color ¢ € [1,d] are left hanging, viz.

el

(9.18)

For instance, in the expansion of K({Y¢}), one finds terms with w = ¢; ---¢, € [1,d]".
They contribute to H,, € G({Y.}) as graphs with a single vertex and n hanging dotted

half-edges of colors ¢y, ..., ¢, (respecting the cyclic order). Clearly there is a bijection
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between G and collections of graphs from G({Y.}) connected by Wick pairings p1, ..., pa.
Graphically, one obtains from G € G the collections of graphs from G({Y.}) by cutting
all dotted edges into half-edges. The other way around, performing the Wick pairings
p1, - - -, pg means connecting the corresponding dotted half-edges. From the above Feyn-

man rules we have found

Fup({Yo)) = S0 Aa(N,Pi{Y}). (9.19)
GeG({Y.})

where Ag (N, P;{Y.}) is the amplitude of G. It is a polynomial in the matrices Y,s (since
it is a finite object). From the invariance under unitary transformations and Proposition
9.0.1, we find that

Fyp({Ye}) ZFNP JIN({YCD). (9.20)

To establish the 1/N expansion of Fyp(X), we need to look into the structure of the
Feynman graphs and their N-dependence. The reader already familiar with faces as the

origin of the N-dependence can skip this discussion.

Faces of Feynman graphs — As usual in matrix models, a factor N comes from
each face, but we need to explain what faces are in this multi-matrix, multi-size context.
In ordinary single-trace matrix models, it corresponds to a sequence of identifications
of matrix indices via propagators and interactions on a Wick contraction. In terms of
Feynman graphs, there is a cyclic order of the half-edges incident to each vertex. This
means that Feynman graphs are in fact combinatorial maps. A face is then a closed path
which follows an edge to a vertex, then uses the cyclic order around that vertex to move
to another half-edge (e.g. counter-clockwise), then follows that edge, etc. Consider an
index of color ¢ of a ®¢ in Vi p, or of a X¢ in K({X¢}), for ¢ € C. In a Feynman
graph G € G, the propagator identifies it with an index of another interaction which has
the same color, then because the interaction are unitary invariant, it is further identified
with an index of the same color of another matrix, which is then identified to another
index of the same color by a propagator, and so on. One ends up with a free sum from
1 to N for each such cycle, hence a power of N. We thus see that there could be a
notion of faces, but it is color by color, and it requires to track the index identifications
in Vyp({®c}). One of the key results of [70] is that the interaction Vy p({®¢}) can be
given the structure of a map with edges labeled by color type C' C [1,d]. Consider G € G
and denote G, C G for ¢ € [1,d] the sub-graph whose edges have color set C' > ¢. It is
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a disjoint union of ordinary combinatorial maps and the faces of color ¢ are defined as
the faces of those maps. The weight of a graph then goes like N*(©) (and other factors
of N).

Feynman graphs for Fyp({Y.}) — Let H € G({Y.}). It has faces of color ¢ € [1,d] as
defined above, but some faces go around some hanging dotted half-edges. We call them
external faces, while the others are internal faces. Every internal face contributes with a
factor N. However, since dotted half-edges of color ¢ correspond to the matrix Y, which
is not integrated over, the Feynman amplitude receives a matrix Y, every time one goes
around a face and meets a hanging dotted half-edge. The matrix indices of Y, are then
identified along the face. An external face thus receives trEcYclf where [y is the number
of such bivalent interactions around the face. This shows that for every H € G({Y.}),

there exists a unique A such that
An(N,Pi{Y.) = AuN"OL({Y.)), (9.21)

where Ay is independent of N and of the matrices Y,s. For H € G({Y.}), we denote n;
the number of interactions P;, and bc the number of bivalent interactions tr(Xc®¢) for
C C [1,d], and Fi(G) the number of internal faces. It comes

n(H) = Fu(H) + Z nisi+ Y _(d—1)be. (9.22)

We can thus write G({Y.}) = U, Ga({Y:}), where the amplitude of H € Gx({Y.}) is
proportional to I,({Y.}), and

Fyp(A) = Y AgN"D. (9.23)
HeGx({Ye})
Denote
dx= sup n(H). (9.24)
HegGa({Ye})

If dy < oo, then dy is actually a maximum. Indeed, we see in Equation (8.16) that the
exponent of NV is a finite sum of integers - except for the s;, but there are a finite number
of them and they are rationals and the same for all graphs. Therefore one can write the
exponents of N with the same denominator for all graphs, while the numerators consist

in a sequence of integers. If the latter has a finite supremum, it is obviously a maximum.
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1/N expansion — A graph G € G is made out of sub-graphs Hy,,..., Hx, € G({Y.})
connected by dotted edges of colors in [1,d]. We denote E’ the number of those edges and
further denote F! the number of faces of color ¢ which go along them, and F’ = 3¢ | F.
The sub-graphs Hy,,..., Hx, € G({X.}) come with powers of N, n(Hax,),-..,n(Hx,)
and amplitudes A Hy, v ,AHAR. Altogether, the amplitude of G is

R
Anp(G) = NF'—(d- DE'+3 5 n(Hx,) H/]H,\T. (9.25)

Consider H € Gx({Y.}). We build a graph G(H) € G as follows. Let H. € G({Y.}) be
the graph which consists in a single vertex and a single dotted half-edge of color ¢. Then

we connect each hanging dotted half-edge of color ¢ of H to H,,

GH) = @ | (9.26)

H corresponds to the interaction Iy and therefore has ¢(\) external faces, and |A| hanging
dotted half-edges. In G, each external face of H becomes an internal face, adding a factor
of N to the amplitude. Each univalent vertex H, is also a connected component for the
d — 1 sub-graphs G., ¢ # c¢. The total number F” of faces which go along the newly
added, fully dotted edges of color ¢ € [1,d] is thus ¢(X) + (d — 1)|A|. The number E’ of
those new edges is equal to |[A|. Formula (9.25) thus gives

Anp(G(H)) = N A(G(H)). (9.27)

By assumption, this is bounded by N? for all H. Taking the supremum over all H €
Ga({Y:}), one finds
dy < d —U(N), (9.28)

further implying that dy is a maximum. This shows that Fy(A) < N~ and it is

obvious that the sub-leading orders are rational powers of V. O
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While it is not necessary for our purposes, the leading order of F'(N,P) can be described

as follows.

Proposition 9.1.2. The graphs contributing to the leading order of F(N,P) are trees
over sub-graphs Hy,, ..., Hx,, with Hy, € G, ({Y.}), satisfying n(Hx,) = d — {(X).

Proof. We start with the following lemma: an edge e in G € G is not a bridge, then G is
not leading order. Indeed, if e is of color ¢ and not a bridge, it can be cut into edges of

color ¢ as follows without disconnecting G,
G = - G'= . (9.29)

The exponent of N for G’ is calculated from the Feynman rules as follows

Anp(H) = NF+Ziernisityicld-bo—(d=ICNEc A(f1), (9.30)
for any H € G, where A(H) is independent of N. We now look at the variations of the
quantities appearing in this formula. From G to G’, the number of edges changes by 1,
the number of contracted bubbles bc of each type is unchanged. The number F, of faces
of color ¢ can increase or decrease by one. Moreover, {v}} and {v}} are new connected
components of the sub-graphs G for ¢ # ¢, implying that the number of faces F,. varies

by exactly two. Therefore the total variation of the exponent of NV is

AF+D nsi—(d=1)(E-b)=+1+2d-1)—(d-1)>d-2>0,  (9.31)

iel
which proves the lemma. As a consequence, a leading order graph is a tree over sub-
graphs Hy,,...,Hx, € G({X.}). To maximize the exponent of N, we need to maximize
each n(Hy,). As seen in the above proof, Hy, therefore contributes to the leading order
if and only if n(Hx,) = d' — €(A). It is then easy to check that every graph obtained this
way behaves as N% with respect to N and is thus a leading order graph. O

9.2 Bubble observables

In Theorem 8.3.4, we wrote the expectations of the multi-matrix model in terms of

expectations of the tensor model. Here we provide the reverse theorem.
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Theorem 9.2.1. Define the effective action

ewN,p({Xc}):/ H ddy e~ ZcotreeXo®o)tVnp({®c)), (9.32)
ccli,d]

with the same techniques as in the proof of Theorem 9.1.1 to define Fyp({X.}). Then
for any contracted bubble P = (B, ),

(B T)s= Y 67" <e—WN,p<{Xc}>Ha( —0 ewN,p<{xc}>>.

(i67)cecu (i )cecy . »
(i) eecy ) ) v Xa,) G565
(jSJC))ceCU

(9.33)

It is the reciprocal of Theorem 8.3.4. It also generalizes [64] in the same two ways: to

arbitrary bubbles B(T,T) instead of melonic cycles trH(T,T)", and to an arbitrary
d

c=1

the integral defining Wy p can be performed to find Wy p({X.}) = Z—itrEcX 2. This is

how we recover the Hermite polynomials found in [64]. Notice that the equivalent of our

model instead of the quartic melonic one. There, since Vyp({®c}) = > c, —5tre, O,

theorems 8.3.4 and 9.2.1 in [64] both feature Hermite polynomials. Here we see that in
general it is not the same object in both theorems, since one has derivatives with respect
to Vyp({®¢}), while the other has derivatives with respect to Wy p({X¢}).

Proof. We start with the following equalities

(B(T.T))s = (P({Hc(T,T)}))s = (P({®c}))p, (9.34)

the first one being Proposition 8.2.2 and the second Theorem 8.3.3. Then we expand P

as a polynomial (8.24) and use the matrices X¢s as sources,

n

! | | Vn,p({®c})—tr 1n<]1—N—(d—1)Z % )
<I l ((I)C ) ) ()P = —/ dXcd®o eV rP®e ®eFe o X
v (7”U )7( v )
v=1 ’ Zaa(N,P) ) S
X | | —0 e~ Lo tree(Xo®e)
w1 O0Xe) oy )

(9.35)
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then integrate by parts

n

1 — r
(J1(@c.) oy geoy)r = m/ [[ dXcd®e e e treXere)tvnrlioeh
v=t MMASE cclid
o ﬁ 0 e—tr®cEcln<]1—N_(d_l> >c Xc)
w1 0(Xe,) (757,657
(9.36)
At this stage, one performs the integrals over all ®¢s,
& 1
v=1 () Zym (N, P) cclid]
% ﬁ a etr®CEcln<]lN(d1> ZC Xc)
vt O(Xew) o o)
(9.37)
and integrate by parts again to find the Theorem. O

9.3 Comparison with ordinary multi-trace matrix mod-

els

The model (9.11) with action (9.9) has a natural interpretation in terms of stuffed maps
as introduced in [67], with additional colors on their boundary components, and a non-
topological expansion. Recall that a map can be seen as a gluing of polygons along their
boundaries. Here a polygon is simply a 2-cell homeomorphic to a disc, with k£ boundary
edges. We then call k£ the perimeter of the boundary. In stuffed maps, polygons are
replaced with elementary 2-cells of topology (h, A), where A = (A1,..., Ayn)) is a partition.
Such a 2-cell is homeomorphic to a surface of genus h with ¢(\) boundary components of
perimeters Aj, ..., Ay A stuffed map is a gluing of elementary 2-cells along the edges of
their boundary components. In matrix models, a polygon of perimeter k corresponds to
an interaction trX* in Feynman graphs. In matrix models with multi-trace interactions,

whose partition functions are of the form

/ dX exp» N>\ 1 (X), (9.38)
\h
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the interaction N2~*N=2"[, (X)) is naturally interpreted as an elementary 2-cell of topol-
ogy (h,\). Each trace in I\(X) = Hf(:/\1) trX*i gives rise to a boundary component, and
the exponent \; gives its perimeter. When interpreting the Feynman expansion of a ma-
trix model with multi-trace interactions in terms of stuffed maps, notice that the only
way to associate the genus h to an elementary 2-cell is that the exponent of N in front
of I(X) is N>7#M=2" and the coupling constant ¢("()) is independent of N. In fact, a

matrix model with an interaction like

D NI (WX, (9.39)
A

has a well-defined large N limit when ty()\) itself admits a 1/N expansion starting at
order O(1), i.e. tn(A) = D50t (A)N %N where (0;()))i>0 is an increasing sequence
of non-negative numbers. ngever, for the expansions of the free energy and of the
correlation functions to be called topological, they must be series in 1/N?2. It is the case
when the coupling constants ¢y () are themselves series in 1/N?, i.e. §;(\) € 2N but not

in general. The model (9.46) fits into this framework, with the following amendments.

e It has d matrices Xi,..., X, and interaction in the form Ix({X.}). In terms of
stuffed maps, it simply means that the boundary components of elementary 2-cells
are now colored and a partition M) is needed to describe the perimeters of the
boundary components of each color ¢ € [1,d]. An elementary 2-cell with boundary

profile A moreover comes with the weight N¢~“Nty ().

e Obvious from the above discussion, the 1/N expansion is not topological, since

d # 2, and the sequence (0;(A));>o in (9.10) may not consist of even integers.

In the following section we first focus on the consequence of d' > 2 for the large N limit.

9.4 Large N limit and fluctuations

Theorem 9.1.1 provides the form we are looking for to be able to apply the blobbed
topological recursion, as in [66]. In this section, we thus follow the first step of [66] which

is to subtract the leading contribution at large N.
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9.4.1 Subtracting the leading order

Changing variables from X, = U.D.U] to unitary matrices (Uy, ..., U;) and eigenvalues,
D. = dlag(acl ,...,xg\‘;)) for all ¢ € [1,d], in the matrix formulation of Theorem 9.1.1,

the angular parts are trivially integrated out. The change of variables also produces a

squared Vandermonde determinant for all ¢ € [1,d]. This gives

Zvm(N, P) = /HHdm exp( N 1E:trEcD +Fnp( {D}—I—QZZIH|$C) (C >
c=11.=1 c=1 i.<Jje
(9.40)

If one looks for saddle-points such that the eigenvalues do not scale with /N, then one

sees that
e the quadratic terms scale like N,
e all terms from Fyp({X.}) scale like N
e all the terms from Vandermonde determinants scale like N2

This means that we can look for a solution without repulsion between eigenvalues, mean-

(c)

ing the eigenvalues z;”’ can simply fall onto their preferred value for all c. We moreover

set d’ = d so the two first types of contributions have the same scale. Consider

|

X, = adp + ———M.. (9.41)

2

The a.s are set on a saddle point of the action for {X.}. Moreover, the scaling 1/N =R
of the fluctuations is chosen so that the leading terms of the action in the X s scale like

N2, i.e. the same as the Vandermonde contributions.

9.4.2 Matrix model for the fluctuations

Before plugging (9.41) into (9.11), let us see its effect on a multi-trace interaction for a

single color (which we do not write explicitly),

2N 1 N ALnAen) £(A
o ) =Hlo(or e o) = "5 T ()i s
= i > 1l

=1 M1y phg(n)=0 =1
(9.42)

—_
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It is easily rewritten as a sum over partitions © C A. We denote the skew-partition
A== (A1 — ;-5 Ay — te(ny) (we can complete p with zeros if needed for fi;>(,))
and [\ — p| = > ;o A — pi. Also use the notation (2) = Hf( 1) ( ) Then

1 A 4
I (aﬂ + —_QM) = ( )aIWI NN=E=5ZIl T (M), 9.43
A N > ) (M) (9.43)

pCA

We thus get the same expansion for Iy({a.lg, + MC/N%}) by taking a product over

the colors. Overall,

FN,p({acﬂmN )ZN” D sy p(u) LML), (944)

where the sum runs over all d-tuples of partitions g = (u®,... u@) and {(u) =
Zle 0(u(©)) and |p| = 25:1 11|, The coefficients are

M) (e
sn.p (1 Z tnp(A H ( )a'c’\< =l (9.45)

(e)
ADp H

They all have 1/N expansions starting at order O(1), simply obtained by using the 1/N
expansion of the coefficients ty p(A) = >, N~ 5240 )()\). As a result, the matrix model

from Theorem 9.1.1 becomes

Zyn(N, P) = exN* ZeottFvplloclech) 7o, (N, P),

d
' 1 ) (9.46)
Wlth ZFluct(Nap) = /Hnd eXp<§Nzc:trECMc + SN,P({MC})>7
where Sy p({M.}) is
Snp({M}) = Y N5 Do () I, ({M.}), (9.47)
|22
with
snp(p) =Y NTHWsD (), (9.48)

i>0
and (n;(p)):>o0 is an increasing sequence of non-negative rationals. The reason there is no

linear term in (9.46) (and no |p| =1 term above) is that the set {a.} is a saddle point.
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Chapter 10

Blobbed topological recursion for

colored, multi-trace matrix models

Going back to the discussion of Section 9.3, but replacing the original model Zyp (N, P)
with the one for the fluctuations, Zpy,ct(IV, P) and action (9.47), we see that the latter
differs from the multi-trace models of [67] by

e the fact that it has d matrices,

e the fact that the 1/N expansions of the coupling constants in (9.47) are not topo-

logical.

To remedy the first difference, consider the following model, which is a generalization of
[67] to colored matrices. For a vector £ = (¢,...,¢;) of non-negative integers, denote
1| = 3%, £.. Also denote

d
By =) E", (10.1)
c=1

and M =1®@---® M. ®---® 1 the matrix acting on E® by M, on the i" factor and

the identity everywhere else. Consider the model with partition function

d
Zrop(N, 5) = /Hnd exp Y N*Fltrp, Sy o (M, M5 MY, M),
c=1 4

(10.2)
When the action has the following expansion
Sne(M® M MY M)y
_ h 1 2 1 {4 10.3
=S NSO, M ), (103

h>0
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it is said to be topological (because it leads to an expansion in 1/N? for the free energy,
like the genus expansion of single-trace matrix models). When it has an expansion onto

products of traces of the matrices M.s, i.e.

tre, Sve(M©Y MM M) = Y Sy(VIEMY),  (10.4)
A

LA)=L,
and an invertible quadratic form, then the Feynman expansion corresponds to an expan-
sion onto stuffed maps (non-necessarily topological), as described in Section 9.3. Finally,

a topological expansion onto stuffed maps is obtained from

trp, Sne (MY, M5 MY MEy = YT NS (NI ({M.)). (10.5)

h>0
e(A©)=¢
We will present the loop equations of this model. However, we will calculate the disc and

cylinder function only in the case where a special property of (9.47) is satisfied, namely

d—2

SO\ =0O(N7),  for |\ >3, (10.6)

which in fact will imply that the large N limit is that of a Gaussian model. The second
key difference with [67] is that (9.47) is in general non-topological. Since the leading
order of the coupling constants is nevertheless N>~“* as in (10.2). Therefore, we can

define new coupling constants as follows

_ h —432 )7 :
N ZhS](\L)P()\) _ Z N-52(A=2)-m() ngp\), (10.7)
>0
2h=| 422 (IA|=2)+n; (X))

i.e. we absorb sg)()\) and its N-dependent prefactor into the coeflicients S](\},l%;()\) by
rounding down its order to the closest 2h. Here we will follow the same route as in
[66, 67] and do everything as if S](\%,()\) were independent of N, except for the explicit
evaluation of the disc function and the cylinder function using (10.6). In principle, one

also has to eventually re-expand the coefficients S](\’,I%)()\) as in (10.7).



142 Chapter 10. Blobbed topological recursion for colored, multi-trace matrix models

10.1 Correlation functions

If P({M.}) is an observable, its expectation is

PN = gy [ ] HdM P((MLY)

% eXpZNQ_IeltTEzSN,z(Ml(l), LM MW M,

(10.8)
The natural set of observables are the expectations of products of traces of the matrices
{M.}, i.e. expectations of In({M.}). We recall here for the reader’s sake the definitions

of the correlation functions introduced in section 3.2

n n
— 1 —(k1,c1;..;kn,cn k.
Wn(xl,cl;...;xn,cn):<HtrECiW>: Z Wilq ‘ )H% il
i=1 Li Ci k1,....kn>0 i=1
(10.9)

1.€.
W,(fl’c“"';k"’c“ [Hx_k }W (T1,015. 5T, Cp) = <HtrEc Mk> (10.10)

and their connected counterparts

n

Wa(xi,c15. 05T, 0) = <Hterl > Z T ke k"’C")H z; b
a kit kin >0 i=1
(10.11)

1.€.
Wkt etiikn,en) — [H x"‘”_l] W21, ¢15. .52, C) = <HtIEC M} > (10.12)

The variable x; is said to be of color ¢; when it is the generating parameter for tr E., M f
expanded around infinity. We denote €, the copy of C of color ¢, so that z; € U,, for

some open subset of C.,. We will also need the functions

W) <HtrE,M HtrEc > (10.13)

. C
J
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which are obtained from W,,(z,c1;. .. Tp_i, Cni; T", ;... 2}, c)) by extracting some se-
) 3 ) ) s M1 C1o [t S

ries coeflicients

l

key,elsenskuyeg —ki—1
s R (e e, eat) = [H x; }Wn(aﬁl, Clye i Tp i, Cny; Ty, Ch o, ).
i=1
(10.14)
As a special case of such functions, when A = (A, ..., X)) is a d-tuple of partitions, and

c € [1,d] and j € [1,£(A)], we denote A ;) = (N N the d-tuple of partitions
with

N =\ for d £¢ and X@:(Agc),...,A§.C_)1,A§.21,...,Ag;(c))), (10.15)

i.e. the j" row of A is removed. Then we denote

()\{:, c/)(c/,i);é(c,j)

i

X(e.s) (e Dl dlx 1,6 ()]
Wa (1, ea5. - xp, 0p) = Wh ot (1,615 5 Tp, Cp), (10.16)

with n = p+£(A) — 1. It will also appear natural to introduce global correlation functions

which are defined on (an open subset of)

E, = (Q C, \ PC)", (10.17)

so that each x; can be evaluated on any color. These correlation functions are

n

Wiz, ..., z,) = Z Wi(x1, 01505 Tp, Cn) H]l(a:i,ci), (10.18)

e1rescn€lL,d] i=1

where 1(z,c) is 1 if x € C, and 0 otherwise. In terms of components

n

Wn<I1, o 7xn) _ Z WT(Lkl,cu...;kn,Cn) H x;ki_lﬂ(xi, Cz’)- (10‘19)
k1,---7kn20 =1
c1yeen€1,d]
The correlation functions W, (x1,c1;...;x,,¢,) are said to be the local expressions of

W, (x1,...,x,), since each variables is assigned a fixed color.
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10.2 Loop equations

In this section we use the form (10.4) of the action.

10.2.1 1-point equation

The Schwinger-Dyson equations are obtained from

AM < Mcn eZANQ_Z(A)SN()\)I)\({Mc})) IO, 10.20
ZTop /H c)ab ( )ab ( )

by making the action of the derivative above explicit on each term of the integrand, and

summing over n > 0 with 27”1, One gets

o) /\@ 1

WQ(x,c;x,c)+Z NN g Z )\ <trEc
A

HtI'ECM H [/\(C/) > =0.

e

(10.21)

We now work towards rewriting (10.21) in terms of connected correlation functions. De-
note R = {Ry,..., Ryr)} a set-partition of [1,n], then

Wz s amen) = Y [[ Wik ({#ra cra}), (10.22)

RH[1,n] «

with the short-hand notation {xg_,cr,} = {2, ¢ }rer,. This first gives

Wz, c;x,¢) = Wiz, ¢)* + Wa(z, c; 2, ). (10.23)

The contribution of the interaction is split in the usual way using

A © A2
Mc] )\ —1

= Z A A3 Vs (10.24)
xr — c
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which leads to

M/\gc)—1
c )\EC)
<t1"Ec v — M, 1;[ trg, M 1;[ IA(C’) (Mc/)>
1#£] c#c
s (10.25)
(e) — (e) J— Nig.c
— x)\j 7lw()‘(c g) Z x}\ 27qwé?‘)(\§,g)vq7 )

Then rewrite each of the two terms using connected correlations. To do so, denote

LX) = {(c,D)|(c,i) € [1,d] x [1,6(AN]}, (10.26)

and P(L(A)) the set of partitions of L(X), i.e. R ={Ry,..., Ryr)} € P(L(X)) if the Rqys
are non-empty, disjoint, and | |, Ry = L(X). Moreover, for a fixed pair (c,j) € L(X), we
denote R(c,j) the part which contains (¢, j), and

R(c,j) = {(c,j)} U R'(c, j), (10.27)
where R/(c, ) can be empty. Then,

—(Aej)) (AR (c.5)CR (e (/\aca
Wi (@.¢) = Z W\R%)f) e H Wi (10.28)
ReP(L Ra;ﬁR(C,j)

Here we use the short-hand notation (Ag_,cr,) = ()\EC/), ') (¢ i)eR,- Furthermore

T7(A(e,j)300) (AR! (c,5) CR! (c,5)38:C) (ARq CRe)
Wen"™" = 2 Wingg™ H Wkl (10.29)
REP(L(N))

RDL #R(CJ)

The loop equation (10.21) then reads

Wi (z, c)* + Wy(x, c;z,¢) + Z ZNQ‘Z JSn(A H VVII;\?CRQ

RG'P(L(A)) RoﬁéR(Cv])
A9 2
» A§C)< A Hy AR (e.): cmm Z $/\<C) —2-qyy/ AR/ (c.j): CR/<ca>qc)> =0, (10.30)

[R(c,5)| [R(c,5)|
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which can also be written as a global equation

d (M)
Wi(z)? + Wy(x, ) + Z Z]l x,c) Z N*Ng H W/‘é‘fa’cRa
REP(}\L()\)) =1 B Ra#R(c,j)
A 2
© (A =11 AR ey R ) A 2 g1 AR (e,) R 0,0\ _
x Al ( Wt oo Z x Wi (e —0. (10.31)

10.2.2 n-point equations

The single-trace terms of the potential are

Zd:ZN(S(O)(%C) +o(1)) trp, M. (10.32)

c=1 A\>1

Then the loop insertion operator with respect to color ¢ € [1,d] is

d
B
_ —-2—1
- }_1:2 1(z, c)a OO (10.33)
c=1 \>0

With the notations of paragraph 3.3.2, repeated actions of the loop insertion operator on
(10.31) gives

Z VV\IlHl(xl’ xh)VV\IzHl(xla 37[2) + Wn-i—l(xl? Ty ,an)
(Il,IQ)GIQ(n)

+i xb(jjj) a Wn,1($2,...,xn)—anl(l‘l,...,$j71,$j+17...,,’L‘n)

o Ox; Tj—T1
(M)
FY Y St vrese T wi e
Rep{L(n) (1l SR () < = et (e
© ( AN~ ey errie) iy M =229 (AR1(0) ORI (0,)1)
XA <371] Wiktesitirtes) @0 oren) = D o Winehiliest <x1<"’j))) =0
q=0

(10.34)

I(c, 7) is defined as I+ where a* is the index such that R, = R(c, j). Moreover, 1(z,y) =
S 1(z,¢)1(y,c) is 1 if and only if 2 and y are variables of the same color.

c=1
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10.2.3 Topological expansion

All correlation functions admit the usual topological expansion

W(k1,c1;...;kp,cp)<x1’ o 71,”) _ Z N2-ntp—2h W’rglj—lp?}? ,k‘p,Cp)(a:l’ o ,$n>- (10.35)

h>0

Plugging it into (10.34) leads to

E Win1n (@, 2 )Win41,0-0 (@1, 25) + Wit g-1(21, 21, .., 20)
(I1,I2)EZ2(n)

h=0,...,g
+ ]1(5131,37]‘) 0 anl,g(x% s wrn) - anl,g('rly ey L1, Ljqdy - - 7xn)
= 3.75]- l’j — T
d £(A()
>\ {e% c {07
DY 2 2 e 3P0 I Wi, )
h,hl,...,hg(R)ZO c=1 ]:1 RQ#R(C, )
(It %ZZE)( )()R)(”) )R +ht T ha=g ’
Al o
J
(© (A1 Qe erre) A =200 ) € (c,5)10:€) _
XA (W Wiktesyittesinen @0 2re) = D a0 Wi St e (xﬂc,j))) =0,
q=0
(10.36)
where h(c, j) is the ho+ where a* is such that R, = R(c, 7).
10.3 Large N limit
Restricting (10.36) to g = 0 gives the constraint h = hy = --- = hyg) = 0, which in turn

implies /(R) = ¢(A). This reduces the sum over partitions of L(A) to a single one for
each X, i.e. the partition into singletons, R = {{c/,i}}, for ¢ € [1,d] and i € [1, ((A())].
For (I1,...,Iyx)) € Zyx)(n), we denote I(c,i) = I, when R, = {c,i}. This gives, for a

generic potential,

E VV\Il|+1,0(901> xh)m/llz\—l-l,()(xl; 3712)
(Il,IQ)GIQ(TL
n

+ 1(1’1,1']')
j=2

8 Wn_170($27 e ,In) - Wn—l,O(‘rla ey L1, Tjg1y e s ,In)
a.Tj T — X1
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2(A(e))

U

E /\(C> /
" Z IL Il’ Z H \I ¢ z)|+1 O(II(C/J)>
=1 j=1 c 1)#(c,
(Ilu-.J;(A))EII(A)(n) J (¢ i)#(e.d)
© A9 2 "

C Al g NG —2—¢ 7

A (2 Whreamo(enwiey) = 2o a7 WED L @) = 0. (10.37)
q=0

In the case (9.46) of Zget (NN, P), which we are interested in, the leading order coefficients
SO(X) actually have an extra N-dependence and satisfy (10.6). It implies that the
partitions A appearing in (10.37) must be of size 2, viz. |A| = 2. These partitions are of
the form A = (A\M, ... A@) with
e cither A = (2) for some c¢. We write the corresponding part of the action
3 Zgzl actrp, MZ;
e or \¥ = (1,1) for some c. We write the corresponding part of the action
2
% Zgzl bcc (trEC Mc) ;
e or A = (1) and A\“) = (1) for some ¢ # ¢. We write the corresponding part of
the action 5 ZC# beetrp. M, trg, My, with bee = be..

This means that at large N, the correlation functions behave as if the action simply was

N 6N (0) N 1
) Z trg M7= N> V(N I({M.}) = 5 > actrg, M+3 Z bertrp, Mo trg, M.

[A|=2 c
(10.38)
Then (10.37) becomes
Z VV\IlH-l,O(xlaxll)mlg\-i-l,[)(xl;xlz)
(Il,Iz)GIQ(n
- 9 W,_ e ) — Wil e Tl T,y T
4 Il(xl,xj) 1,0($2 z ) 1,0(201 Tj—1,Tj41 x )
=2 8[Ej T — X1
d
1,
b (s S Wiy b)) <0
e=1 (I1,12)€Z2(n)

(10.39)
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10.3.1 Disc function

The disc function of color ¢ is Wi o(x, ¢) = limy_,0o + Wi(z, ), i.c. the generating function
of planar stuffed maps with a single boundary of arbitrary perimeter. The global disc
function is Wyo(x) = 3%, 1(z, ¢)Wio(x,¢). Equation (10.39) can be directly applied.

Before doing so, however, let us briefly mention the case of a generic potential, by setting
n =1 1n (10.37). For a fixed color ¢,

Wl’o(fl?, C)2
(A©) @ 2D —2
)N (e (e _ (e _o_ ¢
+Z Z S(O) H Wli\] )\ )< A IWLo(SC,C) — Z 2 2 ‘IWf?O’ )) =0.
A g=1 (¢ 0)#(e,9) q=0

(10.40)
This is thus a set of d equations on d functions Wi o(z, ¢) with a single catalytic variable,
and some explicit dependence on coefficients of the unknown series. This generalizes
the classical equation of the 1-matrix, multi-trace model [67]. The analytic properties
of its disc function, described in [69], derive from an extension of [71], which applies to
stuffed maps with unbounded face degrees. Here, we would require a further extension,

to a system of equations. Instead of pursuing the generic route, we focus on the specific
model Zgpet(N,P). Setting n =1 in (10.39), one finds

Wio(z,c)? — ac(xWLo(x, c) — 1) =0, (10.41)

where we have used Wl(}o’cl) = 0 for all ¢, since Wl(}o’cl) = limy_,o0 % (trg, M) and the

model is invariant under {M.} — {—M.} at large N. The disc function of color ¢ is thus

a 4
W — 2 = 10.42
1o(@,€) = 5 (ﬂ? x ac)’ (10.42)
as in |66]. It has a cut along I', = [_\/2?6’ \/2?6] (if a. > 0), which is said to be the cut of

color ¢. The global disc function Wi o(z) = 2%, Wy o(x, ¢)1(x, ¢) thus has d cuts, along
Ui e
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10.3.2 Cylinder function

The cylinder function is the leading order of the two-point function. The local expression

is

[[27[)(1'1’61;1’276 ) N—)‘ o0 (aj ’C ;x 70 ) N—>. OO< ¢ x _M ¢ .fL'2 M >c‘
[&] c2

By setting n = 2 in (10.39), one finds

0 Wig(x1,c1) — Wip(z2,c2)

c1,c:
! 281’2 1 — T2

(2W1,0(901, c) — ac1I1)W2,o($1, C1; %2, C2) + 0,

d
— Wio(z1,e1) D b, Wag (22, 02) =0, (10.44)

=1

where a term —Ws (21, ¢1; 2, Ca) Z?,:l bclc/valdcl) has been removed because Wl(vlo’cl) =0
in this model. It generalizes the equations found for Wso(x1,c1;22,¢2) in [66]. The
method used to solve them still works here. It processes by first finding the values of

Wz(,ldcl)(:vg, ¢2). To do so, we extract the coefficient of the equations at order 1/z,. It gives

d
c < aW T ,C
a aCIWé’ld 1)(1‘2, 02) - Z bcva/WQ(,ld )(1’2, 02) = 501702M

10.45
=1 8952 7 ( )
which can be given a matrix form. Introduce the following dxd matrices A = diag(ay, . .., aq),
B = (bc,c’)lﬁc,c/ﬁd and
c . (OWig(z,c oW1 (z,c
W2(110) (x) = (WQ(}O’ )(’T7 C/>)1<C o <d’ 8W17[)(I') = dlag( 170( )7 el 170( ) .
=00= Ox ox
(10.46)
It comes
Wi () = —(A+ B) oWy ,(), (10.47)

provided A + B is invertible. Denoting o(z,c) = y/2? — 4/a., we have

Molw,e) _ Wio(@,c) (10.48)

Oox o(x,c)
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and it comes

x1x9 — (21, ¢1)0 (29, o) — 4/ ac,
2(xy — x9)%0(x1, c1)0 (29, C2)
_ i(B 1 ) W1,0($1701)W1,0($27C2)
A+ B/ee,  o(xy,c1)o(xe,c0)

W2,0(351> C1, X2, CQ) = deyeo
(10.49)

ey

The first part of this formula is the cylinder function for the GUE, while the other term
is due to the multi-trace interaction. Notice that the latter is not manifestly invariant
under the exchange symmetry (z1,¢;) <> (22, ¢2). The cylinder function is thus basically
the same as in the quartic melonic model [66]. The difference is that in that case, the
matrices A, B were specific functions of the coupling constants ti,..., %4, while they are

here, in general, functions of all the coupling constants t;, i € I.

10.4 Blobbed topological recursion

The remaining is exactly similar to [66], with the replacement a, = 1 — a?, which already
followed the theorems of [67, 68].

10.4.1 Spectral curve
Denote the Riemann sphere @, and C, its copy of color ¢ € [1,d]. For each color, define

fc(x; y) = y2 — Q1Y + Ac. (1050)

The Gaussian spectral curve is defined as Cqaussian C Ule @3 by

d
flay) = 1w, e)L(y, c) folx,y) = 0. (10.51)

c=1
Recall that I'. = [—\/%, \/%] (for a. > 0) and denote I' = |J*_, T.. It can be checked
as in [67] that our correlation functions W), ,(z1, ..., z,) are only singular along I' (with

respect to each variable), except for (n,g) € {(1,0),(2,0)}. We therefore introduce a

Zhukovski parametrization

1

2(z) =Y Lz, )L(z,0)—=(2 + 27"), (10.52)

c=1

S
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for |z > 1 in each color. As shown in [67], the correlation functions for (n,g) ¢
{(1,0),(2,0)} are holomorphic for |z| > 1 except at z = +1. Moreover, they can be
analytically continued to the interior of a neighborhood of the unit circle, except at
z = £1. In our case (see below), this analytic continuation can be performed for all

0 < |z| < 1. The correlation functions can thus be turned into differential forms

Wnog(21, ooy 2n) = Whg(x(21), ..., 2(2))dz(21) . .. da(zn)

J 2(2)da (2 (10.53)
+ Omg20 ) L(z1,0)L(z2,¢) (a:d(zf) zdﬂf((@)))?

c=1

For (n,g) ¢ {(1,0),(2,0)}, they are holomorphic on Cg, an €xcept at z; = 0,£1. In
the framework of the blobbed topological recursion, the singularities at 0 and at +1 play

different roles. This is because the disc function has (simple) zeroes at z = +1,

1—272

Wig(z(2) =Y 1(z, 0)@ = wio(z) =) 1(zc) dz, (10.54)

1

z
c=1 c

because they are the zeroes of dz(z). As for the cylinder function, it becomes

d
dz dz
wa,0(21, 22) :m Z 1(z1,¢)1(29,c)

(10.55)

dzi1dzy Z 1(z1,c1)1(20,¢2) 1 (B 1 )
2222 S /O, G, e, \ A+ B/eiey

which is singular along the diagonal z; = z5 as expected, but also has poles at z; = 0 and
25 = 0 on each color. The points z = £1 in each color are called the ramification points
and we denote

R={z=+1€C,ce[l,d]}. (10.56)

The spectral curve is also supplemented with the canonical involution ¢(z) = 1/z which

preserves the ramification points.

10.4.2 Topological recursion formula

Recall the notations G(z,z1) = f;z) wa (- 21), and Ap = ¢ — *p for a differential form

. The kernel of the topological recursion is K(z,z2;) = QAAGW(IZSZ(Q). We further define the
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polar and holomorphic part of wy, 4(21,...,2,) as follows (terminology justified below)
Puwyg(z1,...,2 ZReSZ 2,21 )Wn,g(2, -+, Zn),
Hwp, g(21, ... 20) = Wng(21, oy 2n) — Pwpn (21, ..., 20).

Theorem 10.4.1. Assume that A+ B is invertible, so that wag is given by (10.55). For
all (n,g) € {(1,0),(2,0)}, the holomorphic part is holomorphic while the polar part has
poles on R. They are given by

Puw,, 4(z1,...,2 Z Res, K(z, z (wn+1,g—l(z7 1(2), 29,y 2n)

! (10.58)
+ Z Wy |41,91 (szll)w\szLgQ(L(Z)?ZIQ));

(11 ,]2)612 (TL)
9g1+g92=9g

and
1

Hwy g(21, ... 20) = — w2,0(21, 2)Vng(2, 22, .. ., Zn), (10.59)
2T zeUd, U(1)e

where U(1). is the copy of the unit circle of color ¢, and

Ung(2, 20, .., 2n) = Vig(@(2), 2(22), ..., x(2n)) do(2a) ... dx(zy,) (10.60)
for
d (M)
Vagle,avea) =D 3 > ), 2. @9
ce=1 X j=1 ReP(L(A)) (I1,-Io(r))ELe(r) (1)
R/ (c.)=
() (ARg sCRo,
> SO T Wik, (en)-
hihi,...;hg(r)y=0 Ra#{(c,j)}

U —L(R)+h+ ) ha=g
(10.61)

Proof. The loop equations have the same form as in [66] and all the arguments, which

were borrowed from [67, 68| apply. O
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Summary and outlook

First of all, this work paves the way for a new formulation of real tensor models, their
observables and correlators in terms of symmetric groups and their representation theory.
The formulation is particularly convenient for implementing heavy computations using
software resources, thus, leading to a gain of confidence in the computational process.
Furthermore, with its multiple facets, the formalism elaborated here may shed a new
light on some results since it bridges theories - combinatorics, TFT and physics through
observables and correlators - which from the outset may look rather different.

We have enumerated O(N) or rank-d real tensor invariants as d-regular colored graphs
using a permutation group formalism. These invariants define the points of a double coset
of Sgt. We used Mathematica and Sage codes to generate the sequences associated with
the number of these invariants from their generating functions. The sequences obtained
at d > 4 are new according to the OEIS. Translated into the TF'T5 formulation, the same
counting delivers the number of covers of gluing of cylinders with defects. Such covers
have been also observed while counting Feynman graphs of scalar field theory [39] and
relate to a string theory on cylinders. Thus, there should be an equivalent way of de-
scribing tensor observables in purely string theoretic language. Moreover, this link with
covers must be made precise: covers in 2D are related to holomorphic maps and may, in
return, give a geometry to the space of orthogonal invariants. This point fully deserves
further investigation.

Another piece of information reveals itself with the representation theoretic formulation
of the counting: the number of orthogonal invariants is a sum of constrained Kronecker
coefficients. The Kronecker coefficient is a core object in Computational Complexity the-
ory: either finding a combinatorial rule describing it (finding which combinatorial objects
it counts), or its vanishing property or otherwise remains under active investigation (see
references in [51, 52]). It concentrates a lot of research efforts since one expects that,
roughly speaking, understanding that object could lead to a separation of complexity

classes P vs NP. In our present work (as is similarly done in [30]), we show that the
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number of tensor model observables - represented by colored graphs and thus combina-
torial structures - links to a sum of Kronecker coefficients (in [30], it is a sum of square
of these coefficients). It remains of course to be seen how this would help with one of the
famous problems stated above. Perhaps a refined counting of colored graphs (endowed
with specific properties) could boil down the sum to a single Kronecker element. Such a
study may bring some progress in the field.

The equivalence classes associated with the colored graphs are mapped in the tensor prod-
uct of the group algebra C[S,,]®¢. They form the basis vectors of a subspace, namely
KCa(2n), that is in fact a semi-simple algebra. We call it a double coset algebra. Note also
that, as elements of an algebra, d-regular colored graphs multiply in a specific way, and
yield back a combination of d-regular colored graphs. In rank 3, we have found a “natu-
ral” representation theoretic basis {Qf377}, of K3(2n), i.e. invariant and orthonormal.
Unlike the unitary case [30], this basis decomposes the algebra into blocks but does not
provide its Wedderburn-Artin (WA) decomposition in matrix subalgebras. This raises
other questions: in which basis can the WA decomposition be made explicit? Is there
a simple enough combination starting from Q%577 that produces the WA decomposi-
tion? A starting point of that analysis might be given by the work of Bremner [97]| that
constructs the WA basis of a finite dimensional unital algebra over rationals. Finally, is
there a way to understand why the sum of constrained Kronecker coefficients is actually
a sum of squares (each of which being the dimension of a matrix subalgebra entering in
the WA decomposition)? Such points deserve future clarifications.

We also addressed normal ordered Gaussian 2-point correlators in this work and showed
that they formulate completely as a function of the size N of the tensor indices and
permutation cycles. We generated an orthogonal representation basis from these corre-
lators. This result is similar to what is observed in the unitary case, with the following
distinction: there is an operator acting on the triple defining the observables. We showed
that computing Gaussian correlators in representation theory space actually translates
to computing an inner product. Finally, we briefly sketched the main feature of Sp(2NN)
invariants: although they obey the same diagrammatics than the O(N) invariants, they
satisfy a different rule concerning their equivalence classes. Thus, for the symplectic
group and its invariants, the story could be radically different from the orthogonal case

and will require more work.

On a different note, we have shown that, as long as there are quartic melonic interactions,

one can find in arbitrary tensor models a set of correlation functions which satisfy the
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blobbed topological recursion in a universal way. The spectral curve is then a disjoint
union of Gaussian spectral curves, with an additional holomorphic part to the cylinder
function which always has the same form.

Those results rely on the conditions 1 and 2 presented in the introduction and detailed
throughout Part III. In particular, the specifics of the model, i.e. the choice of interac-
tions, do not matter as long as the effective action obtained after the formal integration of
all the matrices except Yi, ..., Yy has a well-defined 1/N expansion as we have described
in Theorem 9.1.1. This is why our formulae all have the same structure as in the case of
the quartic melonic model in [66].

We have also provided theorems 8.3.3, 8.3.4 and 9.2.1 to relate the expectations of the
U(N)%invariant observables on the tensor and matrix sides.

There are still many interesting questions about the topological recursion for tensor mod-
els. Are there other sets of correlation functions satisfying the topological recursion? Is
it always a blobbed recursion? Can condition 2 from the introduction be removed? Is
it possible to proceed without going to matrix models and derive topological recursions
directly in the tensor formulation? There have been some efforts to use directly the
Schwinger-Dyson equations of tensor models, in [65] and [102], thus extracting the dou-
ble scaling limit of tensor models with melonic interactions for instance, but this is still
far from the topological recursion. We hope some of those questions can be tackled in

the near future.
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Appendix A

The symmetric group and its

representation theory

This appendix gathers useful identities and notations about the symmetric group S,, and
its representation theory. The presentation here is a summary of Appendix A, withdrawn
from [30], and the textbook by Hammermesh [98].

A.1 Representation theory of the symmetric group

Let n be a positive integer and 5,,, the group of permutation of n elements. The Young
diagrams or partitions R of n, denoted R F n, label the irreducible representations (irreps)
of S,,. Consider Vy a space of dimension d(R) (that will be made explicit below). An irrep
or : S, — End(Vg) is given by a matrix DF with entries og(c0)|R, i) = S0 DE(o)|R, 1)
with o € S, and with |R, ), i € [1,d(R)], an orthogonal basis of states for Vx (this basis
obeys (R, j|R, i) = d;j).

We write in short gr(c) = o and define the matrix elements as (R, j|o|R,i) = Dfi(o). It
is common to assimilate the irreducible representation gor and the carrier space Vi with
their label R.

From the commuting action of the unitary group U (V) and S,, on a tensor product space
V® the Schur-Weyl duality teaches us that we associate an irrep R of S,, with an irrep of
U(N), provided N bounds the length [(R) of the first column of R, in symbol I(R) < N.
Let us denote d(R) the dimension of R and Dimy(R) the dimension of an irrep of U(N),

then those are given by

d(R) =n!/h(R),  Dimy(R) = fn(R)/h(R), (A.1)
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where h(R) is the product of the hook lengths and fy(R) is the product of box weights
(the content shifted by N) given respectively by h(R) =[], ;(¢; —j + 7 —i+ 1) and
fn(R) =11, ;(N —i+j); the pairs (i, ) label the boxes of the Young diagram with ¢ the
row label and j the column label. The i*" row length is 7; and ¢; is the column length of
the 5% column.

We now restrict to real representations and so the ij(a) must be real matrices. These

satisfy the following properties:

Z DE(0)DE(0") = DE(00"), DE(id) =6y, DE(o™)= Do), (4.2)
|
Z Dfi(0)Dyy(0) = % drs 0ixdj;  (orthogonality) . (A.3)
ocES

The character of a given irrep R is simply the trace of D¥(c), xf{(0) = tr(D%(0)) =
>, DE(o). The Kronecker delta 6(o) of the symmetric group (defined to be equal to 1

when o = id and 0 otherwise) decomposes as
d(R)
0o) =)~ x"o). (A4)
Rin

The following identities are easily proven using the orthogonality relations of the repre-

sentation matrices:

Z S(yoytrh) = Z X o)X () (A.5)

YESR RFn
> X" = nlogs (A.6)
oESh
R iy _onbop R If Bis a | R
Z X (A,YB’Y ) N d(R)X (A)X (B) Central_element (R (AB> (A7)

YESRH

Another useful identity expresses as

n! Z x*(o)N) = Dimy(R) , Z D o)N@) =5, fn(R), (A.8)

g€Sn oESy

where c¢(0) is the number of cycles of o.
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Defining the central element Q € C[S,], as Q = > N"=°@)g the first relation in

(A.8) can also be written as

O'ESn

—x/'(©2) = Dimy(R). (A.9)

A.2 Clebsch-Gordan coefficients

Consider two carrier spaces Vg, and Vg, of two irreps of S, labeled by two Young diagrams
Ry and Ry, respectively. The tensor product representation Vi, ® Vi, can be decomposed

into a direct sum of irreps Vg, with multiplicities

Vi, @ Vi, = @D Vi, ® Vi, (A.10)
Rsbkn

The tensor product space is spanned by a tensor product of the basis |Ry,i1) ® | Ry, i2) :=
|R1,11; Ra,i2). On the right hand side, the direct sum corresponds to a basis set | R3, i3, Tr,)-
The label i3 runs over states of R3, and 7g,, the so-called multiplicity, runs over an or-
thogonal basis in the multiplicity space V..

The Clebsch-Gordan coefficients are the branching coeflicients between these bases:

R1,R2; R3, TR. . . . . . .
i11,i2;2ig o = <R1721;R2722’R377-R377/3> = <R37TR3723‘R1721;R277/2> (All)

Note that they are real.
The following relations are detailed in Appendix A.2 in [30]:

E Ry R2 Ri,Ro; R3, 7 __ § : R1,R2; R3, 7 nR .
Dll]l (V)Dlzjz( )thjé;js - 011712,13 D13J3 (7) ) (A'12)
J1,52 i3
R1,Re; R3, 7 R11R2?R§77' _ .
2 :Czwzﬂs 11 825 3 - 5R3R/3 Orrt Oz ; (A.13)
11,12
§ ' R1,R2; R3, 7 /~R1,Ro; R3, 7 __ .
Czl,zz,zd 031,32,13 - 6i1j1 5i2j2 ) (A14)
R3,i3,T
E : R1,R2; R3, ™ mR3 Ri1,R2; R3, 7 R Ro .
011,22,23 DZBJs (fY)Cijz;js D%1J1 (’Y)Dlzh <7> ) (A'15)
R3,75i3,j3
Ry R3 Ry,R2; R3, T R1,R2; R3, T |
2 : Dlml D12J2 (V)Disjs( )thjzds 011712713 ’ (A‘16)
jla]27]3

R1,R2;R3,11 /~R1,R2;R3,72 Ry Ry 3
021 Ji23i3 C.]l 2393 D21J1 (71 0172>Di2j2 <71 0272>D13J3 (71 0372)

1,1
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=Y iyt oyt DI (01) DY, (02) DI, (0) (A17)
i
Ry Ry R 7”! R1,Ro;Rs,m ~Ri1,Ro;R3,7
Z DnJl( )Dzwz( )Disi‘:z(a) o d(Rg) ZCﬂlZz 123 > Chljz 33 o (A‘18)
O’GSn

Furthermore, we can generalize the second relation (A.8) as follows: given two permuta-

tions A and B, we have

Z D o~ 1AoB)

oESh

= Y Dfi(o)5(y o7 AsB)N°)

¥,0€Sn

A4)Z ZD (T Ly 1AUB)NC(7)

—Z Sy [ZD N[ Din(o) Do) D) D2 AYDL(B),

S,a m,n,0,p

(A.19)
with the property c() = c¢(y~!). We now use (A.8) and (A.18) to write
Z D o~ 1AoB)
o€Sn
CSSiRT (SSRT S s
—Z ' Z 5mafN ( Z 1,031 Cmpj )Dno(A)Dpa(B) (AQO)

m,n,0,p

_Z <20551RTDS )(ZC&S'Z;S'JRTDS )>

A.3 Basis of the group algebra C|S,)]

The matrix basis of the group algebra C[S,,] is defined by the elements

n_ Lk Ly Dl (A.21)

) O'ES

where the constant x7 = nld(R) is fixed by a normalization. The basis set {Q/}} is of

cardinality > ., (d(R))*> = n!. The elements Qf form a representation theoretic Fourier
basis for C[S,,].
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The left and right multiplication by group elements on Q expand as
Z‘Dlz Ql] ) T - ZQR DR (A22)

Using the definition of the basis and (A.22), one gets

Z]_? le/_’f(RﬂR’ZZD Dkl KRZD

0€S, TESK © oeS,
R/
G’EZS D ZD ( )Q d(R)5RR’6zm(5]kQ (AQ?))
K
SRR O QL

~ d(R)

We consider the Kronecker § on S, and extend it (by linearity) as a pairing denoted

again ¢ on C[S,], and then once again extend the result to C[S,]®¢, d > 1, such that
001 ®..Q040,@...00,) =007t ...8(c ot (A.24)

Calculating the inner product §(Q%; QF,), we obtain

2

K
( i) Q ) TRR)(SRRléW(SJJ' - (SRR’ém’éj] (A25)

Then, for multiple tensor factors, we obtain

6(Q11]1 - ® Qldjd ) z’]’ ® . H 6RaR' taty JaJa (A.26)

Hence, the basis {le ®. ®de

In the text, we focus on S, and we introduce the operator T; : Sy, — S, that acts

} is a Fourier theoretic orthonormal basis for C[S,,]®?.

on Sy, as T¢(c) = c7'¢o. In a natural way, T; extends by linearity on C[Sy,]. Then,
without any possible confusion with the tensor notation 7" itself, Ty € End(C[S5,]) is the
image of the mapping 7" : Sy, — End(C[S3,]), £ — T¢. We then extend T by linearity to
T : C[Ss,] = End(C[S2,]), A + p = Theyp = N +T,, A € C.
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We are interested in the properties of the transformed basis Tng} which is nothing but

the Fourier transform of the pairing o~'¢o. First, let us see how they multiply:

(TQE) (TeQf) = Gy 2 PHODE (0o o0 ep. (A.27)

0,pES2n,

Note that the group order is now (2n)!. Introduce a change of variable o — op~!, and

FGRFJR/ / o
(Tng) (TﬁQi = Z ZD ij Dﬁj/(p)p lo™leatp
o’pESgn k
_ _hwr R’
=y 2 P Z% Tireapeo)
PG 2n
_ hwr R
= @) > Di'jf(ﬂ)Tzk DE (o) (Te@E)e(P) (A.28)
pes2n

Thus, the product of the transformed basis elements does not re-express easily in terms
of the transformed elements themselves. The left and right multiplications of fixed per-

mutations on the elements TfQﬁ, counterparts of (A.22), are given by:

T(TeQR) =) (TQREDE(T)T, (TR T = (TeQE)Dfi(r)r. (A.29)

a a

The inner product of these elements expresses as:

S(TeQE, TeRfy) = oy 2 DH@DI () 0(Te(0), Telp)). (A.30)

: crpESzn
This is simply the Fourier transform of the delta (o~ '¢op~'¢p) which tells us that the
sole terms remaining in this sum are those which define the same pairing. A closer
look shows that §(c~1¢op~1¢p) = §((op'épo~"). Then, this means that the elements
that contribute to the sum are those op~! that belong to the stabilizer of £, that is

1 € 8,[9,]. Hence, we change variable as 0 — & = op~!, rename again & as o and



A.3. Basis of the group algebra C|S,)] 165

then rewrite, using the orthogonality of the representation matrices:

S(T:QF, T:QL,) “W”Ej Y D ()

pES2n 0€S5,[52]

:“R“R’Z > DE(o) Y DE(p)DF(p)

a 0eS,[S2] pPESan

A.31)
K2 2n' (
S e D S
a UGS SQ]
:53315]']'/ Z DWO'
0€Sp[S2]

In the text, we compute a formula for that sum in terms of branching coefficients, see
(5.19). It turns out that the sum is non vanishing only if the partition R is even, meaning
that the length of each of its rows is even. Hence, from the above relation, (A.31), the
set of the transformed basis elements does not form an orthogonal system.

It is instructive to perform the same evaluation in an alternative way to discover new
identities satisfied by the Clebsch-Gordan coefficients. Consider the expansion of the

above inner product as follows:

= K;SR/ Z Qn, ZS Dj; (p)x* (o~ eap™"ep)
‘gﬁzmugé%-% 9% Do) Do) DDLU DI 0
= T 2 gt 3 PRODEE 2”' i) o O R S el eliE
- d&?ZéZ/) > o E DEODEE) z 7 et

= drrOjj d(ﬁR Z — b;bec fo(f)CfﬁRTCfiRT

= Oppd R Zd F(S,R,T;i)F(S,R,7;i),
(A.32)

where, at some intermediate steps, we used successively (A.18) and (A.13), and where

F(S,R,75i) = 3, . Da(&)Crii™. Using 3, 0515, DE(0) = (2"nl) BEBI (see (5.19)),

b,c;i
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we arrive to a new identity:

B - 2"n!
S as) (X opOc I v - Srlsisr. s
b,c e f

Note the similarity of the left-hand-side member with (A.20) (adjusted for the symmetric
group Soy,).

There exist graphical ways of representing identities in representation theory in general.
For the permutation group, Appendix A2 of [30] lists such graphical representations for

most of the identities given above. For instance, we use the graphical representation of
(/B2 RoiRs.7

11,2313

the representation matrix D as @ the Clebsch-Gordan coefficient
Ry

1
Ry .
represents as follows >_— t3 and the branching coefficient Bf 7 looks like
iy~ f2

R . . C
i ——o—>"—m, . Then the convolution given by (A.33) translates as the factorization:

Uy

R [2n]

* ‘ - G e o A

1

hence, a new identity satisfied by the Clebsch-Gordan of the symmetric group.

A.4 2-point correlator evaluation

We prove in this part (6.16). To proceed, we will make use of (A.8), (A.13) and (A.18), or
alternatively (A.20), of Appendix A.2. Introducing kjz = KR% then from (6.15),

we focus on the § function:
S [(T£®3QR’1,R’2,R§”T’)(T®3QR1,R2,R3,T)(Q ® Q2 ® Qg)]

— L. I/ RlRQRgT RRRT H R/
- kRkﬁ Z Cth q2;q3 q1 ah3q5 B

P1,q1,P}q]
3

x Z Z [ﬁ NC(ai)_Qn} [H DZ%;;(Ug)Dﬁiqi(Uz‘)5((U;)_lgag(gi)_lf%ai)

olop 0 i=1 =1



A.4. 2-point correlator evaluation 167

3

../ Ri1,Ro;R3,m ~I R Ry, 7! H Rz Z H R; "N NRi .
_kRkR Z C(q1q2q3 qu,qQ,qs B B Dp;q;(o-i)Dpiqi(O-l)

P1,41,P],9] ol =1
3

> zmw DS, (o)

Si,ai,gi 0 z:l

YRIE O D () ™) D, (D5, (DD, ()™ D (1D, (o)

bi,ci,di e, fi 1=1

—6n 3
~ kg O OO [HB B S [T oS (Sd(S0)]

Pl,%Pl,ql Si,ai,g; =1

X Z Z[HDbaz (Q)qu( )DS (Ji)Diidi(Ui)DZZi(gi)]

buczvdmezvfza' o5 =1

[HDb (EDEL(€)] (A.35)

It is the moment to use (A.18) to integrate the representation matrices and get:

N~ on R{.Ry:Rs. 7 ~R|, Ry Ry, > R, SR, 3 .
k k/ 2nl (2n1)3 Z th}t}m?]% > qu,q2,q3 ’ [HBI,; Bpil] Z [H(Qn')DlmN(SZ)}

phql,pl,ql i=1 S; =1
85,95 Ry ~Si,85 Ry, ~Si,8i5Ri,mi 4Si,S53 R Ti
X Z H [ ) Z Cbmci;lé Caivdﬁq; Cfi:ei§pi C(li,di§qi
azabucudz:ezvfz =1 i z’Ti
[ H Db Cz ezfz 6):|
3
_ 1.2 6n Ri,Ra;Rs,m ~RI R Ry, 7’ H R} pR;
o kéN H [ :| Z Cq1¢127(13 qu,q27q3 Bp’L Bpi
i=1 PULALD) ) i=1
3

% Z H [Z chpR " CZZ,’:?})?M5R2-Rz'57{n5q{-qi} [HD e O D2, 5)}

bucmezale 1 7' sT4
(2n|)3k 2 N~ 6n 3 }

T 1

=1 PL,q1,P]

x Z [H DimN(Si)]

OB R Rs,m iR, Ra;R3,7’ [H B BR1:|
l

41,9293 q1,92;93
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3 TI[esprense] [T ot ens )

bi,ciyeifi =1 Ti
3 3
= I{QR»N_Gn |:H 5R;Ri:| 57"T Z 5q3q3 Z |:H B;?Bgl} Z [H DlmN(SZ):|
i=1 s pp,  i=1 S; =1
3
X Z H [ZCI;S C?pR TZC?; ‘jplf T’i| |:HD bici ezfz £)i|
bi,cieq, fi 1=1 T
3 3
_.d(Rg)Nitan |:H 5R;-Ri:| 57’7 Z |:H DlmN(SZ)]
=1 Si,mi =1
3
x H { Z Db Cz l;gtpr TZBR} [ Z Dezfz Jiefp? TzBR}
=1 b;,cq,p) ' Pis€ifi
= N0 Y [HDlmN )| X b ”BRz] . (A.36)
Siymi =1 bs,ci,pi

The evaluation finally yields

<OR1 ,Ra, RsTOR’ R,,RL,T ’> _ 53'}25 F(Rl,RQ,Rg,T)
F(Ry, Ry, Ray7) = Y [HDlmN ][ 30 bk o ”BR] (A.37)

Si,Ti =1 b;,ci,pi

This is (6.16) and implies the orthogonality of the representation theoretic basis { Ot 2.t}
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Appendix B

Codes

We list here some algorithms which count the number of orthogonal invariants as given

in Part II. We use Mathematica and Sage softwares in the following.

B.1 Mathematica code for Z,(t)

We wish to compute the number Z;(2n) of rank-d orthogonal invariants made with 2n
tensors. In order to obtain that number, we first code the generating function, denoted
Z[X,t], of the counting of the number of elements of the wreath product S,[Ss] in a
certain conjugacy class of S,,. Doing this, we use the built-in function Count[list,
pattern] which counts the number of elements in a 1ist matching a pattern. Then, we
extract a coefficient of " in Z[X,t] that is involved in Zd[X,n,d] that encodes Z4(2n).
We finally give the counting for ranks 3 and 4, successively, for n € [1, 10].

X = Arrayl[x, 20];

PP[n_] := IntegerPartitions[n]

Syml[g_, n_] := Product[i~(Count[q, i]) Count[q, il!, {i, 1, n}]

Symd[X_, k_, q_] := Product[(X[[k*1]]/1)~(Countl[q, 1])/(Count[q, 11!), {1, 1, 2}]

Z[X_, t_] := Product[Exp[(t~i/i)*Sum[Symd[X, i, PP[2][[j]11], {j, 1, Length[PP[2]]1}]],
{i, 1, 15}]
Zprim[X_, n_] := Coefficient[Series[Z[X, t], {t, O, n}], t~°nl]
CClX_, n_, q_] := Coefficient[Zprim[X, n], Product[X[[il]~(Count[q, il), {i, 1, 2*n}]1]
Zd[X_, n_, d_] := Sum[(CCI[X, n, PP[2*n] [[1]]1]1)~d*(Sym[PP[2*n] [[i]], 2*n])~(d - 1),
{i, 1, Length[PP[2*n]]}]

Table[zd[X, i, 3], {i, 1, 10}]

(out) {1, 5, 16, 86, 448, 3580, 34981, 448628, 6854130, 121173330}
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Table[zd[X, i, 41, {i, 1, 10}]

(out) {1, 14, 132, 4154, 234004, 24791668, 3844630928, 809199787472, 220685007519070,
75649235368772418%}

B.2 Mathematica code for counting with Hermite poly-

nomials

This part is dedicated to the implementation of an algorithm realizing Read’s enumera-
tion of k-regular graphs on 2n vertices with edges of k different colors where one of each
color is at every vertex. We want to compare Read’s results with the previous sequences.
Read’s generating function that encodes the above enumeration denotes ZR[t,d,n], in
the following program. Then, ZR[d,n] yields the counting at rank d with 2n vertices
and that is given by the coefficient of ¢” in ZR[t,d,n]. We evaluate Z3(2n) and Z,(2n)
for the ranks 3 and 4, respectively, and confirm that the results of Read match with the
previous results.

Next, the number of connected rank-d tensor invariants made with 2n tensors, written
below ZRc[d,n], can be obtained using the plethystic logarithm (Plog) function. The
Plog function PlogZ,(t), denoted Plog[ZR,t,d,n], is defined with the MoebiusMu imple-

menting the M&bius function.

Alp_, v_] := (I Sqrtlpl])~v HermiteH[v, 1/(2 I Sqrtlpl)]
ZR[t_, d_, n_] = 1;

For[m = 0, m <= 20, m++
{I£[0ddQq[m],
Phi[m, t_, d_, n_] := (Sum[((2 v))~{d - 1)/~ (@*m~(d - 2)/2"d)"
vt~ (m v), {v, 0, n}]),
Philm, t_, d_, n_] := (Sum[(A[m/2, v])~d/(v! m~v) t~(m v/2), {v, 0, n}])]
};
ZR[t_, d_, n_] = ZR[t, d, n]*Phi[m, t, d, n]

ZR[d_, n_] := Coefficient[Series[ZR[t, d, n], {t, 0, n}], t~n]
Plog[F_, t_, d_, n_] := Sum[MoebiusMul[il/i Log[F[t~i, d, nl], {i, 1, n}]
ZRc[d_, n_] := Coefficient[Series[Plog[ZR, t, d, n], {t, 0, n}], t~n]

Table[ZR[3, il, {i, 1, 10}]
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(Out) {1, 5, 16, 86, 448, 3580, 34981, 448628, 6854130, 121173330}
Table[ZR[4, il, {i, 1, 10}]

(Out) {1, 14, 132, 4154, 234004, 24791668, 3844630928, 809199787472, 220685007519070,
75649235368772418}

Table[ZRc[3, il, {i, 1, 10}]
(Out) {1, 4, 11, 60, 318, 2806, 29359, 396196, 6231794, 112137138}
Table[ZRc[4, i], {i, 1, 10}]

(Out) {1, 13, 118, 3931, 228316, 24499085, 3816396556, 805001547991, 219822379032704,
75417509926065404}

B.3 Sage code: Counting from the sum of Kroneckers

in rank d = 3

We provide here a Sage code that recovers the same counting through the sum of con-
strained Kronecker coefficients with even partitions (4.48).

We need the library SymmetricFunctions(QQ) which - as its name suggests - introduces
symmetric functions. The Kronecker coefficient associated with three partitions R, S and
T deduces as the usual Hall scalar product of Schur symmetric functions. In the following,

s(9) is the Schur function associated with the partition S.

s = SymmetricFunctions(QQ).s(
for n in range(1,4) :
Total=0
for R in Partitions(2#n) :
i=0
rep=0
while ( (i < R.length()) & (rep==0) ):
if ( (R.get_part(i)%2) !=0 ):
rep = 1
i=i+l
if (rep ==0) :

for S in Partitions (2%n) :
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j=0
rep2=0
while ( (j < S.length()) & (rep2==0) ):
if ( (S.get_part(j)%2) !=0 ):
rep2 =1
=3+
if (rep2 ==0)
for T in Partitions (2#n)
k=0
rep3=0
while ( (k < T.length()) & (rep3==0) ):
if ( (T.get_part(k)%2) !=0 ):
rep3 = 1
k=k+1
if (rep3 ==0)
a = ( s(S).itensor(s(T)) ).scalar ( s(R) )
Total =Total+a

print "Number of invariants at 2n =", 2*n, "is", Total
(out) Number of invariants at 2n = 2 is 1

Number of invariants at 2n = 4 is 5

6 is 16

8 is 86

Number of invariants at 2n

Number of invariants at 2n
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