Annales de I’Institut Henri Poincaré - Probabilités et Statistiques

2014, Vol. 50, No. 4, 1474-1525 ANNALES

DE LINSTITUT
DOI: 10.1214/13-AIHP567 HENRI
© Association des Publications de I’Institut Henri Poincaré, 2014 POINCARE
PROBABILITES

ET STATISTIQUES

www.imstat.org/aihp

Universality for random tensors

Razvan Gurau

Perimeter Institute for Theoretical Physics, 31 Caroline St. N, ON, N2L 2Y5, Waterloo, Canada. E-mail: rgurau@perimeterinstitute.ca
Received 11 July 2012; revised 26 April 2013; accepted 5 May 2013

Abstract. We prove two universality results for random tensors of arbitrary rank D. We first prove that a random tensor whose
entries are N2 independent, identically distributed, complex random variables converges in distribution in the large N limit to the
same limit as the distributional limit of a Gaussian tensor model. This generalizes the universality of random matrices to random
tensors.

We then prove a second, stronger, universality result. Under the weaker assumption that the joint probability distribution of
tensor entries is invariant, assuming that the cumulants of this invariant distribution are uniformly bounded, we prove that in the
large N limit the tensor again converges in distribution to the distributional limit of a Gaussian tensor model. We emphasize that
the covariance of the large N Gaussian is not universal, but depends strongly on the details of the joint distribution.

Résumé. Nous démontrons deux théorémes d’universalité pour les tenseurs aléatoires de rang D quelconque. Nous montrons
d’abord qu’un tenseur aléatoire dont les entrées sont N D variables complexes indépendantes identiquement distribuées converge
en distribution dans la limite N grand vers la méme limite que la limite en distribution d’'un modéle de tenseurs Gaussien. Cela
généralise I’'universalité des matrices aléatoires aux tenseurs aléatoires.

Nous démontrons ensuite un deuxieme théoréme d’universalité, plus fort. Sous I’hypothese que la distribution de probabilité
jointe des entrées du tenseur est invariante, et en supposant que les cumulants de cette distribution invariante sont uniformément
bornés, nous prouvons que dans la limite N grand le tenseur converge a nouveau en distribution vers la méme limite que la limite
en distribution d’un modele de tenseurs Gaussien. La covariance de la distribution Gaussienne a N grand n’est pas universelle,
mais dépend des détails de la distribution jointe.

MSC: 60B99; 60F99
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1. Introduction

There are two main versions of universality in probability theory. The ordinary version is the central limit theorem,
stating that the (appropriately rescaled) sum of a large number of independent identically distributed (i.i.d.) random
variables follows a normal distribution. The second version, or matrix-case, states that the statistics of invariant quan-
tities of an N by N random matrix are independent of the details of the atomic distribution of the coefficients of the
matrix. In the large N limit the random matrix converges in distribution to a Gaussian matrix model. In more familiar
terms, the eigenvalue density obeys the Wigner semi-circle law under quite general assumptions [3,27,29]. Universal-
ity extends to details of the statistics of eigenvalues in the large N limit. The spacing of eigenvalues for instance is
determined only by the first four moments of the distribution of the matrix entries [36] and follows Dyson’s sine law
[11,12].

In the matrix case the invariant moments are traces of polynomials in the matrix. The limit law can be deduced
using a Feynman graph representation. In this approach the problem reduces to finding the so-called 1/N expansion
for random matrices introduced in [35]. This fixes the correct rescaling of the invariant observables and their limit
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distribution. The statistics of the eigenvalue density appear as a clever gauge-fixed version of this limit in the particular
gauge of diagonal matrices. The apparent non-Gaussian character of the Dyson—Wigner law is due to the particular
form of the Faddeev—Popov determinant which can be computed exactly in this gauge. The resulting Vandermonde
determinant governs the eigenvalue repulsion hence Dyson’s sine law. But universality does not require gauge-fixing.

Although universality can be established under quite general assumptions, in the matrix case there exist invariant
probability laws which are not universal [13]. For example any measure which can be written as the exponential of
the trace of a polynomial in the matrix has a planar but not necessarily Gaussian large N limit. A Gaussian matrix can
be recovered then via the non-commutative central limit theorem. Under very general assumptions random matrices
become free in the large N limit (this is again a consequence of the 1/N expansion), and the central limit theorem
ensures that the (appropriately rescaled) sum of a large number of free matrices converges in distribution to a Gaussian
matrix [37-39].

To summarize there are two ingredients which power both universality and freeness for matrices, namely the
invariance and the 1/N expansion. Random matrices encode a theory of random two dimensional surfaces and are
widely applied in physics for the study of integrable systems, exact critical statistical mechanics, quantum gravity
in two dimensions and the list goes on. Matrices generalize in higher dimensions to tensors. Introduced in the *90s
[2,16] as tools to study random geometries in dimensions higher than two, random tensor models remained an open
problem ever since. Although invariant quantities for tensors are well known, until recently no 1/N expansion existed
for tensors of rank higher than two and no analytic result on these models could be established. The lack of results on
random tensors is exemplified by the Gaussian distribution. One can of course easily write a Gaussian distribution for
a random tensor. However its large N behavior, that is identifying the appropriate observables (and their scaling) in
the large N limit, has not been established prior to this work.

The situation has drastically changed recently and the necessary ingredients for universality have been found for
tensors of higher rank, with the discovery of the 1/N expansion [19,20,23] for colored [18,21] random tensors. The
first consequences for statistical mechanics and quantum gravity have been developed, see [24] for a general review
of this thriving subject.

In this paper we derive the universality properties associated to this 1/N expansion for a unique complex non-
symmetric tensor. We establish two universality results. The first one is just the straightforward generalization of the
universality of the Gaussian measure to tensors with entries i.i.d. random variables. The second one is more powerful.
The natural requirement one should impose on the joint distribution of the tensor entries is not independence, but
invariance. We show in this paper that if the joint distribution of the entries is invariant and its cuamulants are uniformly
bounded then in the large N limit the random tensor converges in distribution to the distributional limit of a Gaussian
tensor model. This is in contrast with random matrices, and shows in particular that the Gaussian distribution is a more
powerful attractor for higher rank tensors than it is for matrices. However we emphasize that the covariance of the
large N Gaussian is not universal and the large N limits of random tensors are rather subtle. The Gaussianity allows
one only to compute all the large N correlations in terms of the large N covariance, but the latter has a very non-trivial
dependence on the details of the joint distribution of entries. In particular the perturbed Gaussian measures (presented
in Appendix A) lead to a multitude of continuum limits [6], thus describing infinitely refined geometries, dominated
by spherical topologies [24].

Our results cover tensors of arbitrary rank and lay the foundation for the study of random geometries in arbitrary di-
mensions using random tensors. This study is relevant for critical statistical mechanics, integrability, quantum gravity
and so on in more than two dimensions.

The proofs of our results rely on a representation of the cumulants of the joint distribution of tensor entries by
colored graphs. This representation is of course inspired by the Feynman graph representation of perturbed Gaussian
measures. However, unlike the former, our representation is completely general and applies to all invariant joint
distributions of the entries. The precise link between our graphical representation and Feynman graphs is detailed in
the Appendix A. Of course, the main challenge is not so much to find an appropriate graphical representation, but to
compute the contribution of each graph. This requires on one hand to find the appropriate scaling of various cuamulants
with N, and on the other hand a detailed combinatorial study of the graphs. If one assumes a uniform scaling of the
cumulants (i.e. all cumulants at a given order scale with the same power of N, irrespective of the associated graph),
the scalings presented in this paper are optimal: tensor distributions which violate them do not admit a large N limit.
We comment on these scalings and if they can be relaxed in the non-uniform case (i.e. when the scaling of a cumulant
is allowed to depend on the details of the associated graph) in Appendix B.
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One interesting question is to combine our graphical representation with the Connes—Kreimer algebra [9,10] of the
usual Feynman graphs, as the trace invariant camulants have the structure of an antipode of a graph Hopf algebra. A
second important open question not addressed in this paper is to find a clever gauge fixing which would generalize
correctly the diagonal condition in the matrix case, and to compute the corresponding Faddeev—Popov determinant.
This may require to find better “finite-N truncations” of the theory (i.e. better cutoffs in the quantum field theory
language), and an appropriate generalization of the notion of eigenvalues and spectrum for tensors.

The proofs we present below are combinatorial and rely heavily on the colored graph representation we introduce.
The plan of the paper is as follows. In Section 2 we give the relevant definitions and state our two universality
theorems. In Section 3 we recall the universality for random matrices and its link with the 1/N expansion. We use
this opportunity to introduce at length the colored graph representation for this more familiar case. Once familiarized
with this representation we present a number of combinatorial results concerning colored graphs in the first part of
Section 4. We subsequently use this combinatorial input to prove the two universality results for random tensors
in the second part of Section 4. Thus the Sections 4.1 and 4.2 are mainly review (except Lemmas 4 and 5), while
the Sections 4.3, 4.4 and 4.5 are entirely new and contain our main results. In the Appendix A we give a detailed
presentation of the perturbed Gaussian measures for random tensors, both in perturbations (Section A.1) for the
generic case and at full non-perturbative level (Section A.2) for a particular example. Both these subsections present
new results.

This paper falls short in many technical points. We do not give a precise definition of infinite tensors, we do not
propose a generalization of the diagonal gauge of random matrices, we do not detail the subleading corrections in N
and so on. All these, and many other, topics need to be thoroughly examined and clarified before obtaining a fully
fledged theory of random tensors. Our contribution is the derivation of the generic, universal behavior of random
tensors at leading order, which is the prerequisite for all such studies.

2. Notation and main theorems
A rank D covariant tensor T, ,p (with nlon? ... .nP e {1,..., N}) can be seen as a collection of ND complex
numbers supplemented by the requirement of covariance under base change. We consider tensors T with no sym-
metry property under permutation of their indices transforming under the external tensor product of D fundamental
representations of U (N). In words, the unitary group acts independently on each index of the tensor. The complex
conjugate tensor T, .. ,p is a rank D contravariant tensor
M (D) 0 3 7(D)
Ty..u0 = Z Uiy ~--UaDnDTn1_,,nD, Tsi..20 = Z Uzt -+ Uzpgn it ip- (1)

nl..nD nl..qnD

where we denoted conventionally the indices of the complex conjugated tensor with a bar. We emphasize that, as
we consider the external tensor product of fundamental representations of the unitary group, the unitary operators
UM .. UD are all independent. This is crucial in order to obtain the colored graph representation we discuss
below!. We will sometimes denote the D-uple of integers n', ..., n” by 7 and assume (unless otherwise specified)
D >3.

Among the invariants one can build out of T and T we will deal in this paper exclusively with trace invariants. The
trace invariants are built by contracting in all possible ways pairs of covariant and contravariant indices in a product
of tensor entries. We write such a trace invariant formally as

Tr(T, T) ZZHSnIﬁITnl_“nD "-'ﬁ‘,—ll_“,-,D, @

where every index n' is contracted with an index 72'. By the fundamental theorem of classical invariants of U(N),
the trace invariants form a basis in the space of invariant polynomials in the tensor entries (see [7] for a direct proof

I Note that one can even consider tensors transforming under the external tensor product of fundamental representations of U (N1) XU (Np) K- -- K

U(Np) with N; # N . The results of this paper hold up to trivial modifications provided that one takes all N; to infinity keeping the ratios ]I\\f—i
fixed.
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Fig. 1. Graphical representation of trace invariants.

relying on averaging over the unitary group) hence in particular the probability distribution of a random tensor is
encoded in their expectations.

Note that a trace invariant has necessarily the same number of T and T and, as any index n’ is contracted with an
index 72’, it can be represented as a bipartite closed D-colored graph (or simply a D-colored graph).

Definition 1. A bipartite closed® D-colored graph is a graph B = (V(B), £(B)) with vertex set V(B) and edge set
E(B) such that:

e V(B) is bipartite, i.e. there exists a partition of the vertex set V(B) = A(B) U A(B), such that for any element
[ € £B), thenl = (v, v) with v € A(B) and v € A(B). Their cardinalities satisfy |V(B)| = 2| A(B)| = 2| AB)|. We
call v € A(B) the white vertices and v € A(B) the black vertices of B.

e The edge set is partitioned into D subsets £(B) = Uiﬁl EN(B), where E1(B) = {I' = (v, 1)} is the subset of edges
with color i.

e [tis D-regular (all vertices are D-valent) with all edges incident to a given vertex having distinct colors.

To draw the graph associated to a trace invariant we represent every T,1..,» by a white vertex v and every ’]_I‘,—ll D
by a black vertex . We promote the positions of an index to a color, thus n' has color 1, n> has color 2 and so on.
The contraction of an index n' on T,i..,,0 with an index it of 'TI‘,—N ...;b 1s represented by an edge Il = (v,v) € & (B)
connecting the vertex v (representing T,1..,,») with the vertex v (representing 'ﬂ‘,—” ...;0). The edges inherit the color of
the index, i, and always connect a black and a white vertex. Some examples of trace invariants for rank 3 tensors are
represented in Fig. 1. Every trace invariant can be written as

D
TsT D= 6n [[ TaTi w=[] [I dum. 3)
n,n v,0eV(B) i=l]li=(v,0)ef(B)

where the sum runs over all the indices n € {n€}|v eVB),i=1,...,D},ne {ﬁ%|ﬁ eVB),i=1,...,D}. Wecall the
product Sfﬁ encoding the pattern of contraction of the indices the trace invariant operator associated to the graph 3
[22]. The trace invariant associated to a graph B factors over its connected components B,. We call a trace invariant
whose associated graph is connected a connected trace invariant (or a single trace invariant).

Definition 2. The faces of a D-colored graph B are its connected subgraphs with two colors.> We denote F7 (B)
the set of faces with colors i and j of B, and F'J(B) = |F® 7 (B)| their number. The d-bubbles of a graph are its
connected subgraphs with d colors.

A colored graph is a cellular complex with cells given by the d-bubbles. In fact it can be shown that it is dual to an
abstract simplicial complex, and even more, a simplicial pseudo-manifold [18,21], see also Appendix A.

A random tensor is a collection of NP complex random variables. We consider only even distributions, that is the
moments of the joint distribution of tensor entries are non-zero only if the numbers of T and T are equal. We denote

ZA closely related category of graphs, the open D-colored graphs, will be introduced in Section 4.2.
3 All the faces of the closed connected D-colored graphs are therefore bi-colored circuits of edges. This will not be the case for the open D-colored
graphs we will introduce in Section 4.2.
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the joint moment of 2k tensor entries by uy (T, ’E"g_ vooos Tiy s ’E‘%). The cumulants of the joint distribution of tensor
1

entries are defined implicitly by

max

o
pv(Tiy T Tl Tr) = ) [ kel T, - T, -, )
T o=l
where 7 runs over the partitions of the set of 2k points V = {1, ..., k, 1,..., IE} into ¢™#* disjoint bipartite subsets

V() fora=1,2,...,a™ with ™ < k with cardinality |V(«)| = 2k(«). The sets V(«) are bipartite in the sense
that V(o) N {1, ..., k}| = V(@) N{l,...,k}| = k(). The cumulants can be computed in terms of the moments using
the Mobius inversion formula. Note that Zgialx k(o) =k.

We will define a trace invariant distribution as a distribution whose cumulants are trace invariant operators. We will
allow in this definition trace invariant operators which correspond to disconnected graphs. At first sight it might seem
rather surprising that according to our definition a cumulant (a connected moment) can be expressed as a sum over
disconnected graphs. First, the case when the cumulants expand only in connected graphs is certainly a particulariza-
tion of this more general case. Second, and most importantly, it is in fact natural to allow disconnected graphs into the
expansion of a cumulant in invariants. This is clear when dealing with perturbed Gaussian measures in Appendix A,
both at the perturbative and at the non-perturbative level. In perturbations this is seen as follows: moments expand in
Feynman graphs, and cumulants (connected moments) expand in connected Feynman graphs G. However the pattern
of contraction of the tensor indices associated to a Feynman graph G is encoded in its boundary graph, B = 9G (a
precise definition of the boundary graph is given in Section 4.2). It turns out that a Feynman graph G can be connected
(thus contributing to a cumulant), and have a disconnected boundary graph dG (as shown Fig. 8 below). In order to
include the perturbed Gaussian measures one must allow disconnected graphs in the expansion of a cumulant. At the
constructive level this can be seen as a consequence of the invariance of the cumulants under unitary transformations
(see the proof of Theorem 7). The same phenomenon appears in the more familiar case of random matrices: at finite
N one obtains contributions to the cumulants corresponding to connected Feynman graphs having two or more ex-
ternal faces (“multi-loop observables” in the physics literature). Each external face is a connected component of the
boundary graph. However such contributions are penalized in the scaling with N.

- We need some more notation. We denote B a generic D-colored graph with 2k(B) vertices labeled 1, ..., k(B),
1,...k(B). We also denote C(B) the number of connected components (labeled B,) of B, and 2k(13,) the number of
cB)

vertices of the connected component 3,. We have ) p=1 k(B,) = k(B) and every graph B has an associated partition
of the vertex set {1, ..., k(B), 1, ..., k(B)} into C(B) disjoint bipartite subsets of cardinality 2k(B,), p =1, ..., C(B).

Definition 3. The probability distribution uy of the NP complex random variables T5 is called trace invariant if its
cumulants are linear combinations of trace invariant operators,

Cc(B)
- - B
ol Tiy Tz Tz T 1= D0 &Boaw) [ 6,7 (5)
B.k(B)=k p=1

for some R(B, ) where the sum runs over all the D-colored graphs B with 2k vertices.

To compute the joint moments of a trace invariant distribution one has to perform two expansions: first the ex-
pansion of the joint moments in cumulants and second the expansion of the cumulants themselves in graphs. We are
interested in the large N behavior of a trace invariant probability measure wy. In order for such a limit to exist, the
cumulants of py must scale with N. There are two main cases. Either the scaling with N is uniform, that is it is
insensitive to all but the roughest features of the graph B or it depends on the details of 3. We will deal in the main
body of this paper with the first case, and briefly discuss the second case in Appendix B. We denote

R(B, un)

N2 kB p—c® = KB N). o

There exists a unique D-colored graph with 2 vertices (all its D edges necessarily connect the two vertices). We
call it the D-dipole and denote it B®. We call K (B, N) the covariance of the distribution 1.
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Definition 4. We say that the trace invariant probability distribution p is properly uniformly bounded at large N if

{th%o K(B®, N) < o0, ™

KB,N)<K®B), VB#B®?,
for some constants K (B) and N large enough. We denote K (B®) =limy_, oo K(B?, N).

We will establish our universality results for properly uniformly bounded distributions. A natural question one
can ask at this point is if, in particular examples, proper uniform boundedness is easy to establish. This questions is
addressed in Appendix A. We first show that uniform boundedness holds in perturbations for all perturbed Gaussian
measures. Indeed for such measures the cumulants can be expressed as sums over Feynman graphs and in Appendix
A.1 we show that each graph respects the proper uniform bound. However this is not yet a proof: in order to establish
proper uniform boundedness of a cumulant one must deal with the sum over all Feynman graphs. Sums over graphs are
notoriously difficult to control (the perturbative series are not summable, but only Borel summable), and promoting a
perturbative bound to a bound at the full non-perturbative level is the object of constructive field theory [15]. We will
prove in Appendix A.2 that the proper uniform bound on the full resummed cumulants holds for a measure perturbed by
a quartic invariant. The full constructive bounds on cumulants for arbitrary polynomially perturbed Gaussian measures
can be achieved by an appropriate generalization of the techniques discussed in Appendix A.2. We emphasize that
once constructive bounds are established they always reproduce the scaling with N of the perturbative bounds, hence
the perturbative uniform bounds established in Appendix A.1 should hold for the full resummed cumulants also in the
general case.

The trace invariance condition of the joint distribution is weaker than the independent identically distributed condi-

B
tion. The latter can be seen as supplementing the trace invariant operator ]_[C(B) # by a number of further identifica-

tions of indices, imposing that all indices of color i in a cumulant are equal (and modlfymg appropriately the scaling
with N). These extra identifications decrease the number of independent indices and simplify the joint measure.
The normalized Gaussian distribution of covariance ' for a random tensor is the probability measure

ND 1(1/02)2 T"(SmITn ND7] 8
H 022m l_[ 227(1 ' ®)
n

Grouping the tensor entries into pairs of complex conjugated variables (T; and Tﬁ with 1 = r:l), the products over 7

2 . . . . D—1 4T dT-
and 72 combine into a unique product running over the pairs, [ [ (N d 2”;}! L.

The Gaussian expectations of the connected (single) trace invanants are

- ND=1 d4T- dT- D—1 2
(Trg(T, D)), » =/ (1—[ ) ) NPT/ T3 TdiET T (T, T). ©)
i

o? 21

It is in fact a non-trivial problem to compute the moments of the Gaussian distribution, and we defer it to Section 4.3.
For now we just mention that for any graph 5 with 2k(B) vertices there exist two non-negative integers, $2(3) and
R(B) such that

lim N~'"2®(Trg(T, T)) , = o * B R(B). (10)
N—o00
We call £2(B) the convergence order of the invariant 5. The normalization in Eq. (8) is the only normalization which
ensures that the convergence order is positive and, more importantly, for all B, there exists an infinite family of
invariants (graphs B’) such that £2(B) = $2(8’), see Lemma 7.

Definition 5. A random tensor T distributed with the probability measure u converges in distribution fo the distri-
butional limit of a Gaussian tensor model of covariance o> if the large N limit of the expectation of any connected
trace invariant equals the large N Gaussian expectation of the invariant

lim N~1T2E) [ Trg(T, T)] = o ¥ B R(B). an

N—o0
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This paper establishes two theorems. The first one simply generalizes the universality of random matrices to random
tensors:

Theorem 1 (Universality 1). Consider NP i.i.d. random variables T;, each of covariance o*. Then, in the large N

limit, the tensor Tj; = m T; converges in distribution to a Gaussian tensor of covariance o

The second universality theorem is:

Theorem 2 (Main Theorem: Universality 2). Consider NP random variables T5; whose joint distribution is trace
invariant and properly uniformly bounded of covariance K (B® |, N). Then in the large N limit the tensor Tj converges
in distribution to a Gaussian tensor of covariance K (B®) = limy_, o K (B®, N).

Universality is thus much stronger for random tensors than it is for random matrices. For the latter universality
can be established if, for instance, the distribution py is i.i.d, but one achieves various non-Gaussian large N limits
[13] for trace invariant measures. The limit eigenvalue distributions can be evaluated and it is different from the usual
semicircle law (multi-cut solutions and so on). A set of matrices whose joint distribution is trace invariant become
free in the large N limit. Random tensors exhibit a more powerful universality property: properly uniformly bounded
trace invariant distributions become Gaussian in the large N limit. However note that the large N covariance K (B?)
strongly depends on the details of the joint distribution at finite N. For the case of perturbed Gaussian measures the
large N covariance is a sum over an infinite family of Feynman graphs and exhibits various multicritical behaviors
[6].

Before proceeding we fix some notation. From now on B will always designate the invariant whose expectation
we evaluate. As we deal only with connected (single trace) invariants, 3 will always be a connected D colored graph.
The graphs B(«) arise from the expansion of cumulants into trace invariant operators. They are not connected. Their
connected components are labeled B, ().

When evaluating expectations of observables we will introduce D + 1 colored graphs (Definition 1 with D replaced
by D + 1). We will call the new color 0. We will use G as a dustbin notation for connected D + 1 colored graphs. The
edges of the new color 0, denoted [° € £9(G), play a special role and will be represented as dashed edges.

3. Random matrices

We will first detail the case of random matrices. This serves both as motivation and as an opportunity to introduce the
appropriate tools for the study of random tensors.

All connected bi-colored graphs with 2k vertices (labeled 1, ..., k, 1,..., 12) are cycles with alternating colors
(which we denote 3). The associated trace invariants are written

2
Srltgﬁ = 1_[ 1_[ 871%&% ’

i=1li=(v,0)e& (B)

Trah, By=Y "85 [] Aad;,=T((a')]
n,n v,0eV(B)

12)

Any invariant function of a generic (i.e. not necessarily hermitian) matrix can be evaluated starting from these trace
invariants, as they fix the spectral measure of ATA.

Gaussian distribution of a random matrix. The Gaussian distribution of a non-hermitian random N x N matrix A of
covariance 1 is the probability measure

e—NZAn1n25n|;,15,,2,;21&,—,”—,2 1_[ (Nw>, (13)

271
(n',n?)
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Fig. 2. A covering graph G of an observable 5.

where the product is taken over all the (complex) entries A, 1,2. Note that the exponent can alternatively be written in
the more familiar form N Tr(AYA). The expectations of Gaussian distribution in the large N limit are,

. -1 T k _ l 2](
Jim N T (") ]>——k+1(k)' (14)

It is instructive to prove this. We represent the trace invariant as a colored cycle B with 2k vertices

rf(a'a) Y=o TT an i) as)

n,n v,0eV(B)

The Gaussian expectation of a product of matrix entries is a sum over pairings (Wick contractions in the physics
language) of products of covariances. If two matrix entries are paired by a covariance we connect them by a dashed
edge (to which we associate by convention the color 0). A pairing is then represented as a (Feynman) graph G.

Definition 6. We call a graph with 3 colors G a covering graph of B if G reduces to BB by deleting the edges of color
0,6\&%G) =8

The contraction of two entries A,1,2 and A
covariance N8n1n18
instance [25]).

The graph of the invariant 53 has two colors 1 and 2, while a covering graph G has three colors: 1, 2 and the
extra color 0 of the dashed edges. An example of a covering graph G contributing to the expectation of Tr[(ATA)3] is
presented in Fig. 2. The edges of color 0 are drawn outwards such that the colors are encountered in the order 0, 1, 2
when turning clockwise (resp. anti clockwise) around the black (resp. white) vertices.

The expectation of B becomes a sum over all covering graphs G

(T (A"4)"] Z(l_[ [ 5n5n5> ) [ %Sn;ﬁ?n%ﬁ%’ (16)

ni \i=1ji=(v,5)eE (B) G,G\E%G)=B1'=(v,v)eE%G)

7172 with the Gaussian measure (13) comes to replacmg them by the

272, hence each edge of color 0, 19 = (v, ) € £%G), will bring a factor 5n1n15n2n2 (see for

and, as the edges of color 1 and 2 of any such G are in fact the edges of color 1 and 2 of B

(m{(a’a))= Y Z(ﬁ [ 5ngﬁg>< I1 %%ﬁﬁngﬁg) an

G,G\EV(G)=B n.i \i=1]i=(v,0)eE!(G) 10=(v,7)eE%(G)

To evaluate the contribution of a graph G one must evaluate the number of independent sums over the matrix indices
n,n. The Kronecker §s compose along the faces (bi-colored circuits) of colors 01 and 02 and yield an independent
free sum for each such face. As we have exactly k edges of color 0 we get

. 1
m{a'a)))= > N (18)
G.G\E%G)=B
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Note that the face 12 corresponding to the circuit 3 with colors 12 (hence to the observable itself) does not bring any
sum. The graph G has 2k vertices (k black and k white), 3k edges (k dashed edges of color 0 and k solid edges for
each of the colors 1 and 2) and faces (F°'(G) + F2(G) representing free sums and F 12(G) = 1 with no sum). The
Euler character of G is

2k =3k + FOLG) + F? (@) +1=2-23(G) = —1—k+F"G) +F%2G) =-22(). (19)

It follows that in the large N limit only graphs G of genus g(G) = O contribute. We call such graphs minimal covering
graphs of B. Equivalently they can be seen as the covering graphs of B with maximal number of faces FO1(G) +
FY92(G). Thus

lim NTHT(ATA)]) = Re. (20)

where Ry counts the number of mlnlmal (planar) covering graphs G, G\ £%(G) = B. It is easy to show (see for instance
[25]) that Ry =1 and Rp4+1 = Z o RpRik—p, thus R = ¢ }r] (2,(]‘), i.e. Ry are the Catalan numbers. The normalization
of the Gaussian is canonical, and not a matter of choice: any other normalization leads either to infinite or to zero
expectations in the large N limit.

3.1. Universality for random matrices

In order to introduce the ideas we will use later to prove the universality properties of random higher rank tensors we
present below the classical universality of random matrices using this graphical representation.

Theorem 3. Let M be a matrix with entries i.i.d. complex random variables with centered distributions of unit co-
variance. In the large N limit, the matrix M = fM converges in distribution to a random matrix distributed on a

Gaussian.

Proof. The matrices MM are called random covariance matrices (or Wishart matrices) [13]. The moments of the
matrix M are written

1 1
. t k11 _ t k
Jim [T (7)) = Jim 7 [T (1))
. B —
= hmoo NH_k ZanﬁﬂN[Mm ) M* o M, MﬁIE]
n,n

= Jim N1+k Z‘S Z"” M,”,M-, o M Mﬁk’]’ @
where we denoted k, the product of cumulants associated to the partition z_md 1,...,k, T:‘ .., k are the vertices of
B. As the entries are independent, the only non-zero cumulants are k2, [M;;, M;j, ..., M;;, M;;]. Like in the Gaussian

case, each cumulant will introduce constraints on the number of independent sums. We slightly extend our graphical
representation. If two matrix entries are connected by a two point cumulant we connect them, as in the Gaussian case,
by a dashed edge of color 0. If four (or more) matrix entries are connected by a cumulant, all the four (or more) matrix
elements have the same indices. We will employ a simple trick to represent such cumulants, namely we will connect
the matrix entries two by two (a M and a M) by dashed edges of color 0 and keep in mind that the indices are further
identified. The pairing is not canonical, and in order to control the subleading contributions one needs to improve
this graphical representation and track carefully the higher order cumulants. However at leading order we just need a
rough estimate of the number of independent sums in an observable and a non-canonical pairing suffices.

The graphs G we obtain are covering graphs of B, G \ £2(G) = B. We have (at most) an independent sum over an
index corresponding to the faces 01 and 02 (potentially fewer if several dashed edges correspond to a higher order
cumulant). In the large N limit only planar graphs (minimal covering graphs) contribute. Furthermore, if such a planar
graph corresponds to a factorization with a fourth (or higher) order cumulant, some of the faces 01 and 02 are further
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identified, hence the number of independent sums is strictly smaller than F' 01 G+ F 02 (@) in this case. Indeed, a pair
of distinct edges of color O on a planar graph with a unique face 12 can never share both faces 01 and 02. To prove
this, consider the face 12 (see Fig. 2 for an example). An edge of color O partitions the vertices into two subsets, the
“interior vertices” one encounters along the face 12 when going clockwise from the black end vertex of the edge to
the white end vertex of the edge and the “exterior vertices” one encounters along the face 12 when going clockwise
from the white end vertex of the edge to the black end vertex of the edge. As the graph is planar no interior vertex can
be connected to an exterior vertex by an edge of color 0. The face 01 (resp. 02) containing the edge contains then only
interior (resp. exterior) vertices, hence any other edge of color 0 belonging to the same face 01 (resp. 02) connects
two interior (resp. exterior) vertices.

It follows that the only surviving contributions in the large N limit correspond to planar graphs in which all dashed
edges come from a second order cumulant

o1 sk . -k
Nh—I>noo NMN[TI[(M M) ]] = Nh_rgloo Z (k2[Mij, M;;1)" = R, (22)
G.G\EY(G)=B
where we used the fact that the covariance of the atomic distribution is one. O

In the case of matrices we have another clever set of observables, the eigenvalues of the matrix MM, which
are non-polynomial functions of the generators. Passing to this set of variables is analog to writing the theory in a
particular gauge and the corresponding Faddev—Popov determinant results from the integration over the unitary group
with the Haar measure. The result is the well known Vandermonde polynomial.

We now relax the requirement of independence and require only trace invariance of the joint distribution of the
entries. Thus in Eq. (21)

N—>oo

.1 . _ _
Jim g [Tl (M M)“]] = lim —Za ;KU[M,‘;I,Mr:li,...,M,;k,Mﬁ];], (23)

one substitutes for each set in the partition & the properly uniformly bounded trace invariant cumulants of Eqgs (5) and

)

C(B()

- - B )
K2k () [Mﬁl s M;.‘li e M’%i(a)] = Z N~ —2k(B(a))+2— C(B(a))K(B(a) N 1_[ 5’”,;) (o . (24)
B(a),k(B(a))=k(a) p=1
The index @ =1, ..., ™ tracks the cumulant «2 () appearing in the expansion of the joint moment. The index p =
1,...,C(B(x)) labels (at fixed B(«)) the connected components B, («) in the expansion of k2 («) in trace invariants.

When evaluating the expectation of a trace observable, the sum over partitions 7 becomes a sum over graphs G.
The graph G representing a term in the sum is constructed as follows. First one draws the observable B and an invariant
B(a) (with connected components B, («)) for each «ok ) for @ =1, ..., «™**. Note that ZC(B(a)) k(By(a)) = k(o)

and Zg[:lx k(o) = k. As a matter of convention we flip all the black and white vertices of 5. Note that in this graphical
representation all the original vertices of B are doubled: every vertex appears once in B and once in some B, (). We
connect every vertex representing a matrix entry M in B with the vertex representing the same matrix entry M in the
corresponding B, («) by a fictitious dashed edge of color 0. Some example are presented in Fig. 3.

We thus construct a bipartite closed connected graph G having three colors, 0, 1 and 2 (see Definition 1). As
we flipped the black and white vertices on B, all edges of color 0 in G will connect a black and a white vertex.
We call a graph built in this way a doubled graph. The sums over partitions 7 and invariants B(«) in Eqs (23) and
(24) becomes a sum over all doubled graphs G one can build starting from B which we denote G D B. Starting
from a given G one readily identifies B, B, () and C(B(«)): the observable B is the subgraph with colors 1,..., D
of G having no label «, all the other subgraphs with colors 1,..., D of G represent the various B,(x)’s, that is

oMax

G\ EYG =BU Ua, (UC(B(Q)) B,(@)), and C(B(«)) is the number of connected components of G sharing the
same label .
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0

o=1
p=1

[\

Fig. 3. Doubled graphs contributing to an observable.

This graphical representation applies to all trace invariant measures. We will see in Appendix A the precise relation
between the usual Feynman graphs for perturbed Gaussian measures and these doubled graphs, but we warn the reader
that this relation is more subtle than it might appear at first sight.

Some doubled graphs contributing to the observable Tr[(MTM)3] are given in Fig. 3. The face 12 associated to 5
is the one with six vertices, while the faces 12 with four and two vertices correspond to various B, (o). We include
in Fig. 3 the labels o and p of the various connected components B,(«). Thus on the left hand side of Fig. 3 we
represented a contribution from two cumulants. The first one is a two point cumulant k(53(1)) = 1, and the second one
is a four point cumulant k(B(2)) = 2. The invariant for the first cumulant has a connected component C(B(1)) =1
with two vertices k(B (1)) = 1. The invariant for the second cumulant has also one connected component C (B(2)) = 1
but this time with four vertices k(531(2)) = 2. On the right of Fig. 3 we presented a contribution coming from the same
two cumulants, k(B(1)) = 1, k(B(2)) = 2. The invariant for the first cumulant has again a connected component
C(B(1)) = 1 with two vertices k(3;(1)) = 1. But this time the invariant for the second cumulant has two connected
components C(B(2)) = 2, each with two vertices k(531(2)) = 1, k(32(2)) = 1.

To evaluate the contribution of a graph G to the expectation of an observable one must remember that we first
divide the 2k points among «™®* cumulants, and subsequently the 2k («) points in every cumulant are subdivided into
C(B(a)) connected graphs B, («). As the edges of color O connect two copies of the same vertex, the indices of their
end points are identical, hence each 19 = (v, v) € E°(G) contributes Snbﬁl_Sn%ﬁg.

The expectation of an invariant observable becomes Y

1
i (1] (ur) )
— % 3 NZZZTX<72k<6<a>>+27c<6<a>))al—[ K(B(@). N)
GoB, g\go(g) Buuamax (UC(B(Ot)) Bp (@) a=1
o™ C(B(a)) B, @
X Z( nn 1_[ 1_[ 5 ) l_[ sn{,ﬁ}jan%ﬁ%' (25)
n,i a=1 p=1 0=(v,)e£%(G)

B, . ..
The total operator (88 ]_[a 1 ]_[C(B(a)) 8.7 (@ )) explains our representation in doubled graphs: one must keep track
of the observable B3, the cumulants K2k () and the graphs B, () in order to compute the contribution of a term to the
expectation of the observable. In particular this requires the doubling of the vertices. Substituting the trace invariant

operators 88- and 88 p(®) Eqg. (25) becomes
1 max amax
¥ Z NXa=1 (F2k(B@)+2-C(B(@)) l—[ K (B(@), N)
QDB g\g()(g) BUUade (UC(B((Y)) B (@) a=1

2
1] I i) T i )

n,n \i ll’—(v B)e&i (Buuamlx (UC(B(a))B (@)) 10=(v,5)eE%(G)
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C(B(@)

and noting again that the edges of colors 1 and 2 of BU Ugr:; (@) o=1 B, («)) are exactly the edges of color 1 and

2 in G, we see again that the Kronecker §s compose along the faces of colors 01 and 02 of G, thus

1
(')
-y N_1_zk+zg"=“1“C<B(a»+F0'<g>+F°2<g>—2Z$L"TX<C<B<a>>—1>Oi—[ K(B(@). N). @7
G.goB a=1

The doubled graph G has 4k vertices, 2k coming from B and 2k coming from all the B,(x). It has 1 +

Zzn:mlx C(B(a)) faces 12, one associated to the observable B, and one for each B, («). Furthermore it has 2k edges of
color 0, 2k edges of color 1 and 2k edges of color 2. The Euler character of G is

amax

4k —6k+1+ Y C(B@)+F*'(G) + F™(G) =2-2g(9). (28)

a=1

hence the global scaling with N of a term is N ~28 @235 (CB@)=D 1t follows that G contributes to the expecta-
tion of an observable in the large N limit if it is planar and each cumulant ko) contributes exactly one connected
invariant C (B(«)) = 1. The second condition is easy to understand for perturbed Gaussian measures. As previously
stated the disconnected invariants 5(«) correspond to Feynman graphs having more than one external face. Recon-
necting the external edges on such a cumulant on the observable B leads to non-planar Feynman graphs, in spite of
the fact that the associated doubled graph (which only sees the boundary of the Feynman graph contributing to the
cumulant) is planar. This emphasizes the non-trivial relation between Feynman graphs and doubled graphs.

The planar graphs contributing to the large N limit possess cumulants of orders between 2 and 2k (each cumulant
contributing only when its associated invariant is connected), hence the large N distribution of M is not Gaussian.
The restriction of trace invariant measures for matrices to planar graphs has a different effect: one can easily show
that matrices distributed according to such measures become free in the large N limit. This is particularly transparent
in the combinatorial formulation of free probability theory of [28,34]. In the large N limit only the free cumulants
(defined by restricting the sum in Eq. (4) to non-crossing partitions) survive, and one can show that (in the large N
limit) the mixed free cumulants of a collection of matrices cancel. As one only deals with the N — oo limit, the
free cumulants are automatically associated to connected invariants. One example of a random matrix model whose
measure is not trace invariant is the Grosse Wulkenhaar model [17] which is only almost trace invariant.

4. Random tensors

We now go to the core of our paper and the proofs of the two theorems. We start by an account of properties of D
and D + 1 colored graphs we will use below. Most of the lemmas we present in Sections 4.1 and 4.2 can be found in
[5,20,22,24]. The rest of this section is new.

4.1. Closed D + 1-colored graphs

The connected (single trace) observables of tensor models are represented by connected D-colored graphs B. Their
expectations are evaluated in terms of D + 1-colored graphs G, having an extra color 0. We will use the shorthand
notation 0 = {1,..., D}.

Consider a connected closed D + 1 colored graph G. To simplify notation we will drop in this subsection as
much as possible G from our notation. Thus the sets of vertices, edges and faces of colors ij (Definition 2) of G are
denoted V, £ and FU-/) . Furthermore we denote F = Ul-< i FUi) and F = | F|. We define the jackets [20,23,24] of
the D + 1-colored graph G.

Definition 7. A colored jacket J is a 2-subcomplex of G, labeled by a (D + 1)-cycle t, such that:
e 7 and G have identical vertex sets, V(J) =V,
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o 7 and G have identical edge sets, E(J) =&,
o the face set of J is a subset of the face set of G: F(J) = U;):o ]—'(fq(o)”q+l o),

For example the jacket associated to the cycle (0, 1,2, ..., D) contains the faces (0, 1)(1,2)(2,3)---(D,0). It is
evident that 7 and G have the same connectivity. A given jacket is independent of the overall orientation of the cycle,
meaning that the jackets are in one-to-two correspondence with (D + 1)-cycles. Therefore, the number of independent
jackets is D!/2 and the number of jackets containing a given face is (D — 1)!.#

The jacket has the structure of a ribbon graph, [25], as each edge of J lies on the boundary of two of its faces.
A ribbon edge that separates the two faces, (t=1(i), i) and (i, 7(i)) inherits the color i of the edge in G. Ribbon graphs
are well-known to correspond to Riemann surfaces [25], and so the same holds for jackets. Given this, we can compute
the Euler character of the jacket, x (J) = |F(I)| — |1ET)| + IV(T)| =2 —2g(J), where g(J) is the genus of the
jacket.

Definition 8. The convergence degree (or simply degree) of a graph G is w(G) = }_ 7 8(J), where the sum runs over
all the D!/2 distinct jackets J of G. The degree is a nonnegative integer.

Consider a jacket 7 of a closed, connected, (D + 1) colored graph G with 2k = |V| vertices. The number of vertices
and edges of J are: [V(J)| = |V| =2k and |E(J)| = |E| = (D + 1)k, respectively. Hence, the number of faces of 7
is | F(J)|=(D — Dk +2—2g(J). Taking into account that G has %D! jackets and each face belongs to (D — 1)!
jackets we obtain

D(D—1)

1 2
F=|f|=m;\f@7>|=fk+0—mw(g>. (29)

This equation is crucial in establishing the universality results in the large N limit of random tensor models. Of course
the same equation holds (replacing D by D — 1) for closed, connected D-colored connected graphs. Note that, as F
is an integer, w(G) is a multiple of ﬁ.

We now consider the D-bubbles of G with colors 0 (i.e. the connected subgraphs of G with edges of colors
1,2,..., D). We denote them B,). As they are D-colored graphs, they also possess jackets, which we denote by

j&). It is rather elementary to construct the jackets of the bubbles j&) from the jackets of the graph 7 [20,23,24].

Let us construct the ribbon graph 7 consisting of vertex, edge and face sets:

)

(=)

VI =V =V, T =ED\ET) =€\,

(30)

f(j ) — (f(j) \ ]:(f_l(()),()) \]:(OJ(O))) U ]:(T_I(O),f(()))’

that is having all the vertices of G, all the edges of G of colorsA different from 0 and some faces of G. For instance, for
the jacket corresponding to (0, 1, ..., D) the ribbon graph JO has faces (1,2)---(D — 1, D) and (D, 1). Given that
the face set of J is specified by a (D + 1)-cycle 7, the first thing to notice is that the face set of J 0'is specified by a
D-cycle obtained from 7 by deleting the color 0. The ribbon graph J 0 is the union of several connected components,
j&). Each j&) is a jacket of a D-bubble B,. Conversely, every jacket of B, is obtained from exactly D jackets

of G°.

It is however sometimes more transparent to over count the distinct jackets by a factor of two associating them one to one with cycles. For example,
one can count that from the D! cycles of D + 1 colors, (D — 1)! will contain the pair ij and (D — 1)! the pair ji.

5 A moment of reflection reveals that the jackets necessarily represent orientable surfaces.

6A jacket j&) of By, is specified by a D-cycle (missing the color 0). On can insert the color 0 anywhere along the cycle and thus get D
independent (D + 1)-cycles.
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Lemma 1. Let G be a closed connected D + 1 colored graph and B, its D-bubbles with colors 0. Then

®(G) =D oBy). 31
"

As j(?t) are in one-to-one correspondence with disjoint subgraphs of 7 we have g7 > " . As every jacket

w870
\7&) is obtained as subgraph of exactly D distinct jackets 7, summing over all the jackets of G pro(if)es the lemma (see
[24] for more details).

Of particular importance later in this paper are the graphs G of degree zero, w (G) = 0. They have been extensively
discussed in [5]. In D > 3, the D + 1 colored graphs with degree zero have a very simple structure. A counting
argument proves that such a graph must have at least one face with exactly two vertices. As all the jackets must be
planar this in turn implies that the graph contains two vertices connected by exactly D edges. Albeit simple, the proof
of the second statement is somewhat convoluted.

For 2 + 1 colored graphs the degree equals the genus of the graph, hence the graphs of degree 0 are the planar
graphs. For D > 3, the D 4 1 colored graphs of degree zero are called melonic.

Lemma 2. Suppose D > 3. If G is a closed connected D + 1 colored graph of degree zero then G has a face with
exactly two vertices.

Proof. Since G is of degree zero it has F = Wk + D faces, from Eq. (29). Denote F; the number of faces with
2s vertices (every face must have an even number of vertices). Then

D(D -1
F1+F2+2Fsz¥k+D. (32)

2
s>3

Let Zké) be the number of vertices of the Bth face with colors ij. We count the total number of vertices by summing
the numbers of vertices per face » 4, _; k%) =F1 +2F+ ) o35F = Mk (as each vertex contributes to
D(D + 1)/2 faces). Substituting F> from (32) we get

D(D —3)
Fi=2D+) (s—2)F + —5 k. (33)
§s>3
Notice that on the right hand side, the first two terms yield a strictly positive contribution for any D > 2, whereas the

third term changes sign when D = 3. ]

This lemma explicitly breaks when D = 2: there exist planar graphs having no face with exactly two vertices. This
is the deep origin of the fact that trace invariant measures can lead to non-Gaussian matrices, but (as we will prove
below) necessarily lead to Gaussian tensors in the large N limit.

Lemma 3. If D > 3 and G is a closed connected D + 1 colored graph of degree zero, then it contains a D-bubble
(i.e. subgraph with D colors) with exactly two vertices.

We emphasize that the D edges of the D-bubble with two vertices can have any colors, 1,..., D but also
0,2,....,Dor0,1,3,..., D, etc.

Proof of Lemma 3. From the previous lemma G has a face (say of colors ij) with exactly two vertices (say v and
v). If, for all g, a unique edge of color g connects v and v we conclude. If the two edges of color ¢ are different,
l? =,a), lg = (a, v) we consider the jacket J = (...iqj ...). It contains the faces (ig) and (gj). As G is of degree
zero, J is planar. We call J’ the ribbon graph obtained from 7 by deleting [ ;1 and lg and welding together the faces
(iq) and (gj) at each of the vertices v, v, a, and a. As llq and lg separate the same two faces (ig) and (qj), the graph
J’ has two edges fewer, but the same number of faces as J. The Euler character of 7' is x(J') = x(J) + 2 =4,
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(a) G and J

m @
<Ups A, ¥

(b) g(Q)’ and jg(q)/ g(Q) and jg(q)

Fig. 4. The graphs G and 7, @' and Jg(q)’ and G and NATOE

hence 7’ has two planar connected components. It follows that by deleting the lines [ ij and lg in G one also obtains
two connected components. This is presented in Fig. 4(a).

We denote G (respectively G )" the connected component of G obtained by deleting l(f and lg which does not
contain (resp. contains) the vertices v and v. The graph G @' is presented in Fig. 4(b). Note that G’ (resp. G@'yis
not a closed D + 1 colored graph, as the two vertices a and a (resp. v and v) are not touched by edges of color g. It
can however be transformed into a genuine closed D + 1 colored graph, which we denote G (resp. G4)), by adding
an edge lfz (resp. i;’z) connecting the two vertices a and @ (resp. v and v). The graph G@) is presented Fig. 4(c). Note
that G@ (resp. G©)) has at least two fewer vertices than G, namely v and ¥ (resp. a and a).

We now show that G (resp. g"@) is of degree 0. Indeed any jacket Jg() (resp. jg(q)) of G (resp. G@D) is
obtained from the corresponding jacket 7 of G by deleting the lines l‘f and lg and the reconnecting a and a (resp.
v and ) by a new line 1%, (resp. I,). As all the jackets have the same connectivity, deleting /{ and [{ in any jacket
J=(...rgs...) always leads to a ribbon graph having two connected components denoted J’ and J'. 1t follows that
for any jacket J the lines li] and lg share both faces rg and ¢s’. The graph with two connected components Jgw and
Jé( has the same number of lines, but two more faces then 7. Thus both the connected components Jg«) and Jg
are planar, hence both G @ and Q @ are of degree zero.

Note that one cannot naively iterate the argument, as the graph G has an edge, /7 12> Which does not belong to G.

However, G has a face of colors i’ j’ with exactly two vertices v’, v’. By the previous argument it must have the
form represented in Fig. 5 on the left.
Again, for all ¢/, we consider the graph G(4-) obtained from G?) by erasing the two edges of color ¢’ containing

v and ¥/, lf/ = (v/,a’) and I = (da’, ') and joining a’ and &’ by a line 112 =(a’,a’). The graphs Gg@o . gaD
are represented in Fig. 5 on the right. The edge /7 1, belongs to only one of these G@4) for some q.

We then chose another one, say G@4") to iterate (if for all ¢” # ¢’ the two vertices v and ¥’ are connected by a
unique edge we obtained a D-bubble of G with exactly two vertices and conclude). The edge lifz is not an edge of

TTo see this, we follow the face rq (or gs) from J’ to J along the line l‘}. As the face closes one needs to go back from J' to J’ and this can be
done only along the face rg (or ¢s) of the line lg .
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0 ///W\ G(a,0)

Fig. 6. The first order melonic graph and its corresponding rooted tree.

” " . . . - 4 .
G@-4"). However the new edge [{, (that is the new edge of color ¢” connecting the vertices a” and @” of Gy is

an edge of G4 "). Thus all but one of the edges of G@aa" belong to G. We iterate until we reach a graph G¢-¢ ")
with exactly two vertices connected by D + 1 edges. Out of them D are edges of G and form a D bubble. O

4.1.1. Melons

We call two vertices connected by D edges in a graph with D + 1 colors a melon (or an internal D-dipole, not to
be confused with the D-dipole B®)). We emphasize that a melon can have external legs of any color 0, 1 up to D.
The D internal edges of a melon with external edges of color i have colors 0, 1,...,i —1,144,..., D. Replacing a
melon by an edge corresponding to its external legs we obtain a graph of degree zero® having two vertices fewer (and
w fewer faces). Iterating, one reduces a graph of degree zero to a graph with exactly two vertices connected by
D + 1 edges. Conversely all graphs of degree zero can be built by arbitrary insertions of melons on edges. The graphs
of degree zero are then in one to one correspondence to colored rooted D + 1-ary trees [5,22].

First order. 'The lowest order graph consists in two vertices connected by D + 1 edges. We represent this graph by
the tree with one vertex decorated with D + 1 leaves. A leaf is a tree edge connecting the D + 1 valent vertex to
a univalent descendant. The D + 1 leaves of the tree correspond to all the edges in the graph incident to the black
vertex v (of course, in the graph, these edges are all also incident to the white vertex v). The leaves inherit the colors
of the corresponding edges in the graph. This first D 4 1 valent vertex is called the root vertex (and is marked R). We
consider all the graph edges incident at the black vertex v to be active. The leaves of the tree inherit this activity. See
Fig. 6 for an illustration.

Second order. At second order, D + 1 graphs contribute. They arise from inserting a melon (that is two vertices
connected by D edges) on any of the D + 1 active edges of the first order graph. Say, we insert the new melon on
the active edge of color 1. With respect to the new melon, all the graph edges incident at its black vertex are deemed
active, while the graph edge of color 1 incident at its white vertex is deemed inactive (in bold in Fig. 7). This graph
corresponds to a tree obtained from the first order tree by connecting its leaf of color 1 to a new (D + 2)-valent vertex.

8Every jacket has two fewer vertices, D + 1 fewer edges and D — 1 fewer faces, hence its genus does not change.
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Fig. 7. A second order melonic graph and its corresponding tree.

This new vertex has D + 1 leaves, one of each color. The root and the new tree vertex are joined by a tree edge of
color 1. The leaves correspond to the active edges in the graph (either of the root or on the new melon). We presented
this in Fig. 7. The inactive edge of the graph (represented in bold in Fig. 7) corresponds to the tree edge connecting
the root and the new D 4 2 valent vertex (also in bold in Fig. 7). All the active edges of the graph correspond to the
leaves of the tree.

Order k 4+ 1. 'We obtain the graphs at order k + 1 by inserting a melon on any of the active edges of a graph at
order k. Once again, with respect to the new melon, all graph edges incident to its black vertex are deemed active. If
the active edge on which we performed the insertion had color 7, the graph edge of color i incident to the white vertex
of the new melon is deemed inactive. In terms of the trees, we represent this insertion by connecting a (D + 2)-valent
vertex, with D + 1 active leaves, to one of the active leaves of a tree at order k. The new tree edge inherits the color
of this leaf.

The 2k vertices of the graph are in two to one correspondence to the (exactly k) D + 2-valent vertices (including
the D + 1-valent root) of the tree. The (D 4+ 1)k edges of the graph are in one to one correspondence to the (k — 1)
tree edges connecting D + 2 valent vertices (including the root) and the Dk + 1 leaves of the tree. The tree associated
to a graph is a colored version of a Gallavotti-Nicolo tree [14].

If a graph is a (D + 1)-colored melonic graph, all its subgraphs with D-colors (D-bubbles) are melonic. This
is easy to see from the construction algorithm. Moreover, the D-ary trees of the D-bubbles with colors 0, B, are
trivially obtained from the (D + 1)-ary tree of the graph G by deleting all tree edges and leaves of color 0.

We call the graphs of degree zero described above melonic [5]. We will use below the following two lemmas.

Lemma 4. Let B be a melonic D-colored graph. Then there exists a unique melonic D + 1 colored graph G with the
same number of vertices which reduces to B by deleting all the edges of color 0.

The unique D + 1-ary tree Tg with k vertices which reduces to a given D-ary tree T with k vertices by deleting
all the tree edges and leaves of color 0 is the tree 75 decorated by a leaf of color O on each of its vertices.

Lemma 5. Let B be a melonic D-colored graph with 2k vertices. Then there exists a unique melonic D + 1 colored
graph G with 4k vertices which reduces to B by deleting all the edges color 0, such that no two vertices of B are
connected (when seen as vertices in G) by an edge of color 0.

As no two vertices of B are connected (in G) by an edge of color zero, if follows that none of the tree vertices of
the tree 73 associated to B (when seen as a subtree of the tree 7g associated to G) has a leaf of color 0. Therefore all
the vertices in 73 must be connected in 7g to another vertex by a tree edge of color 0. The tree 7g, obtained from 73
by decorating each vertex with an edge of color O (and a new end vertex), is unique and so is its associated graph G
with 4k vertices.

4.2. Open graphs and the boundary graph

We have discussed so far closed connected D 4 1 colored graphs. We will now present open D + 1 colored graphs,
that is graphs having some external edges.

Definition 9. A bipartite open D + 1-colored graph is a graph G = (V(G), £(G)) with vertex set V(G) and edge set
E(G) such that:
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Fig. 8. Open graphs and their boundary graphs.

e V(G) is bipartite, i.e. there exists a partition of the vertex set V(G) = A(G) U A(G), such that for any element
1 € £(G), then | = (v, ¥) with v € A(G) and v € A(G). Their cardinalities satisfy |V(G)| = 2|A(G)| = 2|.A(G)|. We
call v € A(B) the white vertices and v € A(B) the black vertices of B.

e The white (black) vertices are of two types, internal vertices and external vertices, A(G) = Aint(G) U Aext(9),
A(G) = Aint(G) U Aext(G). The internal vertices are D + 1 valent while the external vertices are 1-valent.

o The edge set is partitioned into D subsets £(B) = UiD=1 EN(B), where E/(B) = {I' = (v, 1)} is the subset of edges
with color i. Furthermore the set of edges of color 0 is partitioned into internal and external edges of color 0,
£%G) = 5}r’n(g YU ngt(g), such that the internal edges connect two internal vertices and the external edges connect
an external and an internal vertex.® All the edges of color i # 0 are internal.

e The edges incident to a D + 1 valent internal vertex have distinct colors, while the edge incident to an external
1-valent vertex has color 0.

Some examples of open 3 4 1 colored graphs are presented on the left in Fig. 8. Both graphs have four external
edges and four external vertices.

Faces are still defined according to Definition 2 as subgraphs with two colors. For open D + 1 colored graphs, such
subgraphs fall in two categories. Either they are bi-colored circuits of edges (as for closed graphs) in which case they
contain only internal edges and internal vertices and we call them internal faces. Or they are chains of edges, in which
case they necessarily contain external edges and external vertices and we call them external faces. Note that, as the
external edges have color 0, only the faces of colors 0i can be external. We partition the set of faces of colors 0i into

the set of internal faces of colors 0i, denoted .7-'1(not /0 (|.7-'1(not +0) | = Fl?l’t) and the set of external faces of colors 0i, denoted
0,1) (0,1) 0i
Fexti (Fext | = Fexp)-

ext ext
The external faces f € ]-"ég{l) necessarily start and end on two external vertices u and u, f = (u, u). For every
graph G we build the boundary graph 3G having a vertex u (resp. u) for every external vertex of G and an edge of
color i joining a u and a u for every external face f = (u,u) € }'ég{l) of G. On the right in Fig. 8 we represented the

boundary graphs dG of the two graphs G. The boundary graph is a D colored graph and represents a tensor invariant,
g
thus Hf=(ua’2)€Ui ]—‘e()?{” 5nLn 8n n

Note that, as it is that case in the second example, in spite of the fact that G itself is connected, the boundary
graph G can be disconnected. We emphasize that, while the internal faces of an open graph are circuits of edges, the
external faces are chains of edges.

4.3. Gaussian distribution for tensors

We now compute the large N trace invariant moments of the Gaussian distribution for a random tensor

- NDP-1 4T, dT D1 2 -
(Trp(T, T)) = / 1_[( — ﬁ)e NPT g Tt T T (T, T, (34)
n

90r two external vertices.
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with the connected trace invariant operators

TrB(T,'[_F)zzafﬁ I1 T;, T5. 8B = I1 8y i (35)
n,n v,0eV(B) li=(v,0)e& (B)

indexed by connected graphs 3 with colors 1, ..., D having 2k(B) vertices (and Dk(B) edges). Assume o = 1. The
number of faces of the D-colored graph associated to an observable is computed using Eq. (29) in terms of its degree

(D -2 2
> FiB)= ¢k(8) +(D—-1)— ——=w®B). (36)
(D —-2)!
1<i<j

The Gaussian expectation is a sum over contractions. As in the matrix case, we represent two tensors connected by
a covariance as a dashed edge to which we assign the color 0. We denote the full graph, including the color 0 by G. An
observable is a sum over graphs G which restrict to 3 by erasing the dashed edges of color 0. We already encountered

such graphs in the case of matrices.

Definition 10. A D + 1 colored graph G is called a covering graph of B if it reduces to B by erasing the edges of
color 0, G\ £%(G) =

Every face of colors 0i in G brings a free sum, hence a factor N. Every dashed edge generated by the covariance
brings a factor The moments of the Gaussian are written

ND [
<TrB(T, T)) — Z N*k(B)(D*l)NZ, Foi (g)
G.G\E%(G)=B
= Y NHEOO DD PO R 1Y), (37)
G.G\E%(G)=B

Note that Y"g.; _; F'/(G) is the total number of faces of the graph G, while 3=, _; F/(G) = Y_,;_; F(B) is the
number of faces of 5. Also we have k(G) = k(B). Using Eq. (29) and (36), we get

(Trp(T, 1_1‘)) = Z N1=C/(D=-DHe(@+2/(D-2))o(B) (38)
g.0\&%9=8B

As both ﬁw(g) and ﬁw(l@) are integers, the scaling with N of a graph G contributing to the expectation
of a trace invariant is always an integer. By Lemma 1, w(G) > Dw(B3), thus

2 2 2 2 2
1- D_1) —— @)+ D_ 2),60(3) —Ew(g)—m[w(g)—Dw(B)]fl—ﬁw(g). (39)

4.3.1. Melonic observables

From Eq. (38) and (39) it follows that in the large N limit the expectation of an observable scales at most like N, and
it scales like N only if there exists a melonic graph G which restricts to B by erasing the edges of color zero. This
implies that B itself must be melonic and, due to Lemma 4, it implies that G is unique. The expectation of a melonic
observable B is therefore in the large N limit

lim N~ Trg(T, T)) =1, (40)
N—o0

reproducing Eq. (10) with £2(B) = 0 and R(B) = 1. Hence the melonic observables are the only observables of
convergence order 0 in and their expectation at leading order is 1
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Fig. 9. Observables of lower order for D = 3 and minimal covering graphs.

4.3.2. Arbitrary observables
Consider now a generic observable 3. The leading order contribution to Eq. (38) is given by the covering graphs G of
B having minimal degree.

Definition 11. A covering graph of B of minimal degree G™™,

gmin \ g()(gmin) =B, with w(gmin) — min w(G), “41)
G.G\2 =B

is called a minimal covering graph of B. Equivalently, the minimal covering graphs of B are the covering graphs
having the maximal possible number of faces _; F 0(G).

Thus for all B,

lim N~ 2E)(Trg(T, T)) = R(B), 42)

N—o0

with the convergence order of the observable £2(B) = ﬁa)(g‘“i“) - ﬁa)(B) and R (B) the number of minimal
covering graphs of B. Take for example D = 3. Both invariants depicted in Fig. 9 are of order £2(5) = 1 and the num-
ber of minimal covering graphs is in both cases R(8B) = 3. As already mentioned, for matrices (D = 2) the minimal
covering graphs are exactly the planar graphs with one face of colors 12. Note that Lemma 4 can be reformulated as
follows: for every melonic observable 13, there exists a unique minimal covering graph G.

In general determining the degree of the minimal covering graphs (hence the order §2(B) of an observable), and
their number (hence R(B3)) is a difficult problem. This is the reason for which here and below we prefer to treat the mel-
onic observables and the rest of the observables separately. Indeed, in order to show that a tensor distributed with some
w converges in distribution to a Gaussian tensor we will show that for any observable one can establish a large N limit

lim N~1T2®E) 5 (Trg(T, T)) = R(B), (43)
N—o00
with £2(B) and R(B) identical with those of the Gaussian distribution Eq. (42). However for most observables we will
prove this indirectly, without actually computing either §2(53) or R(B). It is instructive then to see that for melonic
observables one can establish by an alternate, direct route £2(8) =0 and R(B) = 1 both for the i.i.d. and for the
properly uniformly bounded trace invariant case.
We will need the following result.

Lemma 6. Let G™" be a minimal covering graph of the D colored graph B with D odd (respectively even). Then any
E)W(} edglels.ofcolor 0 of G™1, l? = (v, V), lg = (w, W) € E9(GMM) share at most D771 (respectively %)faces of colors
i foralli.

Proof. Denote the number of faces of colors 0i shared by /; 1Y = (v, v) and 9 = (w, W) by g. We build the open graph

G™in obtained from G™™ by deleting the edges (v, ¥) and (w, w) and adding four external vertices v, ¥, w and W
hooked to v, v, w and w respectively by external edges of color 0, as in Fig. 10.

The boundary graph of Gmin_ 9G™n is a D colored graph with four vertices. Hence it necessarily has the structure
presented in Fig. 10 on the right, with g edges connecting v with w w (respectively v and W) and D — g edges connecting
v with v (respectively w and w).
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Fig. 10. A minimal covering graph G™" | the opened graph G™, the boundary graph dG™i? and gmin.

Consider then the graph G™™* obtained from G by replacing the edges (v, ¥), (w, w) by two new edges of color
zero (v, w), (w, v), like in Fig. 10 on the second line. It is also a covering graph of B.

The number of faces of colors 0i of MM and GMin* are respectively

ZFOi (gmm Z Fl(r)llt gmll’l +q + 2(D q) Z FOi (gmin X ZFI(I)lt[ gmm + D— g+ 2q (44)
i i

As GMin is 4 minimal covering graph of G, we have

ZFOi (gmin) > Z FOi (gmin,x) = 2¢<D. (4%

i i
Note that this lemma also holds for D = 2.

Lemma 7. The convergence order is a positive number. Moreover, for any B, there exists an infinite family of graphs
B’ such that 2(B) = 2(B'). Finally, the only normalization of the Gaussian such that both statements hold is the one

of Eq. (34).

Proof. From Eq. (39), £2(B) > %,w(gmi“) > 0. Consider a graph 55 and the graph B’ obtained by inserting a D — 1
melon (say of colors 2, 3, ..., D) on one of the edges (say of color 1) of B. Call v and v the vertices of this melon.

Consider a covering graph of 1/, G’, such that the two vertices v and ¥ are connected by an edge of color 0 in G'.
All minimal covering graphs of 1’ are of this kind: any covering graph of /3’ such that v and v’ are not connected by
an edge of color O would have two edges of color 0 sharing D — 1 faces, which is impossible by Lemma 6 thus,

/ 2 . / _ 2 /
Q(5)= (D —1)! g7, 200 B,‘”(g) (D—z)!w(B)'
(v,0)e€%(G")

(46)

By reducing the melon v and v’, B’ becomes B and G’ becomes some covering graph G of B. All covering graphs of
B can be obtained starting from some G’ of this kind. Moreover, as B3 is obtained from B’ by reducing a D — 1 dipole
and G from G’ by reducing a D dipole o (B') = w(B) and v (G') = w(G). Thus

2 . 2
2B =5 Dieemes’ P wo2n*?®

2 2

= D=1 i §) - ——-o(8)=(8). 47

(D—1)!g,,g,?§g/)=s,‘”( ) (D—z)!“’( )=2(8) (47)
©.9)eE(G)

By inserting D — 1 melons arbitrarily on the edges of /3 one then builds an infinity of graphs B’ with £2(B") = 22(B).
This proves the first part of the lemma.
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For the second part, suppose that one choses a different normalization of the Gaussian measure
T~ AT AT \ N ¥ oo T (48)
R 271 )
n

Then, the order appearing in a term of Eq. (38) becomes

NEBY D=1+ 1= 250G g0 (B) (49)

The order of convergence of an observable would then be

2

2UMB)=—""—  min o
(D —D!g6\&6=8

9) o (B) + k(B)(v — (D - 1)), (50)

-~ (D-2)!

which is positive for melonic B only if v > D — 1. Moreover, if v > D — 1, then there exists only one observable with
scaling v — (D — 1), the D dipole itself. ([l

Different scaling of the Gaussian can make sense, but only if one decides to look at subsets of observables. Consider
for instance a tensor with 4 indices. One can decide to only consider tensor observables in which the tensor effectively
acts as a N2 x N2 matrix, that is the indices (1, 2) and the indices (3,4) are always contracted between the same
tensors. A scaling v = 2 leads to a well defined large N limit for these observables (this is just the usual large N
limit of matrices). However other tensor observables do not behave well with this scaling: the melonic observables are
arbitrarily divergent. The importance of the scaling N2~ of the Gaussian is that it renders all the tensor observables
convergent in the large N limit.

4.4. Proof of Theorem 1

The proof follows closely the one for matrices. Set the covariance of the atomic distribution to o> = 1. Consider the
observable associated to a graph B with 2k vertices

_ 1 _
o (Trg(T, T)) = CEY: Y 80y kalliy Ty oo Ty, 1. (51
n,n T

Again we represent all the second order moments as dashed edges of color 0. Again we deal with the higher order
moments in a non-canonical way, by representing them as dashed edges in some pairing of 7 and T', but with further
identifications one needs to track. The expectation can be written as a sum over covering graphs of B. The trace
invariant operator composes with the identifications given by the cumulants and the faces 0i bring each an N. One
obtains

(D)= Y NHPINE O e ([T
G,G\EYG)=B

= Y NTHOTDEEem F O Rowi IO s (1_[ K)’ (52)
G.G\E%G)=B

where (J] ) is a product over the cumulants associated to a graph. Note that if some of the edges in £ 9(G) correspond
to a higher order cumulant, all the indices of the faces 0i to which this edges belong are identified. These further
identifications either play no role (if the indices of the faces 0i on the edges are already identified in G), or they reduce
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the number of independent sums, hence total scaling in N is strictly smaller than —k(D — 1) + ZO§i< j Fii(G) —
D 0<ic iF iJ(G). We denote the extra suppression in N generated by such supplementary identifications by N with

cs <0.Again Yo, FY(G) =Yg F/(B).
The scaling with N of a term in this sum is therefore at most

2 2 2
- o-1n (g)+(D 2),w(lS')_ — 51?9 (53)

like in Eq. (39). The graphs G are covering graphs of B, and the presence of a higher order cumulant (potentially)
brings some extra suppression at large N.

4.4.1. Melonic observables: Direct computation
We first consider the case when the bound (53) is saturated. It follows that G is a melonic graph, and consequently B
is melonic also.

Two edges of color 0 in a melonic graph G having a unique bubble 5 of colors 1, ..., D cannot share all their D
faces of colors 0i. Indeed G is a covering graph of B, and, as it has degree zero, it is also minimal, thus by Lemma 6
any two edges can share at most (D — 1)/2 (or D/2) faces of colors 0i. It follows that all the edges of color 0 of G
represent a second order cumulant (the presence of a higher order cumulant strictly decreases the scaling in N).

From Lemma 4, G is unique, thus at first order in N exactly one graph G contributes and all edges of color 0 of G
represent a second order cumulant, hence

lim N~1T2®E) , (Trg(T, T)) = R(B), (54)

N—o0

with 22(B) =0 and R(B) = 1.

4.4.2. Arbitrary observables
We now deal with arbitrary observables. For all 5 only the minimal covering graphs contribute at leading order to
Eq. (52)

N (Tr(T. T)) = 3 NTHO=DNE O N (T ) (1 +0(N ). (55)
gmin’gmin\g()(g)zg

Again, the bound in Eq. (53) is saturated and we get a contribution from the corresponding G™™ above only if ¢5 = 0.
Again, if G is a minimal covering graph of B, no two edges of color 0 share all their faces, hence if G possesses at
least two edges coming from a higher order cumulant ¢s < 0.

The graphs contributing to Eq. (55) are therefore the minimal covering graphs of B such that all their edges of color
0 correspond to a second order cumulant. Then

lim N~*2B) 0 (Teg(T, T)) = R(B), (56)

N—o0

with 2(B) = ﬁw(gmi“) - ﬁw(lg) and R(B) the number of minimal covering graphs of B (as every minimal
covering graph contributes exactly once), reproducing the moments of the Gaussian distribution. ]

4.5. Proof of Theorem 2

Following the discussion of the trace invariant measures for matrices, the expectation of an observable B with 2k
vertices for a trace invariant measure for tensors,

~(Trp(T, ) Za anmmm T, (57)
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is written as a sum over doubled graphs G D B generalizing (25)

un (Trp(T, T)
- > N (2D= D+ D™ =32 C(Be)))

GoB.G\EYD=BU (USE B, (@)

x ]_[ (B(@), N Z(]Q[ I1 5,%) I1 (ﬁanw%). (58)

n,n \i lll—(v b)e&i (BUUamaX (UC(B(G)) B, (@))) 10=(v,0)e£0(G) \i=I

Recall that the subgraphs with colors 1, ..., D of the doubled graph G fall in two categories. One of them, B (having
no label «), corresponds to the initial observable, while the others B, («) correspond to the various cumulants ko () -
These graphs are connected by dashed edges of color 0 and, like for random matrices, the Kronecker §s compose
along the faces with colors 0i. The expectation of the observable is written as a sum over all doubled graphs which
contain B

max ) O[max
MN(TYB(T,T)) _ Z N-2D=Dk+Da™> 3 C(Ba)+Y, FO Q) l—[ K(B(a), N). (59)
goB a=1

Using again the fact that the number of faces of colors 0i is computed as the total number of faces minus the ones
which don’t have the color 0, the scaling with N is computed further

gmax

—2(D = Dk +Da™ = > " C(B@)+ Y Fi(@G— > FI@Q). (60)

a=1 0<i<j O<i<j

Taking into account that each face with colors ij, 0 <i < j belongs either to B or to some B, (), ZO<i<j Fli(G) =
D 0<izj Fii(B) + Za 1 ZC(B(Q)) F'(B,(e)) the scaling is computed to

umax

max D(D - 1) 2
—2(D — Dk + Da™* — Z C(B)) + <fk(g) +D — ma)(g))

a=1
(D—-1)(D-2) 2
- <fk([)’) + D — (D 2)'60(8))
aM* C(B(a))
(D — 1)(D 2, 2

and recalling that the doubled graph G has 4k vertices, k(G) = 2k while B has 2k vertices, k(B) = k and

max

D=1 Zc(llg(a)) k(B,(«)) =k we obtain

uN(Terr, Tr))

—Z]‘[ (B(@), N)

GoBa=1

leX

« N1-@/(P=D)0G)+/(D-2D0B)+2/(D-2) ToZ T4 0(B,@)-D YL} (CB@)-1) (62)
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As B and B, («) are all the subgraphs (bubbles) of colors 0 of the graph G, and using Lemma 1, we bound the scaling
with N of G by

N1=@/DYo@—-D AL (CB)-1) (63)

4.5.1. Melonic observables: Direct computation
Again we first discuss the case when the bound in Eq. (63) is saturated. Then G is a melonic graph such that every
cumulant ko (o) is represented by an unique connected invariant, C(B(«)) = 1.

As G is melonic, B must be melonic. Furthermore G has 4k vertices, 2k of them belonging to B and the other 2k
to the invariants B, («) (coming from the cumulants x2¢(«)), and all edges of color 0 connect some vertex in B with a
vertex belonging to one of the B,(c)’s. By Lemma 5, G is unique. Moreover its associated tree is the tree of B with all
vertices decorated by edges of color 0 ending in a tree vertex corresponding to some B, («), hence all B,(«) = B,
It follows that for melonic bubbles B

)k(B) ’ (64)

lim N7y (Trs(T. 1) = ( [lim K (B, N)

reproducing the expectation values of melonic observables of a Gaussian distribution of covariance K (B®) =
limy— o0 K(B®, N).

4.5.2. Arbitrary observables

Consider now an arbitrary observable 5. Note that if some of the connected components B, (o) come from the same
cumulant (C(B(«)) > 1), the contribution of the doubled graph G in Eq. (62) is strictly suppressed with respect to the
one coming from the same doubled graph, but with all C(B(«)) = 1. Thus at leading order in N, we get

N(Tra(T. D) = > [] K(Bi(@).N)
GOB Bi(a)

w N1=@/(D=DYe@)+C/(D-2)wB)+2/(D-2) Tiy wBi(@). 65)

where B («) is the unique connected component of the graph representing the cumulant x2¢(q)-

Among the doubled graphs G D B contributing, some represent a minimal covering graph G™" of B decorated by
a two point cumulant on all the edges of color O (that is every edge (a, a) of color O in the minimal covering graph is
replaced by two new edges of color 0, (a, v) and (v, a) and furthermore the vertices v and v are connected by D edges,
one for each color 1, 2, up to D). We denote such a graph G™" U | J £0(gmin) B? . In this case every cumulant is a D-
dipole B (@) = B @ We note that w(B?®) =0 (as the D-dipole is the first melonic graph with D colors). Moreover,
gminy Y £0(Gmin) B? has wk(gmiﬂ) extra faces with respect to G™™ (all the faces of colors 0 < i < j made by
edges of the various B insertions) and 2k(G™") extra vertices (two vertices for each B? insertion), hence by Eq.
(29) w(G™min Y Ugo (Gminy B?) = w(G™M). Separating these terms among the terms contributing to the expectation we
get

N (Trg(T, T)) = > [K (B2, N)]{E N1-C/O-Do@M+C/(D-D0B) | Reg, (66)
gmin ’gmin\g()(gmin):B
therefore, provided that the rest of the terms are subleading in 1/N, we get

_ B
tim N2 iy (Tes(T, D) = [ lim K(B@),N)]k( 'R®B), 67)
—00

N—o0

with 2(B) = ﬁw(gmm) - (D%z)!w(li’) and R(B) the number of minimal covering graphs of 3, reproducing large

N moments of the Gaussian distribution of covariance K (8®) = limy_, o K (B?, N).
To conclude we now prove that all the other terms contributing to the expectation are strictly suppressed in 1/N.
Among these terms some represent non-minimal covering graphs of B decorated by insertions of B on all edges of
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Fig. 11. The graphs G and G.

color 0, G™™iny [ £0(Gn.miny B®@ . The contribution of such graphs is of the same form as the terms made explicit in
Eq. (66) but with & (G™™") replaced by w (G™™") > (G™™"), hence they are suppressed.

Consider now that G has at least a higher order cumulant 51 («) # B2. The scaling with N of G is, from Eq. (59)
(recall that C(B(x)) = 1),

—2(D = Dk + (D = Da™* + > " F%(G). (68)

1

Consider two edges of color 0, (v, a) and (a, v) touching two vertices v and v connected by an edge of color j of
B («). We will compare the scaling of G with the one of the graph G obtained by reconnecting the two edges of color
0 into an edge of color 0, namely (a, @), with a B® insertion, and reconnecting all the other edges touching v and v
respecting the colors'? (see Fig. 11). We consider the two point subgraph B? as coming from a different cumulant in
g.

The graph G is also a doubled graph G D B, having @™ = o™ + 1,and ¥, F¥(G) > ¥, F¥(G) — (D — 1) (as
the face of colors 0; is not affected by this change, and all the other D — 1 faces Og touching v and v can at most
merge two by two), thus

~2(D = Dk +(D = D™+ 3 " FY(G) < =2(D — Dk + (D — D&™* + ) " F* (@), (69)

1

and equality holds only if all the faces of colors Og, for all ¢ # j touching v and v are merged after this reduction.
Iterating we reduce the order of all cumulants and obtain a doubled graph representing a covering graph " of B
with two point insertions B@ on all edges, gfinal U £0(Gfinal BD,

At the last step we reduced a four point cumulant connected to the rest of the graph by four edges of color 0 namely
(v, a), (a, v) and another two edges, say (b, w) and (w, b). In order for Eq. (69) to hold with an = sign (if not the
contribution of G is strictly suppressed with respect to the one of " U | £0(gfinal) B®@), it follows that the two edges
of Gl (4, @) and (b, b) (obtained after eliminating the insertions B? in Gfinal y U £0(gfinal) B®@) share all the D — 1
faces of colors Og for ¢ # j. Hence from Lemma 6 the graph G"2! cannot be minimal. In all cases the contribution of
G is strictly suppressed with respect to the one of minimal covering graphs decorated by B® insertions thus Eq. (67)
always holds. (]

Appendix A: Perturbed Gaussian measures

Our goal in this appendix is to present a properly uniformly bounded trace invariant probability distribution for which
Theorem 2 applies. We first discuss in some detail a large class of probability measures for tensors, the perturbed
Gaussian measures, for which a plausibility argument (a “perturbative theorem” in physics terms) suggests that they
should be properly uniformly bounded. These measures appear naturally in physics and describe random D dimen-
sional triangulations [22,24]. In the second part of the appendix we go further and prove that a particular example of
probability distribution in this class is indeed properly uniformly bounded.

101f there are several edges (of colors different from 0) connecting v and v in G, we delete them. If B («) divides in several connected components

under this procedure, we associate a different label « to each of them (i.e. we consider each of them as coming from a different cumulant in 6.
Both these cases give strictly subleading contributions.
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A perturbed Gaussian measure is defined by an action

S(T,T) = Z T;8:=Tx + Z t2 Tryy (T, T),
i H (70)

duy = 1 l_[ N dT; dTj; efND”S(T,T)
Z(my, M\ L 2m ’
n
with Z({ty}, N) a normalization constant. We consider only the case when all  are connected graphs with D colors,
hence the most general “single trace” model. The generating function of the moments of the perturbed Gaussian
distribution is

Z(J.J: (). N) = / (HN - dTﬁ)e_ND_](S(T’T)_ZE Tl X, 1)
. 271
n
and the generating function of the cumulants (connected moments) is W (J, J; {ty}, Ny=InZ(J, J; t1, N),
o o 2k(D—1) 90 7
k(T; ,T=,...,T;,,T= )=N" - = — wWl,J; A, N . 72
(T, T3, ies Ti) 0, 05 -+ 05, 05 ( )J:izo 7

There are two levels of precision at which one can study the perturbed Gaussian measures: the perturbative level
and the constructive level.
Perturbative theorem. The perturbative treatment consists in performing the Taylor expansion of the moments and the
cumulants of the distribution in #7; in a neighborhood of f7; = 0 and worry about the convergence of the expansion
later. The terms of these expansions are indexed by Feynman graphs (see for instance [30] for a detailed introduction to
Feynman graphs). We will review the Feynman graph representation in Section A.1 and show by standard techniques
that the cumulants of the measure in Eq. (70) write as

c(B)
= = B
f(Tiy Ty Tip = )0 B [T 8,7 (73)
B-US 5, oot
where B runs over all closed D colored graphs with 2k vertices and C (B) denotes the number of connected compo-
nents (labeled B,) of B. Moreover R(13, uy) is given by

~Q(B, /,LN) = Z (1_[Qi) (H(_I’H)”H(g)>Ag(N),
H

o o7\ (@)

74
A9 (N) = NP=DH@-D-DEXD+Y; Fy(@) 7
where G runs over all D + 1 open colored connected graphs with 2k external vertices (Definition 9) whose boundary
graph is B. For every G, H(G) runs over its subgraphs with colors 1,2, ..., D and Eo(g) = |50(g)|, Fi%i(g) and
H(G) = |H(G)| denote the total number of edges of color 0 (including the 2k external edges), internal faces of colors
0i of G, and respectively subgraphs. The scaling with N is captured by the amplitude AY(N) of the graph G. Finally,
the product over # runs over all the graphs with colors 1,2, ..., D and ny;(G) denotes the number of times the graph
‘H appears as a subgraph of G. The number Q(G) is the number of contraction schemes leading to the graph G (i.e.
the number of times G is obtained by adding lines of color O starting from a fixed set of subgraphs H(G), see more
details in Section A.1).
It follows that (the perturbative expansions of) the cumulants of the measure Eq. (70) are trace invariants. The first
result we prove is

Theorem 4 (Perturbative theorem). For every open, connected, D + 1 colored graph G, the amplitude AY(N) is
bounded by

Ag(N) < N—2(D—1)k(8(})+D—C(ag). (75)
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That is, each term in the perturbative expansion of any cumulant of a perturbed Gaussian measure is properly
uniformly bounded. Although this result is insufficient to claim that such measures are properly uniformly bounded,
it constitutes a good indication that they might be. To conclude one still needs to resum the series

_ _09 o <g>)
KEBN= 2 (Hynﬂ(w)(g( W) OGN,

G.,0G=B

A9(N)
0@ N) = y=m-niearp-—cag = ! (76)

This is notoriously difficult, as the perturbation series is not summable: the number of terms (i.e. of graphs) grows
too fast. However, in many cases, the perturbation series turns out to be Borel summable (to be precise Borel-Le
Roy, or k-summable in the mathematical literature [26], of an order fixed by the maximal degree monomial in the
perturbation of the Gaussian measure).

We stress that, whenever the perturbative series can be resummed, the scaling of the full resummed cumulant

reproduces the perturbative scaling bound of Theorem 4. This is due to the fact that the scaling with N in Eq. (76)
is relegated to the factors O (G, N) < 1, while the difficulties of the resummation have a completely different origin,
namely the proliferation of the number of graphs. By Theorem 2 all the perturbed Gaussian measures for which the
perturbation series can be resummed become Gaussian in the large N limit. It is however naive to conclude that the
large N limit of such models is trivial. The covariance of the large N Gaussian, which is the large N expectation of the
D-dipole observable B?, is the full resummed two point function of the model, and has a very non-trivial dependence
on the parameters #; [6].
Constructive theorems. The resummation of the perturbative series requires a set of techniques quite different from the
ones employed in the rest of this paper, amounting to a research field in itself: constructive field theory [15]. We will
therefore treat in the second part of this appendix at the constructive level only a particular example of a perturbed
Gaussian measure. The techniques we present here (generalizing the one introduced in [31] to tensors) should be
further refined along the lines of [32] to establishing proper uniform boundedness for stable (convex) polynomially
perturbed Gaussian measure.

We will denote the indices either as 7 or as n
perturbed Gaussian measure.

1 2 ....nP

a with @ = n?, . We treat the case of the simplest quartically

SOMT) =) Tpia8,78,5Ti > T 15 Tt 5T 1280171835 8m116 4

aa not nlatmlatm! _'ﬁ”" aa“m'm ﬁﬁ

nla nla,ﬁl&,mlﬁ,ml
dﬂ(4) l—[ ND-1 dTn dT —ND—' SA(T,T)
N Z(A Z(\, N) 2w '

The quartic perturbation corresponds to the melonic invariant (which we denote B®*) whose graph is represented in
Fig. 12.
The generating functions of the moments and cumulants of M N are

Z(J, J_;)»,N):/(HNDldTgﬂ) =N SO0 5T 5705~ X i T nlﬂ)
- T
n

=i

(77

3 _ (78)
W(J,J: A, N)=InZ(J, J; A, N).

Fig. 12. The graph of the quartic perturbation B®W.
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Fig. 13. A plane tree with marked vertices.

We will give an new expansion of W (J, J; A, N), different from the perturbative expansion, which is absolutely

convergent in some analyticity domain. This intermediate expansion is called the constructive expansion. We need
some notation.
Unrooted plane trees with oriented edges and marked vertices 7;,(2 An unrooted plane tree is a tree with a cyclic
ordering (say clockwise) of the edges at every vertex. It is convenient to represent its vertices as fat vertices, and the
edges of the tree as ribbon edges connecting the fat vertices. We denote the total number of vertices of the tree by n.
They are labeled 1, 2, ..., n. The edges (i, j) of the tree are oriented either from i to j or from j to i. Plane trees
with marked vertices ¢t = {i, ..., iy} are obtained by selecting a preferred starting point of the cyclic ordering at the
vertices iy, ..., ix. The starting point is represented as a mark on the fat vertex. An example is presented in Fig. 13.
We denote an unrooted plane tree with n vertices labeled 1,2, ..., n, k marked vertices iy, ..., i; and oriented edges
by 7;8 with ¢ = {i1, ..., ir}. We denote the abstract tree associated to ’7:1({ by 7,. Note that several plane trees are
associated to the same abstract tree. Note also that a vertex can have at most one mark.

Being made of fat vertices and ribbon edges, plane trees are ribbon graphs with one face (the faces of ribbon graphs
are defined as the connected components of the boundary). If the tree has no marks, we denote Z[1 — 1] the ordered
list of vertices encountered when turning clockwise around the tree starting from the vertex 1. If the tree has marks,
we subdivide the face into strands starting and ending at the marks. We index the strands of 7;9 by their start and end
vertices iy and ig(q), turning clockwise. The tree in Fig. 13 has two strands: 14 and 41. As the strands are the boundary
of the plane tree, & is a cyclic permutation (each cycle of & corresponds to a connected component of ’7;9) To every
strand iy ig(q) one associates the ordered lists of vertices, denoted Z[d — &(d)], encountered when turning clockwise
around the tree from the mark on i4 to the mark on i¢4). For the example of Fig. 13, this lists are 1,2, 3, 2, 4 for the
strand 14 and 4,2, 1, 5, 6, 5, 1 for the strand 41.

Interpolated Gaussian measure. Let T, be an abstract tree with n vertices labeled 1,2, ..., n. We associate to every
edge of the tree (i, j) € T, a real variable u’/. To every couple of vertices k and [ we associate the function

w(Tw=1,  w(T.w= _inf _u¥ (79)
(6, ))€Pk—1(Tn)
with Pr_.;(7,) the unique path in the tree 7, connecting k and /. Furthermore, to every vertex 1,2, ..., n we associate
aN x N matrix o@D, ..., 0™ We denote Mwij(ﬁ,u)l®l(0'(l), e, o(")) the Gaussian measure of covariance

/d“wif(”rn,u)l@l (U(])’ e U("))Gcflz? (G(M)dc

k) - (1
:/duwi,(%u)légl(a(l),...,o<">)a[fb)ac(d) = wH (T, u)84c8pa- (80)

Resolvents. We define for every o) the resolvent R(c ) =[1 + v/ N,L (0@ — gDH]~1 Note that the resolvent is
always well defined as o) — o7 is anti-hermitian. i
We denote JJ the N x N matrix (JJ);1,1 = ZE Jaglag and ||J J || its norm. We have the theorem
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Theorem 5 (Constructive expansion). With the notation above, the generating function of the cumulants of M N in
Eq. (78) is

W(J,J: A, N) = NP~ IZ (=W 1Zk, Z Z/( [1 duij)

n=1 =t 70 00 NGET,
ia#iy
k
Xfdﬂwij(ﬁ,u)l®l(0(l),...,O'(n))tr|:l_[(JJT 1_[ R(U(J)))], (81)
d=1 JeEEI(D—E4 ()]

where, when k = 0, u[[T§_; (JJ " [1;ezqe0-1 (1) ga1y) Ro D] is replaced by ul[ ]z 1 R )],

The constructive expansion of Theorem 5 is the generalization to tensor models of the constructive Loop Vertex
Expansion (LVE) introduced in [31] for matrix models. Moreover we have

Theorem 6 (Absolute convergence). The series in Eq. (81) is absolutely convergent for . e R, 0 < A < 271372 and
I1JJT|| <37 (hence uniformly in N).

Starting from the constructive expansion in Theorem 5 we prove the main result of this appendix.

Theorem 7 (Main constructive theorem). The perturbed Gaussian measure /Lgé) in Eq. (77) is trace invariant and
properly uniformly bounded for » € R, 0 < A < 271372 with

—1++/14+82

; () _
ngnooK(B 7N) o 4n

(82)

We have thus given an explicit example of a properly uniformly bounded trace invariant probability distribution.
However, the relation between the constructive expansion of W(J, J; A, N) and its perturbative expansion in Feyn-
man graphs is not yet established. Note that, for every finite N, the generating function of the moments of ,u( )

Z(J,J; 1, N), is defined by an integral over N? complex variables which is absolutely convergent (and bounded by

D—1
N Litjalf J"Iﬂj”'f’ iln! ﬁﬁ) for A > 0 and divergent for WA < 0. Thus Z(J, J; A, N) is an analytic function in the

rlght half complex plane.

The perturbative treatment consists in two steps. To compute the cumulants one first takes the logarithm of
Z(J,J; %, N) and second one expands this logarithm in Taylor series around the point A = 0. Both steps are in
fact problematic. While one has a well controlled expression for Z(J, J; A, N) as an absolutely convergent integral,
the same does not hold for W(J, J:A, N ). Furthermore, A = 0 belongs to the boundary of the analyticity domain of
Z(J, J; &, N). The number of terms (graphs) in the perturbative expansion of Z(J, J; &, N) at order A" is (2n)! hence
(ignoring the scaling with N for an instant) the perturbative expansion of Z(J, JiA,N) ~ ano %(—)\)” (2n)! has
zero radius of convergence. This is not surprising as a Taylor expansion around a point belonging to the boundary of
the analyticity domain of some function typically leads to series which are not summable, but only Borel summable.

Theorem 8 (Nevanlinna-Sokal, [33]). A function f(1, N) with A € C and N € Ry is said to be Borel summable in
A uniformly in N if

e f(A,N) is analytic in a disk 9%(%) > R~ with R € Ry independent of N.
e f(A, N) admits a Taylor expansion at the origin

r—1

FON =Y fradk+ Ry ). | Ry ()] < Ko rlAL, (83)
k=0

for some constants K and o independent of N.



1504 R. Gurau

If f(A,N) is Borel summable in A uniformly in N then B(t,N) =) -, % fN,ktk is an analytic function for
1| < o~ 1 which admits an analytic continuation in the strip {z||3z| < o~} such that |B(t, N)| < Be'/R for some
constant B independent of N and f (A, N) is represented by the absolutely convergent integral

1 [ _
f(/\,N):X/ dtB(t, Nye />, (84)
0

That is the Taylor expansion of f (A, N) at the origin is Borel summable, and f (A, N) is its Borel sum. Note that
the set {A|M(A~") > R™!} with R a positive real number (the set of complex A such that the real part of the inverse
of X is larger than 1/R), is a disk (which we call a Borel disk) in the complex plane centered at g and of radius g
(hence tangent to the imaginary axis) as

(85)

A

= & —>

1 RA R/2+ R —R/2) 1 R2
N = = >
( > A2 (R/24+M(A—R/2D)2+ (XA —R/2)2 ™ R 4

In order to conclude that W (J, J; A, N) is the Borel sum of the series of connected Feynman graphs (i.e. it is the
Borel sum of its Taylor expansion around X = 0) we prove that

Theorem 9 (Borel summability). The function N~PW (J, J; 1, N) is Borel summable in A uniformly in N for | JJ ||
small enough.!!

A crucial point is that, as we are interested in the N — oo limit, both the convergence of the constructive expansion
in its analyticity domain and the Borel summability around A = O are uniform in N. The constructive expansion
captures some features of the perturbative expansion (for instance the perturbative bounds on Feynman graphs can be
promoted to bounds on the terms in the constructive expansion) but unlike the former it is absolutely convergent. The
draw back of the constructive expansion is that it is rather involved. Note that a priori one can give several constructive
expansions of the same measure. The LVE has so far proven the only constructive expansion adapted to matrix and
tensor models.

A.1. The perturbative theorem

As already mentioned, we first evaluate the moments and cumulants of the measure (70) by expanding in Taylor series
with respect to #3;. The joint moments of the probability distribution of tensor entries

v Ty ) = [T Ty, - T, (86)

are expressed as sums over Feynman graphs. They are obtained as follows: upon expanding with respect to t; one
obtains a sum of Gaussian integrals

/LN(T,‘{I,T?”, . "’Tﬁk)
1

] n
- 2 () zmm

HHEO H

dT; dT; - _ _ _
X/(HNDIM)eZﬁTﬁSﬁ;,Tﬁ Ti, Tz, T, (]‘[(Tr%(qr,qr))””). (87)
i — 'y

211

external insertions

effective vertices

''The proof is easily adapted to yield Borel summability for all ||J J T || with some radius R(||JJ||) such that R(||JJT|) > R > 0 for || JJ || small
enough.
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The arguments of the moment are sometimes called external insertions. The Gaussian integral is evaluated in
terms of contractions (pairings) of tensor entries. For each such contraction scheme one draws a Feynman graph.
The invariants Tryy (T, T) (represented by a graph 7 with D colors 1,2, ..., D) act as effective vertices (interactions)
of the Feynman graphs (not to be confused with the black and white vertices of H itself which represent the tensor
entries T and T). The effective interactions are supplemented by effective edges (propagators, Wick contractions),
representing the pairing of two tensors Tj; and ’I_FZ with the Gaussian measure. We represent the contraction of two
tensors as a dashed edges of color 0 connecting the corresponding black and white vertices. Thus a Feynman graph G
has D + 1 colors, O for the dashed edges and 1, ..., D for the effective interactions.

The external insertions T, , ’}_1';“, e ’ﬁ‘;k in the joint moment are represented as external black or white vertices
of valence 1. The external vertices are joined by edges of color O to the rest of the Feynman graph. Thus the dashed
edges of color 0 fall into two categories: internal joining two tensors (that is black and white vertices) on two effective
interactions H and H' and external joining an external vertex with an internal vertex on some H. The Feynman graphs
are then nothing but the open D + 1 colored graphs of Definition 9. Two examples of Feynman graphs are presented
on the left in Fig. 8. The effective interactions H are represented with solid edges of colors 1, 2 and 3. Both graphs
have four external edges of color 0.

The cumulants «ox (T, T;il, e, Tﬁk) are sums over connected Feynman graphs G with 2k external (univalent)
vertices see [30]. We stress that the G’s contributing to a cumulant are connected as a graph with D + 1 colors.

Each D + 1 colored graph represents an abstract D dimensional simplicial pseudo-manifold [21]. This pseudo-
manifold is obtained by associating a D-simplex to each (black and white) vertex in the graph (hence to each tensor
entry T and T). The D — 1 simplices bounding the D simplex are colored 0, 1 up to D. This induces colorings on
all lower dimensional simplices: the D — k simplex shared by the D — 1 simplices of colors iy, i2, ..., i, will be
colored by the k-uple of colors (i1, i2,...,ix). The D simplices are then glued respecting all the colorings: an edge
in the graph represents the unique gluing of two D simplices along boundary D — 1 simplices which respects all
the colorings of the D — 1, D — 2 etc. simplices.!? An effective operator Try (T, T) with 2k tensors represents the
gluing of 2k D-simplices around a vertex forming a “chunk.” For example in three dimensions an operator represents
a gluing of tetrahedra around a vertex. The boundary of such a chunk is paved by triangles (represented by the half
edges of color 0). The chunks are cones over their boundary, hence they can have non-trivial topology. A Feynman
graph represents the gluing of such chunks into a pseudo-manifold. As the combinatorial weights and amplitudes of
the graphs are fixed by the Feynman rules, the measures (70) encode a canonical theory of random pseudo-manifolds
in arbitrary dimensions. The leading order melonic graphs represent spheres.

Each contraction in the Gaussian integral (hence dashed edge of color 0) replaces the two tensors T; and ’E‘ﬁ by a

covariance #(Sﬁﬁ. The contribution of a Feynman graph G to a cumulant is then

1 B 1 D
<H O (—IH)H’H(Q)> Z( 1_[ ND 152‘2@)) ( 1_[ D ES”'LWL>

H H nin “H(G) 10=(v,2)eE0(G)

- (1—[ ! (_,H)nmg))N(D—l)H(g)—(D—l)E°<g>
L (@)

S0 (i)

ni “HG) li=(v,0)eEI (H(G)) 10=(v,0)e€0(G) i=1

where the product over # runs over all the connected graphs with colors 1, ..., D, H(G) runs over all the subgraphs
with colors 1,..., D of G, ny(G) denotes the number of times the graph H appears as a subgraph of G, H(G) =
|H(G)| denotes the total number of subgraphs with colors 1, ..., D of G, and E°(G) = |£%(G)| the number of edges
of color 0 of G. The Kronecker s compose along the faces with colors 0i. The faces with colors 0i of G are either

internal or external (see Section 4.2). The internal faces ﬂiﬁ’i)(g) (with Fl?llt G = |.7-"i(n(i’i)(g) |) yield a free sum hence

bring a factor N. The external faces f € fég{l) necessarily start and end on two external vertices « and i corresponding

12Hence the D — k simplices are one to one with the k-bubbles, i.e. subgraphs with k colors, of the graph.
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to two arguments T and T in the joint moment, f = (u, it). Thus the contribution of a graph becomes

1 _ (D1 O i
(1_[ oy (—tH)nH(g))N(D DH(G)—(D-DE*(G)+); Fi (©) 1_[ 5%’_1% , (89)
H f=(u, ”)EU exl(g)

and the operator [ F=.ielJ; F(G) 5ni, i reproduces the trace invariant operator associated to the boundary graph
dG (see again Section 4.2).

As already mentioned (the second example in Fig. 8) in spite of the fact that G itself is connected, the boundary
graph dG can be disconnected. It follows that a cumulant, which is a sum over connected graphs G expands as a sum
over all possible D colored graphs (connected or not) corresponding to the possible boundary graphs B = 0G

r 0() .
K(Tﬁ],Tﬁ],...,Tﬁk): Z |: Z <HHnH(g)l><l_[( ¢ )’H(g)>

B= UC(B)B G,0G=8B

cB)
«« ND-DH@—(D-DIE"G)+Y; ﬁ?&(%} 11> (90)
nn’
leading to Eq. (73) and Eq. (74). We denoted Q(G) the number of contraction schemes (pairings) leading to the
same graph G. In the physics literature the combinatorial prefactor HHQ(Z—)(Q) is called the “symmetry factor” of G.

[y nu(@! _ | Aut(G)]
It respects 00~ Ty Aw(H)"HD

automorphisms of the graph H (respectively G).

We can now describe the precise relationship between the Feynman graphs and the doubled graphs used to establish
Theorem 2. The doubled graphs for a perturbed Gaussian measure consist of the observable B and the boundary graphs
By(a),p=1,...,C(B(x)) of the various Feynman graphs G(«) contributing to each of the cumulants «2k(q) arising
in an expansion in cumulants of the moment u y (Trg(T, T_I‘)).

where | Aut(H)| (respectively | Aut(G)|) denotes the order of the group of

A.1.1. Proof of Theorem 4

We will show that for every connected D + 1 colored graph G with 2k external vertices, Eo(g) edges of color 0,
Fi?li(g) internal faces of colors 0i, H(G) subgraphs with colors 1, ..., D and C(dG) connected components of the
boundary graph 0G

(D —H(G) — (D= DEG) + Y Fi(G) < —2(D — Hk(3G) + D — C(39). o1

We divide the proof in two parts. We first present an iterative algorithm which reduces the graph G to the D + 1
colored graph 9G U ngt(g) consisting in the D colored graph dG decorated by an external edge of color 0 for each
of its 2k vertices. At each step of this algorithm we will obtain a graph G interpolating between G© = G and
Glma) = 3G U sm(g) Second we will prove that at each step of this algorithm the quantity

Q(s)=D — C(g(s)) +(D — 1)[H(g(s)) (g(s))] — (D — 1)E° g(s) ) + ZFO, g(S> ©92)

is strictly increasing, where we denoted C(G*)) the number of connected components of G), H(G®)) the number of
bubbles (subgraphs) with colors 1, 2 up to D of G, E®(G®)) the number of edges of color 0 of G¢*) and Fl?llt (GY) the
number of internal faces of colors 0i of G). As Q(0) = (D — DH(G) — (D - HE*(G)+ 3, Fl?;t(g) and QO (Smax) =
D —C(G) —2(D — 1)k(9G), we conclude.

Obtaining 0G U ngt(g). The algorithm we present here has been introduced in [4].
Consider a connected D + 1 colored graph G) with 2k external vertices. We first define an internal g + 1 dipole
with colors 0, i1, ..., i, as two internal vertices v and v of G connected by an internal edge of color 0, 9= (v, D)
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Fig. 14. A ¢ + 1 dipole with colors O, 1, ..., g.
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Fig. 15. The reduction of all the internal dipoles in a graph.
and exactly g edges of colors iy, ..., i,, 'l = (v,v),[? = (v,1),...,1" = (v, ) . An example of an internal g + 1
dipole with colors O, 1, ..., g is given on the left in Fig. 14. An internal ¢ 4 1 dipole can be contracted. The contraction

consist in deleting the two vertices v and v and the g + 1 edges connecting them, and reconnecting the remaining edges
respecting the colors.

Under a contraction we obtain a new graph G¢+1) having two fewer vertices, one fewer internal edge of color 0, ¢
fewer internal faces of colors 0i and the same number of external vertices, 2k. Indeed all the ¢ internal faces of colors
0i1, 0ia, ..., 0i, formed by the lines {1%, 11}, {I°, 1?2}, up to {I°, 1’4} are deleted. All the other internal (resp. external)
faces of colors 0, for j #1iy,...,1i, are circuits (resp. chains) of edges with alternating colors of length at least four
(resp. five, as the external edges are of color 0). Under the contraction their length decreases by two: the dipole line
19 and a line of color j, hence they become circuits (resp. chains) of edges with alternating colors 0 and j of length at
least two (resp. three). They are thus internal (resp. external) faces in the new graph G¢+1. Note that the new graph,
G6tD can potentially be disconnected. Note also that neither the external vertices of G®) nor its internal vertices
hooked by an edge of color 0 to external vertices can be deleted.

Consider the graph obtained starting from G and contracting iteratively, in an arbitrary order, the maximal number
of internal g + 1 dipoles with colors 0, iy, ...,7;. The number of internal dipoles contracted equals the number of
internal edges of color 0 of G, E&t(g) = |€i?n((])|. We show below that the final graph Glmax) is 9G U ngt(g), the
boundary graph of G decorated by an external edge of color 0 on each of its vertices. Examples of this full reduction
are given in Fig. 15.

The final graph G Gmax) hag 4k vertices, 2k coinciding with the external vertices of G and 2k with the internal
vertices of G hooked to external vertices by external edges of color 0. It has no more internal edges of color O but still
has 2k external edges of color 0. As the internal vertices are each touched by exactly one edge for every color 1, 2 up
to D, GUmax) has exactly k edges of every color 1, 2 up to D. Furthermore G“=) has no internal faces of colors 0i.
However the external faces with colors 0i can never be deleted by this procedure hence all the faces of colors 0i of
Gmax) are external and they are one to one to the Dk external faces of colors 0i of G. It follows that all (external) faces
0i of GGm=) contain exactly one edge of color i, connecting the two internal vertices hooked to the external vertices
which share the face 0i. The edges of color 0 of G**ma) are all external edges and one to one to the external edges of
G, £0(Glma)y = ngt(g). By deleting the edges of color O (and flipping the black and white vertices), the final graph
GUmad) \ £0(GGma)y will have a vertex for every external point of G, and an edge of color i connecting two vertices u
and i for every external face f = (u, it) of colors 0i of G. Hence Gmax) \ £0(GUma)) = 5G.
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Bounds. Suppose we reduce a dipole of colors 0, 1, .. ., ¢ to pass from G®) to GE+D . We have two cases. Either the
two vertices v and v belong to two different bubbles (connected components) with colors 1, 2 up to D and the dipole
is necessarily a 1 dipole made exclusively by an edge of color 0, or the two vertices belong to the same bubble with
colors 1,2 up to D.
First case. We have v € H| and v € H>, and both H; and H, belong to the same connected component of Ggw,
The number of connected components does not change by contracting the dipole, C(G“*1) = C(G®). To see this,
consider the bubble 7{;. As it is a graph with D colors it cannot become disconnected by deleting v. Chose a spanning
tree 71 in H; \ v (the bubble with v omitted), and a spanning tree 7> in H, \ v. Complete it by adding the edges
of color 1 touching v € lg and v € l}) and the edge of color, l - = (v, v), and finally to a spanning tree in the entire
connected component of G) by adding edges Tyes;. The spannmg tree T1 U llﬂ U lgi U l% U T5 U Tiest becomes after
reduction the tree T3 UI' U Th U Tyt (with [ ! the new edge of color 1), spanning one connected component in G G+D)
The two bubbles #;, H> C G are collapsed into a unique bubble of G&*D thus H(GY*TD) = H(G®) — 1. The
number of edges of color 0 decreases by 1, EX(GE+D) = E9(G®)) — 1, and the number of internal faces of color 0i
does not change ﬂ?ﬁ(g G+Dy = Fi?li(g(““)) hence

D — C(g(s+l)) +(D— 1)[H(g(s+l)) _ C(g(s+l))] (D — I)EO(g(s—H) + Z FOz (s+1))

i

=D -C(GY)+ (D - D[H(GY) - C(¢")] - (D -DE*(GY) + Z Fi(G®). 93)

Second case. Both v and v belong to the same bubble v, v € H. In this case the number of connected components of
G®) can increase when contracting the g + 1-dipole (note that, like in the previous case ¢ can be zero, but it can also
be larger than O in this case). As each of the new D — g edges (one for each color not belonging to the ¢ + 1 dipole)
must belong to some connected component of G+ we have C(G¢*D) — C(G®) < D — g — 1. Moreover, if one
of these edges belongs to a connected component created by the contraction, then it certainly belongs to a new bubble
of colors 1, 2 up to D created by this contraction. Hence C(G“*D) — C(G®)) < H(GYTD) — H(G®). As before,
1EQ(GETDY =1£%(G®)| — 1, but g internal faces of colors 0i are deleted, > Fig’;(g(”‘l)) =Y Fi?jt(g(”) — ¢, hence

D— C(g(s+1)) +(D— 1)[H(g(s+l)) _ C(g(s+l))] (D — I)EO(g(s—H) + X:Fl(r)ltt (s+l))

=D-C(GY)~(D~g~-1
+(D—D[H(GY) - (6]
—(D-DE'GW)+D -1+ Fi(GW) —q. (94)

i
thus in both cases Q(s + 1) > Q(s).

A.2. The constructive theorems

In order to prove that the full resummed cumulant is properly uniformly bounded one must perform a good deal of
extra work. Before proceeding to the core of this section we first establish a technical lemma.

Lemma 8. Let 0 and t and & be three permutations of k elements. We denote c(t) the number of cycles of the
permutation t. Then

c(&) +c(@E) +c(r) +c(oT™") <2e(£) + 2k. (95)

Proof. To the triple of permutations &, o and t we associate a ribbon graph constructed as follows.
Consider the decomposition of £ in cycles, § = Cy, ..., C), each of length |C,|. We draw a fat vertex for every
cycle of & having 4|C,| halfedges. We assign a label I a4 By jg, lz(g)0eq) Be(q) Je(g) - - - turning clockwise, to each
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Wffwz

- Jola)

Fig. 16. Ribbon graph associated to three permutations &, o and 7.

halfedge, see Fig. 16. Two consecutive halfedges share a strand. The strands are of three kinds: solid (connecting j, to
l¢(g)), dashed (connecting o, with 8;) and wiggly (connecting /; to ¢y or B, to j,). Thus the halfedges representing
I’s and j’s are solid -wiggly, and the ones representing «’s and S’s are wiggly-dashed. We represent the permutations
o and 7 by ribbon edges connecting the halfedges /; to js(4) and a; with B;(,). The ribbon edges I, — ji(4) are then
solid-wiggly and the ribbon edges oy, — B:(4) are wiggly-dashed.

The faces (closed strands) of the ribbon graph thus obtained are of three types:

e Dashed faces 8; — oy — Br(g) - .. We call them “t faces” as they are indexed by the permutation 7. Their number
is the number of cycles c(7).

e Solid faces j; — lgq) —> Jot(q) - --- We call them “0&” as they are indexed by the permutation o'§. Their number
is the number of cycles c(c&).

o Wiggly faces g — ar-1(y) = l-1(y) = Jor-1(q) - --- We call them “or~1” faces as they are indexed by the per-

mutation o L. Their number is the number of cycles clot™h.

The ribbon graph has c(£) vertices and 2k edges. Note that the ribbon graph might be disconnected. We denote the
number of its connected components C (€, o, ). Then

c(€) = 2k + c(0€) + (1) + (ot !) <2C(E, 0, 7) < 2¢(&) (96)

as every connected component must have at least a vertex, hence C(§, 0, 1) < c(§). O

A.2.1. Proof of the constructive expansion Theorem 5

The Loop Vertex Expansion of W(J, J; A, N) in Eq. (81) is obtained by combining three ingredients: the Hubbard
Stratonovich intermediate field representation, the universal Brydges—Kennedy—Abdesselam—Rivasseau forest for-
mula and a replica trick. The last two ingredients are a recurrent feature of any constructive expansion while the first
one is specific to the LVE. From now on we drop the bar over the indices of T.

Step 1: We use the Hubbard Stratonovich intermediate field representation of the interaction term. This representation
relies on the remark that for any complex numbers Z; and Z», e~ %122 can be represented as a Gaussian integral

Z=x-+1y
dzdz _ ;_ s T=x—1y dxdy _2_2 7 7 21-2)% _ 21+2p)* _
/ o e~ B Z1+3Zy 22T . e~ X TV x(Zi=Z0) =y (Zi+2a) _ oy T —e 022 97)

It follows that the quartic perturbation can be represented using N x N integration variables o, as

e—ND_l)»Zn] T T 12T 1‘5’]_1}1-

,ml,&ﬁ nta " mlta"m B
D—1 T - R\
— e_N )LGl,ml(zat TnlaTl71l&)(Zﬂ Tl;llfiTnlﬂ)

_ / (1‘[ w>e Yy OarGap—AN PV T T 5T g0 +V/AN PO Y o T Thada 98)

o 211
ab
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The new integration variables o, form a N x N matrix, known as an intermediate (matrix) field. Denoting I the
identity matrix of size N?~! x NP~ we write more compactly

e—ND_])»Z 1 =T T 1

m aﬂ ntam a’]rm ﬂT;1 ﬁ

_f <1—[ dUabdo_'ab)e—za_baaboab—ND_'Zn w35 T g(W A/ NP lo®I—/3/NP=1oTRD), 1 5. & Tnls (99)

271
ab

thus Z(J, J; A, N) becomes, denoting 1 the identity matrix of size N x N,

Z(J,J; A, N)
:/ I—IND_ldT,daﬁ ndaubd5ab o T Oabtu
- 271 271
na ab

D—1 ~ / T D—
X e_N an m aﬂT lﬁ(l®ﬂ+ )L/ND (0—0o )®H)nlﬂ mlaTn11a+N Z:n ﬁTnlﬁlelﬁ+N an ﬂTrrlﬁJnlﬁ (100)

As o — o is anti hermitian the resolvent R(¢’) =[1 + (0 —o M1 is well defined and respects

ND 1
9 R = )L R R 9 R = )\ R R
90up (0)ca =— W (0)caR(0)pd, @ (0)ea = W (©)ebR(0)ad,

9 trl (R((T)) = — —)L R 9 trl (R((T)) = —A R (101)
rin \/ , rin \/ ,
A0 p ND-1 ba 9 bTa ND-1 ab

|[R(@)| =1 VreRy,

where ||R(o)|| denotes the operator norm. The introduction of the intermediate field renders the integration over TT
Gaussian, thus

2. T 0 N) = /' (1—[ doap d5ab)e—tmauTrln(R(a)@H)JrND' Sttt FRO®D, 15015015

b 2m
— / ( H daazb d%ap )e— troo + NP~ irin(R(0))+NP-! tr(R(a)JJ"‘)’ (102)
1
ab

where tr denotes the trace over an index of size N, Tr denotes a trace over an index of size N, and (JJ7),,, =
Y5 Ima J,z is a N x N hermitian matrix of external sources. Note that J and J ' are independent.

Step 2: The second ingredient consists in evaluating the integral over o by a replica trick. Let X be a complex vector
of components X, ..., Xy. We want to compute an integral with normalized Gaussian measure of covariance C
(denoted duc (X)) of some perturbation V (X, X). We expand in V (of course all this is justified only provided that
the final expression is absolutely convergent) to get

_ 1 _
1= [ dueC0e S0 = [ auetn Y- 2 vk X", (103)
o
The term of degree 1 can be rewritten as a Gaussian integral over n replicas X (U, ..., X with degenerate covariance

between replicas Ci%’" ) =C_;, hence

n

I—Z /duc<,,> XWX TTv(x®D, x9). (104)
i=l1

n>0

We will regard each term in this expansion as a function of parameters '/ = x/?, evaluated for all x'/ = 1, correspond-
. . . . G _ o~ o~ _ ijo s i
ing to a Gaussian measure with covariance C " = Cz, C 27" = x" Cji # j.
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Step 3: The third ingredient is the universal Brydges—Kennedy—Abdesselam—Rivasseau forest formula [1]. Consider
n sites labeled 1, 2, ..., n and a function f depending on "("2_ D Jink variables x*/ with i # j. Then

, IEFN ¢
l)_Z/( 1_[ du ]><1_[(i,j)efnaxij>

@, j)eFn

’

Kl =whl (F,y ,u)

wk! (Fu,u) = inf ul, (105)
(0, ) EPk—1(Fn)

where F, runs over all the forests (i.e. graphs with no loops or undirected acyclic graphs) with vertices labeled
1,2,...,n built over the n sites, |E(F;,)| denotes the number of edges in the forest F,, Pr_.;(F,) is the unique path
in the forest F,, joining the vertices k and [/, and the infimum is set to zero if there is no such path (i.e. k and / belong
to different trees in the forest).

We compute

SIEFED

n
i |:f dlixijca,;(X“), o X HV()_((i), X(i)):|

[ jyer, 0%V ie1

E(Fn i o 107 i oa 1oyl Sy
_ 9IEwl eza,bﬁ,(a/axg))cag(d/dxé>)+Za_b’,.#x'-/<a/axg>)cal;(a/axg”)l—lv()—((i) X®)
M. per, 057 ’

i=1 XH=X=0
_ ezay,,‘,.(a/axﬁ,"))cag(a/akg’wza)b,i# % 0/3X§)C (/0%

n

9 d 9 Do
x[ [ (Z—.Ca,,f+z ax“ﬂnv (X®, x®)
i

) ) 0 €
ieF, Nap 0Xa' T OX; 9Xa

X0 XH=0

=/duxijC05(X(1),...,X("))
n

x[ I1 (ZL.CM;LJrZ 0 >:|1_[V (XD, x D), (106)
(,))€Fn " a i

(@) () (J) @)
7 0X, 8X5 0X, 8X -1

where we take into account that x'/ = x/?. Thus the forest formula applied to the replicated integral yields

_Z Z/ < )\/\dl,l,wt/(]:n’u)cab(x(l)’.’X(n))

n>0 (i,j)eF

x|: I1 (Z i ——Cyi o +Z i ——Cy; ? )}Hv(fﬂ“,xm), (107)
i, ))eFn

@) =) ) (@)
X, 8X5 0X, BX iz

with w'' (F,,u) = 1 and w'/ (F,, u) = iﬂf(k,l)ePH,v(]-‘,,) uk. Thus in our case we get (taking into account that the
measure over o is 1 ® 1)

Z(J,J; 1, N) = Z Zf(

n>0 (i, ))eFn

SR R
LI Crmar Sy
a a

(/) @@
(i, j)eFn \ ab ab 00, 00,

duij)/\dﬂwij(fmuﬂ@l (O'(l),...,O’(n))

n

X 1_[ {ND_l trln[R(a(i))] + NP1 tr[R(o("))JJT]}. (108)

i=1
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One of the most important features of the Brydges—Kennedy—Abdesselam—Rivasseau formula is that interpolated
covariance matrix w¥ (F,,, u)1 ® 1 is positive [1]. Thus the Gaussian measure is well defined and the expectation of
any function of ¢, ..., 6™ is bounded by its supremum.

Note that the Gaussian integral factors over the connected components of the forests (i.e. trees). The main advantage
of Eq. (108) is that it allows to compute W(J, J; X, N) very easily: whenever a function is a sum over forests of
contributions which factor over the trees, its loganthm is the sum over trees of the tree contribution, hence

W(J,J;r, N)
N(D Dn 1 N
=YY [ (T ) [ nnsmaene™ o)
n=1 T 70 NipeTs
J T (2l 2 oy VI {u[R(e®)] + u[R ()1 7]) (109)
9o (!)a () 9 (j)a @ ’
(i./)eTy ~ ab Oba ab 99 90, i=1
where 7, runs over all trees with vertices labeled 1,2, ..., n and
w (T,w=1,  wi(T,,uy=  inf _u", (110)

(k,)EP;i— j (Tn)

with P;_, ; (T,) the path in the tree 7, connecting i and j. Expanding the product, we get

W, J; A, N) = Z 1 yo- ”"Z/ ( ]_[ du”)

n>1 ! (6,))eTn

il 0 Rl 0
. ()] ()
X/d“wlf(ﬁ,u)lcbl(" peces @ )|: I (Za D 95 (m +Zba‘7(i) aaéi)T>:|
a a a

(i,))€Ty ~ ab

n

X i i tr[R(U(il))Jﬁ],..tr[R(a(ik))Jﬁ] l—[ trln[R(o(i))]

k=0i)<ip<---<i} i=1

Gk
_vaN(D 1>n2/ < duz‘j)
n>1 (0, ))€Tn
) 9 9 9
X/d/L (T, )1®1(0'(1),...,O'(n))|: l—[ <Z——+Z_—>i|
! ’ (i, ))eTn \ ab 3"(27) 30}52’:” ab 3%%) 3(715;)T
n
xzk‘ Z ) JJT] - u[R(e ™) I 7] ]_[ trin[R(c®)]. (111)
llii;ﬁz;k/ 1 l'?éilliln,ik

We represent every vertex of 7, corresponding to a trin[R(c ))] as a fat vertex, and every vertex corresponding to a
term [R (o)) J J 1] as a fat vertex with a mark. The mark represents the sources JJ . The vertices are labeled by the
index i of the corresponding replicated field o ). Each derivative with o and o brings a resolvent (of the appropriate
replica). The resolvents are contracted along the edges of the tree which, as the field o has two indices, are double
(ribbon) edges

IR () 0 } [aR(GU))< ) ﬂ
r| —= [ R tr| ————= R
Z r[ Bacfz) H (@) |tr 30152)1- l_[ (@)

ab le&) le&)

_Z|: o® 1_[ ( (l))R(a(i))]ba[R(a(j)) HR(G(I))R(G(D)]

le&, le&, ab
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=tr[R(a(">) [TREP)R(eP)R(@) T] R(o(l))R(a(j))] (112)

leE| le&)

The edges are oriented, say from o to oT. The contribution of a tree can be computed by adding the tree edges one by
one starting from a graph that has only the fat vertices. Each fat vertex has a face (its boundary). When adding a tree
edge, the derivatives with o, and aga and the sums over a and b merge the two faces into a new face bounding the
graph in which the two vertices are connected by a ribbon line.

If the vertex i in the graph has valence d;, the resolvent R(c®) is derived d; times. The successive derivation of
a resolvent yields an extra summation on the way of ordering the branches of the tree. Hence for each 7,, we obtain
a sum over the various unrooted labeled plane trees 7;9 with oriented edges and n vertices, out of which k (having
labels ¢ = {iy, ..., ix}) are marked, compatible with 7,,.

Consider for instance the terms generated by

9 9 9 i) 9 9
<Z a0, ot )(Z 902, a0t )(Z 352, 90 )

apbiz " annbyy Y bpa axbyz “ 7 axbyz U bazax axabos © 7 agabog U bagary

0 0 0 0 . N
- () f 4)
X < Z 90D g O )( Z 9360 557 >tr[R(‘7 )JJ ]tr[R(U )JJ']

aisbis “Zaisbis U bisais asebse ~ ~ asebse - bsease

X trln[R(a(z))] trln[R(a(3))] trln[R(a(S))] trln[R(a<6))]. (113)

They correspond to a tree with lines (12), (23), (24), (15), (56). Up to a global factor the derivatives are

Z [R (U(l))b]san [R (U(l))JJTR(O—(l))]h]zaH + [R(O—(l))JJTR(U(I))]bLsa]zR(G(l))b12a15]

a12b12a23b23a24b24
aisbisasebse

x [R(G (4)) JJTR (G (4))]a24b24
X (R (G (2))(1121123 R (U (2))b23(124 R (0 (2))b24b12 + R (J (2))a12a24 R (0 (2))1724(123 R (G (2))b23b12)

X R (O (3))(1231)23 (R (G (5))a15a56 R (0 (5))17561715 ) R (U (6))a56b56 : (114)

The term

Y ([ReM)IITR(E@D)], L, RO™M), 0 [RED)TTTRED)],
x (R (0 (2))0121123 R(U (2))1123&24 R(a (2))bz4b12)R (0(3))0231123 (R(G (5))015056

x R(a<5>)b56bls)R(a(6>)a56b56, (115)

corresponds to the plane tree represented in Fig. 17. The other three terms correspond to other plane trees (obtained
by permuting either the edges (12) and (15) on the vertex 1, or the edges (23) and 24 on the vertex 2).

A moment’s reflection reveals that the contribution of each plane tree is proportional to the ordered product of
resolvents associated to the vertices along the strands and JJ ' factors for the marks: for the example in Fig. 17 it
reads

t[R(eP)JITR(e)R(cP)R(eP)R(6P)R(c @) JITR(c™W)R(cP)
x R(eD)R(cD)R(e@)R(c™)]. (116)
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Fig. 17. A labeled plane tree in the LVE.

Taking into account that the derivatives w.r.t. o and o' bring factors —\/ # and \/ # respectively, and we

finally obtain
WOLT AN =N e S 3 (T )
n>1 015095 enlf= ITO 0 (i,j)en
igFiy
k .
x/duu)l-jmu)l®l(a<‘),...,a<"))t{]_[<1ﬂ I1 R(am))]. (117)
d=1 JeEE ()= (D]

where 7, is the unique combinatorial tree to which the plane tree 7:1()! reduces. The product over d is the ordered
product of resolvents and external sources encountered when going around the tree. We chose as start point of this
product the vertex i but, as the trace is cyclic, one can chose any other vertex i», i3 and so on as the start vertex. We
can now prove our first result concerning the LVE expansion.

A.2.2. Proof of the convergence Theorem 6
Every tree 7, with assigned degrees of the vertices dy, ..., d,, has 2”_1d,-1 .. -d,-k!]_[#ik (d; — 1)! associated plane
trees with oriented edges and marked vertices 7:10“ corresponding to the two possible orientations of every tree edge
and the permutations of all but one of the halfedges touching each vertex (plus a choice d;, of where to place the mark
on the marked vertices).

As the number of combinatorial trees with assigned degrees dy, ..., d, is % we get

n— (n—2)!

O dy,....dp=1 i i
Tz Zld,-:2n—2 T
n
2n+k—3
—1 -1
=2 -2 Y diyedy =2 (n—z)!( o ) (118)
dy,.dpn=1
> di=2n—-2
2n—2

as the sums over d; yield the coefficient of the term of degree x

1 11k xn—k _ X" o n+k+p—1 )
Hl—x)] T A Z( » )x : (119)

p

in the expansion of
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We bound tr([] A;) < N ] IlA;|l, and take into account ||R(c)|| < 1 for A > 0. The Gaussian integrals are normal-
ized, and the integrals over the parameters u are bounded by 1, thus

\W(JJ)\N)|<NDZ |A|"IZ \JJTH YooY

n>1 ’ 01,09l = 177;')1
l,];éld/
2n+k—3
—ND )\'I’l 1 2n 1 2|
Z || Z:k’ (n— k) (n ) n—2
n>1
Qn+k—3)!
=N2NY ) Y , 120
HZ; | | Z” ” Kln—k)!(n+k—1)! (120)
and using % <37kl we get
W, N)| < =—=NPY (2-32)" ) (3777 121
[W( )|23A; ||Z|| " (121)
which converges for 0 < A <27 1372 and || JJT|| <3~ L. (Il

A.2.3. Proof of the main constructive Theorem 7
We use the invariance under unitary transformations. We add a fictitious integral over the unitary group U (N), i.e. we
write

W(J,J;r, N) =/ [AUIW(J, J; 1, N), (122)
U(N)

which of course holds as fU( ) [dU] = 1. Now, for all fixed U, we perform the change of variables of Jacobian 1,

o® — UTe DU in Eq. (117). The Gaussian measure is invariant under this change of variables, hence

WJ,J;x, N)=NP~ 12 (A)" 12}(' Z Z/( du"f>

n>l 1.0, ig=1 To
l,];étd/

X /dl'l“wij(ﬂ,u)l@l (O'(l), ey U(n))

f[dU]l—[ UJJTUT]Ed ot lm[ I R(o(j))i| : (123)

d=1 jeg[Ed-1 ()—£(1)] Jed=11yled 1y

i,))€Tn

Rearranging the terms in the product over d we have

W(J,J; A, N)
N e g 3 2 [T W)
. k=0 " ipignig=1 T,O O NijeT,

td;étd/

/duw,,m el (e, ...a®) /[dU]l_[ [U177UT] l//1|: I1 R(a(j)):| : (124)

JEEld—E(d)] Jale@
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The integral over the unitary group of a product of matrix elements is (see [7,8])

k

k
/ [dU] 1_[ Uld"‘d U/;rdjd = ZWg(N, Ur_l) 1_[ (Sldjo(d)(sadﬁr(d)’ (125)
U d=1 0,7 d=1

where ¢ and T run over the permutations of k elements and Wg(N, o) is Weingarten’s function [7,8]. We will use
below the fact that the Weingarten function respects [7,8]

c(o)
1 2|Cs(o)| —2
2k—c(o0) — | | |Cs ()] -1
th N Wg(N,o0) = (-1 ICoo)] < Cy(0)] — 1 ), (126)

s=1

according to corollary 2.7 of [8].
We thus obtain

W, Ti Ny = NP1 L (x)"‘zk, 3 Z/(]‘[ duif>

1 iigeip=1 70 V0 NG e,
igFiy

k .
X/d“w"fm,un@l( Voo™ (1_[ adﬁd[ I1 R(am)] )

d=1 jeBld—&(d)] Jale)

k
-1

xZWg(N,at )Haldi,”(d)aadﬂ,(d). (127)

0,7 d=1

The external sources group into a product of traces. Following the indices we see that By — o — Br(q) ... thus each
trace of a product of insertions reproduces a cycle in the permutation t. Denoting these cycles C,(7), and their length
|C,(7)| (hence 7 is written T = C1 (1) - - - C()(T)) We get

: o |Cr ()]
[0 7. g 8t = [Tl (27) 57T, (128)

d=1 r=1

Similarly, the indices j,/ follow the cycles of the permutation 6§ as jq — lg@) = jog(a)---» thus the generating
function of the cumulants is

W(J,J: % N)=NP- IZ (=M ‘Zk, Z Z/( [1 duij)

n>1 Il;z#l;k 17719 (i,))eTn
c(1) c
X/dﬂwif(Tn,un@l(U(”,...,o("))ZWg(N,ar_l)ntr[(JJT)l PN
0,7 r=1

c@8) TICH@E)]
< 1] tr|: I1 ( I1 R(o(j))>:| (129)

d=1 "jeE[(c§)"Hq)—>E(0E)? ()]

with g any element in the cycle Cj (c&). The cumulants are defined according to Eq. (72) as the partial derivatives of
w(J, J;x N ). It follows that the distribution is trace invariant, as the non-trivial cumulants at order 2k are written as
sums over graphs 3, whose connected components are the cycles over the external insertions JJ . To each graph one
has several possible 7 associated permutations. The graph B fixes the lengths of the cycles of 7, hence all permutations
with the same cycle structure (that is all conjugated permutations) correspond to the same graph. We denote [5] the
conjugacy class of permutations corresponding to B. The number of cycles of t € [3] is the number of connected
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components of the graph 5, C(B) = c(r). We now show that the cumulants are properly uniformly bounded. We
bound the Weingarten function using Eq. (126) and we bound the traces of products of resolvent by N. Taking into
account that the Gaussian integrals are normalized, and the integrals over the parameters u are bounded by 1, we get
a bound for each graph B contributing to a cumulant of order 2k (using K’(3) as a dustbin notation for a constant
independent of N, but depending on B)

—2k(D—1) A7D—1 n —2k+c(ar_l)+c(a§‘)
|R(B, un)| < K'(B)N N § .|x| o § § § N (130)
i1300senig= |7-O seB (k)
ld;éld/ "t relB]

By Lemma 8, c(£) + c(0&) + c(7) + c(ot™ ") < 2¢(£) + 2k and taking into account that £ is a cyclic permutation,
c(§) =1, and that the sums over t and o do not depend on n, we get a bound

K/(B)NDf%(Dfl)fC(B) i a2 2n +k —3)!
(n—k)!(n+k—1!

n=k
o0
< K/(B)Nszk(Dfl)ic(B)k! Z |k|n2n7] 321’!4’/{71 — K(B)Nszk(Dfl)fc(B)’ (131)
n=k
for some constant K (B3).

In order to conclude that u( ) is properly uniformly bounded (Definition 4) we must show that K (8®), N) con-
verges to some finite limit when N — co. We show this and compute the limit in Lemma 9, Section A.2.5.

A.2.4. Proof of the Borel summability Theorem 9

Consider a complex A in the right half complex plane, A = |A|e'?, —% <p< % Using ||1 4+ pe'*|| > |sina| =
IRl < reasrmr <
using % < 32n+k=1 we bound W(J, J; A, N) in Eq. (117) by

2, counting k 4+ 2(n — 1) resolvents for a tree with n vertices out of which k are marked and

. i 1 ~ n 1 ‘ 1 n
‘N DW(J,JZK,N)IEZ;MW IZEH‘]‘]T” |C0$((p/2)|k+2("_1) Z Zl

n>1" k=0 i nig=1 7O
igFigr ’

n—1 n i k ! _
_y Ll W 21 Zl< oAl ) n! 2n_1(n_2)!<2n+k 3)
— n!|cos(¢/2)] (n=1) = k!'\ |cos(p/2)|) (n—k)! n—2

< S (@) T Y (V2] gt 3R, (132)
k=0

n>1

which is convergent for || JJT|| < 3712712 and |A| < 272372, hence it certainly converges in the Borel disk!? 36 <
R(P).

To compute the remainder Ry ,(A) we separate N “Dw(J, J: A, N) into two terms: the terms with n < r + 1 and
the ones with n > r + 1. The terms with n > r + 1 are all in the remainder and admit the bound

MUY ey ST )

n= r+1 TR 17—0 i,))eTn
ld;éld/
k
1 T j
) /d“wl’fm,un@l(a( )7...,G(n))tr|:l_[ <JJ' H R("m))“
d=1 JjeEIE-1(1)—84(1)]

BAs (9102 + (32)2 < 5% implies 0 < M < H& hence (9R1)2 + (30)? < 3 62.
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Z I)»I" IZ “JJ ” k Rkt n! 21y _2)‘<2n+k—3)

n= r+] ( k)' n—2
o0 n
< 3 4t Vag st < gk (133)
n=r+1 k=0

with K some constant and both ||JJT| and A small enough, which is certainly bounded by K" r!|1|". It remains to
find a good bound for the contribution to the remainder of the terms withn <r + 1,

IZ eV IZk, 3 Zf( I du'v') (134)

ipig.ig=1 7O (@, J)€Tn
ld#d/

k
x /d,uwfj(ﬁhu)l@l(a(]),...,0(”))tr|:1_[(.lﬂ l_[ R(U(j))>:|. (135)
d=1 JeBET M~ )

For each plane tree, we use a Taylor expansion with integral remainder of the product of resolvents up to some order
to be chosen later

s—1

1[ a9 1 ! d
CDEDY ;[370“@)} t mfo (1 —t)“]@(f(«/a)) dr. (136)
q=0"" = '

The first terms yield some series in A, as the Gaussian integral is non-zero only for an even number of insertions. For
every resolvent appearing in the product we have, taking into account that o — 0" commutes with R(o),

1
)
t[l +tA/NP-1(o —UT)]cd

1
— D—1 —
= 2\/_ AN [R(ta)(a o )R(ta)]
1
=Z(a2 Oap5— +Zo,,a ;a>R(tcr)az (137)

Taking into account the copies we get,

(i )

JjeEEHT(H—Ek)]

(agesyn )]

Oab ab Opa

ﬁ(Jﬂ [ R(to(j))>:|. (138)

d=1 JEEIEITI ()—>E4(1)]
Integrating by parts we get

TR )

(i, ))€Tn deC(§) JjeEld—E(d)]

[,+)

@, )€
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1 .. 0 0 Rl 0
’ M ) 1
X/duwum,un@l(a G")(Z 2,“’”“*17’“(28 @ 50 +Za D 99 (l)’r))

i,j ab Oub Opa

x tr|:1ﬁ<JJT [ R(ta(j))>:|. (139)

JjeEEITI (-84 ()]

When acting with - (,) ?  on the trace one obtains two J/t factors in the numerator which are canceled by the
ab ba

denommator . It follows that the derivatives with respect to ¢ only act on resolvents and the derivative of order s is

k
1 .
8ts|: (H du”) d“wi/(Tn,un@l(U()""’G(n))tr[l_[(Jﬂ H R<ta(l))>ﬂ
heT: d=1 jeBEd- 1 (H)—£4(1)]
1 ..
_/( 1_[ du”)
O N jeTs
1 . 9 d 0 9 ’
) M () i
X/dﬂw’!(ﬂ,uﬂ@l(o— s, O )(Zth (7;““)(28 (1)8 (])T+Za (j) BO,(Z)T>>

i,j ab
k .
x tr[]‘[(Jﬂ' I1 R(ta(/))>}. (140)
d=1 JeBIET () —>g4 ()]

When computing explicitly the derivative operators acting on the trace one generates ribbon loop edges decorating the
plane tree'* ’7;9 The traces recompose to reconstitute the product of R(c') and JJT on each face of this graph. An
example is presented in Fig. 18 consisting in the tree of Fig. 17 decorated by two loop edges. Its contribution is

tr[R(ta(2))R(to(3))] tr[R(ta(S))R(ta(ﬁ))]
u[JJTR(tc V) R(10@)R(tc D) R (t6P)R(ta W) T J T
x R(toD)R(tcP)R(ta V)R(tc D) R(10 @) R (16 D) R (taV)]. (141)

Bounding again the resolvents by +/2, and the traces by N times the norm, each such term is bounded by

) N
AR (R Y LAt e

@4

2

Fig. 18. A plane tree decorated by loop edges.

1

14The new edges are called loop edges in order to be distinguished from the tree edges of 7;9
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as the number of faces of the ribbon graph obtained from the plane tree 7;8( by adding the s loop edges is at most
I +s.

The initial tree has 2(n — 1) 4 k resolvents. Every derivative brings a new resolvent, hence the number of contrac-
tions (the number of ways one can connect the loop edges on the tree) is

R -D+k+2s—1]!
20— D +k]20—D+k+1]--- 20— D) +k+25s—1]= R—1)+k—1]!

(143)

Choosing s = r — (n — 1), and taking into account that w”/ < 1, the Gaussian integrals are normalized and the integral
over dr is bounded by 1, the remainder term is bounded by

r n
1 1 n! 2n+k—3
NIty = 2" l(n —2)!
;n!H kgok!(n—k)! (n )< n—2 )

—n+1
R —1)4+k—142r —2(n—1]! k+2r< Al ) " [ N2

r—m2n—1+k—1] ND-1
r n
. 1 2 k—3)! 2r +k —1)!
<2 33 |Vaa gt Gntk=3) @rak-1) . (144)
P K=K it k=1 r—n)2n—1) +k—1]!
We have m% < 32ntk=1 337 apd ijgki”, < 3%+l — 5 4 2)! < 3% (r 4+ 1)!. Moreover

S S o1 < (r+ 1) thus for | V24 J7|| < 1 we get a bound on the contribution of the first terms to the remainder
(223333) A" (r + 1! < (223%3%3) 1Al (145)

Note that although the bound we have established might not appear tight, in fact it is: the »! growth of the remainder
is not an artifact, but it is generated by the proliferation of the Wick contractions in a graph with loop edges.

A.2.5. The large N covariance
The main message of this section is that, because the perturbation series is Borel summable, the N — oo limit of
K (B@, N) is entirely captured by the N — oo limit of its perturbation series.

Lemma 9. We have

—14++/14+82

YTy (146)

lim K(B?,N)=
N—o00

Proof. Using the techniques developed in the proof of Theorem 7 one can show that limy _, o K (B®, N) = K (B?)
exists. Instead of doing this, we show how the Borel summability Theorem 9 can be used to compute K (B?)) analyt-
ically.

By Theorem 9, K (B®, N) is Borel summable in A uniformly in N. We denote K (B®), N),, the term of order A"
in the Taylor expansion of K (B, N) in A. From Theorem 8 we conclude that the series

B(t,N)=)_ %(—t)"K(B(z), N),. (147)

n>0

is an absolutely convergent in ¢ uniformly in N for |¢| small enough. According to Eq. (76), K (B, N), is a sum over
all the connected D + 1 colored graphs G with 0G = B@, having n subgraphs of colors 1,2, ..., D, H(G) =n, such
that all this subgraphs are B® (recall that B® denotes the graph of the melonic invariant of the quartic perturbation)

K(B?P,N),=1, K(B? N) = > Q(,Q)O(Q,N), forn > 1, (148)
G.96=BD fG=,
VHEH(G) H=B®
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where Q(G) counts the number of contraction schemes which give the graph G and

NDP-DH@—(D-)E*G)+Y; F(©)

0, N) = —— 20 %60 T D—C@0) =L (149)

As we are interested in the N — oo limit we separate K (B®,N), into a leading order term (in 1/N) and a rest
term,
2 _ 2 1 2) . 1 2 _
K(B?.N),=K(B?),+RV(BZ.N),, lim RV(BD,N) =0,
(150)

(9

K(B(2)) = lim K(B(Z) N) = Z _

|

oo G.0G=B® H(G)=n, n
VHeH(G)=H=BH;0(G,N)=1

To compute K (B?), we first identify the graphs G with O(G, N) = 1 and count their factors Q(G). As all G con-
tributing to K (B, N),, have H(G) =n, E°(G) =2n+ 1, k(3G) = 1 and C(3G) = 1 we conclude that

o¢g,NH=1 = Z Fii(G) = (D = Dn. 51

The graphs G can be identified by a simple trick. To each G with external vertices a and a and external edges (of color
0) (a, v) and (v, a) we associate the connected closed D + 1 colored graph G obtained by deleting (a, v) and (v, a)
and adding an edge (of color 0) (v, v). The graph G has k(_C’; ) = 2n white (and 2n black) vertices, as B has two white
and two black vertices. It follows that the total number of faces of G is written using Eq. (29) as a function of its degree
F(G) = D (D Don+D— = 1),0)(G) On the other hand the number of faces of G can be counted as follows. All the

faces of colors ij,0 <i < j of G come from some B®, hence 2 0<i<j Fi(G)=n 20<i<; F F(B®)=n(D — 1)%.

The D external faces of G become D internal faces of QN hence the total number of faces of colors 0i of QN is
> FOi (é) D+ Flm((]) D + n(D — 1). We conclude that a)(g) =0, thus Q is a melonic graph.

This allows one to compute both the number of distinct graphs G at a given order, as well as the number of
contractions Q(G) leading to a graph G. First note that B® is a melonic graph represented by the tree with two
vertices connected by an edge of color 1. Then the tree T representing G becomes, ! by deleting the edges and leaves
of color 0, a collection of n edges of color 1, as depicted in Fig. 19 (to simplify the figure we did not represent the
leaves of color different from 0). The number of contractions Q(G) leading to a graph G corresponding to G is 2"n!.
The 2" factor comes from the choice of which one of the two vertices of every tree edge of color 1 is hooked towards

the root, and the n! from the permutation symmetry between the edges of colors 1. The number of such trees is # (2”)
as 7 becomes a binary rooted!® tree with n vertices by contracting all the edges of color 1. Thus
1 1 2n 2" (2n
K(B?) =—(n12") = : (152)
L 3! n+1\n n+1\n
o o .0 .0
1 N
0 0 o .0 o9 O—=
I L 0: 1 : 0
o—© —9 0 G——9
o, 00 1 0
——m0 G &)
10 1 0
O
L0
Fig. 19. The tree 7 of a leading order graph.
I5Recall that by deleting the color 0 in 7~ one obtains a collection of trees representing its bubbles with colors 1,2, ..., D which are all B

16The root of T is chosen as the melon containing the vertex v.
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and

n
K(B? N) = n2+ . (2:) +RV(B.N),.  lim RV(BZ,N), =0. (153)

Thus, B(t, N) is written as

B(t, N) = B(t) + BV (1, N),

Bn)=)_ %(—t)" 2 <2”) BV, N)=)" %(—t)”R(l) (BY.N), .

= n+1\n

(154)

The leading order term B(¢) is an entire function and admits the bound | B(#)| < ano ﬁ (8)" < ¥ For || small

enough the rest term B (¢, N) is absolutely convergent in 7 uniformly in N and

1
li B(l) — (=" 1 R(l) ) =0. 1
Jim (t,N) Zn!( 1) Jim (B?,N), =0 (155)

n

According to Theorem 8 the function B(z, N) admits an analytic continuation in a strip hence (as B(¢) is an entire
function), B (¢, N) admits an analytic continuation in a strip also. Moreover, as |B(t, N)| < Be'/R for some B and
R independent of N and |B(1)| < %, we have |[B1(z, N)| < B'e’/R with B’ and R’ independent of N. Finally,
limy_ 0o BV (t, N) =0 in the strip as limy_, o BV (¢, N) = 0 is analytic in the strip and limy_, .. BV (t, N) =0 for
|t| small enough.

Using again Theorem 8 we have

ko=t |

00 1 [ 1 [
dte_I/AB(t,N)zxf dte_[/’\B(t)wLX/ dre™* BV (1, N),
0 0

0 (156)

1 [ 1 [
lim K(B?,N)=— / dte™"*B(t) + lim — / dte "B (¢, N).
N—o00 A Jo N—oo A Jo

We compute the first term
1 [ 1 [ 1 2" (2n 1 2n
— | dre”*B@t) = —/ dre™"/*y " — (=) =) (—20)"——
A/o ¢ ®) A Jo ¢ Zn!( )n+1 n Z( )n+1 n
n>0 n>0
—1+J1+8)
— %, (157)

while, using the a priori estimate on |B1 (¢, N)| and Lebesgue’s dominated convergence theorem, the second term is

1 [o° 1 [o°
lim —/ dte_’/AB“)(t,N)z—/ dre™/* 1lim B, N) =0. (158)
N—oo A Jy A Jo N—o0 U

Appendix B: Other scalings of the cumulants

A natural question is to what extent the results presented in this paper can be generalized for different scalings of the
cumulants. As already mentioned the scaling N”~! of the Gaussian is the unique scaling which leads to convergent
expectations for all invariants, not only for subclasses of invariants.

An interesting question is what happens if one allows the scaling of the cumulants to depend on finer details of the
associated graphs. Of course if this extra scaling suppresses some of the cumulants the results hold. The interesting



Universality for random tensors 1523

question is how much these scaling can be boosted, while still having a large N limit (universal or not). One particular
scaling one can consider is to boost each invariant by a factor N®

c(B)
o o — B,
ol Ty Ty Ty 1= ) NTOTDRERD=CERe® g5 N) [T 5,7, (157)
B UC(B)B p=1

k(B) k

with £2(B) its convergence order (note that the convergence order, like the degree, factors over the connected compo-
nents of the graph 2(B) = Zp 2(B,)).

So far we cannot provide any example of a measure which saturates these bounds. It is however interesting to
briefly discuss them. We will show below that if a measure saturates these bounds and if it admits a large N limit,
then this large N limit is not Gaussian. Furthermore we provide a necessary and sufficient condition for the large N
limit of such a measure to exist.

The expectation of an observable is written again as a sum over doubled graphs G,

N=HEE) y (Trg (T, T))

=Y [[x(Bw@)

GoB «
% N~ @=DYe@+/ (D=1 ming go_p @(G)+3q,, Ming, 4 £0_5, @ @ (O‘))*DZ“(C(B(Q%D), (158)
where we have expressed the convergence orders £2(B) and £2(B,(«)) as
2 2
2B)=—— min o(¢)- ———w(B),
Do) - B2y
(159)
(B,(a)) = —— min w(G,(a)) — ———w(B,(@)),
(Bo(e)) = 5= Go(@\E=B) (@) (G) = e Br@)

with G’ and G, («) covering graphs of B and B, («). Again the contribution of G is dominant only if all the cumulants
have a unique connected component C(B(«)) = 1, that is B(«) = B («), which will be the case we consider from
now on. Let us denote the total scaling with N in Eq. (158)

2 2
AG) =——— / '
@ (D —1)! *@ 5 (D—-1)!g \50 w(g ) ;mw\nslfl’it%(a) @(6)
=Y FY%QG)+ Da™ — sup F%(G') - sup FO(G(@). (160)
Xi: G\E=B Z za: G(@)\E9=B() Xl:

If B(e) are all dipoles B, corresponding to G = G™in U | J £0(gminy B ) for the minimal covering graphs G™™ of
B, we obtain A(gmirl uy £0 (gmm)) =0, as all G(«) are of degree 0. This reproduces the usual Gaussian evaluation.
For the other doubled graphs G there are three possible scenarios

o forall GO B, G#GMnyU Ugo(gmin) B, A(G) < 0. In this case the model admits a Gaussian large N limit.

o forall GO B, G # G™" U Jgo(gminy B?, A(G) <0, and there exists G # G™" U Jgo gmin) B with A(G) =0.In
this case the model admits a large N limit which is not Gaussian.

o there exists G D B with A(G) > 0. In this case the model does not admit a large N limit.

The example of Fig. 20 shows that we are not in the first case. It consists in an observable and a cumulant in D = 3.
The minimal graphs for both the observable and the cumulant have 6 faces of colors 0i (hence degree w (G (a)™imy =
a)(g/ min) — 3). The doubled graph has 9 faces of colors 0 (that is degree w(G) = 6) thus A(G) =

It is for now an open question to discern in which of the remaining two cases we are. One can show using a
Cauchy—Schwarz inequality that for any observable with 2k (B8) vertices >, F 0'(G) < Dk(B) for all doubled graphs
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Fig. 20. A doubled graph scaling like the Gaussian contribution.

G D B, and that the bound is saturated (by the case in which one has only one cumulant whose associated graph is the
mirror image of the observable B, as it is the case in Fig. 20). It follows that the model admits a large N limit if and
only if, for all connected graphs B, one has

max FY%G) > Dk® +D (161)
G\E"=B 2

While we have not been able to find any example in which this inequality is violated, we have not been able to
prove it either.

Should this inequality hold, one would get a non-Gaussian large N limit, which of course would be very interesting.
Note however that if the models admits a large N limit with these scalings, then the leading order is rather non-trivial.
The example in Fig. 20 shows that at leading order one gets contributions from graphs which do not correspond to
manifolds. Also, it is not clear (and it does seem unlikely) that the leading order graphs form a summable family like
the planar or the melonic graphs.
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