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We consider a random matrix model with both pairwise and non-pairwise contracted indices. The
partition function of the matrix model is similar to that appearing in some replicated systems with
random tensor couplings, such as the p-spin spherical model for the spin glass. We analyze the
model using Feynman diagrammatic expansions, and provide an exhaustive characterization of
the graphs that dominate when the dimensions of the pairwise and (or) non-pairwise contracted
indices are large. We apply this to investigate the properties of the wave function of a toy model
closely related to a tensor model in the Hamilton formalism, which is studied in a quantum
gravity context, and obtain a result in favor of the consistency of the quantum probabilistic
interpretation of this tensor model.

Subject Index A13, B83, B86

1. Introduction

Random matrix models [ 1-5] were first introduced by Wigner in the context of nuclear physics, and
have since then proven to be an essential tool in modern physics and mathematics, with applica-
tions in quantum chromodynamics, disordered systems, 2D quantum gravity, quantum information,
combinatorics of discrete surfaces, free probability, and so on [6-8].

Our main interest in this paper is to study a new kind of random one-matrix model defined by the
following partition function:

ZyR(A, k) = /NR do exp (—rU(¢) — kTrpg'), (1)
R

where the integration is done over matrices ¢ with real coefficients ¢fl eR@=12,...,N, i =
1,2,...,R), d¢ = ]_[le ]_[fl\[:1 d¢!, the Gaussian part is Trog! = Zle Zivzl @i ¢l, and the
interaction term is

R /N 3 NoR
U<¢>=Z( ¢;¢z) = Y D bbb, P )
1

ij=1 \a= a,bc=11j=1

The parameters k, A can be both real or complex, depending on the specific problems considered.
Random matrix models are usually defined using trace invariants and matrix products, for which
the indices of the matrices are contracted (summed) pairwise. The archetypal example of a one-
matrix model is obtained for interactions of the form U (¢) = Tr((qﬁqb’ ) ) Instead, while the lower
indices are contracted pairwise in the interaction that we consider in Eq. (2), the upper indices,
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i,j € {1,2,...,R}, do not appear pairwise. In our study, we will consider both square matrices
(R = N) and rectangular matrices.

Rectangular random matrix models were considered and then systematically analyzed in Refs.
[9-11], extending the celebrated double scaling limits of matrix models [3—5]; see also Ref. [12]
and references therein. In the large matrix size limit, rectangular random matrix models interpolate
between the behavior of branched polymers (involving Feynman graphs with a tree-like filamentary
structure) and that of 2D quantum gravity (involving planar Feynman ribbon graphs). An important
step in solving these models was to diagonalize the rectangular matrix by using the Lie-group
symmetries on the matrix indices. On the other hand, the present model (1) respects only the discrete
permutation symmetry! on the upper index, while it respects the orthogonal symmetry on the lower
indices. Moreover, the usual pairwise contraction pattern allows for the ’t Hooft expansion [2] over
ribbon graphs, discrete surfaces classified according to their genera, where the contribution in the
matrix sizes of a graph is given in terms of closed loops called faces [6,12]. With the non-pairwise
contraction pattern in Eq. (2) we lose this combinatorial structure and the expansion over random
discretized surfaces. Because of the differences in the symmetry and combinatorial structure, we
expect the present model (1) to behave differently from the usual square and rectangular random
matrix models. It is also challenging to analyze the present model with this lack of symmetry and
without the topological expansion over discrete surfaces.

Due to this lack of symmetry, the present model, Eq. (1) with Eq. (2), can be seen as a random
vector model with multiple vectors, ¢’ € RY (i = 1,2,...,R). In the usual solvable settings of
the vector models [13,14], however, there are independent Lie-group symmetries for each vector,
and the interactions are rather arbitrary among the invariants made of these vectors. On the other
hand, our present model has more restrictive characteristics: there is only a single common Lie-
group symmetry?, the vectors are equivalent with each other under the permutation symmetry, and
the interaction has the particular form with non-pairwise index contractions. Therefore, we would
expect that our model defines a specific type of vector model with some interesting characteristic
properties. In a sense, the present model is in between the matrix and vector models, and in fact, by
just changing the power of the interaction term in Eq. (2) from 3 to 2, we recover the usual Tr((d)d)’ )2)
rectangular random matrix model.

As amatter of fact, an expression very similar to Eq. (1) has already been discussed in the context of
spin glasses in physics, for the p-spin spherical model [15,16]. The model has spherical coordinates
as degrees of freedom, and considers random couplings among them to model the spin glass. An
expression of the form (1) appears after integrating out the random couplings under the replica trick.
However, there are some differences with our case: there exists a constraint Zflv: | PLp. = const,
corresponding to spherical coordinates; A is negative, while it should be positive for the convergence
of Eq. (1) (or should have a positive real part); the limit R — 0 is taken in applying the replica trick.
Because of these rather non-trivial differences, we would expect new outcomes with respect to the
previous studies. Note that the case where R is kept finite while N is taken to be large in Eq. (1)
could have an application for systems with a finite number of “real" replicas [16,17].

One of our motivations in initiating the study of the model (1) is to investigate the properties of
the wave function [18,19] of a tensor model [20-22] in the Hamilton formalism [23,24], which is
studied in a quantum gravity context (see Appendix A for a brief review). The expression (1) can be

! Namely, reordering of i = {1,2,...,R}.
2 Such a model was written down as Eq. (2.14) in Ref. [13]. However, the model was not solved.
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obtained after integrating over the tensor argument of the wave function of the toy model introduced
in Ref. [25], which is closely related to this tensor model. The details will be explained in Sect. 3.4.
As another potential application, we can consider randomly connected tensor networks [26,27] with
random tensors. It would also be possible to obtain Eq. (1) by considering a random coupling vector
model, or a bosonic timeless analogue of the SYK model [28,29]. Indeed, introducing R replicas in
such a model, we obtain

ZN,R()\'a k) = / dPei% Zé\;)czl Pgbc( d¢e_k Zjavzl ¢3_1m22{b,021 Pab6¢a¢b¢t’)R (3)

RN

(here d¢p = ]_[ivzl d¢, and [ is the imaginary unit), from which we recover Eq. (1) by integrating
out the random tensors. In fact, as detailed in this paper, the Feynman diagrammatic expansions of
vector models with random couplings such as the SYK model with a finite number of replicas are
still dominated by the celebrated melonic diagrams [30—32] when the size of the system is large. We
will show that this dominance still holds when the number of replicas is large, as long as the latter
does not exceed the size of the system?.

This paper is organized as follows. In Sect. 2, we describe the Feynman graph expansion of the
partition function (1). We identify the graphs for which the dependence in N and R is the strongest
when the number of interactions is fixed in the following different regimes: N large and R finite, R
large and N finite, and R ~ N* witha € (0, +00). In Sect. 3, we develop a method to treat the model
in a convergent series by separating the integration variables of Eq. (1) into the angular and radial
parts. We apply the method to study the properties of the wave function of the toy model introduced
in Ref. [25], which is closely related to the tensor model mentioned above. The last section is devoted
to a summary and future prospects.

2. Graphical expansion and dominant graphs for the different regimes
We consider the normalized partition function

NR

k _ _
Zn kO k) = (;) 5 fR - dpe U kTr(¢¢t)’ (4)

where Tr(¢¢’) = Zivzl ZZRZI ¢L’;¢fz, and where the interaction U (¢) is not a usual trace invariant,
but instead has non-pairwise contracted indices:

R N N R
v =Y (X eidh) = 3 3 dleigisieldl. ©

ij=1 a=1 abe=1ij=1

This partition function is indeed normalized, as fRNR d¢e‘kTr(¢¢t) = (%)¥‘

We represent graphically the contraction pattern of the interaction (5) in Fig. 1. Each matrix ¢ is
associated with a vertex, with two half-edges* attached: a dotted half-edge representing the lower
index (summed from 1 to N), and a solid half-edge representing the upper index (summed from 1 to
R). The dotted half-edges are associated pairwise, representing the summation of the indices a, b, ¢

3 The results that we obtain concerning dominant Feynman graphs should still apply to models with a time
dependence.

4 An edge between two vertices is divided into two parts, which correspond to the neighborhoods of the two
vertices. We call these parts half-edges.
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Fig. 1. Graphical representation of an interaction ij:l(Zle ¢ ¢/)?. The variables ¢/ are located at each
connection point between the solid and the dotted lines. The solid lines represent the contractions of the i and
j indices, while the dotted lines represent the contractions of the lower indices.

in Eq. (5), while the solid half-edges are attached to trivalent nodes, representing the summation of
the indices i,; in Eq. (5).

We consider the formal expansion of the partition function in powers of the coupling constant A. It
is formally obtained by expanding the exponential of the interaction (5) in Eq. (4), by exchanging the
sum and the integral, and by applying Wick’s theorem to compute the Gaussian expectation values
of products of Eq. (5) of the form

B\ o
W= (1) [dsv@re e, ©)

This way, the partition function is formally expressed as

1
(U@ "o. (7

n!

ZvR(ak) =) zZy(NRE) (=", za(N,R k) =

n>0

By changing variables ¢’ = +/2k¢, we see thatz,(N, R, k) = z,,(N,R)/ (8%3)". Inthe present section,
we identify the dominant term in z, (N, R, k) for different regimes of large N and R.

2.1. Feynman graphs

Applying Wick’s theorem, (U (¢)")o is typically computed by summing over all possible ways to
pair the 6n matrices involved, and by replacing the paired matrices with the Gaussian covariance

o 1
(L))o = ﬁaijaab (8)

This can be expressed graphically using sums over graphs as follows: the # interactions U (¢) are each
represented as in Fig. 1, and contribute with a factor (—A), while the Wick pairings (the propagators)
are represented by new thin edges between pairs of matrices, which identify the indices corresponding
to the dotted and the solid edges, and contribute with a factor 1/2k. We therefore have graphs with
three kinds of edges, dotted, solid, and thin, and so that we recover n copies of the graph in Fig. 1
when the thin edges are deleted. We denote by G(n) the set of such graphs, and by G the set of
graphs with any positive number of interactions. Similarly, we denote by G.(n) and G, the subsets
of connected graphs in G(n) and G. An example of a graph in G.(3) is represented in Fig. 2.

As with the usual matrix models, the sums of Kronecker deltas corresponding to the indices
contracted pairwise in Eq. (5) yield a factor of N for each free sum on the lower index of the
matrices. In our representation, these free sums correspond to the connected subgraphs obtained
when only the dotted and thin edges are kept, while the solid edges are deleted. These subgraphs are
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Fig.2. An example of a connected Feynman graph with three interactions. Wick contractions are represented

by the thin lines.

Fig.3. Faces for the graph of Fig. 2. On the left there are four dotted faces, representing the four free sums
of the lower indices generated by the Wick contractions, each of which contributes with a factor of N. There
is a single solid face, represented on the right, and thus one free sum for the upper indices, which generates a
factor R. Hence, the total weight in N, R of this Feynman graph is N*R.

loops called dotted faces’. In Fig. 2, for instance, there are four dotted faces, represented on the left
of Fig. 3, and thus a contribution of N* for this graph.

In the present case, however, the contraction patterns of the upper indices corresponding to the
solid edges are more complicated: we still get a factor of R for every connected subgraph with only
solid and thin edges, but now such subgraphs are no longer loops as they have nodes of valency
three, as shown on the right of Fig. 3. Even though these subgraphs are not loops, we call them solid
faces.

We denote by F, (resp. F) the number of dotted (resp. solid) faces. For the graph of Fig. 2, we
thus have F/; = 4 and F; = 1. Then, using Wick’s theorem, the expectation values (U (¢)")o are
expressed as

1 \n
W@ =(g5) D mONIORNO, ©)
GeG(n)

where we have used the fact that the number of thin edges is 3n, and where m(G) is the multiplicity
of the graph G, defined as the number of occurrences of G when adding the thin edges in all possible

51t is a common denomination in random matrix and tensor models to call such loops faces.
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Fig. 4. The list of Feynman graphs in G(1). For later convenience, they are gathered in two groups, separated
by a comma.

ways for the #n(G) interactions. Inserting this into Eq. (7), the partition function is formally expressed
as an expansion indexed by Feynman graphs.

In Fig. 4, all the possible one-interaction graphs are drawn. From the graphs, one can easily
compute the weights coming from the free sums over the indices. One also has to take into account
the multiplicities m(G) of the graphs. For instance, the contribution of the first graph of Fig. 4 can
be computed as N>R(—A/(2k)?). By computing similarly for the other graphs, the contributions of
these graphs lead to

z1(N,R, k) = (N*R+3N’R + 2NR + 3N°R + 6NR) (2k) . (10)

The terms are ordered in the same way as the graphs appear in Fig. 4.
In practice, Zy p is rather computed by exponentiating the free energy® whose expansion involves
only connected Feynman graphs:

m(G) ( —A\"G) oy F
f )\,k = 1 Z )\,,k = 0 — N d( )R S(G)’ 11
NRA, k) = log Zy (A, k) G% n(G)!(8k3) (11)

where we have denoted by n(G) the number of interactions U (¢) in the graph G € G..
Our aim in the present section is to identify the graphs in G.(n) that dominate when N or R is
large, or both, in various specific regimes.

More precisely, we will consider the following cases: N large and finite R in Sect. 2.2, R large and
finite N in Sect. 2.3, and both N and R large with R ~ N, where « > 1 in Sect. 2.4 and where
a < 1in Sect. 2.5. For each one of these regimes, and for a fixed value of n > 1, the connected
graphs in G, (n) can be classified according to their dependence in N and R. The graphs in G.(n) for
which this dependence is the strongest are called dominant graphs. We will compute the dominant
free energy, i.e., the free energy restricted to dominant graphs.

Note that because all the one-interaction graphs have the same contribution in R, in all the regimes
where N is large, the only dominant one-interaction graph is given by the leftmost graph in Fig. 4,
so that in any regime we may consider where N is large:

3
2NN >> 1,R k) = %. (12)

For the rectangular matrix model defined with an interaction of the form U (p) = Tr((¢¢’ ) ) with
p > 2,the Feynman graphs are ribbon graphs whose vertices have 2p incident edges and whose faces
are colored in black for the lower index ranging from 1 to N and white for the upper index ranging

%1In this paper, we call log Zy r the free energy, rather than the real free energy — log Zy » in physics to
avoid the frequent appearance of extra minus signs. This “convention” is often used in combinatorics papers.
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Planar ribbon-graphs

Tree-like graphs Tree-like graphs
E >
a=0 a=1 o}

Fig.5. Dominant graphs at large N for the random N x N* matrix models with « > 0.

Small graphs : tree-like
Large graphs : star-like
E 3 >

«

a=0 a=1 a=2

Tree-like graphs Star-like graphs for n > 2

Fig. 6. Dominant graphs atlarge N for our random N x N* matrix models with non-pairwise index contractions
with o > 0.

from 1 to R, so that two neighboring faces have different colors [10,12]. If the black and white faces
are respectively counted by F} and F),, and assuming that R ~ N¢ witha > 1 (for 0 < o < 1 the
roles of N and R are just exchanged), the dependence in A, N, R of a graph behaves as

A”NFb+aFw — )\nNa(Fb+Fw)+(lfa)Fb — )\nNa(2+n(p71)72g)+(lfa)Fb

so that we obtain the two following cases:

(1) Ifo = 1, the dominant graphs are all the planar 2p-regular ribbon graphs, and we recover the 2D
quantum gravity phase [6].

(2) If @ # 1, the dominant graphs are all the planar 2p-regular ribbon graphs that in addition have a
single black face (or a single white face if « < 1). Such graphs are easily shown to have the same
structure as the dominant graphs for a (¢ - ¢)? vector model, which we describe in Appendix B for
the (¢ - ¢)> model. These graphs have a tree-like structure characteristic of the branched polymer
phase.

Note that by scaling the coupling constant as A = A’N*(!1=P)_ the contributions of the graphs are
bounded by N'*¢. The scenario for dominant graphs for the rectangular one-matrix model with the
assumption R ~ N* with « > 0 is summarized in Fig. 5.

In this section, we will show that the scenario for the dominant graphs of our model is as shown in
Fig. 6. The families of graphs referred to as tree-like and star-like will be described more precisely
in the rest of the section.

We will see that while the dominant graphs for finite R and large N are the same as those for
R ~ N% with 0 < o < 1, the dominant graphs for R ~ N% with « > 2 are a strict subset of
those for R large and N finite. In the intermediate regime where R ~ N* with | < « < 2, there
is a competition between the two families of dominant graphs, so that dominant graphs are neither
included in those for R large and N finite, nor in those for finite R and large N.

2.2. The large-N and finite-R regime

The R =1 vector model at large N. Let us start with this well-known particular regime of the
model: for R = 1, we recover the (¢ - ¢)? vector model, for which the graphs that maximize F , 1In
Ge(n) are well known and satisfy F/; = 1 + 2n (an example is shown in Fig. 7). Such graphs are
said to have a tree-like structure (see Appendix B).
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Fig.7. An example of a dominant graph in the large-N and finite-R regime.

Fig. 8. Graphical representation of the self-consistency equation for the normalized two-point function at
leading order in the large-N and R = 1 regime.

To compute the free energy restricted to the dominant graphs in this regime, it is easier to first
compute the two-point function. More precisely, by differentiating the free energy with respect to &,
we obtain the generating series Gy r (X, k) of graphs with one oriented thin edge, which corresponds
to the normalized two-point function

2k 2k 9
Gy r(M, k) = ﬁ(TIY/’W) =1- ﬁﬁfN,R(k,k), (13)
where
Tig') = ——— [ dgTrpgle V@ -KT08) (14)

2y RO k) Jrar

The dominant graphs in this regime have the recursive structure shown in Fig. 8, which translates
in the following self-consistency equation for the two-point function ggogn restricted to dominant

graphs,

3AN2

dom dom\3
= 1 , = -,
gN,l +z X (gN,l ) z 3

(15)

where the factor N2 comes from the normalization 1/NR in Eq. (13) (see Appendix B). This is the

usual self-consistency equation for the generating function of rooted regular ternary trees. Note that

by choosing the dependence in N A = N1" and k = Nk’ where A’, k’ do not depend on N, as usually
dom

done for vector models, we see that Gy no longer depends on N, so that we get a well-defined limit
when N goes to infinity.
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The coefficients of Qdom (A, k) are obtained using Lagrange inversion, and are known to be Fuss—
Catalan numbers:

1 (3n+1\; 3AN?\n
dom
ok (55 ) 16
Gy ) = 2(; 3n+1 ( n ) 4k3 (16)
By integrating over &, we find the coefficients of the leading-order free energy,
N1 1 [3n+1\; 3xN?\n

dom
hk - (=) 17
LK) = 6 — " 3n+1 ( n ) 4k3 17

where the integration constant has been determined from the fact that F ]‘3,0{“ (0,k) =0.
Equation (15) can also be solved explicitly, and the solution to this equation for z < 0 that leads
to the right series expansion is

2 x 313z + 21/3(922 + ﬁ 23 (—4 + 272))2/3
62/32(922 + /323 (—4 + 272))1/3) :

To recover an exact expression for .7-"1‘\1,"?1, one can use Eq. (13) and integrate Eq. (18) over k;

G (A k) = (18)

however, this becomes quite cumbersome. Rather, it is easy to express .7-"]‘\1," as a function of Qdom
by keeping the latter to implicitly represent the k-dependence. We obtain

N AN?
PR = =5 (7 + T @) —log(@iT) — 1), (19)

where the integration constant is found knowing that 91‘\1;"1“(0 k) =1 and d"m(O k) = 0. One can
easily show that F ]‘\1,"?‘ satisfies Eq. (13) due to Eq. (15).

The finite-R case at large V. In this case, the dominant graphs are the same as the R = 1 case, the
only difference being that we need to take into account the factor Rfs in Eq. (11). Because of the
tree-like structure (Figs. 7 and 8), it is easily seen that the graphs that maximize F; in G.(n) have
F, =1, so that for R finite, at large N, Qdom(k k) = dom(l k) and .7-"]‘\1,"?()\ k) = R]:]?,?{n(k,k).

A consequence of this is that con51dermg random couphng vector models with a finite number R
of real replicas of the form

ZN,R()\,k) = /dPe_éZSch—l‘ngc(\/‘ l_ld¢ e kZa l¢a I\/ﬁZi\ib,c:IPabc¢a¢b¢c)R, (20)

introducing replicas of the fields ¢, (i = 1,...,R), and then expanding over the Feynman graph,
the graphs that dominate at large NV are the celebrated melonic graphs [30-32]. This is explained in
more detail in Appendix C.

2.3. The large-R and finite-N regime

2.3.1.  Results

In the case where R is large and N is kept finite, we want to identify the graphs that maximize F|
in G, (n). We will show that in this regime, the sum of the contributions of the dominant connected
Feynman graphs in G.(n) for any n > 1 is given by

Fomo k) = Z[ﬁ<_6(N + 4)AR>n N N3 +3N2 —4N (_ 12AR>H] o

2n 8k3 12n 8k3

n>1
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Fig.9. The building blocks of the dominant graphs at large R and finite N. These building blocks can be
obtained by cutting the dotted edges in half in the graphs of Fig. 4. In a graph made of these building blocks,
the three dotted half-edges on each side must be paired with those on another building block, or itself.

Fig. 10. Examples of necklace graphs for n = 3. The weights in N, R are N2R® and NR?, respectively.

Summing this series, we find the dominant free energy to be, in this regime,
3(N + 4)RA NN +4HN -1) 3RA
= log(1+35,5). (@2
w ) 12 st 2 22)

Note that we can choose the dependence in R of A and k in order to cancel the dependence in R and

N
FR OB = =5 10g<1 4

have a well-defined limit for R — oo and N finite, e.g., by choosing A = A//R with A’, k independent
of R, and |\ /k3| < 4/(B(N + 4)).
By exponentiation, we find the dominant partition function in this regime to be

NWN+HN=1)
2

N
3(N +4)Rr\ "2 3RA\T
ZPR k) = (1 + T) (1 + W) . (23)

Dominant graphs. In the finite-R case at large N, it was possible to have dotted faces with a single
dotted edge. This gives rise to the tree-like structure of the dominant graphs. In the present case,
however, a solid face necessarily has an even number of trivalent solid nodes. Furthermore, F| is
bounded from above by the number of interactions

ifGeGe(n), F,(G)<n(G), (24)

with equality if and only if every solid face has exactly two trivalent solid nodes. The dominant
graphs in the large-R and finite-N regime are thus the graphs that satisfy this last condition, and they
are easily shown to be necklace-like graphs obtained by forming one loop with the building blocks
listed in Fig. 9 (see the examples in Fig. 10).

2.3.2.  Proof
More precisely, given a graph in G € G.(n), let us consider the following abstract graph I'(G):
for each solid face f we draw a vertex v(f'), and for each interaction in G, if its two three-valent

10/39
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solid nodes belong to some (non-necessarily distinct) faces f] and f,, we draw an edge between
the corresponding vertices v(f1) and v(f2). Then the number of independent loops in the graph I is
L(I") = n(G) — Fy(G) + 1, since I" has n(G) edges, Fs(G) vertices, and is connected. Therefore,

Fy(G) = n(G) + 1 — L(I). (25)

Furthermore, graphs with no loops are trees, which necessarily have vertices of valency one. But as
the solid faces in G contain an even number of three-valent solid nodes, the vertices in I'(G) have at
least valency two. Therefore, L(I') > 1, and we recover that 1 < F(G) < n(G), but in addition we
now know that the graphs in G.(n) whose contribution in R is R"T!~! are obtained by considering
all the abstract graphs I"(G) with [ loops. In theory, we can thus identify the graphs contributing at
any order in R. In particular, as written above, the dominant contribution in R” is given by the graphs
for which I' is the only one-loop graph, which corresponds to the necklaces of building blocks listed
in Fig. 9. Two examples of necklace graphs for n = 3 are shown in Fig. 10.

As was just proven, the dominant graphs are such that the solid faces having exactly two trivalent
solid nodes are connected by dotted edges to form a loop. Such solid faces are the building blocks of
the dominant graphs, and there exist only two kinds shown in Fig. 9. These building blocks can be
obtained by cutting the dotted edges in halfin the graphs of Fig. 4. Two building blocks are connected
by the dotted half-edges on one of their sides (or both, if the whole graph is composed of a single
building block). The summation over Wick pairings in such a building block can be accounted for
by permuting the dotted half-edges. To count the number of ways of connecting the building blocks
in a loop, it is convenient to use a matrix representation. By this, the free energy coming from the
dominant graphs with # interactions is given by
on (_ )L)n R"

dom __
T = 2n(2k)3"

Tr (4"), (26)

where A4 is a matrix representing the connection of the dotted edges of the building blocks. More
precisely, the matrix 4 is a sum of two matrices, 4 = B + C, respectively corresponding to the two
kinds of building blocks in Fig. 9:

I - -
B = EPBP, Babc,def = aadabeacfa

1 . ~
C:= ZPCP, Cabc,def = (Sadabcaefa (27)

where a product of two matrices, say X and Y, is defined by

N
(XY)abc,ghi = Z Xabc,dedeef,ghi,
def=1
and
Papedef = S8aadpeder + (permutations of d, e, f). (28)

The matrix P represents all permutations of the three dotted edges on each side of a building block.

The numerical factors in Eq. (27) cancel the graph degeneracies’.

7 Among the 36 terms generated, some correspond to the same graphs. There are respectively 6 and 9
non-equivalent terms for B and C, with degeneracies 6 and 4.
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As for the other factors in Eq. (26), the factor 2" comes from the choice of the sides of the
interactions to form the solid faces, the factor R" accounts for the contribution of the n solid faces,
and there is a symmetric factor 2x in the denominator, where 2 comes from the overall reflection and
n from the choice of starting points in a loop.

To compute Eq. (26), we use the properties of B, C, and P. By using P> = 6P, PB = BP = P
(so that B = P), and CPC = 2(N + 2)C, one obtains

B>=6B, BC=CB=6C, C?>=30N+2)C. (29)
One can also show
Tr(B) = N> + 3N?> 42N, Tr(C) =3N(N +2). (30)

Though B and C are the natural choices for representing the connections of the dotted edges, they
are not convenient for the computation of Eq. (26) because of the mixed structure of their products.
A better choice is given by

1 1 1
K=-B———C, H=-—C. 31)
6 3(N+2) 3(N+2)
Indeed, from Eqgs. (29) and (30), these quantities satisfy
K> =K, HK = KH =0, H?>=H,
1
Tr(K) = g(N3 +3N? —4N), Tr(H) = N. (32)
Since 4 = 6K + 3(N + 4)H, we obtain
Tr(4") = 6" V(N + 3N%2 — 4N) + 3"(N + 4)"N. (33)

By putting this into Eq. (26), we obtain the aforementioned result (21).

Note that the graphs that maximize F'; at fixed n, when F; = n, satisfy F/; = n + 1. If there are
only building blocks as on the left of Fig. 9, the number of dotted faces is bounded by 3. To obtain
F, = n+1forn > 2, we therefore need to have building blocks as on the right of Fig. 9, which
means that there is a single dotted face going around the loop. The number of the remaining dotted
faces is bounded by 7, which occurs when all the building blocks are as on the right of Fig. 9, and
the dotted edges produce one dotted face between every two building blocks. This causes the graph
to be as in Fig. 11. We will call such graphs star-like graphs.

2.4. The large-R ~ N* regime with a > 1

2.4.1. Results
In this section, we will identify the dominant graphs in the regime where R ~ N* with @ > 1 and
N — +o00. They correspond to the graphs in G, () that maximize

Fo =F;+aF, (34)
with & > 1. We have seen two families of graphs that maximize F, at fixed Fj:

© The tree-like graphs, which have a maximal F; among all graphs at fixed n, and for which
F, = 1. Tree-like graphs in G.(n) thus have

Fyot =1+a+2n. (35)
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Fig. 11. The star-like graphs that dominate for sufficiently large » in the large-R ~ N® regime with o > 1.

star
Fa 4 E\ n

Ftr(s(s

a,m

»
|

0 [¢) n

Fig.12. F, as a function of n for @ > 1. The region of reachable F, is shaded. It is delimited by Fs for small
n and by F" for larger n.

© The star-like graphs shown in Fig. 11, which have a maximal F; at fixed n (F; = n+ 1), among
graphs with maximal F\. Star-like graphs in G.(n) thus have

F =1 4 (@ + Dn. (36)

There is a competition between the two families of graphs. Indeed, we see that

o

tree star
Fon =Fyn < nz=

. (37)
a—1

In this section, we will show that all other graphs are dominated either by the tree-like graphs or
by the star-like graphs, in the sense that they have a lower F,, at fixed n. An exception occurs for
n = 2, for which another one of the necklace graphs has the same contribution in N and R as the
star-like graph (it belongs to the family of necklaces whose contribution is in N3R" in Eq. (21)).
Therefore, Eq. (37) describes the unusual scenario for dominant graphs, which we summarized in
Figs. 6 and 12:

(1) Fora > 2, we have 1 < /(¢ — 1) < 2, so that tree-like graphs only dominate at n = 1,
while star-like graphs dominate for n > 2. Both the star-like graphs and the necklaces whose
contribution is in N3R" in Eq. (21) co-dominate at n = 2. As a consequence, in this regime, the
dominant free energy is given by

N2RA 3N3RZ\2 N (1 3NRA)

FNR (k) = = g3 NI+ e ol 413

(3%)

13/39

6102 AN 2 uo Jasn Ausieniun 0104y Aq G6€6255/1L0VEL0/L/6L0ZA0BNSE-8j01E/de)d/W0d dno"olwapede//:sdy Wolj peapeojumoq



PTEP 2019, 073A01 L. Lionni and N. Sasakura

(2) Fora =2, we have o/(a — 1) = 2, so that tree-like graphs dominate at n = 1, tree-like graphs,

star-like graphs, and the necklaces whose contribution is in N>R” in Eq. (21) co-dominate at

n = 2, while star-like graphs dominate for n > 2. As a consequence, in this regime, the dominant
free energy is given by

_ N?Rx 3N3RA? 3

N
2
o v =3+ °N +R)—3log<1+

Om)\‘k —
Nk (4 K) 32k6 (2

3NRA ) . (39)

453

(3) Forl <a <2, we have /(@ — 1) > 2. Forn < =5,

n > %, star-like graphs dominate. If ¢ = n"—El for some positive integer ng, then both tree-
0

tree-like graphs dominate, while for

like graphs and star-like graphs co-dominate for » = ng. As a consequence, in this regime, the
dominant free energy is given by

L] ,
1 3n+1 3AN“\n N 1 3ANR\"
dom
ok - (— ) ad —<— ) (40
(R K) = Znn—i—l( n > 453 +2>[a]n 4k3 “40)
n=1 n=la=1

2.4.2.  Discussion

The series that we obtain for the star-like graphs is the remainder of a logarithm, which is convergent
if | 4 =l < 3 NR and divergent otherwise. By choosing the dependence in NV, R of the coupling constants
to compensate the factors (VR)” in the sum corresponding to the logarithm, i.e.,

A Aol

© " K3NR =3 S

the sum on the right of Eq. (40) can be replaced by the remainder of the logarithm, which scales
inN:
/

L%J 1
» NR 3VN "1, N 3
dom )= _ (_ _ o
N (NR )= 6 a 4k’3R> X_: n( 4k/3) 210g(1+4k/3)’ “2)

n=

—_

1 1 (3n+1
n3n+i\ n

N1te=n@=1) "s5 that these terms all have a stronger scaling in N than the logarithm®. Note that

where u, = ) The terms in the partial sum of the tree-like free energy behave in

the dominant free energy as we defined it only retains the dominant graphs at fixed n, so that for
n < | ;%7] there might be other graphs whose dependence in N is stronger than N' with the choice
(41). However, there are only finitely many of them, so that there exists a polynomial

La21] ,

PG/ KN Ry = 3 cn(N,R)(—ﬁ)n,

n=1

where ¢, (N, R) gathers the contributions of all the graphs with » interactions whose dependence in
N when R = N¥ is stronger or equal to NV, aside from the star-like graphs, so that

cu(N,R) =u O(Nz_("_l)(“_l)),

NR( 3,\/N>n
"6 \ 4k3R

and in particular

8 Apart from the term for o/ (o — 1) if it is an integer.
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)\‘/ 2

T o(N?), (43)

Py(\ /K3, N,R) = —

and such that

/ /

1 P oA S 31
Jlim N[logzN,R(ﬁ,k)—Pa(x /K3,N,R) _—Elog<l+4k/3>. (44)
R~N%, a>1

We have, for instance, for any o > 2,°

s MN? 3A2N
P(X>2()" /k 3N5R) - _W + 3275

and for o = 2,

A N2 3NN2(3N2 1)

Py K3 N R) = — - 4y 2% (2
2 /RSN R) 83 T 3256 \3 R

In other words, after retrieving the contribution of a finite number of graphs, the large-N free energy
is essentially a logarithm. In matrix models in the context of 2D quantum gravity, one is naturally
interested in the behavior of large graphs, as they carry the properties of the continuum limit. Here,
for large graphs, the free energy is dominated by a logarithm, so that in a sense the large dominant
graphs are more ordered than the smaller ones. This is an interesting phenomenon, which, as far as
we know, has not been exhibited by any previously studied random vector, matrix, or tensor model.

Note that because the series of star-like graphs is highly divergent outside of its domain of con-
vergence, the conclusions of the graphical study performed in this section (the identification of the
various series of dominant graphs and the comparison between them) cannot be extrapolated outside
the domain of convergence. This applies for instance to the regime where A /k> = t/N? for t of the
order of 1.

2.4.3. Proof
We split the proof into several parts.

(a) A bound on the number of small faces. We will need the following result for n > 1, which
proves that a dominant graph necessarily contains small faces:

G € G(n) is dominant =  F"(G) + aFP(G) = 2+ n(a — 1) (45)

where Fg) (resp. F. S(l)) is the number of dotted (resp. solid) faces incident to / interactions counted
with multiplicity: for dotted faces, this means having / dotted edges, and for solid faces, it means
having / trivalent solid nodes. The proof of this preliminary result goes as follows. In the following,
we consider a graph G € G, (n). By summing /F' g) (resp. IF. S(l)) over /, we just count the total number
of dotted edges (resp. trivalent solid nodes) in the graph:

Y IFP(G) =3, and Y 20FP)(G) = 2n, (46)
=1 I>1

° Note that because of the convention that f;‘,‘?;f‘ only retains the dominant graphs order per order, we had

to add the term of order 1 of the logarithm in Eq. (38), and thus the — 32,;—’)’32 This is not necessary here, as we
deal with the full free energy.
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where the second sum has been restricted to an even integer, due to the fact that solid faces visit an
even number of interactions. By considering 3n — F,(G), we find

3n—Fy =Y (- DFY = F, - FV,
>2

so that
FV >oF 3y (47)
d = d
with equality if and only if Fg) vanishes for / > 2. Similarly, by considering n — F(G), we find

n—F,=> (1-DF > F —F®.
=2

so that
F® >2F, —n. (48)
From Egs. (47) and (48), we see that any graph G € G (n) satisfies
F(G) + aFP(G) = 2F4(G) — n(3 + a). (49)

Since we know that the graph in Fig. 11 has F, = 1+(a+1)n, we know that Fgom(n) > 1+(ax+1)n,
so that a dominant graph G satisfies

FM(G) +aFP(G) = 2(1 + (¢ + D) — n(3 + ),

which simplifies to Eq. (45).

We now prove recursively on the number of interactions » that if n < %5, the dominant graphs
in G, (n) are the tree-like graphs of Sect. 2.2, and if n > a"‘j, the dominant graphs in G.(n) are the
star-like graphs of Fig. 11. The method is to assume that G is dominant, and to characterize it using
some graphical moves. In the following, we assume that » > 4, as we will initiate the induction at
n = 3. The cases n = 1,2, 3 will be treated below in paragraph (d). Note that to show that a graph G
is a tree-like graph, it is sufficient to show that F,(G) = 2n(G) + 1, and to show that it is a star-like

graph, if n > 3, it is sufficient to show that ' (G) = n(G) and to assume that it is dominant.

(b) On the existence of dotted faces with a single edge in a dominant graph. In this paragraph,

we show that if a graph G contains a dotted face with a single dotted edge, then either G is a tree,

or G is not dominant (i.e., we can find another connected graph with a larger F,). Since tree-like
o

graphs are not dominant for n > %5, this implies the following.

Lemma 2.1 A dominant graph for n > —% must satisfy F(gl) =0.

Lemma 2.2 A graph with n < ~%5 for which F;l) > 0 is a tree-like graph or has a smaller F, than
tree-like graphs.

Suppose that there exists a dotted face in G with a single dotted edge. There are four possibilities
locally, shown in Fig. 13.

We immediately see that the case on the left has more dotted faces than the two cases in the middle,
while they have the same number of solid faces. Therefore, a graph containing the subgraphs in the
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Fig. 13. Local possibilities for an interaction with a dotted face with a single dotted edge.

middle cannot be dominant. Let us first suppose that there exists a subgraph as on the left of Fig. 13.
Performing the operation below

— (50)

—

we obtain a graph G’ with one less interaction. We have that F ,(G) = F,(G")+-2and F((G) = F(G").

Ifn—1 < a/(a — 1), either G’ is a tree-like graph, in which case G is a tree-like graph (and
therefore G is not dominantifn > a"‘j), or using the recursion hypothesis, F, (G') < 1+a+2(n—1),
so that Fi, (G) < 14 o + 2n, in which case G is not dominant (tree-like graphs always have a larger
Fy).

Ifn—1=> 0%, from the recursion hypothesis, F, (G') < 1 + (@ + 1)(n — 1), so that F,(G) <
I+ (a+1)rn+1—a < 1+ (@ + 1)n, which implies that G is not dominant (star-like graphs always
have a larger F,,).

Now focusing on the case on the right of Fig. 13, we exchange the thin lines as illustrated below,
for one of the two other dotted edges of the interaction:

— NN (51)

[

There are two cases. If this disconnects the graph into two graphs G| and G», one dotted face and
one solid face are created, so that F, (G) = Fy(G) + Fy(Gy) — (1 + ). We bound F,,(G) and

F,(Gy) by their maximal possible values, using the recursion hypothesis. Depending on whether
o

n; = n(Gy) and ny = n(Gy) are smaller than =

or not, we may have the following situations.

© If both ) and n are smaller than _%5, either both G| and G are tree-like graphs so that G
is also a tree-like graph (and so that G is not dominant if n > —%3), or from the induction
hypothesis, one of the G; satisfies F, (G;) < 1 + o + 2n;, so that

Fo(G) <2+42a0+2m+m)—(1+4+a)=14+a+2(n; +ny),

which implies that G is not dominant (tree-like graphs always have a larger Fy,).
° Ifn; < ;%7 and np > %5 (or conversely), we have

Fol@) <l1l4a+2m+1l+@+Dm—>04+a)=14+ (a+ D)(n +n) + (1 —a)ny,

so that G is not dominant (star-like graphs always have a larger Fy,).
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Fig. 14. Local possibilities for interactions around a solid face with two trivalent solid nodes.

© Ifboth n1 and ny are larger or equal to _*7, we have

Fo(G) =24+ (@+ Dm +m) —(1+a) <1+ (a+ D +n),
so that G is not dominant (star-like graphs always have a larger Fy,).

The only remaining case in this paragraph is that for which the graph stays connected when
exchanging the thin lines as in Eq. (51). In this case, we obtain a graph G” with F ,(G) = F ,(G") — 1
and either F((G) = F(G") or F{(G) = F(G") — 1, depending on whether the solid face splits
or not. In any case, we see that F,(G) < Fy(G"), so that G is not dominant. This concludes the
paragraph.

(c) On the existence of solid faces with two trivalent solid nodes in a dominant graph. In this
paragraph, we show that if a graph contains a solid face with two trivalent solid nodes, then either
G is a star, or G is not dominant (i.e., we can find another connected graph with a larger F,).

Since star-like graphs are not dominant for n < %5, this implies the following.

Lemma 2.3 A dominant graph for n < %3 must satisfy 2 _0.

Lemma 2.4 A graph with n > =5 for which F’ 5(2) > 0 is a star-like graph or has a smaller F, than
star-like graphs.

Suppose that there exists a solid face in G with two trivalent solid nodes. There are two possibilities
locally, shown in Fig. 14 (and all possible ways of crossing the three thin edges in the center for the
graph on the left).

Let us first consider the case on the left of Fig. 14 (and possible crossings of the central thin edges),
and perform the following move:

in a way that respects the dotted faces. We obtain a graph G’ with the same number of dotted
faces, and with one less solid face, so that F,(G) = Fy(G') + a. As usual, if n — 1 < a/(a — 1),
Fo(G) <14+ a+2(m—1),so that

Fo(G)<1+42a+2n—-2=14+@+1n+®m—-—2)0—-—a) <1+ (a+ 1n
as long as n > 2. On the other hand, if n — 1 > a/(a — 1), Fo(G') < 1+ (o + 1)(n — 1), so that
F,(G) <14+ (a@+Dn—1<1+(x+ Dn,

so that the case on the left of Fig. 14 always leads to a non-dominant graph as long as n > 2.
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Let us now consider the case on the right of Fig. 14. It is slightly more involved than the previous
cases. First, let us specify that the results obtained for the move (51) in the case where it disconnects
the graph are slightly more general: consider a graph G and two thin edges that belong to the same
solid face, such that exchanging them disconnects the graph. Suppose in addition that one of these
connected components is not a tree. Then the graph is not dominant, in the sense that we can always
find graphs with larger F,. Indeed, the computations are precisely the same as what we have done
before, with the difference that the case in which both G| and G, are tree-like graphs is excluded.

Let us consider the following move, which we can perform only if the two thin edges that we
exchange are indeed distinct:

(33)

From what we have just said, if it disconnects the graph, then G is not dominant. If not, we obtain a
connected graph G”, with one more dotted face, and either one or zero additional solid face. Thus,
Fyo(G) < Fu(G"). Therefore, a dominant graph G with a solid face with precisely two trivalent solid
nodes must be as follows:

(34)

Let us now focus on the interaction C attached to the other extremity of the thin edge ep on the left
of Eq. (54), shown on the left of Eq. (55) below (in the figure, we do not represent the interaction 4
anymore). We perform the following move (if the two exchanged edges are distinct):

(55)

Applying the same argument again, we see that if this disconnects the graph G, then G is not dominant,
and if it does not disconnect the graph, it creates a solid face, while the number of dotted faces is
modified by —1, +1, or 0. In any case, we obtain a graph G”” with F, (G) < Fo(G") 4+ 1 —a <
F4(G"). This means that for the graph to be dominant, the two edges that we exchange in Eq. (55)
must in fact be the same edge, so that we are again in the situation on the left of Eq. (53), but for the
interactions C and B instead of B and 4.

We then exchange the two thin edges on the upper left of C, concluding that if the graph is dominant,
they must be the same edge, and we then focus on the interaction D at the other extremity of ec and
exchange the two thin edges on the upper right of the interaction D, concluding that if the graph is
dominant, they must be the same edge, and so on.
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We can repeatedly apply the moves (53) and (55), to show that either the graph is not dominant,
or it contains a larger and larger portion of star-like graph—a chain—that we uncover from right
to left at every step until, eventually, all the » interactions are included in the chain. This forces the
chain to be cyclic: when we uncover the (r 4+ 1)th interaction, the leftmost interaction must in fact
be the rightmost interaction 4. This proves that a graph with a solid face with exactly two trivalent
solid nodes is a star-like graph, or has a smaller F,, than some other graph.

(d) Small dominant graphs. Since this is a proof by induction, we must study the cases for small
n. We already know that for » = 1, the only dominant graph is the tree-like graph.

Forn =2, we have F; € {1,2}. If F; = 2, we know that F/; < 3 with equality for the star-like
graph (as is the case for larger n) or the other necklace graphs with the R?N> behavior in Eq. (21)
(this is specific to n = 2), in which case Fy = 3 + 2a. If Fy = 1, we know that F; < 5 with equality
for the tree-like graph, in which case Fy, = 5 + «. If o < 2, the only dominant graph is the tree-like
graph, while for @ > 2, the only dominant graphs are the star-like graph and the other necklace
graph. If « = 2, all of these graphs are dominant. However, this is the only value of #n for which a
graph that is not a tree-like graph or a star-like graph is dominant.

For n = 3, there are three possibilities for the number of solid faces: F; € {1,2,3}. Again, if F, =3
the graph is at best a star-like graph with ¥, = 4 (now the only possible case), while if F; = 1, the
graph is at best a tree-like graph with 7, = 7.

If Fy = 2, we know that ¥, < 6 since the graph is not a tree-like graph. Let us suppose that F; = 6
and F; = 2 for a graph G. In that case, we use the lower bound on the number of dotted faces with
a single dotted edge, Eq. (47), which implies that Fc(ll) > 3. Suppose first that Fél) = 3. Then Fcy)
vanishes for / > 2, so that from Eq. (46), Fy) + 2Fc(,2) = 9, which implies that Féz) = 3. One
can easily see that the graphs with n = 3 and Fa(,l) = Féz) = 3 have F; = 1. Therefore, if |, = 2
and F; = 6, we must have Fél) > 4. Since there are three interactions, this implies that one of the
interactions has two dotted faces with a single dotted edge each, i.e., one of the interactions is as
on the left of Fig. 13. Applying the move (50), we have a graph G’ with two interactions and with
two solid faces, so that at best there are three dotted faces. Thus at best, F,(G) = F d(G/ )+2=35,
which contradicts the initial hypothesis that F,(G) = 6. Thus at best, if Iy, = 2, F;, = 5, so that
Fy =54 2a.

We see that if @ < 3/2, the tree-like graphs are dominant, while for « > 3/2, only the star-like
graph is dominant. For o = 3/2, both the star-like graph and the tree-like graphs are dominant. This
is the scenario that we prove recursively, so that the case n» = 3 is enough to initiate the induction.

Using similar arguments, it is possible to prove that for n = 4, the maximum number of dotted
faces at a fixed number of solid faces is obtained for R*N>, R3N®, RZN7, and RN?, but we do not
detail the computations here.

(e) Proof of the results. The proof'is an induction on x. The results hold for » = 3. Using the results

above, under the induction hypothesis, we know from Lemma 2.3 that if n < a%

1> @ dominant graph

G in G.(n) has F, 9(2)(G) = 0, so that from Eq. (45), it must have F;)(G) > 0. We thus see from

Lemma 2.2 that either G is a tree, or it has a smaller F, than tree-like graphs. A dominant graph with
o

n < ;7 must therefore be a tree.

Similarly, from Lemma 2.1, if n > %, a dominant graph G in G.(n) has Fa(,l)(G) = 0, so that
from Eq. (45), it must have F 3(2) (G) > 0. We therefore see from Lemma 2.4 that either G is a star, or
it has a smaller F, than star-like graphs. A dominant graph with n > %

~ =7 must therefore be a star.
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Ifn = ﬁ, both cases are possible; a graph G in G.(n) cannot have both Fc(ll)(G) = 0 and

F S(z) (G) = 0, and we have shown that it is either a tree, a star, or non-dominant.

2.5. The large-R ~ N* regime with a < 1
2.5.1. Results
In the previous section, we have shown that for | < @ < 2, the dominant graphs were tree-like graphs

=7, and star-like for n > —%5. The dominant free energy (40) consists of a polynomial of

forn <
- o
order _%; corresponding to the tree-like graphs, and a series remainder corresponding to the star-like
graphs. When « approaches 1, the polynomial part grows bigger and bigger, and we would expect
that it would eventually take over the full series when o — 17, In this section, we show that this is
indeed the case, and that tree-like graphs are actually dominant in the full domain 0 < o < 1.

To summarize, in the large-R ~ N* regime with a < 1, the dominant graphs are the tree-like
graphs, and the partition function, free energy, and two-point functions are given by those for finite
R and large V.

Note that although we do not know of any statistical physics interpretation of such a regime, from
the point of view of the Feynman graph expansion of random coupling vector models (20) of large
size N, this shows the robustness of the dominance of melonic graphs [30-32] (Appendix C), since
it remains valid when the number of replicas R is large, but not larger than the size N of the system.

2.5.2.  Proof
We can adapt the proof of the previous section in this case, with a few modifications. It is again a
recursion on 7, initiated at n» = 1, for which we already know that the property holds.

Another bound on the number of small faces. Again, we will need to develop a similar lower
bound to Eq. (45) for the case where & < 1. We show that

G € Ge(n) is dominant = F(G) + aFP(G) = 2@ + 1) + n(l — ), (56)

where we recall that F/ g) (resp. F. S(l)) is the number of dotted (resp. solid) faces incident to / interactions
(counted with multiplicity). To prove this bound, we just use the lower bound (49) on F,,. Since we
know that F’ Som > 1+ « + 2n, a dominant graph G must satisfy

F(G) +aFP(G) = 2(1 +a +2n) — n(3 + ),

which simplifies to Eq. (56).

Dominant graphs have no solid faces with two trivalent solid nodes. Let us consider a graph
in G.(n) and suppose that F§2) > 0. Then G must contain a subgraph as in Fig. 14. For the case
on the left of Fig. 14 (and possible crossings of the central thin edges), we perform the move (52)
in a way that respects the dotted faces. We obtain a graph G’ with the same number of dotted
faces, and with one less solid face, so that F,(G) = F,(G’) + a. Using the induction hypothesis,
Fo(G) <1+ a+2(n—1),sothat

Fo(G)<l14a+2n+(ax—2) <1+ a+2n,

so that G is not dominant.
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The case on the right of Fig. 14 is slightly more involved, since the dotted faces are not conserved
when we perform the following move:

Upon performing this move, we suppress a dotted face if the two vertical thin edges belong to
different dotted faces, and if they belong to the same dotted face, we either create a dotted face or
their number remains the same. In addition, a solid face is always suppressed. If G” is the graph
obtained after performing the move, we thus have F,(G) = F/ d(G/ "y +n, where n € {—1,0, 1}, and
F(G) = F(G") + 1. Importantly, if G” is a tree, all three dotted edges on the right of Eq. (57) lie in
different dotted faces, so that if G” is a tree-like graph we must have F,(G) = F,(G") — 1. Using
the recursion hypothesis, F, (G”) < 1 + a + 2(n — 1), with equality iff G” is a tree, in which case
Fo(G)=14+a+2(n—1)+a— 1. Otherwise, if G” isnot a tree, F, (G”) < 1 +a +2(n—1) and
Fo(G) <1+ a+2n—2+a+ 1. Inboth cases,

FoG)<l+a+2n+a—-1<1+4+a+2n,

so that G is not dominant. In conclusion, under the induction hypothesis, if F’ 5(2) (G)>0anda <1,
G is not dominant. Using the bound (56) on small faces, this implies that a dominant graph G must
therefore satisfy F;,l) > 0.

Dominant graphs are tree-like graphs. Since a dominant graph must contain a dotted face with a
single dotted edge, it must include a subgraph as in Fig. 13. We review the various cases; everything
works as before, with fewer cases. Again, the cases in the middle of Fig. 13 are excluded in a dominant
graph.

Suppose that we have a subgraph as on the left of Fig. 13. Performing the move (50), we obtain
a graph G’ with one less interaction such that F,(G) = F,(G’) + 2 and F(G) = F((G’). Either
G’ is a tree-like graph, in which case G is a tree-like graph, or using the recursion hypothesis,
Fo(G) < 1+a+2(n—1),sothat F,(G) < 1+ a + 2n, in which case G is not dominant.

Suppose that we have a subgraph as on the right of Fig. 13 and we perform the move (51). If the
move disconnects the graph into two graphs G and G, we have Fy (G) = Fy (G1)+F,(G2) — (14).
Using the recursion hypothesis, either both G| and G are tree-like graphs so that G is also a tree-like
graph, or one of the G; satisfies Fi,(G;) < 1 4+ « + 2n;, so that

Fo(G) <2+2a+2m+m)—(14+a)=14+a+2(n +ny),

so that that G is not dominant.

If on the other hand the graph stays connected when exchanging the thin lines as in Eq. (50), as
before we obtain a graph G” with F,(G) = F,(G") — 1 and either F(G) = F(G") or F((G) =
F,(G") — 1, depending on whether the solid face splits or not. In any case, F, (G) < Fy(G”), so that
G is not dominant. This concludes the proof.

3. Describing the model in a convergent series

The expansion in A of the partition function Zy z(A, k) defined in Eq. (1) does not give a convergent
series in general, because there exists an essential singularity at A = 0. This is obvious from the form
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of Eq. (1), because the integral diverges for A < 0. In fact, the situation can explicitly be checked
in the exactly solvable case R = 1, as we will see in Sect. 3.3. The reason why we obtained the
convergent results in Sect. 2 comes from the fact that we summed up the dominant graphs only!°.
In this section, to have more control over the situation, we will divide the integral over q}fl into its
angular and radial parts. We will see that the angular part admits a convergent series expansion in
A, whose coefficients are expressed in terms of the coefficients z, of the Feynman diagrammatic
expansions of Sect. 2. On the other hand, the radial part will be treated in a different manner as an
explicit integration. We will finally apply our results to discuss the integrability of the wave function
of'atoy model [25] closely related to the tensor model in the Hamilton formalism introduced in Refs.
[23,24].

3.1. Dividing the integration into angular and radial parts

Let us break qbé into the radial part 7> := Tr¢p¢’ and the angular part ¢Z(’1 = qbé /r, which represents
coordinates on a unit sphere, SNR=1 Then, one can rewrite ZyrinEq. (1) as

o0
Zy RO k) = vol (SVF) / dr PNy r ()R (58)
0

where

Sur(®) = d$ exp (1 U@)) (59)

1
vol (SNR—I) [gNR—l
with U defined in Eq. (5) and vol (SNR—I) denoting the volume of the unit sphere, | GVR-1 d¢. For
finite N, R and for complex ¢, fy r(¢) is an entire function'! because of the form of Eq. (59), which
is an integration of an exponential function of # over a compact space.
As an entire function, it is differentiable over R, and since

R N 3 N R R
U@:z( as;az) _y (zqs;;as;;&z) Sadd)=o @

ij=1 \a= abec=1 \i=1 j=1

we see that fy r(#) is a monotonically decreasing positive function for finite N, R and real ¢ with
SNRr(O) =1

Furthermore, as an entire function, the series expansion of fy r in ¢ is convergent, and the radius of
convergence is infinite. In Sect. 3.2, we will express the coefficients of the series expansion of fy r
in terms of the coefficients z,, which are computed using Feynman graphs as detailed in Sect. 2.1.

The angular part of the integration is contained in the expression (59) of fy . This integration is
over a compact space and free from the variables A, k, but it is still highly non-trivial. It is closely
related to what appears in the p-spin spherical model [15,16] for the spin glass, as the integration
variables are constrained to be on a unit sphere. Therefore we would be able to apply to our model
the various techniques that have been developed for the understanding of this spin glass model.
Although we use diagrammatic expansions instead in the present paper, such applications would be
of potential interest.

10 This is usually the case for vector, matrix, and tensor models.
" That is, it is holomorphic at every finite point of C.
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To interpret fy r, We express it as the moment-generating function (or Laplace transform)

1
fiat) = [ do pyn(@)exp(—tn (61)
of the following probability density:
pon(@) = o [ dd5 (s - U @), ©)
’ vol (SNR—l) GNR—1

This quantity obviously satisfies py r(0) > 0 and f do pyr(0) = 1, which justifies that it can
indeed be regarded as a probability density over o. Furthermore, we see from Eq. (60) and

i R /N 3 R N 2 RN
U@y =Yy ( ¢;¢z> <> |\ Do dididd, | <D D didigd, =1 (63)
ij=1 \a=1 ij=1 \ab=1 ij=1ab=1

that the support of py z(0) isincludedin 0 < o < 1.InEq. (63), we have used the Cauchy—Schwartz
) N .
inequality, YN, @il < (Zfl\fl)zl Paby %%) *and 0 < Yoo didl < L.

In terms of py g, the partition function is expressed as

1 oo
Zy RO, k) = vol (SVR1) / do py (o) / dr PNR=1g=hor®—?. (64)
0 0

In this expression, the angular part py  and the radial part can be treated independently, and they
are combined by the last integration over o. As in the case of fy g, the angular integration for py r
is highly non-trivial. On the other hand, the integration over 7 is rather straightforward, and one can
obtain an explicit expression in terms of the generalized hypergeometric function {F3, as shown in
Appendix D. An important property is that it has an essential singularity at A = 0 (as the partition
function Zy (A, k)), which is consistent with the fact that the series expansion of Zy g(A, k) in A is
not convergent.

The probability density py g also has an interesting meaning in the context of tensor-rank decom-
position (or CP-decomposition) in computer science [33—35], which is an important technique for
analyzing tensors representing data. This technique decomposes a tensor, say a symmetric tensor

Oupe (a,b,c =1,2,...,N), into a sum of rank-one tensors as
R
Oube = Y_ iyl (65)
i=1

where R is called the rank of O, (more precisely, for a given tensor, its rank is the smallest R that
realizes such a decomposition). It is not well understood how such rank-R tensors exist in the space
of all tensors, especially for real tensors. Since Ziv’b’ e—1 QabcQabe = U(¢), the probability density
pn g in Eq. (62) gives some information on this, namely, the size distributions of tensors with a
certain rank under the normalization Tr¢p¢p’ = 1.

3.2.  The series expansion of the angular part

In this subsection, we will compute the series expansion of fy r(¢) in ¢, which is guaranteed to have
an infinite convergent radius, as discussed in Sect. 3.1. This could be applied to other models as well.
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By performing the Taylor expansion of fy r(¢) in Eq. (59) in #, one obtains

Svr(®) = i(—t)"cN,Rm), (66)
n=0
where
C.r(n) = (_n!)n j;fzvk(t) .
- %W /S b (v@)". (67)

Here, changing the order of the derivative and the integration is allowed for this well-behaved
integration. For any arbitrary positive constant 8, we have

1 f]RNR d¢ ((TZ;:,))3> €xXp (_IBTHM’t)
Cyr(n) = — ;
Jrir A exp (—BTrop?!)

(68)

Indeed, introducing a radial direction by ¢!, = qgj',r, we see that the integrations over » cancel between
the numerator and the denominator, and g is indeed a dummy variable, which does not appear in the
final expression of Cy g. In particular, B has nothing to do with the parameter & in Eq. (58).

The numerator in the last line of Eq. (68) has the following obvious properties: on one hand, by
performing the rescaling ¢ — ¢//B we see that

/ de (—U(¢) 3) e PT0d — g1 4, (69)
RMNR (Tr¢¢’)

where A does not depend on g, while on the other hand,

3n "
) f e / dg (U(9))" e PTrov, (70)
dp" Jpae (Tr¢¢’) RNR

which is equal to (%) 5 n'z,(N, R, B), where z, (N, R, ) are the expansion coefficients of the partition
function defined in Eq. (7). Differentiating Eq. (69), we determine A4 and obtain the following relation:

T
T )

Since z,(N, R, B) = z,(N,R)/ (883)" (see below Eq. (7)), the dummy parameter 8 cancels out from
the expression.
The relation (71) provides a method for determining the series expansion of the angular part from

r
CN,R(”) F n(N,Ra,B) (71)

the standard series expansion with the Feynman graphs. As for the n-dependence, Eq. (71) shows
that Cy r(n) decays much faster than z,(N, R, B) in n. Therefore, in general, fy z has a much faster
convergent series than that of the partition function. This is consistent with the argument made in
Sect. 3.1 that fy g is an entire function, while the partition function is not.
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3.3. TheR =1 example

The behaviors of fy g and the partition function Zy g mentioned in Sect. 3.2 can explicitly be checked
in the trivial solvable case with R = 1.!2 In this case, U (q~§) = (Trq~5¢~>t)3 = 1 identically from the
normalization of ¢, and hence from Eq. (68) we obtain

1
Cni(n) = P (72)

Then the series (66) can be summed up to

) =e™". (73)
As mentioned in Sect. 3.1, this is in fact an entire function of z. By putting it into Eq. (58), one obtains
Nty [T N—1 a2
Zn,1 (X, k) = vol (S )/ drv ~le M T, (74)
0

This is of course equivalent to what one will obtain by directly parametrizing ¢f1:1 with the radial
and angular coordinates in the original expression (1), and integrating out the trivial angular part.
The remaining integration over » can be expressed using the hypergeometric function | F> as derived
in Appendix D. The result has an essential singularity at A = 0, as expected.

This last statement can also be checked from the explicit form of z,. We obtain

r (%\’ + 3”) —3n
T (%)

This can be obtained from the relation (71) with 8 = k and Eq. (72), or even directly computing the

zu(N, 1,k) = (75)

Gaussian integration in Eq. (7). This is a divergent series and its interpretation is not straightforward,
as widely discussed in the literature on random vector models.

As shown in this trivial R = 1 example, it seems useful to divide the integration into the angular
and radial directions for explicit evaluations of the partition function Zy g(A, k), rather than directly
treating a highly divergent series in A with z,(N, R, k).

3.4. Application to a tensor model

In this subsection, we will apply the results of the previous subsections to study the integrability of
the wave function of the model introduced in Ref. [25]. It is a toy model closely related to a tensor
model in the Hamilton formalism, called the canonical tensor model [23,24], which is studied in a
quantum gravity context (see Appendix A for a brief review).

Letus consider the following wave function depending on a symmetric tensor P ., where (a, b, c =
1,2,...,N):

N N
¥(P) = /RN dpexp | I ) Parctapppe+ T —€) ) ¢ata |, (76)
a,b,c=1 a=1
where / denotes the imaginary unit / 2 = —1,and de = ]_[fz\]:1 dg,. For general real P, the

integral (76) is oscillatory and is regularized by a small positive regularization parameter € of the
so-called Feynman prescription, in which € — +0 is supposed to be lastly taken.

12 This case corresponds to a one-vector model [13,14] with a sixth-order interaction term.
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In Ref. [25], it was argued and explicitly shown for some simple cases that the wave function
(76) has coherent peaks for some specific loci of P, where Pgp. is invariant under Lie-group
transformations (namely, Py, = hg/hzlhg/Pa/brc/ for Yh € H with a Lie-group representation /). In
fact, a tensor model [20—22] in the Hamilton formalism [23,24] has a similar wave function ¥ (P)X
with a power R and ¥ (P) very similar to v (P) [18], and it was shown in Ref. [19] that the wave
function of this tensor model has similar coherent peaks (see Appendix A for a little more detail).
To consistently interpret this phenomenon as the preference for Lie-group symmetric configurations
in the tensor model, we first have to show that we can apply the quantum mechanical probabilistic
interpretation to the wave function; namely, the wave function must be absolute square integrable.
This is a difficult question even for the toy wave function (76), since it has a complicated dependence
on P, mainly due to its oscillatory character.

As a first step towards answering this question, in this paper we will study the behavior of the
following quantity in «:

N
g(N,R, k) ::/ dpP EXp | =« Z PapcPape 1//(P)Ra (77)
RH#P

a,b,c=1

where #P := N (N + 1)(N 4+ 2) /6 is the number of independent components of the symmetric tensor
P,pe, and dP = ]_[];/ be=1 A dabe APape With a degeneracy factor, dygq = 1, dygp = 3, and dype = 6

a<b<c

fora < b < c.Inthe k — 40 limit, this quantity coincides with the integration of the wave function
¥ (P)R over the whole space of P,.. If this is finite in the limit, the wave function is integrable. We
may regard this as a toy case study towards proving the square integrability of the wave function
[18,19] in the tensor model of Refs. [23,24]. By putting Eq. (76) into Eq. (77) and integrating over
P,p., we obtain

N R N
gV, Ro) = /R ap /R dpesp |k Y Pacuc 1YY Pactig)d

a,b,c=1 i=1 a,b,c=1

R N o
+{ —e)ZZ¢;¢;>

i=1 a=1
“P

- (%) 2 (%,_1 +e), (78)

where Zy r is the partition function of our matrix model (1).
By using Egs. (78) and (64), g(N, R, k) can also be expressed as

a\Z rl o 6 P
g(N,R,k) = vol (SM~1) (—) / do py r(0) / dr PNR=1 gm0/ GO+U=er? — (79)
K 0 0

From this expression, one can see that the most delicate region of the integration over o is located near
the origin, since the integration over » may need careful treatment in the large-r region for o ~ 4-0.
In addition, the o ~ +0 region becomes more important, as « is taken smaller for our interest in
the x — 40 limit. Therefore, it is essentially important to determine the behavior of py r(o) near
the origin. In turn, from the relation (61), this is equivalent to determining the t — +o0 behavior of
S~ .r(t). This can also be seen directly from

27/39

6102 AN 2 uo Jasn Ausieniun 0104y Aq G6€6255/1L0VEL0/L/6L0ZA0BNSE-8j01E/de)d/W0d dno"olwapede//:sdy Wolj peapeojumoq



PTEP 2019, 073A01 L. Lionni and N. Sasakura

#P oo 6
g(N, R, k) = vol (SVR-1) (%) 2 /0 dr VR4 (:_K> o=, &0)

which can be obtained by expressing g(N, R, k) with fy g using Eq. (58).

While the toy model of Ref. [25] allows any value of R, the tensor model [23,24] uniquely requires
R = (N +2)(N +3)/2[19,36] for the hermiticity of the Hamiltonian'3. Because of the very similar
form of the wave functions of the models, our interest is therefore especially in the regime R ~ N2.
The dominant graphs at large N at each order in A for R ~ N* have systematically been analyzed in
Sect. 2.4, and it has been found that there exists a transition region 1 < o < 2, where the dominant
graphs gradually change. This would imply that the dynamics of the model is largely different
between the two regions R > N2 and R < N. Motivated by this fact, we compute fiy z through the
relation (71) first by using the result in Sect. 2.3, which incorporates all the necklace graphs and is a
valid approximation for large R and finite N. We will also comment on how our result will change if
we take Egs. (38) and (39), which come from the dominant graphs in large N for @ > 2 and « = 2,
respectively.

In the leading order of large NR, which includes the regime of large R and finite N, and also all
the other regimes with R ~ N¢ discussed in Sect. 2, the relation (71) is given by

NR

—3n
CN,R (n)leading = (7) ,83n Zy(N, R, ,B)leadinga 81)

where we have formally employed the following expansion in 1/NR:

AT () o

JUEET RS T A 2

and z, (N, R, B)leading denotes the leading order of the coefficient z, (N, R, B) in any of the regimes
discussed in Sect. 2. Note that here we have assumed the existence of a 1/R expansion or other
expansions with R ~ N“ for Cy r(n), or fy r, to employ the formal expansion in 1/NR irrespective
of the value of n in Eq. (82).

In the regime of large R, by using the result from Sect. 2.3 one obtains

o0

SN ROleading = Z(—t)"CN,R(n)leading
n=0

= ( 8ﬂ3t)” N.R.B)
= 33 | Zn\WVs LG P)leading
=0 N°R

6(N + 41\~ > 120\~ R
= (1 +W) (1 +W> ’ (83)

where we have put Eq. (81) into Eq. (66) and have used Eq. (23). As can be seen in Eq. (83),
the fy g ()1eading has an interesting scaling property at large ¢, which will become important in the
analysis below.

13 The wave function of the tensor model is given by ¥ (P)*#/? with Ay = (N + 2)(N + 3)/2[19,36]. Our
interest in this paper is its square integrability, which is a toy case study for the absolute square integrability.
Therefore, R = Ay. See Appendix A for a little more detail.
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Let us check Eq. (83) from the point of view of the expected properties of fy r(f). As explained
in Sect. 3.1, fy r(¢) should be a monotonically decreasing function for real ¢ with fy z(0) = 1. This
is satisfied by Eq. (83) in the region ¢ > 0, which is the integration region for the computation of
g(N,R, k) as in Eq. (80). On the other hand, fy z(¢) should be an entire function of ¢ as explained
in Sect. 3.1. This is not satisfied by Eq. (83), as there exist singular points at t ~ —N2R?, —N3RZ.
Considering the fact that we are discussing the large-R regime, the singular points can be regarded
as being far away from the integration region t > 0. However, for fy z(¢) to be an entire function,
these singularities in Eq. (83) must be canceled by the sub-leading corrections of fy () to Eq. (83).
This means that the sub-leading corrections may also be a series whose radius of convergence is of
the order of N2R?. Therefore, Jfv.r(f) may get some important corrections at ¢ > N 2R? from such
sub-leading contributions (see also Sect. 2.4.2). Though this should be taken as a caution in using
Eq. (83), we will use it beyond this limit in the computation below as the leading-order expression
of the entire function fy g(?).

By putting Eq. (83) into Eq. (80), we obtain

g(N,R, K)leading
T #P
= vol (s"*1) (%) 7
K

N _NWN+HN-D
2 12

o 3N + 48\ 310 2
X dr V(1 4+ — 14+ —— I=er 84
/0 " < T TN tNR? ¢ (84)
From now on, let us concentrate only on the behavior in «. By the change of variable, r — « /67,
we obtain
g(N,R, K)leading
%0 3V + 40\ 2 36\ TR
_#P | NR NR—1 +4)r r (k1B —e)r?
X K 2 6 A d}“l" (1 —+ W) <1 —+ W) e . (85)

We now divide further discussions into the following three cases.

HR<WN+1)(N+2)/2

In this case, the k — 40 behavior of the integration in Eq. (85) converges to a finite non-zero
value, because the modulus of the integrand damps fast enough in » even without the regularization
by €. Therefore, the behavior of g(N, R, k)ieading 1S determined by the factor in front. By putting
#P = N(N + 1)(N + 2)/6 (see below Eq. (77)), we obtain

N WN+DWN+2)
¥ (n-tgpen)

g(N, R, K)leading ~K (86)

Therefore it has diverging behavior in the limit x — +-0.

()R> N+ 1)(N +2))/2

In this case, since the integrand in Eq. (85) is oscillatory and has a modulus diverging in » — 400,
the x — +0 limit has to be taken in a careful manner. For « ~ 40, the integral is dominated by the
large-r region. Therefore, the behavior of g(N, R, ) eading 1n & ~ +0 is given by
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1/3,2__.2

#P | NR _ _
5+% dr Y leIK re—er

g(N,R, K)leading ~ K

< FHE (e—nd) )
where y = NR — N(N + 1)(N + 2)/2. By taking the ¢ — 40 limit, we find that
gV, R, €)teading ~ K" (88)
Therefore g(NV, R, k) converges to a finite value in the x — 40 limit.

() R=WN+ DN +2)/2
With slight modification of the discussions in case (ii), we obtain

g(N,R, K)leading ~ log(x). (39)

Therefore it diverges logarithmically.

Combining the three cases above, we see that the behavior of g(N, R, k) in the k — +0 limit has
a transition at R = R, := (N + 1)(N + 2)/2, where it is finite and diverging at R > R, and R < R,
respectively. However, this result may be changed by some corrections. As analyzed in Sect. 2.4,
there exists a transitionregionR ~ N® (1 <o <2),andR~ R, ~ N 2isatthe edge of the transition
region. Therefore, fy r(f) may have some important corrections at R ~ R in addition to fy g (¢)ieading-
We also commented above that fy z(#) may have some important corrections at t 2> N 2R?. In fact,
case (ii) has the main contributions from the large-z region if « is taken small. Therefore, unless « is
kept finite for R >> R, in case (ii), the results above must be taken with caution.

Let us see the subtleties more concretely by using our results, Egs. (38) and (39), which are from
the analysis of the dominant graphs for R ~ N% in large N with « > 2 and o = 2, respectively. By
applying the relation (71) as before, we obtain fy g () 1eading = €xXp(F; ]‘\1,"’;1 (A, k)) with the replacement
/K3 — 8¢/N3R3. In either of the cases (38) and (39), JN.R(D)leading at large ¢ has the divergence
coming from the second term, which violates the monotonically decreasing property of fy g (¢)1cading
discussed in Sect. 3.1. Therefore we encounter a maximum value of #, over which the expression of
JN.R(!)1eading cannot be correct. Then, the integration over  cannot be done to the infinite, and this
is problematic in taking the ¥ — 40 limit in cases (ii) and (iii), since the main contribution of the
integration comes from the large- region.

From these discussions, to obtain a more concrete statement in the k — +0 limit, we would
need to check the sub-leading corrections to fy z(¢). On the other hand, we would be able to say
that the present result is in favor of, or does not contradict, the consistent quantum probabilistic
interpretation of the wave function of the tensor model [19], because the tensor model requires
R = (N+2)(N +3)/2 > R, and g(N, R, )leading 1 finite in the k — +0 limit at least in the
computation above. To improve the statement, in addition to computing the sub-leading corrections,
one should consider the absolute value |y (P)|R as the integrand rather than the present ¥ (P)X in
Eq. (77), since the former is semi-positive definite, being a probability distribution, but the latter, the
present one, is not. Integrating over P, in the former case leads to a more involved form than Eq.
(1), and analyzing it is left for future study.

4. Summary and future prospects

In this paper, we considered a random matrix model with pairwise and non-pairwise contracted
indices. We analyzed the model in various regimes concerning the relative relation between N and

30/39

6102 AN 2 uo Jasn Ausieniun 0104y Aq G6€6255/1L0VEL0/L/6L0ZA0BNSE-8j01E/de)d/W0d dno"olwapede//:sdy Wolj peapeojumoq



PTEP 2019, 073A01 L. Lionni and N. Sasakura

R, which are the dimensions of the pairwise and non-pairwise contracted indices, respectively. We
used Feynman diagrammatic expansions for the analysis, and have shown a transition of dominant
graphs between tree-like ones at large N and loop-like ones at large R. As a specific application, we
applied our result to study the integrability of the wave function of the model introduced in Ref. [25]
as a toy model for a tensor model [20-22] in the Hamilton formalism [23,24]. The result seems to
be in favor of the consistency of the quantum probabilistic interpretation of the tensor model.

More precisely, in the regimes where N is large but R is finite, or where R ~ N* with o < 1, which
includes the case of square matrices « = 1, we have shown the dominance of the tree-like graphs,
which are the dominant graphs for the ¢°® vector model. As explained in Appendix C, this tree-like
family corresponds to the family of melonic graphs for the equivalent replicated vector model with
random tensor couplings (or analogues with a time dependence). This shows the robustness of the
dominance of the tree-like graphs for matrix models with non-pairwise contracted indices (such tree-
like behaviors are also found for non-square one-matrix models) or of the dominance of melonic
graphs for replicated random coupling vector models, when the number of replicas does not exceed
the size of the system.

In the regime where R ~ N“ with o > 1, we have shown that the dominant graphs exhibit a very
interesting behavior: tree-like graphs dominate for graphs with o/ (o — 1) or fewer interactions, while
a family of very ordered star-like graphs dominate for graphs with more interactions. In a sense, the
small dominant graphs exhibit “more disorder” than the larger ones. The contribution of the tree-like
graphs is a truncation of the usual vector-model free energy, and the contributions of the star-like
graphs is roughly a logarithm. The value of « thus provides a parameter to tune the value at which
the vector-model free energy is truncated, and the remainder replaced by a logarithm expansion.
While such interesting behavior is not known to the authors to exist in other vector, matrix, or tensor
models, it is not possible to rescale the coupling constants to obtain a finite limit for the free energy
that involves both families, precisely because of the different behaviors in N and R of the tree-like
and star-like graphs. It would be interesting to see if a similar situation occurs for dominant graphs
for other models with non-pairwise contracted indices. Our first guess is that we could have such a
competition between necklace-like graphs and tree-like graphs whenever an odd number of indices
are contracted together, while trees could dominate for any « for an even number of contracted
indices; however, the precise situation when o takes values in R should be investigated.

It should be stressed that we have not concluded in the present paper that the wave function of the
model introduced in Ref. [25] is integrable in the region R ~ N2, which is the region of interest for
the tensor model of Ref. [23,24]. This is due to some limitations of our approximation in the regime
R ~ N2, which comes from the condition R = (N + 2)(N + 3) /2 required for the consistency
[36] of the tensor model of Refs. [23,24]. Therefore an obviously important question about our
results is how they would change by improving the approximations. This could be done by including
higher-order Feynman graphs along the present line, or employing the various techniques that have
been developed for the analysis of the spin glass models, because of the similarities between our
model and the p-spin spherical model [15,16]. In particular, it is important to obtain more correctly
the behavior of the moment-generating function fy r(¢), especially in the # — oo limit, because it
essentially determines whether the wave function of the toy model [25] related to the tensor model
is integrable or not. It is also important to deal with the actual wave function of the tensor model,
which has the same interaction term with a tensor, but for which the Gaussian part is replaced by a
product of Airy functions [18,19].
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An interesting future question is to find a way to take a large-N limit that would keep the non-trivial
characteristics of this model. We have observed that there is a crossover between the tree-like and
star-like graphs by varying the parameter « of R ~ N*. However, as pointed out in the text, it is
not possible at the level of the Feynman graph series expansion to take a large-N limit, which keeps
the contributions of both the tree and star-like graphs in an interesting manner. On the other hand, a
close look at Eq. (22) suggests an interesting scenario. To see this, let us consider Fy (A, k)/RN,
which is the free energy per degrees of freedom, and take a large-N limit with A/k> ~ N2 and
R ~ N?. The former scaling of the coupling constants ensures that the tree-like graphs give a non-
trivial contribution to Fy g/RN at large N. Assuming that the contribution to Fy z/RN for the star
graphs actually vanishes in this limit'4, the second term, which contains the other necklace graphs,
remains finite and non-trivial. Note that this scenario does not contradict our analysis in the text,
since order-by-order analysis of the dominant graphs is not necessarily related to the dynamics of the
model in general. At the present stage, this scenario is no more than speculation, since we presently
do not understand well the dynamics at R ~ N2.
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A. A brief review of the canonical tensor model

The canonical tensor model (CTM) [23,24] is a tensor model for gravity in the canonical (Hamil-
tonian) formalism, mimicking the structure of the ADM formalism [37] of general relativity. It
was originally formulated in the classical framework, and the quantum version was obtained by its
straightforward canonical quantization [36]. The variables of the quantum CTM are the canonical
operator pair with three symmetric indices satisfying

[Qabc: ]A)def] = iZ 8aad8baeacafa [Qabc, Qdef] = [i)abCa ]A)def] =0, (Al)
o

where the indices take the values 1,2, ..., N, and o denotes the permutations of d, e, and /. These
operators are assumed to be Hermitian: szc = Qabc, f’abc = PZbc' The Hamiltonian of the model is
given by

[,:I = Saﬁa + nabsfaba (A.2)

14 As mentioned in the text, we cannot rely on the logarithm expression for the first term in Eq. (22) to draw
conclusions in this regime on the relative contributions of the star-like graphs with respect to tree-like graphs or
other necklace graphs, as the series for star-like graphs is highly divergent with these choices for the coupling
constants, while the series for trees and necklaces are convergent.
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whose structure is similar to that of the ADM formalism: &, and 7, are the arbitrary parameters cor-
responding respectively to the lapse and shift, and H, and J, are the first-class quantum constraints
corresponding respectively to the Hamiltonian and diffeomorphism constraints. These constraints
were shown to take the following unique form for consistency [24]:

N 1
Ha=§

~ 1 . ~ ~ ~
jab = Z(Qacdpbcd - chdPacd)a (A3)

(PabePodeQede — »Oupb + irtrPapp),

where A is an arbitrary real parameter'”, and
1
Ag = E(N +2)(N +3), (A4)

which is required for the hermiticity of H,. As first-class quantum constraints, they satisfy the
following closed commutation algebra:

[Fueh, AEH) =i (1881 + 218" ng?),
[T (), H(E)] = iH(nE),
[T N, T =T (In", n*), (A.5)

where H(€) = &Ha, TD) = NavTabs Eab = EcPabes (€' N EM)ap = Eup — Epbas and [,-] denotes
the matrix commutator. The physical states are conditioned by

ﬁa“p)phys =0,
jabN’)phys =0, (A6)

where the mutual consistency of these conditions is guaranteed by the closure of the commutation
algebra (A.5). In particular, the first equation is the analogue of the Wheeler—DeWitt equation.

By choosing a representation, these constraints (A.6) can be expressed as a set of partial differential
equations. This means that the problem is in principle well defined, though the solutions can in
general have very complicated forms. Several exact solutions have been found before [18,36], and
one solution of particular interest is the wave function in the P representation given by

AH
Wonys(P) = W(P) 2, (A7)
where

w(P) = /RNH dpd PO, (A8)

Here ¢ = (¢1,¢2,...,¢0n) € RN, ¢~) € R and we have used the short-hand notation
P$> := Papcatpbe,
¢* = Gutpa,
de := Tudg,. (A.9)

15 This parameter can be normalized to A = 0, %1 by a rescaling, 0 — ¢Q, P — P/c, without changing
the following structure.
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It is physically important to understand the properties of the wave function (A.7), in particular,
to know the locations of its peaks. Indeed, this will determine the quantum mechanically preferred
values of P,p., which may be interpreted as preferred geometries by the procedure developed in
Ref. [38]. Generally, the wave function has a complicated dependence on P, because there are
integrations over multiple variables and the presence of the imaginary unit in the exponent of the
integrand will cause complicated quantum interference among all the contributions over parts of
the integration region. However, it can be argued that this interference will occur quite randomly in
general situations, and the wave function will take small values at most values of P,p.. On the other
hand, it can be expected that the wave function will qualitatively take rather large values if P, is
invariant under a Lie group: Py = hg/hz/hﬁ/Pa/b/c/ for Yh € H with H being a representation of
a Lie group [25]. Indeed, this peak structure was explicitly found for various small-N cases and/or
various restricted subspaces of P, for the CTM in Ref. [19] and for a toy model in Ref. [25], where
in the latter the wave function has the simplified form presented in Eq. (76). The difference between
Egs. (76) and (A.8) resides in the absence of the integration over ¢, which makes the toy model
easier to treat. The value of R in Eq. (77) would correspond to Az in Eq. (A.4), if the square of the
physical wave function (A.7) of the CTM is considered. Note that, in the present paper, we do not
consider the absolute square of Egs. (76) or (A.7), which would obviously be required, but is more
complicated to study.

B. Tree dominance at large N and the Schwinger—Dyson equation

In this appendix, we first prove the dominance of tree-like graphs in the large-N limit, and then
write down the self-consistency equation (Schwinger—Dyson equation) for the two-point function.
The explanation of these matters is kept brief in the main text, because they are assumed to be
well-known standard knowledge. This appendix could be useful for readers who are not familiar
with these results or the way we have formulated them.

In the case where N is large but R is finite, what matters is the weight in N, namely, the number of
dotted loops (faces) in a graph, which correspond to free sums over the lower indices of ¢p. One can
thus ignore the solid lines, which correspond to the upper indices. This means that the interaction
in Fig. 1 can be simplified to an interaction with only dotted edges as on the left of Fig. B.1 (this
representation is common for vector models) or even simply by a black blob with three legs attached,
as on the right of this figure, as will be explained in detail below. The graph on the right of Fig. B.2
gives an example of a graph represented by such simplified vertices. This example corresponds to
the graph on the left of Fig. B.2, which uses the usual representation of the interaction (Fig. 1). In the
simplified graphs, the connecting points among the legs of the simplified vertices are represented by
white blobs. Each white blob corresponds to a dotted loop, and therefore the weight in N of a graph
is the number of white blobs in it. While the vertices corresponding to the interactions are trivalent,
the number of legs attached to each white blob is not restricted.

Fig.B.1. Left: An interaction represented only with the dotted edges. Right: The simplified representation of
the interaction.
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Fig.B.2. Left: An example of a tree-like graph. Right: The same graph represented using the simplified
vertices. Each white blob corresponds to a dotted loop, showing that this graph has weight N°.

Fig. B.3. The Schwinger—Dyson equation for the two-point correlation function.

Let us consider a connected graph constructed in the above way with n simplified vertices. Its first
Betti number B is given by

By=3n—|n+) bi|+1, (B.1)

i>1

where b; denotes the number of white blobs that have i legs attached. Here 3# is the total number
of edges and the quantity in the parenthesis is the total number of vertices, namely, white and black
blobs. Since the weight in N is F; = » ;. b;, we obtain from Eq. (B.1)

F,=2n+1-B. (B.2)

Since B; € N, F,; takes the maximal value 2n + 1 for B; = 0, namely, if and only if the graph is a
tree.

For a tree, it is easy to prove that the weight in R is R. Therefore, a tree graph has the weight
N?*1Rin N and R.

From the above proof, in the leading order of N, the two-point correlation function (d)f,d)é) can be
computed by summing over all the graphs that are obtained by opening any of the Wick contraction
edges (the thin edges) in the tree vacuum graphs. Then, it is easy to see that the two-point correlation
function necessarily has the form

<¢fl¢£>tree = Géabaij, (B.3)

where G depends on A, k, and V.

From a consistency equation for the tree graphs, one can obtain the Schwinger—Dyson equation
shown in Fig. B.3. By putting the form (B.3), this leads to

1 61N2 G

2k 2k '

(B.4)

After a rescaling, one obtains Eq. (15).
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C. Feynman graphs of the replicated vector model with random tensor couplings
and melonic graphs

We consider the following expression:
Znr(\ k) = / dPe_% Yohe=t Py (/ d¢e_k Yo ¢3_1m22{b,c:1 Pabc‘f’a‘i’b‘bc)R‘ (C.1)
Labeling the R copies of ¢ from 1 to R, we obtain

Zy RO k) = /dP/d¢ o= Lthemt Pe o=k Xt it O IV2ZA Yoaiy oot Pabe (i) #ibtl) (C.2)

The initial model (1) is recovered after integrating over P. Let us take a closer look at the Feynman
graphs of Eq. (C.2). In the case where R = 1, we represent each tensor P by a vertex with three dotted
edges attached, one for each one of the vectors. At the end of the dotted edge is a vertex representing
the vector ¢. The integration over ¢ generates trivalent graphs'® whose vertices carry tensors P, and
to which are associated polynomials in P obtained by contracting the indices according to the edges
in the graphs. For a given graph, the integration over P is expressed as a sum over Wick pairings
of the tensors, along with a power of N corresponding to the number of faces thus created. It is
well known that at large N, the graphs that dominate are the so-called melonic graphs obtained by
recursively adding pairs of vertices as in Fig. C.1 [30-32]. The dominance of these graphs is one of
the reasons of the success of the SYK model [28,29] and related models: while these graphs have
a simple recursive structure so that the theory is exactly solvable in the IR, they are not trivial and
contain very interesting physics.

We now return to the case where R > 1. The vertices corresponding to the ¢ are then linked by new
solid edges that meet at trivalent nodes (Fig. C.2). The graphs representing the interactions of our
model (Fig. 1) are obtained by deleting the edges corresponding to the Wick pairings between the
P, as well as the vertices corresponding to the P, and identifying the dotted half-edges, as illustrated
on the right of Fig. C.2.

As shown in Fig. C.3, the tree-like graphs for the model studied in the present paper precisely
correspond to the melonic graphs for the replicated model with random tensor couplings. Therefore,

Fig. C.1. Recursive construction of amelonic graph for R = 1. The double lines represent the Wick contraction
of the two tensors P in the pair.

16 More precisely, in the convention that we use, it generates Wick pairings between the ¢, represented as
thin edges between the corresponding vertices, so that two trivalent vertices corresponding to tensors P are
linked by chains formed by a dotted edge, a thin edge, and another dotted edge.
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Fig. C.2. On the left is the interaction for the replicated model with random couplings. The way in which the
interaction of the matrix model (1) is recovered by integrating the P is shown on the right.

Fig. C.3. The melonic graphs in the replicated model with random couplings correspond to the tree-like graphs

for the model (1).

as explained in Sect. 2.2, the dominance of the melonic graphs still holds at large N for the model

with real replicas, i.e., when R is finite [16,17]. This dominance is quite robust, as we showed that

it actually still holds when the number R of replicas is large, but smaller than or equal to the size

N of the system (R ~ N% with 0 < o < 1), although we do not know of any statistical physics
interpretation for such a regime. This should still be true when the fields ¢ have a time dependence.

D. Explicit expression for the radial integration

In this appendix, we will show

(&)
/ dyp VR =t —kr? _
0

+

b 2

T (), (122
1472 3

6I'(1)

6
CEr ey w124 0
6 3733

A
6T(2) ! + 270

_MR_2.5 NR 2 3

AT 5k F(T+§)F NR 245 &
6T (3) 2076 7333 21 )

37/39

(D.1)

6102 AN 2 uo Jasn Ausieniun 0104y Aq G6€6255/1L0VEL0/L/6L0ZA0BNSE-8j01E/de)d/W0d dno"olwapede//:sdy Wolj peapeojumoq



PTEP 2019, 073A01 L. Lionni and N. Sasakura

where the generalized hypergeometric function | F5(a; by, ba;z) (—b; ¢ N) is defined by

o0

Fa(a; by, b 'Z)=ZLZ—’1 (D.2)
FRRTLTEET L (), (by), ! '
with the Pochhammer symbol
1 n=20
- ’ D.3
) {x(x—{—l)---(x—i—n—l) n> 0. (D-3)

Since the series (D.2) converges everywhere in z, 1F>(a; b1, b>; z) is an entire function of z. It has an
essential singularity at z = oo for —a ¢ N, since the expansion (D.2) is an infinite series of (1/z) 7.
Therefore Eq. (D.1) has an essential singularity at A = 0.

To show Eq. (D.1), it is enough to employ the following convergent series representing an integral:

00 00 n 00
/ dr Nl =hr* _ Z =) / dr PN =142 =1
0 n!Jo

n=0
I~ (=h)" (N n
_gg ! F<€+§). (D.4)

By dividing the » summation into the three cases » = 3m, 3m + 1,3m +2 (m = 0,1,...) and
changing the variables appropriately, we obtain Eq. (D.1).
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