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Abstract

Breaking of equivalence between the microcanonical ensemble and the canonical en-
semble, describing a large system subject to hard and soft constraints, respectively, was
recently shown to occur in large random graphs. Hard constraints must be met by every
graph, soft constraints must be met only on average, subject to maximal entropy. In
Squartini et al. (2015) it was shown that ensembles of random graphs are non-equivalent
when the degrees of the nodes are constrained, in the sense of a non-zero limiting specific
relative entropy as the number of nodes diverges. In that paper, the nodes were placed
either on a single layer (uni-partite graphs) or on two layers (bi-partite graphs). In the
present paper we consider an arbitrary number of intra-connected and inter-connected
layers, thus allowing for modular graphs with a multi-partite, multiplex, block-model or
community structure. We give a full classification of ensemble equivalence, proving that
breakdown occurs if and only if the number of local constraints (i.e., the number of con-
strained degrees) is extensive in the number of nodes, irrespective of the layer structure. In
addition, we derive a formula for the specific relative entropy and provide an interpretation
of this formula in terms of Poissonisation of the degrees.
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1 Introduction and main results

1.1 Background and outline

For systems with many interacting components a detailed microscopic description is unfeasible
and must be replaced by a probabilistic description, where the system is assumed to be a
random sample drawn from a set of allowed microscopic configurations that are consistent
with a set of known macroscopic properties, referred to as constraints. Statistical physics
deals with the definition of the appropriate probability distribution over the set of microscopic
configurations and with the calculation of the resulting macroscopic properties of the system.
The three main choices of probability distribution are: (1) the microcanonical ensemble, where
the constraints are hard (i.e., are satisfied by each individual configuration); (2) the canonical
ensemble, where the constraints are soft (i.e., hold as ensemble averages, while individual
configurations may violate the constraints); (3) the grandcanonical ensemble, where also the
number of components is considered as a soft constraint.

For systems that are large but finite, the three ensembles are obviously different and, in
fact, represent different physical situations: (1) the microcanonical ensemble models com-
pletely isolated systems (where both the energy and the number of particles are “hard”); (2)
the canonical ensemble models closed systems in thermal equilibrium with a heat bath (where
the energy is “soft” and the number of particles is “hard”); (3) the grandcanonical ensemble
models open systems in thermal and chemical equilibrium (where both the energy and the
number of particles are “soft”). However, in the limit as the number of particles diverges, the
three ensembles are traditionally assumed to become equivalent as a result of the vanishing of
the fluctuations of the soft constraints, i.e., the soft constraints become asymptotically hard.
This assumption of ensemble equivalence, which dates back to Gibbs [30], has been verified
in traditional models of physical systems with short-range interactions and a finite number of
constraints, but it does not hold in general. Nonetheless, equivalence is considered to be one
of the pillars of statistical physics and underlies many of the results that contribute to our
current understanding of large real-world systems.

Despite the fact that many textbooks still convey the message that ensemble equivalence
holds for all systems, as some sort of universal asymptotic property, over the last decades
various examples have been found for which it breaks down. These examples range from as-
trophysical processes [39], [52], [33], [38], [15], quantum phase separation [7], [3], [22], nuclear
fragmentation [18], and fluid turbulence [20], [21]. Across these examples, the signatures of
ensemble nonequivalence differ, which calls for a rigorous mathematical definition of ensem-
ble (non)equivalence: (i) thermodynamic equivalence refers to the existence of an invertible
Legendre transform between the microcanonical entropy and canonical free energy [22]; (ii)
macrostate equivalence refers to the equivalence of the canonical and microcanonical sets
of equilibrium values of macroscopic properties [54]; (iii) measure equivalence refers to the
asymptotic equivalence of the microcanonical and canonical probability distributions in the
thermodynamic limit, i.e., the vanishing of their specific relative entropy [53]. The latter
reference reviews the three definitions and shows that, under certain hypotheses, they are
identical.

While there is consensus that ensemble nonequivalence occurs when the microcanonical
specific entropy is non-concave as a function of the energy density in the thermodynamic limit,
the classification of the physical mechanisms at the origin of nonequivalence is still open. In
most of the models studied in the literature, nonequivalence appears to be associated with
the non-additivity of the energy of the subparts of the system or with phase transitions [12],



[13], [63]. A possible and natural mechanism for non-additivity is the presence of long-range
interactions. Similarly, phase transitions are naturally associated with long-range order. These
“standard mechanisms” for ensemble nonequivalence have been documented also in the study
of random graphs. In [2], a Potts model on a random regular graph is studied in both the
microcanonical and canonical ensemble, where the microscopic configurations are the spin
configurations (not the configurations of the network itself). It is found that the long-range
nature of random connections, which makes the model non-additive and the microcanonical
entropy non-concave, ultimately results in ensemble nonequivalence. In [47] and [48], random
networks with given densities of edges and triangles are considered, and phase transitions
characterised by jumps in these densities are found, with an associated breaking of ensemble
equivalence (where the microscopic configurations are network configurations).

Recently, the study of certain classes of uni-partite and bi-partite random graphs [51], [27]
has shown that, surprisingly, ensemble nonequivalence can manifest itself via a different mech-
anism, totally unrelated to non-additivity or phase transitions. This previously unrecognised
mechanism is the presence of an extensive number of local topological constraints, i.e., the de-
grees of all nodes. This finding explains previously documented signatures of nonequivalence
in random graphs with local constraints, such as a finite difference between the microcanonical
and canonical entropy densities [1] and the non-vanishing of the relative fluctuations of the
constraints [50]. How generally this result holds beyond the specific uni-partite and bi-partite
cases considered so far remains an open question, on which we focus in the present paper. By
considering a much more general class of random graphs with a variable number of constraints,
we confirm that the presence of an extensive number of local topological constraints breaks
ensemble equivalence, even in the absence of phase transitions or non-additivity.

The remainder of our paper is organised as follows. In Section 1.2 we give the definition
of measure equivalence and show that it translates into a simple pointwise criterion for the
large deviation properties of the microcanonical and canonical probabilities. In Section 1.3
we introduce our main theorems in pedagogical order, starting from the characterisation of
nonequivalence in the simple cases of uni-partite and bi-partite graphs, and subsequently
moving on to a very general class of graphs with arbitrary multilayer structure and tuneable
intra-layer and inter-layer connectivity. Our main theorems not only characterise nonequiv-
alence, they also provide a formula for the specific relative entropy. In Section 2 we discuss
various important implications of our results, describing properties that are fully general bit
also focussing on several special cases of empirical relevance. We confirm that, in all our mod-
els, ensemble nonequivalence arises from an extensive number of local topological constrains
(in our setting, the degrees of a finite fraction of nodes) and is not related to the non-additivity
of the system or to phase transitions. In addition, we provide an interpretation of the spe-
cific relative entropy formula in terms of Poissonisation of the degrees. We also discuss the
implications of our results for the study of several empirically relevant classes of “modular”
networks that have recently attracted a lot of interest in the literature, such as networks with
a so-called multi-partite, multiplex [8], block-model [35], [37] or community structure [23],
[46]. In Section 3, finally, we provide the proofs of our theorems.

1.2 Microcanonical ensemble, canonical ensemble, relative entropy

For n € N, let G,, denote the set of all simple undirected graphs with n nodes. Let G C G, be
some subset of G,,. Informally, the restriction from G, to g}i allows us to forbid the presence
of certain links, in such a way that the n nodes are effectively partitioned into M € N groups
of nodes (or “layers”) of sizes ni,...,ny with 3.2 n; = n. This restriction can be made



explicit and rigorous through the definition of a superstructure, which we call the master
graph, that will be introduced later. A given choice of g,’i corresponds to the selection of a
specific class of multilayer graphs with desired intra-layer and inter-layer connectivity, such as
graphs with a multipartite, multiplex, block-model or community structure. In the simplest
case, Gh = Gn, which reduces to the ordinary choice of uni-partite (single-layer) graphs. This
example, along with various more complicated examples, is considered explicitly later on.

In general, any graph G € Gi can be represented as an n X n matrix with elements

1 if there is a link between node ¢ and node j,

9:5(G) = { (1.1)

0 otherwise.

Let C denote a vector-valued function on QEL. Given a specific value 6*, which we assume to be
graphic, i.e., realisable by at least one graph in gg, the microcanonical probability distribution
on g}i with hard constraint C* is defined as

. [ 104, iEC(G) =C*,
Paie(G) = { . o (1.2)
where . .

Qs ={Gegl: C(G)=C"} >0 (1.3)

is the number of graphs that realise C*. The canonical probability distribution Pean(G) on g}‘l
is defined as the solution of the maximisation of the entropy

Sn(Pean) = = Y Pean(G) In Pean(G) (1.4)
Gegh

subject to the soft constraint (C') = C*, where () denotes the average w.r.t. Pey, and subject
to the normalisation condition ZG gt Pean(G) = 1. This gives

Pcan(G) = eXp[_ZIZTQE*C;" 6*)] ) (15)

where H(G,0) = 6 - C(G) is the Hamiltonian and
26) = 3 expl-H(G,0) (1.6)
Gegh

is the partition function. Note that in (1.5) the parameter g must be set to the particular
value 6* that realises (C') = C*. This value also maximises the likelihood of the data [28].

It is worth mentioning that, in the social network analysis literature [14], maximum-
entropy canonical ensembles of graphs are traditionally known under the name of Exponential
Random Graphs (ERGs). Indeed, many of the examples of canonical graph ensembles that we
will consider in this paper, or variants thereof, have been studied previously as ERG models of
social networks. Recently, ERGs have also entered the physics literature [44], [49], [50], [40],
[25] ,[26], [37], [24], [45], [6], [1] because of the wide applicability of techniques from statistical
physics for the calculation of canonical partition functions. We will refer more extensively to
these models, and to the empirical situations for which they have been proposed, in Section 2.2.
Apart for a few exceptions [1], [45], [51], these previous studies have not addressed the problem



of ensemble (non)equivalence of ERGs. The aim of the present paper is to do so exhaustively,
and in a mathematically rigorous way, via the following definitions.
The relative entropy of Ppic w.r.t. Peay 18

Prnlc(G)
n Pmic Pcan Pmlc y 1.
Sa(Pic | 2 1 (@) 4o
Gegh

Following [53], [51], we say that the two ensembles are measure equivalent if and only if the
specific relative entropy is zero, i.e.,

Soo = lim n! Sp(Pric | Pean) = 0. (1.8)

n—oo

It should be noted that, for a given choice of g,‘i and 5, there may be different ways to re-
alise the thermodynamic limit n — oo, corresponding to different ways in which the numbers
{ni}M, of nodes inside the M layers grow relatively to each other. So, (1.8) implicitly requires
an underlying specific definition of the thermodynamic limit. Explicit examples will be con-
sidered in each case separately, and certain different realisations of the thermodynamic limit
will indeed be seen to lead to different results.

Before considering specific cases, we recall an important observation made in [51]. Noting
from the form of H(G, ) that Paan(G1) = Pean(G2) when C(G1) = C(Gy) (i.e., the canonical
probability is the same for all graphs having the same value of the constraint), we may rewrite
(1.7) as
Pic (G¥)

Sn Pmi P n =1 T e
( C ’ ca ) n Pcan(G'*)

(1.9)
where G* is any graph in G4 such that ¢ (G*) = C* (recall that we have assumed that C* is
realisable by at least one graph in gi) The condition for equivalence in (1.8) then becomes
lim 7! [In Pyic(G*) — In Pean(G*)] = 0, (1.10)
n—oo
which shows that the breaking of ensemble equivalence coincides with Pyic(G*) and Pean(G*)
having different large deviation behaviour. Importantly, this condition is entirely local, i.e.
it involves the microcanonical and canonical probabilities of a single configuration G* real-
ising the hard constraint. Apart from its theoretical importance, this fact greatly simplifies
mathematical calculations. Note that (1.10), like (1.8), implicitly requires a specific defini-
tion of the thermodynamic limit. For a given choice of gi and C', different definitions of the
thermodynamic limit may result either in ensemble equivalence or in ensemble nonequivalence.

1.3 Main Theorems
1.3.1 Single layer: uni-partite graphs

The first class of (simple and undirected) random graphs we consider is specified by M = 1 and
= G,,. This choice corresponds to the class of uni-partite graphs, where links are allowed
between each pair of nodes. We can think of these graphs as consisting of a single layer of
nodes, inside which all links are allowed. Note that in this simple case the thermodynamic limit
n — oo can be realised in a unique way, which makes (1.8) and (1.10) already well-defined.



Constraints on the degree sequence. An important constraint that we consider through-
out the paper is the degree sequence. For a uni-partite graph G € G,,, the degree sequence
is defined as k(G) = (ki(G))?:l with k;(G) = >, 9i;(G). We assume that the degree
sequence is constrained to a specific (graphic) value k*. The constraints are therefore

C* =k* = (k)P, e N, (1.11)

where Ng = NU {0} with N = {1,2,...}. This class is also known as the configuration model
([5], [10], [42], [43], [16], [50]; see also [34, Chapter 7]). In [51] the breaking of ensemble
equivalence was studied in the sparse regime defined by the condition

m* = max kI = o(v/n). (1.12)

1<i<n
Let P(Np) denote the set of probability distributions on Ny. Let
fo=n"1Y 6k € P(No), (1.13)
i=1

be the empirical degree distribution, where §; denotes the point measure at k. Suppose that
there exists a degree distribution f € P(Np) such that

Jim [ fn = flloag) =0, (1.14)
where g: Ng — [0, 00) is given by
k!

and £'(g) is the vector space of functions h: Z — R with [|h[lg(g) = > pen, 1h(k)|g(k) < oc.

Theorem 1.1. Subject to (1.11)—(1.12) and (1.14), the specific relative entropy equals

Soo = Hf”gl(g) > 0. (1.16)

Thus, when we constrain the degrees we break the ensemble equivalence.

Constraints on the total number of links only. We now relax the constraints, and fix
only the total number of links L(G) = $ 3" | k;i(G). The constraint therefore becomes

—

C*=L* (1.17)

It should be note that in this case, the canonical ensemble coincides with the Erdos-Rényi
random graph model, where each pair of nodes is independently connected with the same prob-
ability. As shown in [51], in this case the usual result that the ensembles are asymptotically
equivalent holds.

Theorem 1.2. Subject to (1.17), the specific relative entropy equals Soo = 0.



1.3.2 Two layers: bi-partite graphs

The second class of random graphs we consider are bi-partite graphs. Here M = 2 and nodes
are placed on two (non-overlapping) layers (say, top and bottom), and only links across layers
are allowed. Let A1 and Ay denote the sets of nodes in the top and bottom layer, respectively.
The set of all bi-partite graphs consisting of n; = |A1| nodes in the top layer and ny = |Ag|
nodes in the bottom layer is denoted by g}i = Gny, e C Gp. Bi-partiteness means that, for all
G € Gpy o, we have g; ;(G) =01if 4,5 € Ay or4,j € Ag.

In a bipartite graph G € Gy, n,, we define the degree sequence of the top layer as
k1-2(G) = (ki(G))ien,, where ki(G) = >7;cp, 9i,(G). Similarly, we define the degree se-
quence of the bottom layer as ko ,1(G) = (ki(G))ica,, where K/(G) = 3. jen, 9i,j(G). The
symbol s — t highlights the fact that the degree sequence of layer s is built from links pointing
from A to Ay (s,t = 1,2). The degree sequences k:1_>2(G) and k2_>1(G) are related by the
condition that they both add up to the total number of links L(G):

= k(G)=)_ K(G) (1.18)

1€ JEA2

Constraints on the top and the bottom layer. We first fix the degree sequence on
both layers, i.e., we constrain ki_,2(G) and ka1 (G) to the values ki o = (k))ien, and
k51 = (k*)ien, respectively. The constraints are therefore

C" = {k1 9, k3 1 }- (1.19)
We abbreviate
m* = max k], m* =max k:;’"7
€Ay JEAs
1.20
n_>12_n1 125k7 f2—)1:n2 125]43/* ( )
€A JEA2
and assume the existence of
n n
A= lim L A= lim 2 (1.21)
n1,n2—00 N1 + N2 n1,m2—00 N1 -+ ng
The sparse regime corresponds to
m*m’™* = O(L*Q/S), ny,ng — 00. (1.22)

We further assume that there exist fi_92, fo-s1 € P(Np) such that

(n2

lim || ") — fimsalleg) =0, hm 1 f5251 = fassillerg) = 0. (1.23)

n1—oo

The relative entropy per node is

S. Poic | P
Sni+ng = nH—n:,L(l j_n17<;2| Can)' (1'24)

Theorem 1.3. Subject to (1.19) and (1.21)-(1.23),

. Snﬁ-ng (Pmic | Pcan)
Seo = lim
n1,n2—>00 ny + no

= A1 [ fisz2llog) + A2 [ fasille(g)- (1.25)

Since A; + Ay = 1, it follows that s, > 0, so in this case ensemble equivalence never holds.



Constraints on the top layer only. We now partly relax the constraints and only fix the
degree sequence ki_,2(G) to the value

o

i)ieAl, (1.26)

while leaving k2,1 (G) unspecified (apart for the condition (1.18)). The microcanonical num-
ber of graphs satisfying the constraint is

Q. = 11 <k> (1.27)
€A1 g
The canonical ensemble can be obtained from (1.5) by setting
H(G,0) =0 k1_5(G). (1.28)

Setting 6 = 6* in order that equation (1.5) is satisfied, we can write the canonical probability
as

Pean(G) = [ o)D) (1 — ppyr2H() (1.29)
€A
ek
with p; = g Let
fn1 = ngfl Z (5@* € P(NQ). (1.30)
i€Ng

Suppose that there exists an f € P(Np) such that

T fo, — flligg) =0, (131)

The relative entropy per node can be written as

. Sn1+n2 (Pmic ‘ Pcan) o ni

nitng = = n ) 1.32
Sni+ng ny + no n +nng 1”(1(gn2) ( )
with

gy (k) = — log [Bin (ng, %) (k)] To<k<n,, k€ No, (1.33)
and Bin(ng, n%)(k) = (722)(%)]“("%4“)”2_1“ for k =0,...,n2 and equals to 0 for k > ny. We

follow the convention 01log(0) = 0.

In this partly relaxed case, different scenarios are possible depending on the specific reali-
sation of the thermodynamic limit, i.e., on how n1,n9 tend to infinity. The ratio between the
sizes of the two layers ¢ = limy,, n,—00 Z—f plays an important role.

Theorem 1.4. Subject to (1.26) and (1.31):
(1) If ng — oo with ny fized (c = 00), then Soo = liMy, 00 Sny+ny, = 0.
(2) If n1,ng — oo with ¢ = 00, then Soo = liMy, 1y—00 Sny4ne = 0.
(3) If ng — oo with ny fixed (c =0), then
Soo = n}gnoo Sni+ny = ”f”ﬁl(gnz)' (1'34)

(4) If n1,ne — oo with ¢ € [0,00), then

1



Constraints on the total number of links only. We now fully relax the constraints and
only fix the total number of links, i.e.,

Cr =L (1.36)
In analogy with the corresponding result for the uni-partite case (Theorem 1.2), in this case
ensemble equivalence is restored.

Theorem 1.5. Subject to (1.36), the specific relative entropy equals Soo = 0.

1.3.3 Multiple layers

We now come to our most general setting where we fix a finite number M € N of layers.
(s)

Each layer s has ng nodes, with Zé\il ns = n. Let v;” denote the i-th node of layer s, and

Ag = {v%s), ey vﬁ{?} denote the set of nodes in layer s. We may allow links both within and
across layers, while constraining the numbers of links among different layers separately. But
we may as well switch off links inside or between (some of the) layers. The actual choice can
be specified by a superstructure, which we denote as the master graph I', in which self-loops
are allowed but multi-links are not. The nodes set of I is {1,..., M} and the associated

adjacency matrix has entries

1 if a link between layers s and ¢ exists
Ys(L) = { Y (1.37)

0 otherwise.

The chosen set of all multi-layer graphs with given numbers of nodes, layers, and admis-
sible edges (we admit edges only between layers connected in the master graph) is g}i =
Gn,..nps (I) € Gy In 2.2 we discuss various empirically relevant choices of I' explicitly, while
here we keep our discussion entirely general.

Given a graph G, for each pair of layers s and ¢ (including s = t) we define the ¢-targeted
degree sequence of layer s as ks (G) = (kf(G))Z.eAs, where k!(G) = > jen, 9i,i(G) is the
number of links connecting node i to all other nodes in layer t. For each pair of layers s
and ¢ such that 7,.(I') = 1, we enforce the value l_f’s*_ﬁ = (k:;"t)l.eAg as a constraint for the

t-targeted degree sequence of layer s. For 5:(I') = 0 we have ES* = 0, but this constraint is
automatically enforced by the master graph. Thus, the relevant constraints are

c* = {*;;t: st=1,...,M %,t(r)zl}. (1.38)
We abbreviate
Z,t = Z k‘;t = Z k;sa Mgy = %%kata fs(ist) = ”s_l Z 5k;ta (1.39)
i€, JEA: s i€As

where L7, is the number of links between layers s and ¢ (note that L is twice the number
of links inside layer s), and assume the existence of

Ag=  lim = v (1.40)

ni,...,Np—>00 T
where Zs]‘i 1 As = 1. The sparse regime corresponds to

MMy, = O(L:,t2/3), Mg, Mt — 00 Vs # t, (1.41)

1/2
mi_,, = o(ns/ ) ns — 0o Vs.



We further assume that there exists fs_; € P(Np) such that

lim (1155 = Sl 1575 = faosllagy = 0. (142)

Ns—00

Theorem 1.6. Subject to (1.38) and (1.40)—(1.42),

M
S0 = > Aslfesillery). (1.43)

s,t=1
7s,¢(T)=1

The above result shows that, unless A; = 0 whenever ~,;(I') = 1 (i.e., unless only the nodes
of the master graph that have no links or self-loops contribute a finite fraction of nodes in the
corresponding layers), ensemble equivalence does not hold.

1.3.4 Relaxing constraints in the multilayer case

We next study the effects of relaxing constraints. This deserves a separate discussion, since
in the multi-partite setting there are more possible ways of relaxing the constraints than in
the uni-partite and bi-partite settings.

One class of layers. We first fix two kinds of constraints: (1) the total number of links
between some pairs of layers; (2) the degree sequence between some other pairs of layers. We
define the set of the edges of the master graph as € = {(s,t) € (M x M): ~5+(T) = 1}. Then,
we partition £ into two parts, namely D, L C &, with DN L = @, D and £ symmetric, by
requiring that (s,t) € D (€ L) when (t,s) € D (€ L). For each pair of layers (s,t) € D we
fix the degree sequence ES* ", of every node of Ay linking to A;. As before, we impose that
Dien, kit =2"icn, ki ®. For each pair of layers (s,t) € £ we fix the total number of links L,
( :,t = L;‘:s)'

The effect of relaxing some constraints affects the specific relative entropy: this will de-
crease because the pairs of layers with relaxed constraints (i.e., the pairs in £) no longer
contribute.

Theorem 1.7. Subject to the above relazation,

Soo = Y Aslfssillag). (1.44)
(s,t)eD

In particular, equivalence holds if and only if D = () or Ay = 0 for all s endpoints of elements
in £ Note that, if D = (), we have a finite number of constraints (at most M?), and this
implies equivalence of the ensembles.

Two classes of layers. We may further generalise Theorem 1.6 as follows. Suppose that
we have two classes of layers, M; and Ms. For every pair of layers s,t € M; such that
7s4(I') = 1, we fix the degree sequences k), and k;*,,. For every pair of layers s € M,

t € Mg, 754(I") = 1 we fix the degree sequence Es*_ﬁ from the layer in M to the layer in Mo
(but not vice versa). We show that the resulting specific relative entropy is a mixture of the one

in Theorem 1.6 and the one in Theorem 1.4. For s =1,..., M we set Ay = limy, ny,... ny—00 %

10



Theorem 1.8. Subject to the above relazation,

Soo = Z As Hfs—)t“fl(g)'
sEMy, tEM1UM> (1.45)
'Ys,t(r)zl
In particular,
S0 =0 <= A;=0Vse{ueMi:Ite M;UM; with y,,(T) =1}. (1.46)

Another way for relaxing constraints. We may think about another way for relaxing the
constraints. We assume that s, (T') = 1 for all 5,¢ = 1,2,..., M and we fix kF = M kX,
for each s = 1,2,..., M. This means that for each node we fix its degree sequence (no matter
through which layer, possibly its own layer). In this case we lose the multi-layer structure:
constraints are no longer involving pairs of layers. This is the same case described in the
configuration model of Theorem 1.1. There are still an extensive number of local constraints,
and the ensembles are nonequivalent.

2 Discussion

In this section we discuss various important implications of our results. We first consider
properties that are fully general, and afterwards focus on several special cases of empirical
relevance.

2.1 General considerations

Poissonisation. The function g in (1.15) has an interesting interpretation, namely,
g(k) = S(6[k] | Poisson[k] ) (2.1)

is the relative entropy of the Poisson distribution with average k w.r.t. the Dirac distribution
with average k. The specific relative entropy in (1.1) for the uni-partite setting can therefore
be seen as a sum over k of contributions coming from the nodes with fixed, respectively,
average degree k. The microcanonical ensemble forces the degree of these nodes to be exactly
k (which corresponds to d[k]), while the canonical ensemble, under the sparseness condition
in (1.12), forces their degree to be Poisson distributed with average k. The same condition
ensures that in the limit as n — oo the constraints act on the nodes essentially independently.

The same interpretation applies to Theorems 1.3-1.4 and 1.6-1.8. The result in Theo-
rem 1.4(3) shows that in the bi-partite setting, when one of the layers tends to infinity while
the other layer does not, Poissonisation does not set in fully. Namely, we have

sn=Y_ f(K)gn(k),  gn(k)=S(5[k] | Bin(n, £)). (2.2)
k=1

In words, the canonical ensemble forces the nodes in the infinite layer with average degree k
to draw their degrees towards the n nodes in the finite layer essentially independently, giving
rise to a binomial distribution. Only in the limit as n — oo does this distribution converge to
the Poisson distribution with average k.

11



Additivity vs. non-additivity. In all the other examples of ensemble non-equivalence
known so far in the literature, the generally accepted explanation for the breaking of equiva-
lence is the presence of a non-additive energy, induced e.g. by long-range interactions [12], [13].
However, in all the examples considered in the present paper, nonequivalence has a different
origin, namely, the presence of an extensive number of local constraints. As we now show,
this mechanism is completely unrelated to non-additivity.

To that end, we introduce the notion of additive Hamiltonian. Define

H(G,0) =0-C(G). (2.3)

If m is the number of constraints, i.e., C is an m-valued vector, then we say that the Hamil-
tonian is additive if and only if (2.3) can be expressed as

m
i=1
where Gy, ..., G,, are subgraphs of G that have no links between them, and their union is

G.
The case of a bi-partite graph with a fixed degree sequence on the top layer is an example
of an additive Hamiltonian with m = n;. Indeed, from (1.28) we have

H(G,0) =0 k12(G) = > 0ik1,5(Gi), (2.5)

where G; is the bi-partite graph obtained from the i-th node of the top layer and all the nodes
of the bottom layer, and kj_2(G;) is the degree sequence of the top layer of G; (which in
this case is just the degree of the single top node of G; and also the total number of links in
G;). As is clear from Theorem 1.4, there is equivalence or non-equivalence depending on the
relative growth of n; and ns, independently of the form of the Hamiltonian.

By contrast, the case of a uni-partite graph with a fixed degree sequence is an example
of a non-additive Hamiltonian. In this case there always is non-equivalence. On the other
hand, for a fixed total number of links there is equivalence, even though the Hamiltonian is
non-additive.

These examples show that additivity or non-additivity of the Hamiltonian does not influ-
ence the breaking of ensembles equivalence in the examples considered here. What matters
is the extensiveness of the number of constraints. This observation was already made in [51],
and it is confirmed in full generality for the multi-layer setting treated in the present pa-
per. Indeed, we have shown that, whenever the number x of constraints is subextensive, i.e.,
k = o(n) where n is the number of nodes, ensemble equivalence is restored.

A principled choice of ensembles. Ensembles of random graphs with constraints are
used for many practical purposes. Two important examples are pattern detection and network
reconstruction. For concreteness, we briefly illustrate these examples before we emphasize the
implications that our results have for these and other applications.

Pattern detection is the identification of nontrivial structural properties in a real-world
network, through the comparison of the network with a suitable null model [49]. For instance,
community detection is the identification of groups of nodes that are more densely connected
with each other than expected under a null model [23], [46] (in Section 2.2 we discuss the
relation between our models and community detection in more detail). A null model is a
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random graph model that preserves some simple topologocal properties of the real network
(typically local, like the degree sequence) and is otherwise completely random. So, maximum-
entropy ensembles of graphs with given degrees are a key tool for pattern detection.

Network reconstruction employs purely local topological information to infer the higher-
order structural properties of a real-world network [40]. This problem arises whenever the
complete structure of a network is not known (for instance, due to confidentiality or pri-
vacy issues), but local properties are. An example relevant for the epidemiology of sexually
transmitted diseases is the network of sexual contacts among people, for which only aggregate
information (the total number of contacts with different partners) can be typically surveyed in
a population. In such cases, optimal inference about the network can be achieved by maximis-
ing the entropy subject to the known (local) constraints, which again leads to the ensembles
with fixed degrees considered here.

The aforementioned applications, along with similar ones, make use of random graphs
with local constraints. Our proof of non-equivalence of the corresponding ensembles have the
following important implication. While for ensemble-equivalent models it makes practically no
difference whether a microcanonical or canonical implementation is applied to large networks,
for nonequivalent models different choices of the ensemble lead to asymptotically different
results. As a consequence, while for applications based on ensemble-equivalent models the
choice of the working ensemble can be arbitrary or be done on mathematical convenience (as
usually done), for those based on non-equivalent models the choice should be principled, i.e.,
dictated by a theoretical criterion that indicates a priori which ensemble is the appropriate
one.

Among the possible criteria, we suggest one that we believe appropriate whenever the
available data are subject to (even small) errors, i.e., when the measured value C* entering
as input in the construction of the random graph ensemble is, strictly speaking, the best
available estimate for some unknown ‘true’ (error-free) value C*. In this situation, we want
that possible small deviations of C* from C* result in small devations of P*. and P from

mic can

the corresponding P, and PX . Now, if C* =+ C (no matter how “small” and in which

mic can*
norm this difference is taken), then P,  will attach zero probability to any graph G* that
realises the ‘true’ constraint C*: P*. (G*) = 0, while P, (G*) # 0. Indeed, P*,;, and P,

will have non-overlapping supports, so they will sample distinct sets of graphs. This means
that even small initial errors in the knowledge of the constraints will be severely propagated
to the entire microcanonical ensemble, and inference based on the latter will be highly biased.
In particular, the ‘true’ network will never be sampled by Py... On the other hand, if the
difference between C* and C* is small, then the difference between P, and P, will also be
small. So, even though C* is unknown, any graph G* that realises this value will be given
a probability P (G*) that is nonzero and not very different from the probability P}, (G*)
that would be obtained by knowing the true value C*. In general, small deviations of C* from
C* imply that P (G) is not very different from P, (G) for any graph G, as desired. This
implies that even if C* is affected by small errors, then a principled choice of ensembles is the
canonical one. So, besides being the mathematically simpler option, we argue that canonical
ensembles are also the most appropriate choice in the presence of ‘noise’. A similar claim was

already made in [50], and is here strengthened by our proof of nonequivalence.

2.2 Special cases of empirical relevance

Different choices of the master graph I' induce different structural features in the graphs
of the ensemble g}i. Convenient choices allow us to consider certain classes of graphs that
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have been introduced recently to study appropriate types of real-world networks of empirical
relevance. We discuss some of these choices below. The full generality of our results in
Section 1.3.3 allows us to immediately draw conclusions about the (non)equivalence of the
corresponding ensembles in each case of interest. As an important outcome of this discussion,
all the empirically relevant ensembles of graphs turn out to be non-equivalent. In line with
our general observation at the end of the previous section, this implies that a principled choice
of ensembles is needed in all practical applications.

Scale-free uni-partite networks. Clearly, the trivial case when the master graph has a
single node (M = 1) with a self-loop, i.e., y11(I') = 1, corresponds to the class of uni-partite
graphs we considered in Section 1.3.1. Many real-world networks, at least at a certain level
of aggregation, admit such uni-partite representation. Examples include the Internet, the
World Wide Web and many biological, social and economic networks. A common property
displayed by most of these real-world networks is the presence of a “broad” empirical degree
distribution, often consistent with a power-law distribution with an upper cut-off [9]. Networks
with a power-law degree distribution are said to be scale-free [11]. This empirical observation
implies that real-world networks are very different from Erdés-Rényi random graphs (which
have a much narrower degree distribution) and are more closely reproduced by a configuration
model with a truncated power-law degree distribution f,, (see (1.13)) of the form f,(k) =
Ay nk <p<p.(ny With v > 1, Ay, the normalisation constant, and lim, e ke(n) = o0
and k.(n) = o(y/n). The so-called structural cut-off k.(n) makes the networks sparse, as in
condition (1.12) [9]. Since limy,e0 || fn — fller(g) = 0 with f(k) = k77 /¢(y) for & > 1 and 0
elsewhere, where ( is the Riemann zeta-function, our result in (1.16) tells us that

keN

> glk) k. (2.6)

keN

1
)=

Since g(k) ~ %log(27rk:) as k — oo, we find that s, tends to 1 as v — oo and diverges
like ~ 1/2(y — 1) as v | 1. This result shows that the simplest random graph ensemble
consistent with the scale-free character of real-world networks is nonequivalent. Interestingly,
as the tail exponent + decreases, the degree distribution becomes broader and the degree of
nonequivalence increases. A similar conclusion was drawn in [51].

Multipartite networks. The case when the master graph has only M = 2 interconnected
nodes and no self-loops, i.e., y12(I') = 72.1(I') = 1 and 71,1(T") = 72,2(T') = 0, coincides
with the class of bi-partite graphs discussed in Section 1.3.2. Popular real-world examples
relevant to economics, ecology and scientometrics are bank-firm, plant-pollinator and author-
paper networks, respectively. In this case as well, empirical evidence shows that real-world
bi-partite networks have broad degree distributions (at least on one of the two layers, and
typically on both). Random graph models with only a global constraint on the total number
of links (as in Theorem 1.5) are therefore unrealistic. The minimal ensemble that is consistent
with the properties of most real-world bi-partite networks requires the specification of the
degree sequence(s) as constraint(s) and is therefore nonequivalent.

A direct generalisation of the bi-partite case is when I is an M-dimensional matrix with
zeroes along the diagonal and ones off the diagonal: v 4(I') = 0 Vs and v,(I') = 1 for all
s # t. The induced graphs in gﬁ have an “all-to-all” multipartite structure (i.e., links are
allowed between all pairs of distinct layers, but not inside layers). From our Theorem 1.6 it
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follows that if the t-targeted degree sequences are specified as a constraint, then the relative
entropy in the all-to-all multipartite case is

M
oo = Y As|fssitllagg >0, (2.7)
s,t=1
s#£t
which proves ensemble nonequivalence.

An empirical example where a multi-partite structure is relevant is the world-wide network
of airports connected by direct international flights: airports in the same country (layer) are
necessarily not mutually connected, while airports in different countries can be. However,
since not all pairs of countries are connected by direct flights [32], this example suggests
that, when useful, the all-to-all multi-partite structure can be conveniently constrained into
an “incomplete” multi-partite structure by additionally forbidding inter-layer links between
certain pairs of layers. This is easily done by setting the corresponding off-diagonal entries of
I to zero, i.e., v5+(I') = 0 for some s # t. This restriction can induce structures that more
closely resemble the properties of certain empirical networks. In particular, in the mentioned
example, the master graph can be chosen to be the empirical network of countries (nodes
of T') connected by direct international flights (edges of I'). Note that international flights
are bi-directional, i.e., they always exist in both ways between any two connected countries,
consistently with our assumption of undirected graphs. The empirical properties of such a
network of inter-country flights are well studied [32]. More importantly for our purposes here,
the empirical properties of the “microscopic” network of all airports are also well studied [17],
and they again include the presence of a broad empirical degree distribution, much broader
than expected under the Erdos-Renyi random graph model. The nodes with largest degree
in this network are international hubs, and so the main contribution to their degree comes
from airports not in their own country. This means that a realistic model of the multi-
partite international airport network should enforce the empirical degree sequence of each
layer, and not only the number of links. The corresponding relative entropy is given by (2.7)
minus the contribution of the missing edges of the master graph. Unless the master graph
has only missing edges (a trivial choice that would induce only the empty graph in G,,), the
relative entropy is still strictly positive. Again, we conclude that the relevant ensemble for
the mentioned example is nonequivalent.

Stochastic block models. Another important example is when the master graph is a
complete graph with all self-loops realised, i.e., v5+(I') = 1 for all s,t. This prescription
generates the class of so-called stochastic block models, which are very popular in the social
network analysis literature [35], [37], [24]. The earliest and simplest stochastic block model
[35] is one where only the total numbers of links between all pairs of blocks (including within
each block) are specified. When we identify blocks with layers, this model coincides with our
relaxed model considered in Theorem 1.7, with D = (. It follows as a corollary that this
model is ensemble equivalent:

S0 = 0. (2.8)

However, this model predicts that, within each block, the expected topological properties of
the network are those of an Erdés-Rényi random graph, a property that is contradicted by
empirical evidence. So, unless the number of blocks is chosen to be comparable with the
number of nodes (which in our case is contradicted by the requirement that M is finite), the
traditional block model is not a good model of real-world networks.
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More recently, emphasis has been put on the more realistic degree-corrected stochastic block
model [37], where an additional constraint is put on the degree of all nodes. An even more
constrained variant of this model has been proposed in [24], where the constraints coincide
with the t-targeted degree sequences {Es_ﬁ} s,t among all pairs of blocks. To distinguish this
model from the “generic” degree-corrected block model, we call it the targeted degree-corrected
block model. This coincides with our model in Section 1.3.3, with the block structure given
by the (complete) master graph. From Theorem 1.6 we calculate the relative entropy as

M
So0 = Y As|lfestllngg > 0. (2.9)
s,t=1

We can therefore conclude that, unlike the traditional block model considered above,
the targeted degree-corrected model is ensemble nonequivalent. We also note that, unlike
stated in [24], the targeted degree-corrected block model is not just a reparametrisation of the
untargeted degree-corrected model. While fixing the targeted degree sequences automatically
realises the constraints of the untargeted model, the converse is not true. Being a relaxation
of the targeted model, we expect the untargeted model to have a relative entropy smaller
than in (2.9), further illustrating the difference between the two models. Still, we expect
the relative entropy to be strictly positive, since there is still an extensive number of active
constraints. This would contradict the result in [45], where it was claimed that the degree-
corrected block models with soft and hard constraints are expected to become equivalent in
the thermodynamic limit.

Networks with community structure. Another very important class of graphs that are
studied intensively in the literature are graphs with community structure [23], [46]. This class
is related to the block models described above, but is in general different. Community structure
is loosely defined as the presence of groups of nodes that are more densely interconnected
internally than with each other. One of the possible ways to quantitatively define the presence
of communities in a real-world network is in terms of a positive difference between the realised
number of intra-community links and the corresponding expected number calculated under a
certain null hypothesis. This definition can be made more explicit by introducing the concept
of modularity [23], [46]. For a graph with n nodes, a non-overlapping partition of nodes
into M communities can be specified by the n-dimensional vector &, where the i-th entry
o; € {1,..., M} is an integer number labelling the community to which node i is assigned by
that particular partition. For a given real-world graph G*, the modularity is a function on
the space of possible partitions, defined as

Qg+ (O_:) = Kg~ Z (gij(G*) - <gij>) 502'70]" (2'10)

1<i<j<n

where K g~ is an (inessential) normalisation constant (independent of the partition &) intended
to have the property Qg+ € [—1,+1], and (g;;) is the expected value of g;;(G) under the null
hypothesis. The null hypothesis leads to a null model for the real-world network G*. The
most popular choice for this null model is the canonical configuration model in the sparse
regime, which gives (g;;) = kjkj/2L* for i # j and (gi;) = 0, where k], k} and L* are all
calculated on G* (see (3.7) in the proof of Theorem 1.1).

Now, if the real-world network G* is indeed composed of communities, then the partition
&' that encodes these communities will be such that Qg+ (&) > 0, i.e., the total number of
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links inside communities will be larger than the expected number under the null model. More
stringently, the ‘optimal’ partition into communities can be defined as the one that maximises
Qg+ (), provided that the corresponding value maxz Qg+ (&) is positive. Indeed, one of the
most popular ways in which communities are looked for in real-world networks is through
the process of modularity maximisation. The higher the value of the maximised modularity,
the sharper the community structure. In practice, the problem of community detection is
complicated by the possible existence of many local minima of Qg+(5) and by the fact that
QG*(ET) may be positive even for “noisy communities”, i.e., communities induced by chance
only out of randomness in the data.

In our setting, community structure can be easily induced in the multilayer graph ensemble
Gn = Gn,....ny, (I') through a convenient choice of the master graph I' and of the constrained
t-targeted degree sequences {k*_,,}. First, we identify the M layers {As} with the desired
communities and define the corresponding partition &' through ai = As if i € A;. Then, we
require that the master graph I' has all possible self-loops, plus a desired number of additional
edges that need not be the maximum one (pairs of distinct communities are not necessarily
connected in real-world networks). Finally, we need to require that the ¢-targeted degree
sequences induce an excess of intra-community links with respect to the null model, so that
the modularity is at least positive, i.e., Qg+(¢T) > 0, and at best maximised by the desired
partition, i.e., &' = argmax. Qg+ (7). To this end, we rewrite

Qa+(6") = Kar Y (9(G") = (gi)) Oyt ot

1<i<j<n J

- (9:5(G™) = (9i3)) 0, 1

1<i,j<n

- K2G f: 2 (g”( Zf) (2.11)

s=14,j€As

Ko <& [,
Ko (1 g

s=1

ZGA

)
:K;i(L ZM I (i ))

s=1 s,t=1

where we use g;i(G*) = (gii) = 0, kf = Mk and 20" = Zi‘/jt 1 Ls s So, the weaker
condition Qg+ (1) > 0 is realised by requiring that the {k* ,,} satisfies the inequality

2
M M *
S L T (2 rz,) o1
> .
b M )
s=1 » Z 5

s,t=1 Ls,t

where L}, = Y ,cn ki*. The above inequality explicitly states that the number of realised
intra-community edges counted in the left-hand side should be larger than the expected num-
ber calculated in the right-hand side. The stronger condition 77 = argmax; Qg+ (&) should
instead be enforced by looking for the specific {k* ,,} that maximises (2.11).

Independently of how communities are induced in our framework, our results show that
ensembles of random graphs with community structure (according to the definition above)
are nonequivalent, with a relative entropy given by (1.43) where the degree distributions
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{fs—t} are induced by suitable t-targeted degree sequences that realise (2.12) and possibly
also &' = argmaxz; Qg+ (7).

Multiplex networks and time-varying graphs. Two other important classes of graphs
that have recently gained attention are those of multiplex networks [8] and time-varying graphs
[36].

Multiplex networks are networks where the same set of nodes can be connected by M
different types of links [8]. Two examples are the multiplex of international trade in different
products (where nodes are world countries and links of different type represent international
trade in different products) and the multiplex of flights by different airlines (where nodes are
airports and links of different type represent flights operated by different companies) [29]. An
equivalent and widely used representation for a multiplex is one where a number M of layers
is introduced, the same nodes are replicated in each layer, and inside each layer an ordinary
graph is constructed, specified by all links of a single type. Links only exist within layers, and
not across layers. Indeed, what ‘couples’ the different layers and makes a real-world multiplex
different from a collection of independent layers is the empirical fact that the topological
properties of the layer-specific networks are typically strongly (either positively or negatively)
correlated. For instance, networks of trade in different products have a similar structure, and
most notably countries that are ‘hubs’ in one layer are likely to be hubs in other layers as
well. By contrast, airports that are hubs for a domestic airline are likely not to be hubs for
other domestic airlines [29]. This means that, for each node i in real-world networks, the M
numbers of intra-layer links (i.e., the intra-layer degrees) are in general (anti)correlated.

Time-varying graphs are collections of temporal snapshots of the same network [36]. If
the set of nodes in the network does not change with time, then a time-varying graph can be
represented as a multiplex where each temporal snapshot is a single layer. Again, while not
interacting directly via links, the different layers are mutually dependent because of empirical
correlations between the properties of the same physical network across its temporal snapshots.
Therefore this type of time-varying graphs can be treated in a way formally similar to that
used for multiplex networks, the only difference being that a natural temporal ordering can
be defined for the snapshots of time-varying graphs, while this is in general not true for the
layers of a multiplex.

In our framework, a multiplex or time-varying network can be introduced by identifying
each link type with a layer A; and by requiring that the only edges of the master graph I are
self-loops, i.e., 75,s(I') = 1 for s = 1, M and ~,(T') = 0 for s # t. Note that this specification,
which implies k% ,, = 0 for s # ¢, is somehow ‘dual’ to the one defining all-to-all multipartite
networks (see above). The fact that nodes in different layers are replicas of the same set of n
nodes implies that |A4| is the same for all s, i.e., ng = n/M. Finally, the ‘coupling’ between
the topological properties of different layers can be introduced by assigning (anti)correlated
t-targeted degree sequences, i.e., by choosing (anti)correlated entries for every pair of vectors
E; _,¢ and E,f ., § # t. Real-world multiplexes, including the two examples made above, are
well reproduced by such a model [29]. Our results imply that the relevant ensembles are
non-equivalent. In particular, as a corollary of Theorem 1.6 we have

1 M
Soo = 77 sz:; [ fossller(g)- (2.13)

So, the relative entropy between the microcanonical and canonical distributions is the average
of the relative entropy of all layers, where for each layer s the relative entropy is the same as
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that obtained for a uni-partite network with n/M nodes and limiting degree distribution fs_,

(see Theorem 1.1). Moreover, the presence of correlations between E: _,cand Iz;* ", translate into

dependencies between || fs—s|l¢1(g) and || fi—tlle1(g). In particular, in case of perfect correlation

(l;;k_w = E:—n for all s,t), all the degree distributions are equal to a common one fs_,s = f Vs,
and we get

Soo = ||.fller(g)- (2.14)

In this case, the degree of nonequivalence is the same as that obtained for a single uni-partite
network with n/M nodes and limiting degree distribution f (see Theorem 1.1).

Interdependent multilayer networks. Finally, we discuss the class of interdependent
multilayer networks, which are multiplex networks with the addition of inter-layer links [8].
Nodes in different layers are still replicas of the same set of nodes, so we still have ng =
n/M for all s. Similarly, the topological properties of different intra-layer networks are still
(anti)correlated, which can be again realised by choosing (anti)correlated entries for every
pair of vectors k¥, and ki, s # t. However, while we still require Ys,s(T) =1 for s =1, M,
now we no longer require v, +(I') = 0 for s # t. Therefore the degree of nonequivalence can

only increase with respect to (2.13). Indeed, Theorem 1.6 now leads to
M

1
Soco = M Z Hfs—nf”fl(g)v (2.15)
s,t=1
VS,t(F):l
which shows that the relative entropy is no longer only an average over the layer-specific
relative entropies, since inter-layer relative entropies give additional contributions.

Networks of networks. A final class of graphs worth mentioning is the so-called networks
of networks, sometimes constructed by different ‘micro-networks’ that are coupled together
into a ‘macro-network’ where each node is a micro-network itself [19]. This class is similar to
the interdependent multilayer networks considered above, but here there is no identification
of the nodes in different layers to the same physical entity. An example is provided by multi-
scale transport networks, where different cities are internally characterised by their local
urban transport networks and at the same time are coupled through a long-distance inter-city
transport network (like highways or flights). In our framework, this class of network can be
induced by identifying the master graph I' with the macro-network, and the M intra-layer
subgraphs with the micro-networks. To have all micro-networks non-empty, the master graph
must have all self-loops realised. This case is similar to the block model mentioned above, but
now the master graph itself can be chosen to have nontrivial structural properties, such as
community structure, to resemble the specific properties of real-world networks of networks.

If the t-targeted degree sequences {k*,} (s,t = 1, M) are all enforced as constraints,
then the relative entropy is given by (1.43) with ~, (I') = 1 for all s. However, in this class
of models it is often more natural to assume that the internal degree sequence E;‘ _,, of each
micro-network (layer) s is enforced (in order to get realistic micro-network topologies), while
between every pair s, (s # t) of micro-networks only the number of links L7 ; is fixed (because
the topology of the master graph is already chosen in order to replicate the empirical macro-
network). This leads to the relaxed model in Theorem 1.7 with D = {(s,s): s =1, M}. The
relative entropy is therefore

M
Soo = ZAS ||f5*>5||£1(g) (2.16)

s=1
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and is still positive, even though the links among micro-networks do not contribute to it.

3 Proof of the theorems

3.1 Proof of Theorem 1.1

Proof. The microcanonical number {2z, is not known in general, but asymptotic results exist
in the sparse regime defined by the condition (1.12). For this regime it was shown in [4], [41]
that

2L*\L*
0. — V2 (2)" o~ (k72 /2F9)2+ L ho(n 175
S T !
1=1" "
where k* = n~! 31" | k¥ (average degree), L* = nk*/2 (number of links), &*2 = n=' 31 | k2
(average square degree). The canonical ensemble has Hamiltonian H (G, ) = Yo 0iki(G),
where G is a graph belonging to G,, and k;(G) = Z#i 9i,;(G) is the degree of the node i.

The partition function equals

Z(0) = Z e_H(G’g) = Z H e 0i9i,3(G)

Gegn Gegn 1<i<j<n

(3.1)

(3.2)
_ Z H e~ (0it+05)9:,(G) — H (1+€_(9i+9j)).
GeG, 1<i<j<n 1<i<j<n
The canonical probability equals
L TLicivic, e Oit0i)9i5(G) o—(0:+0,)9: ;(G)
Pean(G | 0) = S - H 14 e 0it05) (3.3)
Z(9) 1<idjen 1TETTTT
Setti v . —0% 0" —o*—o* 7
etting pj; =e 775 /(L +e i 777), and 6" such that
> R ki Vi (3.4)
—0 o~ = K; 1 .
A L Ee
we have
Pcan(G) = H (pjj)gij(l - p?j)l_gij- (3'5)
1<i<j<n

It is ensured by (1.12) that lim, , L di<i<i<n ]/5;;2 = 0, a condition under which we can
show that (3.5) has the same asymptotic behaviour as

Pan(@) = [[ @)1 -5, (3.6)
1<i<j<n
with Lk
D | Vj
p=e = ﬁ (3.7)
Indeed,
1 Pran(G) 1 1 2
— log <m> == Z gijlog(1 —pj5) — — Z log(1—p;5%) = 0, n — 0o,
n Fean(G) " <ici<n M cici<n
(3.8)
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because

> giglog(l—5) < (m*)* + OB (3.9)
1<i<j<n
and )
1 k2 1 (m*)?
=y pw— [ 21 ki } < L7 -0, n— . (3.10)
n1<z<j<n \/>Z1, 1 2 n

This implies » ) «; i, In(1 = pf;) = = D21 <icjcn k7K /207 4 0(n). Thus,

In Pean(G*) = Y kfInk] — L*In(2L*) — L* + o(n). (3.11)
=1

Combining (3.1) and (3.11), we obtain

n

Sn(Paic | Pean) = Y _ g(kf) +o(n),  n— oo, (3.12)
=1

With the help of (1.13) this reads

nt S, (Puic | Pean) = Z fn(k)g(k) +o(1) = ”anél(g) +o(1), (3.13)
keNy
which together with (1.14) yields the claim. O

3.2 Proof of Theorem 1.2

Proof. The microcanonical ensemble is easy: the number of graphs with a fixed fraction

A€ (0,1) of links is
Ope = <(§)> - (5{) K= (Z) (3.14)

The canonical ensemble has the Hamiltonian H(G, 0) = 0L(G), where G is a graph belonging
to Gn, and L(G) = 3 1, i<, 9i,j(G) is the number of links in G. The partition function

equals
=) e HEH=N" J[ %@ = [ +e. (3.15)

Gegn, GeGy, 1<i<j<n 1<i<j<n

The canonical probability equals

6_21<i<j<n 09:,5(G) e—09:.5(G)

Pon(G | 0) = 700) = H T = H p93(G)(1 — p)1=9:.4(G)
1<i<j<n 1<i<j<n
(3.16)
with p = 1+e —<—. We search for 8* such that
* * 6_0*
Z P, = (3.17)

1<i<j<n
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It follows that p* = A. Thus,
1og Puic(G*) = —log(K)! + log(AK)! + log((1 — A\) K)!
= —Kllog K — 1] + AK[log \K — 1] + [(1 — M) K][log((1 — A)K) — 1] + o(n)
= Klog(1 — \) + A\K log (1 f A) +o(n),

log Pean (G™) = AK log(\) + (1 — A)K log(1 — A).

(3.18)
This in turn implies that
lim M =0. (3.19)
n—o0 n
O
3.3 Proof of Theorem 1.3
Proof. We start by describing the canonical ensemble. The Hamiltonian is
H(GIO,¢) = > k(G + > k(G
1€A JEAg (3 20)
=D ) 09 (G + DD 091 (G) =D D (6 + 6)9:,5(G).
i€M1 jEA2 1€A1 jEA2 1€A1 jEA2
The partition function is
20,9)= > e Zien Zoens 000 _ T (14 ¢ 040)) (3.21)
GEGny,ny €A1 jEA2
The canonical probability becomes
Lo e iehy jen,y (0itei)9ii(G)
Pean(G [ 0,0) = > =
2(8.9) 522)
~(0i493)9:.4(G) 9i.5(G 1-g; ;(G) '
=11 II° 14 e Oitei) = [T IT #"Ya—pip)' oo,
1€A1 jEAL 1€EA1 jEA2
where p; ; = %. We search for (5*, 5*) that solves the system of equations
e 7
{ZjeA2 L (3.23)
Zi€A1 p;,k,] = k3*7
N o (07 +95) . . , ,
where p} ; = e If G* is any graph in Gy, n, such that k;(G*) = kj and kj(G*) = k",
B} +e i j
then
Can H H p::]g”(G pz:j)l_gi’j(G)' (324)
2€A1 ]EAQ

Under the sparseness condition (1.22), we can replace p;; with the following quantity.

~(0:%95) and consider the system of equations

{Zj% o (3.25)
ZiEAl pij= kﬁ*

Define 151‘*]' =e
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This has solution

A~ k;:(ké* * /%
Phy=p =X k=2 k)
1€A JEA2
We define
Pran( H H ,* gw(G) pf':j)l_gij(G)’
i€A1 jEA2
and note that R
! Pean(G) —0 ni,Ng — 00
ni + n2 Pcan(G) ’ ’ .

(3.26)

(3.27)

(3.28)

The crucial point is to prove that m Yic A Zje As i r 2 5 (0. This allows us to write

Z Zlogl—p”

€A1 jEA2
Indeed,
~x 2
0o D D Pl =
2 1€A1 jEA2

because m*m’* = o(L**/?) implies m*m/'*

k,* /*

DIPIN;

1€A1 jEA2

m*m’* ning

2 2
ZZEAl k’;k Z EAQ k;*

ni+ng Z’LGA1 i ZjEAg kj

— \/ning ny + ne
= o(y/n1nz).

Combining (3.24) and (3.29), we have

10g Pcan
i€A1 jJEA2

= Z k; log (k) + Z k7 log (k:;*)

€A1

ZZ%

JEA2

which concludes our computation for the canonical ensemble.
Microcanonical probabilities come from the results in [31], where it is shown that, as

), ni,ng — 00.

k,* /* k* /*
o () - X T
1€A1 jEA2
— L*log L* — L* + o(n1 + n2),

(3.29)

—0, (3.30)

(3.31)

ni,ne — 00, the number of bi-partite graphs with degree sequences k:_:k, k™ on the two layers

is given by
L*!
O o = ot
k 7k HZEAl k’L H]EAQ k, '
Hence
10g Pnic(G*) = —log Qz z = Y ki1 + > K1 —log(L*!) + o(n1 + na).

€A JEAN2

From (3.31) and (3.33) we get
Snﬁ—ng (Pcan ‘ Pmic) = log Pmic(G*) - log Pcan(G*)
k; |
= Z log <k k*) + Z log ( ,*k/*>
€A JEA2

+ L*log L* + L*

=> gl

€A

~log(L*)) + o(n1 + n2)

)+ ) gk + o(ny + ),
JEA2
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(3.33)

(3.34)



where in the last line we use L* = 37,y ki = >, k'; and Stirling’s approximation for
log(L*!). Since
Y alk) = 3 1090 = 1
1€EAL kGNo (335)
ma™ 3 ) = 30 AR = 1
JEA2 keNg
we get, with the help of (1.23),
. Sn +n (Pcan | Prnic)
oy m, . ;1 T = A1 || fiszlleg) + A2 [ fastllerg). (3.36)
which proves the claim. ]
3.4 Proof of Theorem 1.4
Proof. The number of bi-partite graphs with constraint k* on the top layer is
n2
Q. = H (k> (3.37)
(2

i€

In order to calculate the canonical probability, we calculate the partition function:

Z@0) = Y e Ziemlidien 9@ -
Gegnl,nz

The canonical probability becomes

>, IT'1Ie

Gegnl no ZEAl ]EAQ

—0:gi,5( ):HH[l_’_efQ

1€AN JEA2
(3.38)

. —2ien, Y2 jen, 9i,5(G) 0:9i,
Paa@if) = P [ = I T @ @
Z(Q) 1€AN] JEA2 l+e 1€EAN] JEA2
(3.39)
with p; = % We search for ] such that
> b = o . (3.0
=) pi=mnep;, p;= — 3.40
JEA2 14e™
It follows that p; = % (recall (1.29)). According to (1.9) we have
mi G*
Sn1+n2 (Pmic | Pcan) =In ca;EG*§
E*
:—Zlog< ) Zk*log( ) Z(m—kf)log(l—Z)
ieh ieh i€A 2

=ninslogng — Z log [(k*)k*k (ng — k;)(ng—k;*)} )

€A

Abbreviate U,(z) = log [(¢)2"(a — 2)*""] and write

xT

Sn1+n2 (Prnic | Pcan) =nin2 log ng — Z UnQ(
€N
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(3.41)

n2

ki) = ninzlogng — ny Z frr (B)Un, (k). (3.42)

k=0



For the relative entropy per node this gives

na no
Sni+ne = n + Ny Z fm 712 logno — n1 + no Z fm n2 (]f)
no n
— k _
= + s kzofm ) log Bin(n, nZ)(k) e [ frllet gy )-

Case (1). Recall (1.15). Note that z +— z(z) = 9(*) is non-decreasing:

Z(j(;)l) = (x - 1)Hi =1

It therefore follows that

ng " .
1 friller(gny) = — me( log Bin (ng, -= m me ) log (()Z(W‘)>
k=0

= 5 w0y tos (I 1, < 5 Tocicn, i ()08 (1)

k€Ng Z(TL ) k€Ng
< Z fni (k) log z(k) = Hfm”él(g) < 0.
keNp

By (1.31) and dominated convergence, we may exchange limit and sum to obtain

k —k
lim sp, p, = lim n Z fri (k) lim log (z()z(‘rm)) Io<k<n, =0,

n2—00 n2—00 N1 + N9

keNo e #(n2)

where we use that limy, e 55— = 0 and limp, oo Z(ZTEZ;)’C ) — 1 for all k € Ny.

Case (2). Using (3.45) and (1.31), we get

niy
0< Sning = anlnél (9) —Tn2Tree

ny +ng
Case (3). Estimate

0 < [ fniller(gny) = Ifniller(gu) | < N fny = Fller(gny) < fns
Case (4).

0 < [l fnsller(guy) = 1 vyl < D [ (k)= £ (R) |9y ()L ny
keNg
1

Since o +n2 = s — ﬁ, the claim follows.
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1
?Hf”ﬂ(g) =0
— ngl(g) —MTee ),

—g(k)| < 2| fy = fllerg)-

(3.43)

(3.44)

(3.45)

(3.46)

(3.47)

(3.48)

(3.49)

O]



3.5 Proof of Theorem 1.5

Proof. The microcanonical ensemble is easy: the number of bi-partite graphs with a fixed

fraction A € (0,1) of links is
ning ning
Q * — = . .
L < L* ) <)\n1n2) (3.50)

The canonical ensemble has the Hamiltonian H (G, 0) = 0L(G), where G is a bi-partite graph
belonging to Gn, ny, and L(G) = 3 icn, D oicn, 9i,j(G) is the number of links in G. The
partition function equals

z@)= > "GO = N T[] [[ " 9=]] [Ta+e?. (3.51)

Geg'rLl,'nQ Geg'nl,HQ Z‘GAl jGAQ iEAl jGAQ

The canonical probability equals

- ZiEAl ZjeAQ 09,5 (G

Pan(G 19) =~ 2(6) =1T'1I 1?—9 [T IT »# (0 - p)tmoes(@

i€N1 jEA2 i€N1 jEAS

(3.52)
with p = 1+ —<—. We search for 8* such that
—0*
e
=> >, = (3.53)
i€N1 jEAS 1 te
It follows that p* = A. Thus,
log Pric(G™) = —log(ninz)! + log(Aninz)! + log((1 — A)nins)!
= —ningflogning — 1] + Anynallog Aning — 1]
+ [1 — Anan][log((l — )\)nlng) — 1] + O(TL1 + TLQ)
A (3.54)
= ninglog(l — ) + Anyng log (1_)\> + o(n1 + na),
" A
log Pean(G™) = ninglog(1l — ) + Anyng log <1 — )\) )
This in turn implies that
i Srctne (Puie | Pean) _ (3.55)
n1,n2—00 niy + no
O

3.6 Proof of Theorem 1.6

Proof. The proof is based on the previous theorems. We start by looking at the Hamiltonian
of the system. For each admitted pair of layers (v,+(I') = 1) we define Lagrange multipliers
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Os_yt = (0?), .. ,67(1? ). The Hamiltonian equals

H(G | sy s,t=1,..., M, v54(T) = 1)

M
= > D 0i+0)6;(G)+ Z > (0; +63)9:5(G)
1<s<t<M i€As GEAs
VZ,t(<IéY=1 jEAt Vs, S(F) 1 ZE] (356)
= Z Z Hs,t(G(St) | 9_)3—>t’9_;f—)s Z Z Hss s5) ‘ és—)s)»
1<s<t<M i€As i,jEAs
’Ys,t(r)zl JEAL Vs, s(F) 1 1<J
where . .
Hs,t(G(St) | esﬁtaet%s) = Z (95 + 9;)91,7],(@'(515))’
i‘e/\\S
7€M
B (3.57)
Hy (GO | 0iss) = Y (67 +605)915(G™)),
1,JE€As
1<)

and GG (G(%%)) is the bi-partite (uni-partite) graph between layers s and ¢ (inside layer
s) obtained from the multi-partite graph G. The ng X n; matrix representing the bi-partite
graph has, for each i € A; and j € Ay, elements g; j(G®!)) = g; ;(G). Note that H, (G |
0_;_%, 0_;_>s) is the Hamiltonian of the bi-partite graph Gt between layers s and t with con-
straints k7, and H, (G0 | 0,) is the Hamiltonian of the uni-partite graph G(%) of the
layer s with constraints Es* e

The partition function of the canonical ensemble equals

2l sit=1o M,y (D) =1) = 3 e G 5412005 30(T)=)

M
S 3 o~ Hst(GUY | 051,015) I1 3 o Hss(GED [ 0ss)

1<s<t<M GGGy, n, STh_ GEEGn s
¥s,t(T)=1 Yos (T)=
M
t
= H Z(s )( s—t» etas H s%s)’
1<s<t<M s=1
75t (T)=1 s(0)=

(3.58)
where Z( )(03—>t;0t—>s) is the partition function of the set of bi-partite graphs G, ,, with

constraints /-cs_,t on the top layer and Et_>5 on the bottom layer, and A (9_’S_>s) is the partition
function of the set of graph G,,, with constraint k:s* “,s- The canonical ensemble is

M
Pcan(G) = H Pc(ifl)(G(St H Pcan )’ (359)
1<s<t<M s=1
¥s,¢(T)=1 ¥s,s(T)=1

where Pc(an)(G(St)) is the canonical probability of the bi-partite graph G with constraints

k., on the top layer and k., on the bottom layer, and Pc(gfﬁ)(G(ss)) is the canonical proba-
bility of the uni-partite graph G(%) with constraint ks* s
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We can split the microcanonical probability as products of microcanonical probabilities
for simpler cases. The number of graphs with constraints C* is

ka*%hs te{lv aM} Vs, t(F) 1 G € gnl""’nju (1—‘) :Z g’LJ(G) - k:t vz € Asv’ys’t - 1
JEAL

— H G ¢ G :Z gi,j(G(St)) — k;‘t Vi€ A, Z gi,j(G(St)) _ k‘;SVj c A
1<s<t<M JEA: i€EAs

Vs, t(r):

M
[I 6" €Gu:d gs(G) =si"vien,

521) jeAs
M
- H ka*—mJ;;t*—)s H QES*%S ’
1<s<t<M s=1
Yet (T)=1 ¥s,s(T)=1
(3.60)
This means the microcanonical probability can be factorised as
Puic(G)= [[ PUGEY) H PEN(G), (3.61)
1<s<t<M
vs,t(T)=1 Vs, s(F) 1

where P(St)(G(St)) is the microcanonical probability of the bi-partite graph G% with con-
)(G(Ss)) is the micro-

canonical probability of the uni-partite graph G(*%) with constraint k:s e
Equations (3.59) and (3.61) imply that the relative entropy equals the sum

straints ks ", on the top layer and E;;S on the bottom layer, and Prglsl‘z

Su(Puic | Pean) = > Sa(PL | PED) + Z S, (PB) | plss)y. (3.62)
1<s<t<M s=1
’ysyt(F)ZI 'Ys,s(r) 1

We can now apply Theorems 1.1 and 1.3 to get the asymptotic relative entropy per nodes as

Sn(Pmic | Pcan)

lim
M1 yeeey, U —> 00 n
s M (ss) (ss)
. Si(P |Pca£ . Sn(Ppie | Péan’)
— l mlC mic
2 L dm o, T
1<s<t<M
~s,¢(T)=1 Vs, 3(1") 1
M (3.63)
= > A{Allfsillog + Adllfisslagt + D {Asllfmslag}
1<s<t<M s=1
vs,t(T)=1 vs,s(T)=1
M
= Z ASHfs—nf”él(g)
s,t=1
"/s,t(r)
]
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3.7 Proof of Theorem 1.7

Proof. We start by studying the Hamiltonian. For each pair (s,t) of layers in D, we define
Lagrange multipliers 65, = (6, ... ,925). For each pair (s,t) of layers in £, we define a
Lagrange multiplier ;. The Hamiltonian is

H(G ’ 9_‘5—>t79l,m; (Svt) € Da (l7m) € ﬁ)

o (3.64)
— Hp(G | fisss (5.1) € D) + HE(G | s (1) € L)
with
M
Hp(G | ot (s,) €D) = > > (65 465)9:5(G) + Z > (05 4 03)g:4(G),
1<s<t<M i€l i,jEAs
(s,t)eD JEM (575)69 i<j
He(G | 05t (s,t) € L) = Z Z(HS,t)gz}j(G) + Z Z (05,5)9i,5 (G
1<s<t<M i€A; s=1 4,7€As
(s;t)eL jeA (s,)EL i<y
(3.65)
Consequently, the canonical ensemble is
Pan(G) = P2,(G)P5,(G) (3.66)
with
PhG) = I P H PEIT (@),
1<s<t<M ( )eD
s,t)eD ss
(s0)e (3.67)
Phe) = [I PWS@ H P (G0),
1<s<t<M
(s,t)eL (s, s)eﬁ
Here,

e G (G(*%) ) is the bi-partite (uni-partite) graph between layers s and t (and itself)
obtained from the multi-partite graph G. The ns x n; (ns X ng) matrix representing
this bi-partite (uni-partite) graph has, for each i € Ay and j € Ay (for each i,j € Ay),
elements g; j(G0Y)) = g; j(G) (9:;(G)) = g, ;(G)).

D D
o PLY (G (P Py (G(9))) is the canonical probability of the bi-partite (uni-partite)
graph GGV (G )) with constraints k. ,, on the top layer and &/, on the bottom layer
(with constraint k).

L L
o PV (GGY) (PC(;;? (G())) is the canonical probability of the bi-partite (uni-partite)
graph G (G()) with constraint L}, (L} ,).

We can split the microcanonical probability as products of microcanonical probabilities of
simpler cases. The number of graphs with such a type of constraints is

Qk;;t,L* (s,t)eD,(I,m)eL — € kX ,i(st)eD QLz mi(l,m)eL: (3.68)

l'rn7
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This means that the microcanonical probability can be factorised as

with
M
PR(e) = I P27y T P (et
1<s<t<M (S?ép
s ’D S,S
(w0 (3.70)
Phe = I P H P (G0).
1<s<t<M
(s,t)EL (as)eﬁ
Here,

D
) Péi? (GEh) (Péfi? (G(9)) is the microcanonical probability of the bi—partite (uni-

partite) graph G (G(%)) with constraints k., on the top layer and kt_>s on the
bottom layer (with constraint k).

P(St) (G(st)) (P(Ss) (G(%%))) is the microcanonical probability of the bi-partite (uni-

mic

partlte) graph G(59) (G(SS)) with constraint L7, (L ;)

The relative entropy becomes

Sn(PmiC | PCaH) = Sn (Pmlc | Can) +Sn (Prﬁlc | Pc[‘e:m) (371)
It follows that
lim Sn(Pmic ‘ Pcan)
N1ye AL 00 n (3.72)
— ]jm ( Il’llC ‘ can) llm ( m1c ’ can)
N1,y —>O0 n n17---,nM—>00 n
Using Theorem 1.6 we get
: Sn(Paie | P,
n17-..1,711I1€1—>00+m - Z AS HfSHtHel(g)' (373)
(s,t)eD
Moreover,
].j.m ( mlC| Can)
M yeeey, U —> 00 n
S P(st) P(st £ M S P(SS)E P(SS)L (374)
— lim Z n( mic | can ) + lim Z n( mic | can )
M1 yeeey, U —> 00 n M1 yeeey, U —> 00 n ’
1<s<t<M s=1
(s)eL (s,8)EL
Using Theorems 1.2 and 1.5, we get
(s)% | plst)~ (s5)5 | pss)
lim Sn(Pje | FPean ) = lim Sn(Pje | Pean ) =0, (3.75)
N1ye AL 00 n N1,e AL 00 n
which proves the claim. O
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3.8 Proof of Theorem 1.8

Proof. The proof is based on the previous theorems. For each pair of layers s,t € My we

define Lagrange multipliers f,_; = (6%,...,6, ) and Os = (01,...,0;,). For each pair of

layers s, € My, t € My we define 0, = 6%, ..., 9;8). The Hamiltonian is

H(G | 0sp; s € My, t € My UMa, 754(T) =1)
= Z e_)s%tgsﬁt(G) + 2 é’s%sgsﬁs(G) + Z é’sﬁtgsﬁt(G)

s,teM1 SEMy SEM1, tEMao (376)
’Ys,t(r)zl ’Ys,s(r)zl 'Y.s,t(F):l
= HM1~>M1 + HM1*>M27
with . .
HM1—>M1 = Z 05—>t§5—>t(G) + Z 05—>s§s—>s(G)7
s,teMy se(/}‘/;l .
s.¢(I)=1 s,s =
¥s,t(T) . v (3'77)
Hyisme = ) OsntFon(G).
SEM1, teMs
¥s,t(I)=1
Consequently, the canonical ensemble is
Poan(G) = PYL=MyG) pAMi=Me (@) (3.78)
with
piMiG) = T PGl T PedGe),
s,teMy SE.%/Il .
s =1 5,8 =
¥s,¢(T) t ¥s,s(I) (3.79)
PG = I PG,
SEM1, tEMg
75,t(r):1
Here,

o G (G(9) is the bi-partite (uni-partite) graph between layers s and ¢ (itself) obtained
from the multi-partite graph G. The ns X n; (ns X ng) matrix representing this bi-
partite (uni-partite) graph has, for each i € Ag and j € A; (for each i,j € s), elements
915 (GB) = g; ;(G) (9i,;(G)) = g; 5(G)).

° Pc(jfl)top’b()t((}(“)) is the canonical probability of the bi-partite graph GGt with con-
straints ES* ", on the top layer and E;‘_,S on the bottom layer.

° Pc(jfl) (G(Ss)) is the canonical probability of the uni-partite graph G (%) with constraint
kS*—>S'
(St)top (St) . . 1. i . (St) . .
o Poany  (G'¥) is the canonical probability of the bi-partite graph G'*") with constraint
k., on the top layer.

We can split the microcanonical probability as products of microcanonical probabilities
for simpler cases. The number of graphs with such a type of constraints is

Q =0

Es*_n% sEMy, tEM1UMa2, v5,t(T)=1 ES*_,t;s,tEMl, 'yS,t(I‘)leEs*_)t;seMl, teMa, vs,:(T)=1" (380)
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This means that the microcanonical probability can be factorised as

Poic(G) = pAi= My pMi=M (@) (3.81)
with ronbot
st)top,v0 s s8 ss
paboMyg) = [ PSS @GE) JT P,
s,teM seM
'Ys,t(r):ll 'Ys,s(r)lzl (3 82)
pMioMi ey = T PG, |
seEMy, teEMo
'Ys,t(r):]-
Here,

(St)top,bot
mic
constraints k:s* “,; on the top layer and k‘t “,s on the bottom layer.

(G(St)) is the microcanonical probability of the bi-partite graph GG with

° P(S‘Z) (G(Ss)) is the microcanonical probability of the uni-partite graph G(*) with con-
straint k:s* s

P(St) (G(St)) is the microcanonical probability of the bi-partite graph Gt with con-

mic
straint k‘s ", on the top layer.

The relative entropy becomes

Sn(Paic | Pean) = Sn(Pid M | PARTMY) 4 S (PR M2 | PIITME), (3.83)

mic can mic can

It follows that
Sn(Pcan ‘ Pcan)

lim
N1 yeeey ML —>00 n (3 84)
Mi—M Mi—M :
g SETTRIRRTT) g, SR TR P
M yeeey, W —>0O0 n M yeeey, U —> 00 n
Using again Theorem 1.6 we get
Mi—M
lim (Pmlcl_) ! ’ Pc'/g\;rlllﬁMw
N1y, AL —> 00 n
S {Alfsillag + Al fioslag} + Y. Asllfssllag
s,teMy seEMy (385)
vs,t(T)=1 ¥s,s(T)=1
Z AS ||fs—>tH€1(g)’
s,;teEM1
’YS,t(F):l

From Theorem 1.4 we get

S, (PM1—>M2 ’PM1—>M2)

mic can

lim
N1yee s WAL —00 n
(St)M1—>./\/l2 (St)MlﬁMQ

. Sn( mic | can )
= lim Z = Z As | fs=iller )

T I 700 SEM7, tEMo n SEMy, tEMao
¥s,t(T)=1 vs,(T)=1
(3.86)
which concludes the proof. O
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