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Abstract. The aim of this paper is to prove central limit theorems with respect
to the annealed measure for the magnetization rescaled by v/N of Ising models
on random graphs. More precisely, we consider the general rank-1 inhomogeneous
random graph (or generalized random graph), the 2-regular configuration model
and the configuration model with degrees 1 and 2. For the generalized random
graph, we first show the existence of a finite annealed inverse critical temperature
0 < B3 < oo and then prove our results in the uniqueness regime, i.e., the values
of inverse temperature 8 and external magnetic field B for which either 8 < 2"
and B=20,or 8 >0 and B # 0.

In the case of the configuration model, the central limit theorem holds in the
whole region of the parameters 8 and B, because phase transitions do not exist
for these systems as they are closely related to one-dimensional Ising models. Our
proofs are based on explicit computations that are possible since the Ising model
on the generalized random graph in the annealed setting is reduced to an inho-
mogeneous Curie-Weiss model, while the analysis of the configuration model with
degrees only taking values 1 and 2 relies on that of the classical one-dimensional
Ising model.
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1. Introduction and main results

1.1. Motivation.

1.1.1. Ising models on random graphs. The ferromagnetic Ising model is the most
well-known example of statistical mechanics system describing cooperative behav-
ior. Its probabilistic formulation Ellis (1985) amounts to an infinite family of ran-
dom variables taking values in {—1,1} (so-called spins) whose joint law is given
by the Boltzmann-Gibbs distribution. The properties of such families of random
variables are crucially determined by the spatial structure where the spin variables
are sitting. For instance, for the Ising model on Z? with nearest-neighbor interac-
tions, the model displays a second-order phase transition for d > 2. Furthermore,
the universality prediction states that the precise details of the interactions are not
relevant for the near-critical behavior, so that around the critical temperature each
universality class is described by a single set of critical exponents.

Besides regular lattices, in recent years much attention has been devoted to the
setting in which the spin variables are placed on the vertices of random graphs
Albert and Barabasi (2002); Dembo and Montanari (2010); Dembo et al. (2014,
2013); De Sanctis and Guerra (2008); Dommers et al. (2010, 2014); Dorogovtsev
et al. (2002, 2008); Leone et al. (2002); Montanari et al. (2012). Such random
graphs aim to model emergent properties of complex systems consisting of many
interacting agents described by a network. Several studies on empirical networks
have found that two random elements of the network are typically within relatively
short graph distance (the so-called small-world paradigm), whereas there does not
exist a typical scale for the number of neighbors that a random element has (the
so-called scale-free paradigm where degrees in the network are proposed to have
a power-law distribution) Newman (2003, 2010); van der Hofstad (2014a,b). As a
consequence, there are vertices with very high degree that often play an important
role in the functionality of the network.

Thus, the combination of the ferromagnetic Ising model on a random graph de-
scribes situations in which single units establish macroscopic cooperative behavior
in the presence of the random and complex connectivity structure described by a
network. Here the playing field has two levels of randomness: firstly, the proba-
bilistic law of the spins and, secondly, the probability distribution of the graph. So
far, most of the studies have focused on the so-called (random) quenched state, in
which the random graph is considered to be fixed once and for all. In this paper, we
instead consider the annealed state: the Ising model at every time sees an average
of the possible random graphs Bianconi (2012); Krasnytska et al. (2014), rather
than one realization of the graph. The annealed measure is particularly relevant
for applications in socio-economic systems, in which the graph dynamic models the
evolution of social acquaintances, or the brain, in which graph edge rearrangements
represent the evolution of synaptic connections. We explain the role of the annealed
and the quenched laws in more detail in the following section.

1.1.2. Annealing. To understand the difference between the quenched and annealed
settings, it is convenient to think of a microscopic dynamics yielding the equilibrium
state. For instance, one could imagine that the spins are subject to a Glauber
dynamics with a reversible Boltzmann-Gibbs distribution and the graph also has
its own dynamical evolution approaching the graph’s stationary distribution. In
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general, these two dynamics are intertwined and both concur to determine the
equilibrium state, i.e., the asymptotic value of an ergodic dynamical time average.
The quenched and annealed state arise as follows:

(a)

In the quenched state, the changes of the graph happen on a time-scale
that is infinitely longer than the time-scale over which the changes of the
spin variables occur. Thus in the quenched state the graph viewed by the
evolving spins is frozen. One distinguishes between the random quenched
measure, i.e., the random Boltzmann-Gibbs distribution of a given real-
ization of the graph, and the averaged quenched measure, i.e., the aver-
age of the Boltzmann-Gibbs distribution over the graph ensemble. Several
thermodynamic observables (e.g., the free energy per particle, the inter-
nal energy per particle, etc.) are self-averaging, and therefore the random
quenched values and their averaged quenched expectations do coincide in
the thermodynamic limit. In the study of the fluctuations of the properly
rescaled magnetization one finds a Gaussian limiting law. Interestingly, the
asymptotic variances of the random quenched and averaged quenched state
might be different Giardina et al. (2015) due to local Gaussian fluctuations
of graph properties.

In the annealed state, the environment seen by the spins includes all pos-
sible arrangements of the random graph. The annealed measure (defined
later in (1.7)) is given by the stationary reversible measure of a Glauber
spin dynamics in which the transition from a configuration o to another
configuration ¢’ occurs with probability

Ele~#H(")]
Eore] " 1, (1.1)
where H is the Hamiltonian and E[-] represents the average over the graph
ensemble. The above dynamics corresponds to an extremely fast random
graph dynamics in which we do not even observe the graph at any time,
but merely see it averaged over the random graph distribution. This is
equivalent to an effective Glauber dynamics with (annealed) Hamiltonian
equal to

H™(0) = f% log(E[e#H(9)]). (1.2)

Thus, by construction, the annealed measure is necessarily non-random.
We will be interested in the properties of the Gibbs measure corresponding
to the dynamics in (1.1), which corresponds to the stationary or infinite-
time distribution of the spins under the dynamics. While the Glauber
dynamics (1.1) corresponds to infinitely fast graph dynamics compared to
the spin dynamics, the stationary distribution can equally well be viewed as
a dynamics where the graph and the spin evolve at equal speeds, as is the
more usual viewpoint in statistical mechanics. Note that, in the definition
of the annealed pressure (see (1.8)), the averages taken w.r.t. the spins and
the graph are completely symmetric, which can be seen as another argument
in favor of the view that the corresponding dynamics run equally fast and
that the limiting measure corresponds to the average w.r.t. graph and spins
alike. In this paper, we will study annealed central limit theorems for the



124 C. Giardina et al.

ferromagnetic Ising model on random graphs, in order to deduce what the
effect of annealing on the macroscopic properties of the Ising model is.

The definition of the annealed measure in the context of Ising models on random
graphs is thus different than in other class of problems with disorder, such as random
walks in random environment Comets et al. (2000). In that context, annealing is
rather similar to what here we have called the averaged quenched measure.

In disordered systems (such as spin glasses Meézard et al. (1987); Contucci and
Giardina (2013)), annealed disorder is usually considered to be easier to deal with
mathematically, since the average on the disorder and the thermal average are
treated on the same footing. This is true whenever the edges of the graph are
independent, due to the form of the Hamiltonian that allows a factorization of
expectations w.r.t. the bond variables. If instead the edge distribution in the graph
does not have a product structure, the annealed case can actually be more difficult
than the quenched case. Indeed, whereas the random-quenched case is dominated
by the typical realization of the graph (often having the local structure of a random
tree), in the annealed case (as in the averaged-quenched case) the rare graph samples
actually give a contribution that can not be ignored. This is due to the fact that
the Ising model gives rise to exponential functionals on the random graph, and
expectations of exponential functionals tend to be dominated by rare events in
which the exponential functional is larger than it would be under the quenched
law. Deriving such statement rigorously requires a deep understanding of the large
deviation properties of random graphs, a highly interesting but also challenging
topic.

In this paper, we consider graph ensembles of both types, i.e., random graphs
with independent edges (these are generalized random graphs) or dependent edges
(in this case, we study the configuration model). These are described in the follow-
ing section.

1.2. Random graph models. We denote by Gy = (Vy, Ey) a random graph with
vertex set Vy = [N] and edge set Ey C Vy X Vy. Here and in the rest of this paper,
we write [N] = {1,..., N} for the vertex set of Gy. For any N € N, we denote
by @y the probability law of the random graph G. In this work, we consider
two classes of random graphs: the configuration model and the generalized random
graph. We next introduce these models.

1.2.1. The Generalized Random Graph. In the generalized random graph, each ver-
tex i € [N] receives a weight w; > 0. Given the weights, edges are present inde-
pendently, but the occupation probabilities for different edges are not identical,
instead, they are moderated by the vertex weights. For a given sequence of weights
w = (w;);e[n], the graph is denoted by GRGy(w). We call I;; the Bernoulli indi-
cator that the edge between vertex ¢ and vertex j is present and p;; = P ([;; = 1)
is equal to

wW; Wy

- . 1.3
P = T (1.3)

where ¢ is the total vertex weight given by

N
by =Y w;. (1.4)
=1
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Denote by Wy = w,, the weight of a uniformly chosen vertex Iy € [N]. The weight
sequence of the generalized random graph GRGy (w) is often assumed to satisfy a
regularity condition, which is expressed as follows:

Condition 1.1 (Weight regularity). There exists a random variable W such that,
as N — oo,

(a) Wy 2 W,
(b) EWy] = >ien) wi — E[W] < oo,
() EW2] = & S w2 — BV < o0,

where 2 denotes convergence in distribution. Further, we assume that E[W] > 0.

In the following, we will consider deterministic sequences of weights that satisfy
Condition 1.1. In many cases, one could also work with weights w = (w;);cn
that are i.i.d. random variables. For the annealed setting, however, one has to
be careful, as we will argue in more detail in Section 1.5.1 below. Indeed, when
the weights are themselves random variables, they introduce a double randomness
in the random graphs: firstly there is the randomness introduced by the weights,
and secondly there is the randomness introduced by the edge occupation statuses,
which are conditionally independent given the weights. Whereas the thermody-
namic properties (pressure, magnetization, etc.) in the quenched measures of the
Ising model on GRG y (w) are not affected by the choice of deterministic or random
weight sequences, the pressure of the annealed Ising model becomes infinite when
the weights have sufficiently heavy tails.

1.2.2. The Configuration Model. The configuration model is a multigraph, that is,
a graph possibly having self-loops and multiple edges between pairs of vertices. Fix
an integer N and consider a sequence of integers d = (d;);c(n]- The aim is to
construct an undirected multigraph with N vertices, where vertex j has degree d;.
We assume that d; > 1 for all j € [N] and we denote the total degree in the graph
{y by

by =Y d;. (1.5)
i€[N]

We assume /¢ to be even in order to be able to construct the graph.

Assuming that initially d; half-edges are attached to each vertex j € [N], one
way of obtaining a uniform multigraph with the given degree sequence is to pair
the half-edges belonging to the different vertices in a uniform way. Two half-edges
together form an edge, thus creating the edges in the graph. To construct the
multigraph with degree sequence d, the half-edges are numbered in an arbitrary
order from 1 to 5. Then we start by randomly connecting the first half-edge
with one of the ¢y — 1 remaining half-edges. Once paired, two half-edges form a
single edge of the multigraph. We continue the procedure of randomly choosing
and pairing the half-edges until all half-edges are connected, and call the resulting
graph the configuration model with degree sequence d, abbreviated as CMy(d).

We will consider, in particular, the following models:

(1) The 2-regular random graph, i.e., the configuration model with d; = 2 for
all i € [N], which we denote by CM(2).
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(2) The configuration model with d; € {1,2} for all ¢ € [N], which we denote
by CMy(1,2). In CMy(1,2), for a given p € [0,1], we have N — |pN|
vertices of degree 1 and |pN | vertices of degree 2.

1.2.3. Properties of GRGy(w) and CMy(d). The existence of a phase transition
in the structural properties of the graph depends on the asymptotic degree D, i.e.
the weak limit, provided it exists, of the sequence (Dy)n>1 where Dy is the degree
a uniformly chosen vertex Iy € [N] in the graph. In order to state this result, we
introduce some notation that we will frequently rely upon. Let the integer-valued
random variable D have distribution P = (pg)k>1, i.e., P(D = k) = py, for k > 1.
We define the size-biased law p = (pg)r>0 of D by

_ (k41D prn

where the expected value of D is supposed to be finite, and introduce the average
value of p by
E[D(D —1)]
= kpp = ————=. 1.6
vi=>Y kp ED] (1.6)
k>0
For CM(2), the asymptotic degree distribution equals P(D = 2) = 1, while for
CMy(1,2), the asymptotic degree distribution equals P(D = 2) = p,P(D = 1) =
1—p. For GRGy (w) with asymptotic weight distribution W, the asymptotic degree
D is a mixed Poisson random variable Poi(W) where W appears in Condition 1.1,
ie.,
Wk

P(D=Fk) =E [ewk'] ,
see e.g., van der Hofstad (2014a, Chapter 6).

It is well known Bollobas et al. (2007); Janson and Luczak (2009) that the above
random graphs have a phase transition in their maximal component. Indeed, when
v > 1 a giant component exists, while for ¥ < 1 the maximal component has o(NV)
vertices. Here, since the degree distribution for GRGy (w) is D = Poi(W), we have

that v = ]?E[[VIZ/?’ because E[D] = E[W] and E[D(D —1)] = E[W?]. Thus, depending
on W, a giant component for GRGy(w) may exist, while it does not exist for
CM,(2) and CMy(1,2) since, in these cases, v < 1. In fact, for CMy(2), the
connectivity structure is quite interesting and explained in more detail in Janson

and Luczak (2009).

1.3. Annealed measure and thermodynamic quantities. We continue by introducing
the ferromagnetic Ising model and the annealed measure. We define them on finite
graphs with NV vertices and then study asymptotic results in the limit N — co. We
denote a configuration of NV spins by o, where o is defined on the vertices of the
random graph G5 whose law is Q.

In our previous work Giardina et al. (2015), we have considered two Ising models.
The random-quenched measure pg, (o) coincides with the random Boltzmann—
Gibbs distribution, where the randomness is given by the graph G .The averaged-
quenched measure Py (o) is obtained by averaging the random Boltzmann—Gibbs
distribution over all possible random graphs, i.e., Py(0) = Qn(pay (0)).
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In defining the annealed measure, the numerator and denominator of the Boltz—
mann-Gibbs distribution pg, are averaged separately with respect to @)y, as for-
malized in the following definition:

Definition 1.1 (Annealed measure). For spin variables o = (01,...,05) taking
values on the space of spin configurations Qy = {—1,1}", we define the annealed
measure by

_ Qn (exp [ﬁ D o(ij)eby i05 + B i ]"iD
Py(o) = QNéN (3, B)) — )

Zx(B,B) = Z exp {,8 Z 0;0;+ B Z oz}
1E[N]

ocEQN (i,j)EEN

where

is the partition function. Here 5 > 0 is the inverse temperature and B € R is the
uniform external magnetic field.

In this paper, with a slight abuse of notation, we use the same symbols to denote
both a measure and the corresponding expectation. Moreover, we remark that the
measure defined above depends sensitively on the two parameters (3, B). However,
for the sake of notation, we will drop the dependence of the measure on these
parameters. Sometimes we will use Var,(X) to denote the variance of a random
variable X with law p.

We now define the thermodynamic quantities with respect to the annealed mea-
sure:

Definition 1.2 (Thermodynamic quantities Dembo and Montanari (2010); Dom-
mers et al. (2010)). For a given N € N, we introduce the following thermodynamics
quantities in finite volume:

(i) The annealed pressure is given by

Iu(B,B) = 108 (Q (Zy (5, B))). (19)

(ii) The annealed magnetization is given by

W65 = P (5),

where the total spin is defined as
SN = Z ag; .
1€E[N]

(i1i) The annealed susceptibility equals

_ o — 5.
X~(B,B) = @Mw(ﬂ,B) = Varp, (\/N) )

We are interested in the thermodynamic limit of these quantities, i.e., their
limits as N — oo. In this limit, critical phenomena may appear. If M(8, B) :=
limpy 00 My (8, B), where M (8, B) is the average of Sy /N with respect to ug, (+),
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Py () or Py(-) and provided this limit exists, criticality manifests itself in the be-
havior of the spontaneous magnetization defined as M(3,0") = limp_,q+ M(3, B).
In more detail, the critical inverse temperature is defined as

B. :=1inf{B > 0: M(B,07) > 0}. (1.9)

and thus, depending on the setting, we can obtain the quenched and annealed critical
points denoted by SI" and B2, respectively. When 0 < 3, < oo, we say that the
system undergoes a phase transition at 5 = [..

From Dommers et al. (2014), we recall that, in the general setting of tree-like ran-
dom graphs to which our models belong, the quenched critical inverse temperature
is given by

B = atanh(1/v), (1.10)

where v is defined in (1.6). Let us remark that, in the quenched setting, since v < 1
for both CM (2) and CM (1, 2), from (1.10) it follows immediately that S&" = oo,
which means that there is no quenched phase transition in these models. In the
annealed setting, we will prove the absence of phase transition for CM(2) and
CMy(1,2) below. On the contrary, we will see that a critical inverse temperature
appears for GRGy (w).

1.4. Results. We focus first on the study of the generalized random graph under
the annealed measure, obtaining the Strong Law of Large Numbers (SLLN) and the
Central Limit Theorem (CLT) for the total spin Sy. Then we present the results
in the annealed setting for the configuration models CM(2) and CM (1, 2).

1.4.1. Results for GRGy(w). The proofs of the SLLN and CLT for GRG (w) re-
quire to investigate the uniqueness regime for GRG y(w). For this, we first investi-
gate the existence of the thermodynamic quantities in the infinite volume limit with
respect to the annealed law. These results will be obtained in the next theorem.
They show, in particular, that annealing changes the critical inverse temperature.
Indeed, the annealed critical inverse temperature 52" is strictly smaller than the
quenched critical inverse temperature Sd", when the latter exists. In the statement
of the theorem below, we will use the notation U*" for the annealed uniqueness
regime, i.e.,

U™ = {(8,B): B>0,B#00r 0<f < p™ B=0}.

Theorem 1.1 (Thermodynamic limits for the annealed GRGy(w)). Let (Gn) >y
be a sequence of GRG y (w) satisfying Condition 1.1. Then the following conclusions
hold:

(i) For all0 < 8 < 0o and for all B € R, the annealed pressure exists in the
thermodynamic limit N — oo and is given by

¥(8,B) := lim y(8,B), (1.11)

its value is given in (2.8).
(ii) For all (B8, B) € U™, the magnetization per vertex exists in the limit N —
00, t.e.,

M(8.B) := lim My(B, B). (1.12)
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For B # 0 the limit value M(ﬁ,B) equals M(B,B) = a%w(ﬁ,B) and is
given by

sinh (B)

3

M(3,B) = E [tanh ( Wz* + B)

where z* = z*(8, B) is the solution of the fized-point equation

z = E [tanh ( sinh () Wz + B) sinh (5) W]

E[W] E[W]

and W is the limiting random variable defined in Condition 1.1.
(#4i) The spontaneous magnetization is given by

= Joy S0 =4 G

and the annealed critical inverse temperature is
B = asinh (1/v) ,
where v, defined in (1.6), is given by v = E[W?2]/E[W] and W is the limiting
random variable introduced in Condition 1.1. In particular, if v > 1, then
ﬁicill < ﬂgu.
(iv) For all (B, B) € U, the thermodynamic limit of the susceptibility ezists
and is given by
0? ~

X(8.B) = lm Xx(8,B) = 550(8,B). (1.13)

Having investigated the phase diagram of the annealed Ising model on the
GRGy (w), we next state the SLLN and CLT for the total spin in the following
two theorems:

Theorem 1.2 (Annealed SLLN). Let (Gy)ys; be a sequence of GRGy(w) graphs
satisfying Condition 1.1 then, for all (8,B) € U™, for any ¢ > 0 there exists a
number L = L(e) > 0 such that the total spin is exponentially concentrated in the
form

]5N <‘f\]]\’ - M’ > g> < e NI for all sufficiently large N,

where M = M(ﬂ, B) is the annealed magnetization defined in (1.12).

Theorem 1.3 (Annealed CLT). Let (Gy)ys, be a sequence of GRGy(w) graphs
satisfying Condition 1.1. Then, for all (8, B) € U™, the total spin satisfies a CLT
of the form

SN - f)N (SN) D ~ =
—_ " N 0, x), w.r.t. Py, as N — oo,
~ (0, %) N

where X = X(B, B) is the thermodynamic limit of the annealed susceptibility defined
in (1.13) and N(0,02) denotes a centered normal random variable with variance
2
o°.
The proofs of Theorems 1.1, 1.2 and 1.3 all heavily rely on the fact that the
annealed GRGy (w) gives rise to an inhomogeneous Curie-Weiss model, which is

interesting in its own right. We continue by studying the annealed measure on
CMy (2).
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1.4.2. Results for CMy(2). Our main result for CMy(2) concerns its thermody-
namic limits, a SLLN and a CLT for its total spin, as formulated in the following
theorems:

Theorem 1.4 (Thermodynamic limits for the annealed CMy(2)). Let (Gn)y>y
be a sequence of CMy(2) graphs. Then, for all 5 > 0, B € R, the following hold:

(i) The annealed pressure exists in the thermodynamic limit N — oo and is
given by
O(B,B) == lim ¢y (8,B) = logAy.(8, B),
— 00
where
A (8,B) = ¢° [cosh(B) + 1/sinh?(B) +e_45] :
(i) The magnetization per vertex ewxists in the limit N — oo and is given by
sinh(B)
sinh?(B) + e—48

M(8,B) = lim My(8,B) = (1.14)

Remark 1.1. Since limg_ g+ M(,@,B) =0 for all B > 0, by definition (1.9) we
conclude that there is no annealed phase transition for CMy(2). This is not sur-
prising, since CMy (2) consists of a collection of disjoint cycles, and the Ising model
does not have a phase transition in dimension one.

Next we state the SLLN for the total spin in CM(2):

Theorem 1.5 (Annealed SLLN for CMy(2)). Let (Gx)y>; be a sequence of
CMy(2) graphs. Then, for all 8 > 0,B € R, for any € > 0 there exists a number
L = L(e) > 0 such that the total spin is exponentially concentrated in the form

]5N <‘§\]fv — M’ > g> <e NE for all sufficiently large N,

where M = M(ﬁ, B) is the annealed magnetization defined in (1.14).
Finally, we investigate the CLT for CM  (2):

Theorem 1.6 (Annealed CLT for CM(2)). Let (Gx)ys; be a sequence of CMy(2)
graphs. Then, for all B3>0, B € R, the total spin satisfies a CLT of the form

W N N(0,%), w.rt. Py, as N — oo,

where x = x(B8, B) is the thermodynamic limit of the quenched susceptibility (see
Giardinag et al. (2015, Theorem 1.1)) of the Ising model on CMy(2). Moreover,
X(B, B) is also equal to the susceptibility of the one-dimensional Ising model, i.e.,

cosh(B)e™*8
(sinh(B) + e=48)3/2 °

X(8,B) =x""'(8,B) =

Theorems 1.4, 1.5 and 1.6 are proved in Section 3. Their proofs heavily rely on
the fact that CM(2) consists of a collection of cycles, and the partition function
on a cycle can be computed explicitly.
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1.4.3. Results for CMy(1,2). Our main result for CMy(1,2) again concerns its
thermodynamic limits, SLLN and CLT for its total spin. Some of the quantities
involved in the statement of these results are defined in Section 4.

Theorem 1.7 (Thermodynamic limits for the annealed CMy (1,2)). Let (Gn) ny>q
be a sequence of CMy(1,2) graphs for a given p € (0,1). Then, for all 8 > 0,
B € R, the following hold:
(i) The annealed pressure exists in the thermodynamic limit N — oo and is
given by

V(8. B) := lim (5. B)

= log A, (8, B) + 15 L log AL (5, B) + H(s*, "), (115)

where A4 (8, B) is defined in (/.3) below,
the function H: [0, 1%1’] x [0,p] — R is defined in (4.25) below, and
(s*,1*) is the unique mazimum point of (s,t) — H(s,t) on [0, 1%17] x [0, p].
(ii) The magnetization per vertex exists in the limit N — oo, i.e.,

N(8,B) = Jim Wu(8,B) = ~0(4,B), (1.16)

and is given in (/.40) below.

Remark 1.2. (a) Since limpg_, o+ M(B, B) =0 for all B > 0 (the explicit expression
of the magnetization is given in (4.46)), we again conclude that there is not an
annealed phase transition also for CMy (1, 2). Again this is not surprising, since
CMy(1, 2) consists of a collection of one-dimensional lines and cycles, and the
one-dimenstonal Ising model does not have a phase transition.

(b) Broutin and de Panafiew (201]) proved a CLT for the number of lines of given
lengths in CMy (1, 2). Leveraging on this result, we proved in Giardina et al. (2015)
the averaged quenched CLT for the total spin of the Ising model on CMy (1, 2). We
have applied the result of Broutin and de Panafieu (201]) to compute also the
annealed pressure (1.8), but obtaining a result different form (1.15). While we are
able to see numerically that the two formulas agree, we have no analytic proof that
they coincide.

We next state the SLLN for the total spin in CMy (1, 2):
Theorem 1.8 (Annealed SLLN for CMy(1,2)). Let (Gy)ys, be a sequence of

CMy (1, 2) graphs. Then, for all 3 > 0, B € R, for any € > 0 there exists a number
L = L(e) > 0 such that the total spin is exponentially concentrated in the form

S —
= _ M’ > 5) <e NE for all sufficiently large N,

(|5
where M = M(ﬁ, B) is the annealed magnetization defined in (1.16).
We finish with the annealed CLT in CM(1,2):

Theorem 1.9 (Annealed CLT for CMy(1,2)). Let (Gx)ys; be a sequence of
CMy (1, 2) graphs. Then, for all 3 >0, B € R,

Sy — Py (SN)
VN

N N(O,a%), w.r.t. Py, as N — oo,
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where o3 is defined in (/.15) below.

Theorems 1.7, 1.8 and 1.9 are proved in Section 4.

1.5. Discussion.

1.5.1. Properties of annealing. From the results described above, the following gen-
eral picture emerges on the effect of annealing:

(i)

(iii)

(iv)

First of all, in the presence of a ferromagnetic phase transition, annealing
can change the critical temperature, meaning that 52" < §.,4". We proved
this for the rank-1 inhomogeneous graph. For the configuration models with
vertex degrees at most two that we have analyzed, it holds 83" = 3,9 = oo.
We conjecture that in the general case when there is a positive proportion
of vertices of degree at least 3 and v > 1 (so that there exists a giant
component), an annealed positive critical temperature exists. We believe
that this annealed critical temperature is strictly larger than the quenched
critical temperature whenever the vertex degrees fluctuate and a positive
proportion of the vertices have at least degree three.

Furthermore, the annealed state satisfies a central limit theorem for the
rescaled magnetization, as the quenched state does as proved in our previous
paper Giardina et al. (2015). Unfortunately, we can only prove this for
certain random graph sequences, but we believe this to be true in general.
The variance of the annealed CLT and the variance of the quenched CLT
are different whenever the degrees are allowed to fluctuate. We showed this
in the case of the generalized random graph, where they can not be ordered
because the quenched and annealed critical temperatures are different and
the quenched and annealed susceptibilities diverge at the critical point.
For CM(1,2) having zero critical temperature and fluctuating degrees
the variances are also different, and we believe the annealed variance to be
larger than the quenched variance. Unfortunately, we have not been able
to prove this.

From the analysis of the CMy(2), we see that both the annealed critical
temperature and the annealed variance are the same of their quenched
counterparts. We conjecture this behavior to occur for all random regular
graphs.

In the GRG v (w), when the weights (w;);cn] are i.i.d and such such P(w; >
w) = cw” "D (1 4+ 0(1)) for some 7 > 1, the annealed partition function
satisfies

BN2

Qn(Zy(8,B)) ="z UHol), (1.17)

Thus, the effect of annealing of the weights is dramatic, as the pressure
becomes infinite for every 8 > 0. To see (1.17), we first note that the
upper bound is trivial, as H(o) < N(N — 1)/2. Thus, it suffices to prove
a matching lower bound. With K the complete graph on N vertices and
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for a > 0,

P@MMM:K@:EHNAZMWGWWMMEWD
ij
x E[Hpij |w; € [N®,2N)Vi € [N]]
ij
We analyze both terms separately. Firstly, since the weights are i.i.d.,
N
P(w; € [N®,2N°)Vi € [N]) = P(w; € [N®, 2NN > (cN—W—l)) = o),

Secondly, when w; € [N% 2N“] for every 4, there exists b > 0 such that
Dij Z 1-— le—a.

Therefore,
E[Hp” | w; € [NG,QNQ]VZ' c [N]:| > (1 . le,a)N(N—l)/Q L 0(1)’
ij

when a > 3. Thus,

2
Qn(Zx (B, B)) > ZEN (8, B)e?N") > o7z (o),

where Z;V (B, B) is the partition function on the complete graph. This
proves the claim.

We will expand on the analysis of the annealed critical behavior of Ising models
on generalized random graphs in a forthcoming paper Dommers et al. (2016), where
we study critical exponents around the annealed critical temperature and we derive
non-classical asymptotic laws at criticality.

1.5.2. CLT proof strategy. By applying a commonly used strategy Ellis (1985), we

can prove CLTs for (Sy)n>1 by showing that the moment generating function of

Sn—E(Sn)
VN

to the moment generating function of a centered Gaussian random variable. The

convergence can be achieved by considering the so-called scaled cumulant generating

functions of Sy, defined as

the rescaled total spin Vy = , converges in a neighborhood of ¢ = 0

%@zﬁmm%w&m (1.18)

and by proving the convergence of the sequence (¢, (tx))n>1 for tx = o(1) to a finite
value x, which turns out to be the variance of the normal limit. This strategy has
been followed in the quenched setting in Giardina et al. (2015) where, specializing
E to the relevant measures, the CLT was proved for the Ising model on the whole
class of locally tree-like random graphs in the random quenched setting, and for the
CMy(2) and CMy(1,2) models in the averaged quenched setting. In the former
case, the limit ¢(t) := limy_0 ¢y (t) can be established as a simple consequence of
the existence of the random quenched pressure on locally tree-like graphs, while the
convergence of (¢} (tx))n>1 follows from the concavity of the first derivatives of the
cumulant generating functions. In the random quenched setting, this in turn is a
consequence of the GHS inequality, which holds for the ferromagnetic Boltzmann-
Gibbs measure ug, . On the other hand, under the averaged quenched measure this
derivative can not be expressed in terms of the averaged quenched magnetization
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to exploit the GHS inequality. Because of that, only the CMy(2) and CMy(1,2)
setting have been treated in Giardina et al. (2015) explicitly, by exploiting the
structure of the graphs and connecting these systems to the one-dimensional Ising
model.

A similar scenario is found in this paper, where the approach to the proof of the
CLT described above is applied to the annealed setting, i.e., with (1.18) replaced
by the annealed cumulant generating function

En(t) = %mg Py [exp (15,)]

that can be connected to the annealed pressure, since éy(t) = ¥y (8, B + t) —
Yn (B8, B), see (1.8).

We will show by an explicit computation that the annealed pressure of GRG y (w)
coincides with that of an inhomogeneous Curie-Weiss model. From this fact, the
thermodynamic limit of the annealed pressure, magnetization and susceptibility
can be obtained. This again relies on the GHS inequality that is valid also for this
inhomogeneous ferromagnetic system. Thus, for the generalized random graph, the
annealed CLT can be proven in a similar way as for the random quenched measure.

On the other hand, the proofs of the CLT for the configuration models do not
follow from the abstract argument based on the GHS inequality, since GHS is not
available in the general annealed context. Because of that, we have to explicitly
control the limit (& (ty))n>1 throughout the computation of the annealed pressure.
It is relatively simple to accomplish this task in the case of the regular CM(2)
graph consisting of cycles only. The fluctuating degree of CMy(1,2) makes the
computation of the pressure and of the limit (& (¢yx))n>1 much more involved.
CMy(1,2) cousists of both lines and cycles. While the cycles give a vanishing
contribution to the thermodynamic limit, the distribution of the length of the lines
has to be carefully analyzed and its Gaussian fluctuations appear in the CLT for
the total spin.

1.5.3. Paper organization. The rest of the paper is organized as follows. In Section
2 we deal with GRG 5 (w) for which we compute the pressure and magnetization in
the thermodynamic limit, identify the critical temperature and then prove the SLLN
and CLT. All of these results rely on the fact that the Ising model on GRGy (w)
in the annealed setting turns into an inhomogeneous Curie-Weiss model. The pres-
sures and CLTs for the 2-regular configuration model are considered in Section 3
and for the configuration model with vertex degrees 1 and 2 in Section 4. In the
former case, we show that the variance of the limiting normal variable is the suscep-
tibility of the one-dimensional Ising model. In the latter case, which is much more
difficult, the varying degrees of the vertices affect the pressure and the limiting dis-
tribution. In fact, the limiting variance is the sum of that of the one-dimensional
Ising model and of an extra term emerging from the fluctuations of the connected
structures of the graph.

2. Proofs for GRG, (w)

In this section, we derive our results for the generalized random graph GRG y (w)
stated in Theorems 1.1, 1.2 and 1.3.



Annealed central limit theorems for the Ising model on random graphs 135

2.1. Annealed thermodynamic limits: Proof of Theorem 1.1. The proof is divided
into several steps.

Annealed partition function. We start by analyzing the average of the partition
function for GRGy(w). By remembering that in this random graph the edges are
independent and denoting by I;; the Bernoulli indicator that the edge between
vertex ¢ and vertex j is present, we compute

Q~ (Zy (B,B)) = QN< Z exp {521}]-01-0]- +B Z Ui])
oEQN i<j 1€[N]

Z eB ZiE[N] UiQN (eﬂ Z'i<j Iij”iaj)

TEQN

= Z eBZ¢e[N] aiHQN(eﬁl,;ja'ioj)

TEQN i<J

Z B Xien i H (e ipi; + (1 — pij)) -

TEQN i<J

We rewrite
7% pi; + (1 = pij) = Ciyei%i%,
where §;; and Cj; are chosen such that
e Ppij+ (1 —pij) = Cije %, and ey + (1 —pyy) = Cizel.
Now, by adding and dividing the two equations of the system above, we get

1 pij + (1 — pi
Cijcosh (Bi;) = pijcosh(B) + (1 — pij), Bij = 5lo e,ﬁp]” +((1 pju))~
g 9

Then, using the symmetry 3;; = [3;; we arrive at

Qn (Zy (B, B))

1<J oeQN
= G(ﬁ)Gl(ﬂ) Z eBZiE[N] Uie%Zi,jE[N] Bijlfiffj’ (2.1)
geQN

where G(8) = [[,.; Cij and G1(B) = [L;em) e Pii/2 and we write py; = w?/(fy +
w?). This is the starting point of our analysis. We can recognize the r.h.s. as the
partition function of an inhomogeneous Ising model on the complete graph, where
the coupling constant between vertices ¢ and j is equal to 3;;. In the next step, we
analyze this partition function in detail.

Towards an inhomogeneous Curie-Weiss model. We continue by showing
that B;; is close to factorizing into a contribution due to ¢ and to j. For this, by a
Taylor expansion of x — log(1 + x),

1 1
Bij = log (1+pi(e” = 1)) = S log (1 +pij(e™” — 1))
1 1

= 3Pij (e —1)— Epij(eiﬂ -1+ O(P?j) = sinh(8)ps; + O(P?j)~
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Then,
Qx (Zx(B,B)) (2.2)
= Gz(ﬁ) Z eBZiE[N] ‘”e%Si“h(ﬁ)Zi,je[N] pij‘””jJro(Zi,je[N] p?j"i"i).
oceQn

where G2(8) = G(8)G1(B). To control the error in the exponent, we use p;; <
w;w; /€y and the assumptions in Condition 1.1, to obtain

2 2
| Be|s T (M) - (Zieéf} w) = o).

4,J€[N] 1,J€[N]
Then,
Qx (Zy(B8,B)) = Go(B)e”™ Y B Bueim 7102500 Lijerny TR
cEQN
= Gy(B)ee™) T P Tiem Tier T (e wier)”,
oeQN

When w; = w for all 4, so that GRGy(w) is the Erdgs-Rényi random graph, we
retrieve the Curie-Weiss model at inverse temperature 5/ = sinh(8)w. In our
inhomogeneous setting, we obtain an inhomogeneous Curie-Weiss model that we
will analyze next.

Analysis of the inhomogeneous Curie-Weiss model. We use the Hubbard-

Stratonovich identity, i.e., we write ¢!’/2 = E[e!?], with Z standard Gaussian.
Then, we find
[sinh(B) o
Qv (Zn(B,B)) = Gz(ﬁ)eo(N) Z eB Xieiv <”IE[e T(Zf&[”] wlai)z}
ocEQN
N sinh (B)
= Gz(ﬂ)eO(N)2NIE[Hcosh ( 7 w; Z + B)]
i=1 N
al sinh(8)
— o(N)oN
Go(B)e” )2 E{exp { ;10g cosh ( . w; Z + B) H

We rewrite the sum in the exponential, using the fact that Wy = wy,, where we
recall that Iy is a uniform vertex in [N], to obtain

Qy (Zy (B, B)) = Go(B)e®NM2VE [eXp {NE [log cosh( JmWNZ + B) ‘Z}H
= Gy(B)e M2V [N (%ﬁ)} 7
where
Fy(z) = E[log cosh( Slén[%f]) Wyz+ B)} (2.3)

Here we emphasize the fact that in (2.3), the expectation is w.r.t. Wy only. We
continue by analyzing Fy(z). We claim that, uniformly for |z| < a and any a < oo,
sup |Fy(z) — F(2)] = o(1), (2.4)

|z|<a
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where

sinh ()
E[W]

F(z) = E[logcosh( W2+B)].

To see (2.4), we note that Fy(z) — F(z) for every z fixed by Condition 1.1(a)-(b),
and the fact that log cosh(x) < |z|. Further,

, sinh(8) sinh (8)
P < B E[tanh( B

Wiz + B) WN] < sinh(B),

since tanh(z) < 1 for all z, so that |FJ(z)| is uniformly bounded in N and z.
Therefore, (Fy)n>1 forms a uniformly equicontinuous family of functions, so that
(2.4) follows from Arzela-Ascoli. Since Fy(z) < sinh(f8)|z|, it further follows that,
for a > 4sinh(8),

VN sinh(8)|Z|q

E eNFN(%) 1

{|z>a\/ﬁ}] <E [e {|Z|>a\/ﬁ}}

_ /N sinh(B)Z
=2E [e @ ]1{Z>m/ﬁ}}

2 /OO e\/ﬁsinh(ﬁ)ze—zz/QdZ
av'N

" Vor

o
<easinh(,8)N—a2N/2/ e\/ﬁ(sinh(,ﬁ)—a)xd‘r < e—azN/47
0

which, for a sufficiently large, is negligible compared to E {eNFN (\/LN) 1 (12|<avN} |-
We conclude that

Qu (Zy (8.B)) = GalA)e™2VE[M ()] (1 + 0(1)). (2.5)

A large deviation analysis. The expectation in (2.5) is an expectation of an
exponential functional, to which we apply large deviation machinery. The Gaussian
variable Z/v/N satisfies a large deviation principle with rate function I(z) = 22/2
and speed N, because Z/vN 4 + (Z1+ ...+ Zy), where (Z;);en are ii.d. stan-
dard Gaussian variables. Using Varadhan’s Lemma and the fact that z — F'(z) is
continuous, we calculate the thermodynamic limit of the pressure as

Jim 108 @ (Z (5.3)) = log2+ Jim ~10g Ga(3) +sup [F(2) — I(2)]
= log2 + a(p) (2.6)

s 5)] - 5],

+ sup []E {log cosh (
z
where o (8) = limy_,00 % log G2 (8). The equation that defines the supremum is

sinh (B)
E[W]

(2.7)

2t =2%(B,B) = E[tanh( sinh (5) j|7

Wz* + B) i
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and the annealed pressure is obtained by substituting the supremum point z* in
the right hand side of (2.6) as

¥(B, B) = log2 + a(f) +]E[logcosh( sinh (5)

E[W]

W=*(8, B) + B)} — 2*(8, B)?/2.

(2.8)
This completes the proof of Theorem 1.1(i).

The critical inverse temperature. To identify 32" as stated in Theorem 1.1(ii),
we evaluate (2.7) when B\ 0 to obtain

2" = H(z%) where H(z)=E

sinh (B) sinh (B)
tanh( E[W] Wz) E[W] W] .

(2.9)
We investigate the solutions of z* = H(z*) in (2.9). We note that z — H(z) is
an increasing and concave function in [0,00). When H’(0) > 1, we have three
solutions of (2.9), i.e., +2* and 0, where 2* = 2*(3,0%) > 0. When H'(0) < 1,
instead, z* = 0 is the only solution. This leads us to compute that

E [W?
H'(0) = sinh (B3) ]E[[W]] = sinh (8) v.
Thus, the annealed critical temperature 3" satisfies sinh (83") = 1/v. Since

tanh (59") = 1/v, and tanh(z) < sinh(z) Yo > 0, we obtain 3" > (2", unless
when v = oo, in which case 3" = gd" = 0.
Thermodynamic limit of the magnetization. To prove the existence of the

magnetization in the thermodynamic limit stated in Theorem 1.1(ii), we follow the
strategy used in Dommers et al. (2010). We use the following lemma:

Lemma 2.1. Let (fn)n>1 be a sequence of functions that are twice differentiable
in x. Assume that
(a) lim, 00 fn(x) = f(x) for some function y — f(y) that is differentiable in
x5
(b) <L f,(x) is monotone in [x — h,x + h] for alln > 1 and some h > 0.
Then,

We apply Lemma 2.1 with n = N and f,, equal to B {Z;N(B, B). We verify the
conditions in Lemma 2.1 and start by noting that

MN(BaB) = ﬁN(SN/N) = %&N(ﬁaB)a

and limy_, JN(B,B) = J(ﬁ,B) by Theorem 1.1(i) with B — MN(ﬁ,B) non-
decreasing:

G%MN(ﬁaB) = % []SN (512\1) 7ﬁN (SN)2:| > 0.

Thus, we can indeed conclude that

— — 9 ~ 9 ~
M(8,B) = lim My(8,B) = lim —=in(,B) = 5=0(8, B).
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The limit magnetization M (8, B) can be explicitly computed by taking the deriv-
ative of ¥(8, B), (2.8) and using the fixed point equation (2.7), to obtain

M(3,B) = E [tanh ( WW? + B)

Thermodynamic limit of the susceptibility. Finally, the thermodynamic limit
of the susceptibility in Theorem 1.1(iv) is proved using Lemma 2.1 by combining
Theorem 1.1(ii) and the fact that B — B%JT/[/N (8, B) is non-increasing by the GHS
inequality. Indeed, by the explicit computation in (2.1), we see that the annealed
partition function can be viewed as the partition function of an inhomogeneous
Curie-Weiss model, where the field is homogeneous and the coupling constants
depend on the edges. Since such an inhomogeneous Ising model also satisfies the
GHS inequality, the same follows for the annealed partition function for GRG v (w).
Therefore,
2
i€[N]

9 —
@MN(ﬁaB)

O

2.2. Annealed SLLN and CLT: Proofs of Theorems 1.2 and 1.3. With Theorem 1.1
in hand, we now have all the hypotheses to prove Theorems 1.2 and 1.3 following the
strategy used for the random quenched setting in Sections 2.2 and 2.3 of Giardina
et al. (2015) verbatim. Indeed, for the proof of the annealed SLLN, referring to
Giardina et al. (2015, Section 2.2), we obtain the existence of the thermodynamic
limit of the annealed cumulant generating function

Eu(t) = 37 log P [exp (154)] = V(8. B +1) — (8, B)

by Theorem 1.1(i). Then, from Ellis (1985, Theorem I1.6.3) and Theorem 1.1(ii)
we conclude the proof.

To prove the annealed CLT (see Giardina et al. (2015, Section 2.3) for the proof
of the random quenched CLT) we need the existence in the thermodynamic limit
of pressure, magnetization and susceptibility given by Theorem 1.1 together with
the GHS inequality that is still true in the annealed setting thanks to the mapping
to the inhomogeneous Curie-Weiss model.

3. Proofs for CM,(2)

In this section we prove the CLT with respect to the annealed measure for the
2-regular random graph. We start by computing the annealed pressure using the
partition functions for the one-dimensional Ising model with periodic boundary
conditions.

3.1. Annealed thermodynamic limits and SLLN: Proofs of Theorems 1./ and 1.5.
From our previous paper Giardina et al. (2015), we remember that any 2-regular
random graph is formed by cycles only. Thus, as in Giardina et al. (2015), denoting

the random number of cycles in the graph by K%, we can enumerate them in an



140 C. Giardina et al.

arbitrary order from 1 to K¢, and call L (i) the length (i.e., the number of vertices)
of the ith cycle. The random variable K¢, has distribution given by

N
j=1

where I; are independent Bernoulli variables given by

1

See Giardina et al. (2015) for a proof of this fact. Since the random graph splits
into (disjoint) cycles, its quenched partition function factorizes into the product of
the partition functions of each cycle. Therefore,

H Z0 (B (3.3)

By Giardina et al. (2015, Section 3.1), we have that the partition function of the
one-dimensional Ising model with periodic boundary conditions Z{ is given by

7 (8,B) = MY (8,B) + \X(8, B), (3:4)
where
A:(B,B) =¢” [COSh(B) + y/sinh?(B) + e—4/3] ) (3.5)
So we can write
Z (B, B) = M0 (8,B) + A2 (8, B).
Because 8 > 0, we have 0 < A_(8, B) < A4+(8, B), so that, for every 1,
N8, B) < 2 (8, B) < 225V (8, B).

As a result, we can bound the the pressure as follows:

K K

L t Ln(i
[[X: ||Z“(l) 5.8) < [[22"“(5.B).
i=1 i=1

and, since ng{ Ly (i) = N, we finally obtain

AY(8,B) < Zy(8, B) < 25V AN (3, B). (3.6)

The thermodynamic limit of the annealed pressure ¢ (83, B), defined in (1.8), can
be computed along the same lines of the averaged quenched one in Giardina et al.
(2015). Indeed, by applying the monotone operator N~!log(Qx(-)) to (3.6) and
using the fact that A\ (8, B) is non random, we obtain

log A1 (8, B) < 9w (8, B) < %log (QN (2K?v)) +log A+ (8, B).
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Now using the fact

N
Slog (Qu (2%%)) = fvlog]j[lQN (2")
1. 2 1
Nlogg {2]\7—22'4—1 * (1_ 2N—2i+1)]

N

1 1 N—o00

~Nlog (14— ) N2 3.7
N;Og<+2N—22’+1) ’ (37)

we conclude that the annealed pressure of CM (2) coincides with the pressure of
the one-dimensional Ising model 1%=1(3, B), i.e.,

$(8,B) = (3, B) = log A+(B, B). (3.8)

Moreover, it also agrees with the averaged and random quenched pressures Giardina
et al. (2015), i.e.,

¥(8,B) = ¥(B, B) = (8, B),
where

¥(B,B) = 1\}5%0 %QN(ln Zn(B,B)) and ¥(B,B) = 1\}51100 % InZn(8,B) .

It also straightforwardly follows that the annealed cumulant generating function of
CMy(2) coincides with the random and averaged quenched ones Giardina et al.
(2015) ie.,

&(t) = o(t) = c(t) = log A+ (8, B +) — log A4 (5, B). (3.9)
The existence of the magnetization in the thermodynamic limit (Theorem 1.4(ii))
can be proved, as in the previous section, using Lemma 2.1 and the existence of the
thermodynamic limit of the pressure (3.8), so we obtain

sinh(B)
sinh?(B) + e—48

VI(5,B) = 5= 0(0, B) =

as required. ([

Proof of Theorem 1.5: The proof, as for Theorem 1.2, follows immediately from the
existence of the annealed pressure in the thermodynamic limit and its differentia-
bility with respect to B. See also Giardina et al. (2015, Section 2.2). O

3.2. Annealed CLT: Proof of Theorem 1.6. To prove the CLT in the annealed set-
ting, we follow the strategy used in Giardina et al. (2015) for the averaged quenched
CLT.

Rewrite in terms of cumulant generating functions. Using the annealed
cumulant generating function and using a Taylor expansion, we write

tSx — tPy(S 2
e < . \/NN( N)ﬂ ) (3.10)
where ty € [0,t/v/N]. Then the aim is to prove that limy_,, &7 (ty) exists as a
finite limit.

log 15N
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By expressing ¢y (t) in terms of Zy = MY + AY and using (3.9), we can compute
the difference as

2 (8,B+t)
QN(ofw,Bmw L Qn (TI (1 + () )

u(0)=T(t) = - log o
Cn —C = — _
N 7z (8,B) N : -
N(ufw,sw QN(HZ N (14 (rp)~ ))
where, as in Giardina et al. (2015), we have defined
A-(8,B)
& 3.11)
( ) /\+(ﬁa ) (

Then
1 Qw (Hz 1 (1+ (TB+t)LN“)))

— log

N aw (TS @+ (rayev )
(3.12)

Our aim is to show that the double derivative arises from the first term only, the

second derivative of the last term vanishes.

EN(t) :log)‘+(ﬁ7B+t) _1Og)‘+(ﬂaB) +

Computation of the second derivative of the cumulant generating func-
tion. The second derivative of (3.12) is

~11 _ 872 o 1 T TT mN(t)
(1) = 5 logAe(8.B+1) + NBow [IN(t) +IT4(t) + ENE

1 , (3.13)

where

Ky
)= Qu | D0 Lu((Ln (i) = 1)(ra) 0720,

Ky
+ LN(i>(rB+t)LN(i)_l7"g+t H (1 + (TB+t)LN(j)) } ,
=1
i
Ky Ky
t) :QN[ZZLN(i)LN(j)(TB+t)LN(i)+LN(j> 2(" 21—[ (14 (rpy ) ) ]
i=1j=1
7 5L
K, .
III, [QN(ZL (Fpgp )P NO7 H (14 (rp.,)"~9) )} 7
j=1
i#i
Ky
Du(t) = Qu[T] 1+ (raw))].
i=1

Uniform bound of the averaged normalized partition function. To analyze
the contributions above we show that the averaged normalized partition function
of CMy(2) is uniformly bounded:
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Lemma 3.1 (The partition function on tori). For every v < 1 and o« € (0, 00),
there exists a constant A = A(«a, ) such that, uniformly in N,

Kt

On[J] (1 + )] < A

i=1

Proof: Denote Zy = Qy [HZK:R{ (1 + a’yLN(i))]. For the proof we use induction in
N. The induction hypothesis is that there exists an A > 1 such that

Zy <A(1- (3.14)

1
2N + 1)'
Fix M > 1 large. We note that we can fix A so large that the inequality is trivially
satisfied for N < M. To advance the induction hypothesis we first derive a recursion
relation for Zn. We have

N Kiy
Zn = 3 OnlEn() =) Qu (T] (14 ay™) |Ln(1) = 1)
=1 =1
N
=Y QuLn1)=1)(1+a") 2. (3.15)
=1

Indeed, the average of Hg{ (1 4+ ay*~N®) conditioned on Ly (1) = I, reduces to
the average on a CMy(2) graph with N — [ vertices of a similar product. This
average gives rise to the factor Zy_, in (3.15), while the term corresponding to the
first cycle is factorized, being (1 + oryl). Substituting the induction hypothesis into
(3.15) leads to

N

23 S AL QuEn() =01+ a') (1= o)

N N 1
< A;QN(LN(l) =0)(1+ay') - A;QN(LN(U = Z)N/N?Hl'

It is not hard to see that
N
> Qn(Ln(1) =1y <c¢/(N+1),
1=1

while there exists a constant # > 1 such that

1 0
> .
VN —-I+1 " YN+1

N
> Qu(Ln(1)=1) (3.16)
=1

Indeed, by van der Hofstad (2014b, Exercise 4.1), or an explicit computation,
Ly(1)/N =5 T, where T has density f(z) given by

1

T) = ——.

Therefore, rewriting the sum in (3.16) we have:
1 1

IN—ix1 IN¥1

1
Y/1—Ly(1)/(N + 1)}’

o

N
Z QN(LN(]') = l)
=1
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and by Fatou’s Lemma and weak convergence, we obtain

1 1
it @) > Bl

Since we can assume that NV > M, which is sufficiently large, we thus obtain (3.16).
Thus,

| >

c 0 1
. ca(i- 1),
N+1 2\3/N+1> - 2v/N +1

when N is sufficiently large. This advances the induction hypothesis and completes
the proof of the lemma. |

ZN§A<1+

Analysis of the second derivative of the cumulant generating function.
Armed with Lemma 3.1, it is now easy to show that all the contributions in the
second term of the r.h.s. of (3.13) indeed vanish on a sequence ty = o(1). To see
this, let ¢+ > 0 and (ty)n>1 a sequence of real numbers such that ¢y € [0,¢/v/N].

We consider first the term Iy (ty). As in Giardina et al. (2015, Lemma 3.1), there
exists a constant C' > 0 such that

Z|LN(i)(LN(i)*1)(7’B+tN)LN(i)72(T33+tN)2 + Ly () (Tpey)” A N | <C-Ky,

since 754, < 1. Then, using the Cauchy-Schwarz inequality and recalling that
0 < r < 1, we obtain

Ky

L(ta)l < C-Qu (KL T] (1 (o)) )

i=1

< C-Qx (K1) )1 (ﬁ 1+ (P, LN“'>)2)1/2

K; 1/2

< cQy( (kL) ) (H 14 3(rpsy) LN“>))/.
=1

Using Lemma 3.1 with o = 3 and v = r5,,,, we conclude that

t
Kn 1/2

o (T 1300 2)) <

i=1
Finally, since 5N(tN) >1,
[Ty (ty)| _ C A% logN Nowe
NDy(ty) N

Similar computations allow us to estimate 17 (ty) and 111, (ty) to obtain

Ou(ty) _ o oy slty)

N D ’ N ~ 2
7 NDy(ty) TN (Dalty))
Completion of the proof of Theorem 1.6. Having proved that
1

lim ——— lINN(tN)+ﬁN(tN)+m] =0,
N0 NDy(ty) Dy (ty)
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the combination of (3.10) and (3.13) yields the proof of the annealed CLT, i.e.,

Sy — JBN(SN))] t? 92

ngnoo log Py {exp (t N

3 e log A+ (8, B +1) .

t2 cosh(B)e 4/

2 (sinh(B) 4 e—48)3/2"

Therefore, we conclude that the annealed CLT has the same variance as in aver-
aged quenched case Giardina et al. (2015), i.e., the variance in both cases is the

susceptibility of the one-dimensional Ising model. O

4. Proofs for CM,(1,2)

In this section, we consider the Configuration Model CM (1, 2), introduced in
Section 1.2. In this graph, the connected components are either cycles or tori (which
we indicate by a superscript (¢)) connecting vertices of degree 2, or lines (indicated
by a superscript (1)) having vertices of degree 2 between two vertices of degree 1. In
order to state some properties of the number of lines and tori, we need to introduce
some notation. By taking p € (0, 1), let us define the number of vertex of degree 1
and 2 by

= #{i€[N]:d; =1} = N—|pN|, ny = # {i € [N]:d; =2} = |pN|,
and the total degree of the graph by

> di=2ny+m = N+ [pN]. (4.1)

i€[N]
Then, the number of edges is given by £, /2. Let us also denote by Ky the number
of connected components in the graph and by K\ and K the number lines and
tori. Obviously,

KN = KI(\/{) + KI(\;)
Because every line uses up two vertices of degree 1, the number of lines is given
by n1/2, i.e., K¢ = (N — |pN|)/2 as.. Regarding the number of cycles, we have
that K’ has the same distribution of K]t\—,, where N is the (random) number of
vertices with degree 2 that do not belong to any line and K }EV is the number of tori
on this set of vertices. Then, since this subset forms a CMg(2) graph, we can apply
Giardina et al. (2015, (3.16) in Section 3.2), obtaining that K /N —— 0, so that
also
P
Ky/N — (1-p)/2.

Denoting the length (i.e. the number of vertices) in the ith line and jth torus (for
an arbitrary labeling) by LY (i) and LY (), the partition function can be computed
as

K(Z) K(t)

H Z“m( S H Z“(t)( ) ), (4.2)

where, by (3.4),
L“)( ) | (LW G ),

Z(t()t)( (ﬂ,B) = + A2V
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while the partition function on each line is obtained using the partition function on
one-dimensional Ising model with free boundary condition Giardina et al. (2015,
Section 3.1) as

Z0 =AM+ AN,
where

e 2etB 1 (N —efTB)2eTB £ 2678\, — &15)
e L@
n +(8,B) [e20 + (A, — ePTB)2| Ny (4.3)

This is the starting point of our analysis of the annealed Ising measure on CM y (1, 2).

4.1. Annealed CLT: proof of Theorem 1.9. In order to prove the CLT in the an-
nealed setting, we will show that

Jim Py [exp (#(SN - Pu(54))] = (o3, teR (a4)

From now on, to alleviate notation we will omit the dependence on 8 and abbreviate
By =B+ \/tﬁ We start by writing

D 4 _ QN[ZN(BN)] . QN[eNFBN(P<N))+NEN(BN)]
PN[GXP(WSN)} - QN[ZN(B)] - QN[eNFB(P(N))'i‘NEN(B)] s

where, by Giardina et al. (2015),

F(p™) = log A+ (B) + > p " log (A+(B) + A-(B) (r(B))'),  (4.5)

1>2
| AN
).
Ev(B) =+ > log (1 +r(B)EN <’>), (4.6)
=1

with r(B) = rp defined in (3.11) and p®™ = (pEN))l>2 the empirical distribution of
the lines lengths given by -

K®
1
(N) . E
Dy = N - H{L%)(i):l}' (47)

Analysis of the annealed partition function. We have

N 0™) — (0 (BN ] (A(B) + A-(B) (r(B)))
=2

oo oo

= @) [ [ (1+a@ @) (s
=2 =2
where A_(B)

and N; =N p}N’ is the number of lines of length I. We rewrite the second factor in
(4.8) as
(A(B)™ = (A (B)™2,
1=2
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since 2122 N; = nq/2. Therefore, we arrive at
oo

eNFB(p(N)):AN ”1/2 H (1+a(B ))Nl:/\N m/Q HCz k
1=2

where we define

Next, define

MN:N—ZlNl

1>2

for the number of vertices that are not part of a line. Then, denoting by ZJ(\,2)(B)
the partition function of CMy(2),

Qn[Zx(By)] _ QN[eNFBN (p(N))Zl(v?;v (Bx)]
QnZ:(B)] ~ Q[N Z() (B)]
AN BOAT(BN)Qx [ 280, (Bx) T, ei(By)™]
AY(B) A (B)Qy [ 253, (B) T2 cl( BYM]

(4.10)

where we write
Z2(B) =2\ NZQ(B).

Asymptotic behavior of the annealed partition function. The key result
for the proof of Theorem 1.9 is the following proposition that establishes the expo-
nential growth of the annealed partition function with polynomial corrections:

Proposition 4.1. The following holds true:
(a) For B # 0, there exist I = I(B) and J = J(B) such that, as N — oo,

Qx[22 (B Hcl = J(B)e! BN (1 4 o(1)). (4.11)
The function B — J(B) is continuous, while B — I(B) is infinitely differ-

entiable. o ~
(b) Given t € R there exist I = I(t) and J such that, as N — oo,

. £\ S t A\ - I
Qx (22 (W) gq (W) ] = JlWVNIN (1 4 (1)), (4.12)

The function t — I(t) is infinitely differentiable.

Proof of Theorem 1.9 subject to Proposition /.1. We start proving the theorem for
B # 0. We substitute (4.11) into (4.10) to arrive at

Qu[Zx(By)]
Qn[Zn(B)]

AY (B )AL?(By)J (B
AY(B)A*(B)J

=(1+o(1))(AA++((B))) (A++((BBN)))"1/2 N(I(Bx)-1(B))

= (L+o(1))~"

E W)l BN (4.13)

B)el (BN
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where we use the fact that B — J(B) is continuous to obtain that J(By) =
(1+0(1))J(B). We can next use the differentiability of B + I(B) and the fact
that By = B 4 t/v/N to expand out

Qn[Zx(By)] =(1+ (1))et\/ﬁ[%10gk+(3+t)lt ot 2k 2 log Ay (B+0)|i—o+ 2 I(B+)|1—o)

QulZx(B)]

x ¢72t°/2, (4.14)
where
9? 1—p) 02 9?
02 = @log)ur(B—l-t)h:o-i-( 5 )815 g Ay (B +t)|i=o0 + P I(B+t)|(t4015)
Since
~ 0 0 0
PN(SN) :N[a—log/\+(B+t)\t O+2Nat 10gA+(B+t)|t 0+8 I(B+t)|t 0]

+o(VN),
then (4.14) implies (4.4), thus proving the theorem in the case B # 0.

For B =0, in a similar way now using (4.12), we get

QN[Z?(t/(‘/)"]W (14 o(1))e VI [B 100 ot 3 £ low s (Dot £ T(0)—0] 03172
QnZNx(0 ’

where

(1-p) 0? 0

55 5 @1 +(Dlt=0 + 55 o2 I(t)]i=o-

82
03 = 7z log A4 ()l +

O

Strategy to prove asymptotic behavior. The remainder of this section is
devoted to the proof of Proposition 4.1. We use the law of total probability to
write

Z(?) ﬁ
= Z E.[Z2 (B )]QN[HCZ(B)N’ | My =m|Qy(My =m), (4.16)
=2

where we denote by the symbol E,, the expectation with respect to an independent
CM,,,(2).

Our aim is to prove that the asymptotic behavior of (4.16) is essentially dom-
inated by the term with m = 0, which gives the exponential growth J(B)eN!(5)
stated in Proposition 4.1. To achieve a full control we analyze in the following the
three contributions whose product gives rise to the summand of (4.16):

i) E,,[Z?(B)]: this is subdominant in the limit N — oo since, by Lemma 3.1,
sup,, E,,[Z2 (B)] is bounded. Therefore it will appear only in the prefactor
J(B).

il) Qn(My = m): we study the distribution of the number of vertices in
tori My in Lemma 4.1; in particular we prove the existence of a limiting
distribution function in the limit N — oc.

i) Qn [H?iz aB)N | My = m}: this is rewritten explicitly in Lemma 4.2
and its asymptotics is computed in Lemmata 4.3 and 4.4.
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The number of vertices in tori. We start by analyzing the random variable
M representing the number of vertices belonging to tori.

Lemma 4.1 (The number of vertices in tori). When N — oo, there exists a random
variable M such that

My =5 M.
Further,
QN(MN - m)
1 S
" (n1+ 20y — DI <n2)2"2_m(n2 —m)!(ny — DN(2m — 1)!!(n1/ +ng—m )
n ng — 1)t \m I
— D)lny! 9 9 Cm—1
= gra (DR g (2 (/2 m mm =) (4.17)
(n1 + 2ne — 1! m oy — m

Proof: Number the vertices of degree 2 in an arbitrary way. We write
oo na
My = ZlNl(t), where N = Z Ji(l),
1=1 i=1

and J;(1) is the indicator that vertex i is in a cycle of length [ of which vertex 4 has
the smallest label. We compute that
Q[N = %QN(vertex 1 is in cycle of length 1) — %(Zp/(l +p) =\
It is not hard to see, along the lines of van der Hofstad (2014a, Proposition
7.12), that (N,”);>1 converges in distribution to a collection of independent Pois-
son random variables (P});>1 with parameters (A;);>1. Further, since QN[NI(”] <
%(ng /lx)!, which decays exponentially, the contribution from large I equals zero
whp, ie., Qy(3 > T: Nl(t) > 0) is small uniformly in N for T large. This shows
that
My Y 1P =M.

1>1
Note that
QN[bM] _ HQN[blPl} _ He(blfl))\l _ ezlzl(bl—l))‘l, (418)
=1 =1

which is finite only when b < (1 + p)/(2p).
To prove (4.17), we note that

1

QN(MN - m) - (77,1 + 2TL2 — 1)”

N(ny,ne,m), (4.19)
where N(ni,m9,m) is the number of ways in which the half-edges can be paired
such that there are precisely m degree 2 vertices in cycles. We claim that

N(n1,n9,m) = (”2> 22 (g — )\ (g — 1)!1(2m — 1)1 (”1/2 e me 1).

m ng —m
(4.20)
For this, note that
(1) there are (T;Tf) ways to choose the m vertices of degree 2 that are in cycles;
(2) there are (2m —1)!! ways to pair the half-edges that are incident to vertices
in cycles;
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(3) there are (n;—1)!! ways to pair the vertices of degree 1 (and this corresponds
to the pairing of degree 1 vertices in lines);

(4) there are (ng —m)! ways to order the vertices that are in lines;

(5) there are 2 ways to attach the half-edges of a degree 2 vertex inside a line,
and there are in total ny — m degree 2 vertices in lines, giving 2"2~™ ways
to attach their half-edges; and

(6) finally, there are (”1/ 2:{:_2;”71) ways to create ni/2 lines with ny — m
vertices of degree 2.

Multiplying these numbers out gives (4.20). This completes the proof of Lemma
4.1. O

Combinatorial expression of the partition function. To perform the asymp-
totic analysis of the partition function Qy[[;2, ci(B)™ | My = m], we rewrite
it as double sum in Lemma 4.2 and then we investigate the asymptotics of the
summand in Lemma 4.3 by Stirling’s formula. Finally, in Lemma 4.4, we use the
Laplace method to estimate the asymptotics of the double sum.

Lemma 4.2 (Generating function of number of lines in CMy(1,2)). For every
a,r, for c; =14 ar' for every 1 > 2,

n1/2ns—m

Qu[[[a®™ [ My=m] = > > B (ny—m), (4.21)
=2

£=0 k=0

where

l+k—1\ (n1/2—0+n2—m—k—1
n1/2> (aTQ),g k ( k ) ( no—m—=k ) (422)

(N) _
Bef\llc (ne —m) = ( / r (n1/2+n27m71)

ng—m

Proof: When M, = m, we have that no —m vertices of degree 2 have to be divided
over n1/2 lines. Number the lines as 1,...,n1/2 in an arbitrary way. Denote the
number of degree 2 vertices in line j by Y; and rewrite

) ni/2

Qu[[[aB™ | My=m] =" Qx (Vi =i1,-... Yoz = iny o) [[ A +ar+?)
=2 (i1, 18ny /2) j=1

where (i1, ..., iy, /2) is such that iy 4 - +iy,, ;o = ng—m. Let [n1/2] = {1,...,n1/2},

and expand out H;i/lz(l + ar%t2) to obtain

S Mi=in Y p=in0) Y, (@) (4.23)

(i155iny /2) I'Clny/2) jET
where the sum over T is over all subsets of [n;/2]. We denote
n1/2

an,ng—m = #{(i17--~7in1/2)5 ij > OV] and Z ij =Ny —m}

j=1
B <n1/2+n2—m—1)

Ng — M
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so that (4.23) is equal to

1 2\|T "~ k
Z (n1/2+n2—m—1) Z (ar )‘ | Z r ]I{Zjerij:k}
(11,80 /2) n2—m I'Cln1/2] k=0
1/2 ng—m
1 £ ni/2 2\¢ k
= > n/2+nm12( , )(‘”“) D Wi ri—i)
(4150 ees8ny /2) ( ng—m ) £=0 k=0
_ 1
~ /n /24ns—m—1
( ! 1’7,2—2777, )
Xni/f nyi/2 (ar2)€n22_:mrk C+k—1\ (n1/2—L+ng—m—k—1
= Y4 = k ng —m—k
2

n1/2no—m TL1/2 ( 2)5 k(£+271) (n1/2752+_n72n:r]r€17k71)
V4 ar r (n1/2+ng—m—1) :

=0 k=0 no—m

O

Asymptotics by Stirling’s formula. We continue the analysis by investigating
the asymptotics of B}/ (ng) in (4.22) when £,k and ny are of the same asymptotic
order. To alleviate the notation we write BL%) (ng) := B(L];J),LbJ (n2) when a, b are not
necessarily integers.

Lemma 4.3 (Asymptotics of BZ\,;) (n2)). Let D, = [0, (1—p)/2]x[0,p]. For external
fields B # 0, there exists a function H(s,t) continuous in D, and smooth in Dy
(the interior of D)) and a function C(s,t) smooth in Dy, such that

B;J]f,)’tN(ng) = %’t) exp{NH(s,t)} (14 0(1)), as N — oo, (4.24)

Moreover, H(s,t) is strictly concave on its domain D, and its (unique) mazimum
point (s*,t*) lies in the interior D,. In Dy, the functions are defined as follows:

) =1 o (157 etnt 2 (152 e (152 )

and

C(s,t) (4.26)

_ 2
- 1-p _

2m s (52 — ) (L2)(p — t)t
Finally, uniformly in (s,t) € D,,

B\ n(n2) < CN'Zexp {NH(s,1)}. (4.27)
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Proof: Using Stirling’s approximation in the form n! = e "n"v/27n (1 4+ o(1)) for
n large, taking a,b € N, we can rewrite the binomial coefficients as

<bn) _ e[blog b—aloga—(b—a)log (b—a)ln \/E (1 + 0(1)) )
an Vavb — av2mn

Plugging the previous formula into (4.22), then (4.24) follows. By inspection,
H(s,t) and C(s,t) are smooth functions in D for B # 0. The function H(s,t) can
be further extended by continuity to the boundary dD,, of D,,, while C(s,t) cannot
be defined in D), \ Dy since it is unbounded there. In order to prove concavity of
H(s,t), we check that its Hessian matrix Q(s,t) is negative definite on each point
of Dy. For this, we compute the Hessian Q(s,t) as

1 1 2 2 1 1
LE—s+p—t s+t 1;{’—3 s LP_s4+p—t s+t

1 1 1 1 1

+ + - -

%—s-ﬁ-p—t s+t %—s+p—t s+t p-—t t

The eigenvalues um and p~ of Q(s,t) are

L1 2 2 2 2 1 1
wo= Hp o ¢ s+t P _ g s p—t t

2 2

2
2 2 1 1 : 1 1 :
o=t ) 44 .
(1?’34—5 p—t t>+ <1J2rpst+s+t>

We can easily see that 4~ < 0, and in order to show that also pu™ is negative, we
observe that the determinant of the Hessian matrix is positive. Therefore, H (s, )
is strictly concave in D) and, by continuity, concave in D,. Concavity implies that
(s,t) — H(s,t) has a unique global maximum in D,, the uniqueness follows by
strict concavity and the fact that the maximizer is not on the boundary. In order

to find (s*,¢*) := argmax H(s,t), and to prove that it lies in Dy, we calculate
(s,t)€Dy,
OH (s,t 1— 1
ﬁzﬂog P _ —log ﬂ—s—t +log(s+t) — 2log(s)
ds 2 2
+ log(ar?), (4.28)
OH(s,t 1
# = log(s +t) — log(t) — log <J2rp —s— t> + log(p — t) + log(r),
(4.29)

so that (s*,t*) is a solution of the system

(1;172_3)2 (lJr(s+t) ) _ 12
s 1tp o ¢ ar??

(=t) (st 1 (4.30)
T

Since B # 0, and then both ar? and r are finite and larger than zero, it easy to see
from (4.30) that the maximum point cannot be attained on the boundary.

The proof of (4.27) follows similarly, now using that e "n"v/2rn < n! <
e "n" 27rn(1+ﬁ) for every n > 1. The power of N is needed to make the estimate
uniform, e.g., by bounding s((1 — p)/2 — s) > ¢/N uniformly for s > 1/N. d
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Asymptotics by Laplace method. In the next Lemma we compute the asymp-
totic behavior of (4.21) by using the discrete analogue of Laplace method.

Lemma 4.4 (Asymptotics of Qy[[I;2, ci(B)N | My = m]). For every m > 0
fized,

Qx[[[aB | My =m] (4.31)
=2

= 27 C(s*,t") (det Q(s*,t*))fé (b*)™ exp{NH (s*,t*)}(1 + o(1)),

where (s,t) — H(s,t) and (s,t) — C(s,t) are defined in Lemma 4.5, (s*,t*) is the
mazimum point of H(s,t), Q(s,t) is the Hessian matriz of H and

b — 1+p p—t*
o \ma=r)

Proof: We start by proving (4.31) for m = 0. Due to Lemma 4.3, we may estimate
the asymptotic behavior of the double sum

n1/2 no

K(N) =303 B (no), (4.32)

(=0 k=0
by making use of the function fy(s,t) = N=1C(s,t)exp{ NH(s,t)} that appeared
in (4.24). The correspondence between the two sets of variables (¢,k) and (s,t)
is given by the simple transformation s = ¢/N and t = k/N. We denote this
transformation by T .

Let us define £% := |s*N |, k% := [¢* N ] and introduce 0 < § < min{p, (1—p)/2}.
The precise value of § will be chosen later on. We partition the domain of the
summation appearing in the sum of Béfif(ng)

Av={k):£=1,...,n1/2,k=1,...n2},
into two subsets
U&,N = {(& k) € AN: |£ - 67\7‘ <IN + 1, |k - k;kv‘ <IN + l}a Uzﬁc,N = AN\Uﬁ,N~
The set Us n is to be considered as a neighborhood of (¢%, k%), the “maximum”
point of Bﬁc)(ng). We observe that Ty (Us y) is contained in the neighborhood of
(s*,t*) in Dy, i.e.,

1 1

while Ty (U§ ) is contained in its complement Wy 1
» N
(4.32) as K(N) = K1(6, N) + K5(0, N) where

Ki(6,N):= > B{Y(n2), Ka(6,N):= > B} (n2). (4.33)
(f,k)EU(;'N (£7k)eU§,N

= Dp\Wsy 1. We rewrite

We aim to prove that the asymptotic behavior of K(N) is given by Ki(d,N),
while Ko(0, N) gives a sub-dominant contribution. We start by proving the latter
statement.

Bound on K3(4,N). Making use of (4.27), we upper bound

Ky(0,N) <CN'Y? 3" exp{NH({/N,k/N)}. (4.34)
(z,k)eUgyN
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Defining
M(6):= sup H(s,t)> sup H(s,t),
|s—s*|>6 (s,t)EUg’,N
[t—t*|>6

since the values (¢/N,k/N) in (4.34) belong to W§, , we can bound H(¢/N,k/N) <
N
M (6). We conclude that

K5(6,N) < CN'?exp{NM(8)}|U5 .| < CN®/? exp{N M (5)}, (4.35)
which, together with M (0) < H(s*,¢*), implies that
exp{—NH(s*,t*)} K2(6, N) -0, asN — oo. (4.36)

Let us remark that, besides the condition 0 < § < min{p, (1 — p)/2} (which guar-
antees that (¢, k) and (s, ) are contained in the domains of B} (n2) and fx(s,t)),
in the previous argument no further condition has been imposed on 4.

Asymptotics of K1(d,N). Here we consider the sum K (5, N) defined in (4.33).
Choose £ > 0 arbitrary and small. By continuity of C(s,t), we can choose § > 0
small enough so that, for large N,

C(s",t") —e < C(s,t) < C(s",t7) +¢, forall (s,t) € Wy, 1

Then using (4.24), we obtain

Ki(6,N) < % > exp {NH (Jf] ]’f[) } (140(1)),  (4.37)
(¢,k)eUs, N

and a similar lower bound with C(s*,¢*) + ¢ replaced by C(s*,t*) —e. Recalling
that Q(s,t) is the Hessian matrix of H(s,t), by Taylor expanding up to second
order and using that (s*,¢*) is the maximum, we can write

1
H(s,t)— H(s",t*) < Pl Q(s*, t")x + cd|x|?/2, for all (s,t) € Wi

where x = (s — s*,t — t*), and a similar lower bound with ¢ replaced by —cd.
By multiplying (4.37) by exp[—N H(s*,t*)] and applying the previous inequality,
we obtain

exp[—NH(s*,t*)]K1(6, N)

C(S*at*)+5 N T * gk 2
O A (C ] NS
(¢,k)eUs N
(where x is computed with s = ¢/N and ¢t = k/N) and a similar lower bound with
C(s*,t*) + € replaced with C(s*,t*) — ¢ and +cdN||x||? replaced with —cIN ||x||?.
The last step is bounding the sum

. N
Ki(6,N) := Z exp {QXT (Q(s*,t") £ cél)x} ,
(f,k)GU&N
Now we can substitute the finite sum in the previous display with the infinite one,
since the difference is exponentially small de Bruijn (1961). It is known that (as
can be seen by extending de Bruijn (1961, (3.9.4)) to two-dimensional sums) that

ST A 2T N
E ’ —jTAj/(2N) _ 1 1
jezze det(A)1/2( +o(1)),
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Therefore,
- 2w
Ki(6,N) = N(1 1)).
10, N) det(Q(s*, t*) £ cdI)1/2 (1+o(1)

From the previous equation, recalling (4.38), we obtain
2n(C(s*,t*) 4+ ¢)
—NH(s*,t")]K1(6, N) < .
exp| (s% K (0, N) < det(Q(s*,t*) — coI)1/2

and a similar lower bound with C(s*,t*) + ¢ replaced with C(s*,¢*) — ¢ and
Q(s*,t*) — ¢ with Q(s*,t*) + ¢dI. Since ¢ is arbitrary, the previous inequality
implies

(1+0(1)),

2 C(s%, 1Y)
~ det(Q(s*, 1)1/

lim exp|~NH(s*,t*)|K(N)
N—o00

which proves the claim.
Next, we want to generalize the previous result by computing the asymptotic of
(4.21) in the case m # 0. We start by rewriting (4.21) in the following fashion:

ni1/2no—m

Qul[Ja®™ | My =m)= 3" 3" G (min) B (n2),
=2

(=0 k=0
where
() By (n2 —m) I, (5 +ne =) [1]5 (2 — k — j)
Ge,k (m§n2) = ™ = m—1 ) m m N
B} (n2) T (e — ) Iy (B +ma— €=k — )

for m =0,1,...,ny. By defining the function F'(s,t;m) on D} given by

L+p\" ([ p—t \
F(s,t;m) =
(S7tam) ( 2p ) (1;—1)—5—15) 9
o) { k
Gy (ming) = F NN (1+0(1))

as N — oo. Then the proof is obtained from that for m = 0 by replacing C(s,t)
by C(s,t)F(s,t). O

Remark 4.1 (Bound on b*). Since (s*,t*) € D,,

we obtain that

1+pp v+ (1-p p* ~ <1 so that bt < — £,
St sttt (FE-s) (- t) 2p

This will allow us to use in the following the moment generating function Q x[(b*)M]
defined in (4.18).

Boundary contribution. Lemma 4.4 proves, for any fized 0 < m < oo, the as-
ymptotic exponential growth of Qy[[[;2, ci(B)M | My = m] as N — oco. However
in formula (4.16) we need to sum over a range of values of m that increases with
the volume N. In order to overcome this problem, in the proof of Proposition 4.1
we introduce a cut-off in the sum over m (and then send the cut-off to infinity at
the end). In doing so we need to exclude the contribution arising from B,Sf,f) for ¢
close to the boundary nq/2. This is achieved in the following Lemma.
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Lemma 4.5 (Boundary contribution). For every e > 0 sufficiently small, as N —
00

ni/2 no—m

i En[Z7(B)] Z Z Bﬁ;(@ —m)Qy(My =m) = o(eNTEE),
m=0 >(1—e) %t k=0
Proof: By Lemma 4.3, we know that s* < 1%”. Defining
H(s*,t%) := sup  H(s,t),
s>(1(igl%
it follows that H(s*,t*) < H(s*,t*). Further, we define
Dy (n1,n9,m) = By (ng — m)Qu(My = m),

and using (4.17) and the following bound

9—2(m+1) (2(m + 1)) < 9-2m (2m>7
m—+1 m

we obtain
Déf\l]e)(nlan%m‘i‘l) ng —m — k
Déi\lfc)(n17n23m) _n1/2—€+n2_m_k_1
o N9

< < . 4.39
“n/2—l4+ng—1"ng—1 ( )

As a consequence, using (4.27),

Bé,l\l/c)(TLQ - m)QN(MN = m) < BZ\IIC) (RQ)QN(MN - O) (n2ni 1)

S aN1/2 eXp{H<é/N7 k/N)}a

m na
since, (n:il> < (ngfl) < a for m < ny and some a > e. Therefore, using this

inequality together with Lemma 3.1, we obtain that

no n1/2 ng—m
e NI N BN Z(B)] 3D Y Bl (n2 = m)Qu(My =m)
m=0 0>(1—e) %t k=0
ny/2 no

< adnyN'/2 e NHEE) N N exp{H(¢/N, k/N)}

0>(1—g) 5L k=0
< @ANT/2eNEH(s™,t")—H(s™,t")) Nz o

O

Now we are finally ready for the proof of Proposition 4.1. We treat first the case
in the presence of an external field B and then the case without field.

Proof of Proposition /.1 (a). We fix p € {0,...,n2} and € > 0 sufficiently small.
Using (4.16) and Lemma 4.2 we write

_ N .
QN [ZI(;;V(B)HCI(B) l] = X](Vlféf(l—z)%(u) + X;\?,)zg(lfs)%(ﬂ) + XJ(\}S,)£>(175)"2—1
=2
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where

(1*5)”71 ng—m

w
XD coom () = D EalZR(B)] Y > Bi(n2 —m)Qu(My =m),
= =0

m=0
(4.40)
no B )Tl na—m
Xj(\]2,>(§(]75)n71</’[/) = Z EW[Z'I(ﬂ?(B)] Z <N) TLQ - )QN( N — m>7
m=p+1 £=0 k=0
(4.41)
ni/2  ng—m

X e Z EnZZ(B)] Y. Y B (na—m)Qu(My =m).
£>(1—e) 5L k=0

(4.42)

We analyze the three pieces separately, showing that only the first of them con-

tributes to the exponential growth of Qx[Z\7) (B) ;25 c/(B)™']. By Lemma 4.1
and Lemma 4.4

X0 (w) =21 O(s5, ) (det Q(s*, %)) "% exp{ N H(s*,t")}

N‘I{S(l—e)J\

“w
X Z Em[Z2(B)]Qy(M = m)(1 + o(1)). (4.43)
The expression in (4.41) can be rewritten as
no (1 5) 2 Nag—m B(N) )Q ( _m>
X® ny (1) = Z(z) NATTN
Haoay )= B B T Y . on —0

x B (n9)Qx (My = 0),

B (na—m)Qn (My=m)
" BV (na—(m—1)Qn (My=m~—1)
sufficiently small, because ¢ < (1 —¢)ny/2. Using this bound together with Lemma
3.1 yields

Now, by (4.39) is uniformly bounded by 1—§ for § > 0

n1/2 ny no
XI(VZ)e<<1 ool (n) < A Z ZBX\;C)(”Q) Z (1—-24)™.
£=0 k=0 m=p+1
Thus there exist e(u) (with e(u) — 0 as g — oo) such that, uniformly in N,
X e om (1) < e(u) exp{NH(s", ) }(1+ o(1)).
Finally, from Lemma 4.5 it results that Xz(j)b(l om = o(exp{NH(s*,t*)}). Thus,

from (4.43) we can identify I = H(s*,t*) and
J = 2n C(s*,t*) (det Q(s*, t*) Z En[Z2(B)](b*)"P(M = m).
We remark the previous expression is Well—deﬁned since, from Lemma 3.1,
ZE [Z3(B)|(b*)"P(M =m) < AE[(b*)M],

which is finite because b* < 12% (see (4.18) in Lemma 4.1 and Remark 4.1).
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Proof of Proposition 4.1 (b). In this case we work with a vanishing external field.
Defining ty := \/tiﬁ and by Taylor expanding (4.9) around 0, we have
A (ty) t2

a(ty) = A (i) = C’N(l—&—o(l)), as N — oo,

where C' is a constant (whose value actually depends on ). Thus,

oo

N[H alty)N' | My =m] = QN[H (1 —|—a(tN)rl(tN))Nl | My =m)]
1=2

=2
= Qu [oXE2 o N (1 4 o(1)) | M, = m]

— 0, [ cE Syt emn™ | pry = m} (14 o(1)).
By writing
QN eCt2 >, 7-l(tN)p§N) | M, = m:| (444)

QO 52, (48 Qv (™)

b

+eCt22f:2 Henan e, [ DR T Q™) _ 1| 1y = ]

and using formula (1.16), we can rewrite Qy[Zi7 (tn) [1;25 ci(tx)N] = S1(N) +
S2(N) as the sum of two contributions, due to the two terms in (4.44). Now we
analyze S1(N) and S3(N) as N — oo. First, we remark that the sum in the
exponential factor converges in this limit. This can be shown by observing that
r(B) < 1 (see (3.11)). Therefore, calling r* = r(0) and given any € > 0 such
that r* + e < 1, thanks to the convergence of r(ty) to r*, we have that for all N
sufficiently large,

N N
ZT tN QN <N) EZTZ tN QN (N) Zr +5
=2 =2

where we used the fact that pEN) <1forl < N and pl N = for all I > N. Since
the geometric sum in the r.h.s. of the previous display is convergent, the positive
series in the Lh.s. is also convergent to some positive value Iy. Thus, by inserting
the first term of the r.h.s. of (4.44) in (4.16) and applying bounded convergence,
we obtain (4.12) with
I(t) = I,Ct.
and
oo

= Z [Z2(0)]P(M = m).

Further, by Lemma 3.1 and the law of total expectation,

S ( )< AeCt ppd zrl(tN)QN(P(N))QN He0t2 22 TL(tN)(Pl(N)fQN(pl(N))) _ IH

We use the Cauchy-Schwarz inequality to bound
(V) (V)
O H ce2 5, () (Y —Qu (™)) 1” (4.45)

2 \oo 271/2
< QN[(eCt iz, ) (P —Qn (™)) _ 1) ] /

)
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and, by Jensen’s inequality and Hoélder inequality,

_1
< (@u [eermEmr (e ) o

2 o 1 (N)_ (V)
due to the existence of the finite limit of Q5 eCt VN iz (tN)(pl Qn (P, )> by

Giardina et al. (2015, Lemma 4.3). Therefore, also the term in (4.45) converges to 0,
showing that S3(IV) gives a vanishing contribution. This completes the proof. O
4.2. Annealed thermodynamic limits and SLLN: Proof of Theorems 1.7 and 1.5.

Finally, we prove the existence of the thermodynamic limits.

Proof of Theorem 1.7. The thermodynamic limit of the annealed pressure is given
by

J(5,B) = Jim Gy(5,B) = Jim ~ Tog(Qu (Zy(5, B))

From (4.10) we can rewrite

Qn (Z:(8.B)) = XY (B)AL*(B)Qx |28, (B) [T a(B)™]

and then
~ . 1-— P . i 7(2) i N,
BB, B) = log Ay + — Llog Ay + Jim - log {Qu[ 22, (B) gch) |}

Using Proposition 4.1 we find

0(5,B) = log Ay (5, B) + -5 L log A, (8, B) + H(s" 1").

To prove the existence of the thermodynamic limit of the magnetization, we use
Lemma 2.1 and the existence of the pressure in the thermodynamic limit. Then,
remembering that (s*,¢*) is the maximum point of the function H (s, t), we compute

0 1

N3, B) = (6, B) = tog A (8,8) + 152 D1og 4,3, B)

(8, B) - log [a(8, B)*(8, B)]
i logr (8, B) (4.46)

HE(5,B) s

In the limit of small external field B by Taylor expanding (4.9) one has a(f5, B) =
O(B?). Also, from the fixed point equations (4.30) one can check that s*(3, B) =

O(B?). As a consequence limp_,q+ M(ﬂ, B) =0 for all 8 > 0, and therefore, by the
definition in (1.9), we conclude that there is no phase transition for CM(1,2). O

Proof of Theorem 1.8: Again, the SLLN follows immediately from the existence
of the annealed pressure in the thermodynamic limit and its differentiability with
respect to B. See the proof of Theorem 1.2 and Giardina et al. (2015, Section
2.2). |
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