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Abstract

We study the critical behavior for inhomogeneous versions of the Curie-Weiss model, where the
coupling constant J;;() for the edge ij on the complete graph is given by J;;(5) = 6wiwj/(2ke[N] W).
We call the product form of these couplings the rank-1 inhomogeneous Curie-Weiss model. This model
also arises (with inverse temperature /3 replaced by sinh(8)) from the annealed Ising model on the
generalized random graph. We assume that the vertex weights (w;);e[n) are regular, in the sense that
their empirical distribution converges and the second moment converges as well.

We identify the critical temperatures and exponents for these models, as well as a non-classical
limit theorem for the total spin at the critical point. These depend sensitively on the number of finite
moments of the weight distribution. When the fourth moment of the weight distribution converges, then
the critical behavior is the same as on the (homogeneous) Curie-Weiss model, so that the inhomogeneity
is weak. When the fourth moment of the weights converges to infinity, and the weights satisfy an
asymptotic power law with exponent 7 with 7 € (3,5), then the critical exponents depend sensitively
on 7. In addition, at criticality, the total spin Sy satisfies that Sy /N(~1/(7=2) converges in law to
some limiting random variable whose distribution we explicitly characterize.

1 Introduction

Universality is a key concept in the theory of phase transitions, with application to a large variety of
physical systems. Informally, universality means that in the thermodynamic limit different systems show
common properties close to criticality. The theory based on the renormalization group suggests that
systems fall into universality classes, defined by the values of their critical exponents describing the nature
of the singularities of measurable thermodynamic quantities at the critical point.

In the presence of heterogeneities, e.g. spin systems on random graphs used to model interaction on
a network [1, 12, 13, 21] it is not clear a-priori to what extent universality applies. From the point of
view of the structure of the network, emerging properties of real networks have been identified in several
empirical studies in different contexts — social, information, technological and biological networks. Many
of them are scale free, with a degree sequence obeying power-law distribution, and small world, with short
graph-distance among vertices. As a consequence power-law random graphs, i.e., graph sequences where
the fraction of nodes that have k neighbors is proportional to k=7 for some 7 > 1, are often used as
mathematical models for real-world networks. In this paper we investigate universality for spin system on
power-law random graphs displaying phase transitions.



The issue of universality is related to the network functionality. Indeed the occurrence of a thermody-
namic phase transition is associated to a change in macroscopic properties of the networks, for instance
the possibility to reach consensus in a social network can be related to the occurrence of a spontaneous
magnetization. Thus the investigation of different universality classes for spin systems on random graphs
is a relevant question with immediate practical relevance for the network functionality.

Due to the random environment, when considering the Ising model on the random graphs used to
model real networks, a distinction is required between different averaging procedures. Two settings are
often studied in the literature: the quenched measure (graph realizations are studied one-by-one so that
they produce a random Boltzman-Gibbs measure) and the annealed measure (all graph realizations are
considered at once and they give rise to a deterministic Boltzman-Gibbs measure). See [18, 7| for an
extended discussion of the two settings.

In the paper [11] the quenched critical exponents have been rigorously analyzed for a large class of
random graph models. More precisely in [11] it is proved that the critical exponent & (describing the
behavior of the magnetization at the critical temperature as the external field vanishes), the exponent
B (describing the behavior of the spontaneous magnetization as the temperature increases to the critical
temperature) and the exponent = (describing the divergence of the susceptibility as the temperature
decreases to the critical temperature) take the same values as the mean-field Curie-Weiss model whenever
the degree distribution has a finite fourth moment. This includes for instance the case of the Erd&s-Rényi
random graph. For power law random graphs, it is proved that for 7 > 5 the model is in the mean-field
universality class, whereas the critical exponents are different from the mean-field values for 7 € (3,5).

In this paper we provide the analysis of the critical behavior but in the annealed setting. Our results are
fully compatible with the universality conjecture. The annealed critical temperature is different (actually
higher) than the quenched critical temperature, but the set of annealed critical exponents that can be
rigorously studied are the same as the quenched critical exponents. In the annealed setting our results are
stronger since we are able to show that 4’ = «. Here 4 describes the divergence of the susceptibility as
the temperature approaches to the critical temperature from below, and in the quenched setting we were
able to show only that v/ > ~.

A main difference between the quenched and annealed case is that while the analysis of the quenched
measure could be done in great generality, the study of the annealed case is much harder. Indeed the results
of [11] are valid for all graph sequences that are locally like a homogeneous random tree |2, 8, 9, 10, 22]
and uniformly sparse. For the annealed setting it is not enough to control the behavior of the model on the
typical graph realizations (namely rooted random trees). For the annealed measure one needs to study
exponential functionals of the graphs, i.e., questions on large deviations of sparse random graphs that
are largely unsolved. Thus we specialize our analysis of the annealed critical exponents to a particular
class of random graphs models. This is given by the Generalized Random Graph models, also called
inhomogeneous random graphs of rank-1 in the literature (see |20, 4] for a non-rigorous study).

By exploiting the factorization of the Gibbs measure and the edges independence we reduce the study
of the annealed measure for the Ising model on the Generalized Random Graph to the analysis of an
inhomogeneous Curie-Weiss model. As we shall see, for this model we are able to also study the properties
at criticality. On a sequence of temperatures approaching the critical value, we prove the scaling limit for
the properly renormalized total spin. As a result, our findings extend the analysis of the scaling limit of the
standard Curie-Weiss model [15, 16, 14] and provides new asymptotic laws for the (properly renormalized)
total spin.



2 Model definitions and results

2.1 Inhomogeneous Curie-Weiss model

We start by defining the inhomogeneous Curie-Weiss model. This is a generalization of the classical Curie-
Weiss model in which the strength of the ferromagnetic interaction between spins is not spatially uniform.
As the standard Curie-Weiss model, it is defined on the complete graph with vertex set [N] :={1,...,N}.
See Table 1 at the end of the paper for a summary of the important notation used in this paper.

Definition 2.1 (Inhomogeneous Curie-Weiss model). Let o = {oi}ien) € {—1,1}Y be spin variables.
The inhomogeneous Curie- Weiss model, denoted by CW y(J), is defined by the Boltzmann-Gibbs measure

(o) = (2.1)

where the Hamiltonian is

HN(U) = % Z Jij(,@)Gin + B Z 0; (2.2)
]

i,jE[N i€[N]

and Zy is the normalizing partition function. Here B is the inverse temperature, B is the external magnetic
field and J = {J;;(B) }i je|n) are the spin couplings.

In the above, the interactions J; ;(#) might be arbitrary functions of the inverse temperature (in
particular no translation invariance is required), provided that the thermodynamic limit is well-defined,
i.e., the following limit defining the pressure exists and is finite,

4(8, B) = lim ~1og Zy(5, B) . (2.3)

In the following we will restrict to the ferromagnetic version of the model, i.e., we will assume J;;(3)>0.
Since the coupling constants J = {J;;(8)}; je|n] are positive and possibly different for different edges, we
speak of an inhomogeneous Curie-Weiss model. We next state our hypotheses on the coupling variables.
Each vertex i € [N] receives a weight w;, We will take J = {J;;(8)}; jen) such that

Jii(B) = %B, where ly = Z W (2.4)

Uy ke[n]

In the case where w; = 1, our model reduces to the (homogeneous) Curie-Weiss model. We will call the
coupling constants in (2.4) the rank-1 inhomogeneous Curie- Weiss model. In Section 2.3, we describe the
assumptions that we make on the weight sequence w = (w;);e[n]-

In [18] it is shown that the rank-1 inhomogeneous Curie-Weiss model arises in the study of the annealed
Ising model with network of interactions given by the rank-1 inhomogeneous random graph, also called
the generalized random graph, which we describe next.

2.2 Generalized random graph

In the generalized random graph [19, 5], each vertex i € [IN] receives a weight w;. Given the weights, edges
are present independently, but the occupation probabilities for different edges are not identical, rather
they are moderated by the weights of the vertices. We assume that the weights w = (wi)iG[N] are strictly
positive (there is no loss of generality in supposing this, since the vertices with zero weight will be isolated
and can be removed from the network).



Definition 2.2 (Generalized random graph). Denote by I;; the Bernoulli indicator that the edge between
vertex i and vertex j is present and by p;; = P (I;; = 1) the edge probability, where different edges are
present independently. Then, the generalized random graph with vertex set [N], denoted by GRGy(w), is
defined by

wiwj

- : 2.5
Pij KN + wW;W; ( )

where ly = Zf\il w; 18 the total weight of all vertices.

We have now defined two classes of models that depend on vertex weights w = (w;);cn]. We next
state the assumptions on these weights.
2.3 Assumptions on the vertex weights

We study sequences of inhomogeneous Curie-Weiss models and generalized random graphs as N — oo. For
this, we need to assume that the vertex weight sequences w = (wi)ie[ ) are sufficiently nicely behaved. Let
Uy € [N] denote a uniformly chosen vertex in GRGy(w) and Wy = wy,, its weight. Then, the following
condition defines the asymptotic weight W and set the convergence properties of (Wy)n>1 to W:

Condition 2.3 (Weight regularity). There exists a random variable W such that, as N — oo,
(i) Wy =W,
(1) BWR] = & Xiepn wi — E[W?] < o0,

where 25 denotes convergence in distribution. Further, we assume that E[W] > 0.

Note that, by uniform integrability, Condition 2.3(ii) implies that also E[Wy] = + Diepv wi = E[W] <

00.
Condition 2.3 implies that the sequence (GRGy(w))n>1 is a uniformly sparse tree-like graph with

strongly finite mean and with asymptotic degree D distributed as a mixed Poisson random variable,

P(D=k)=FE [eww;} , (2.6)

see e.g., [19, Chapter 6].
Our results depend sensitively on whether the fourth moment of W is finite. When this is not the
case, then we will assume a power-law bound on the tail of the asymptotic weight:

Condition 2.4 (Tail of W). The random variable W satisfies either of the following:
(i) E[W*] < oo,

(ii)) W obeys a power law with exponent 7 € (3,5], i.e., there exist constants Cy, > cy > 0 and wg > 1
such that
cww T <P(W > w) < Crpw™ "1, Yw > wy. (2.7)

To prove the results on the scaling limit at criticality we will strengthen our assumptions as follows:

Condition 2.5 (Tail of Wy and deterministic sequences). The sequence of weights (w;);cn] satisfies
either of the following:

(i) EW] = 5 Yiepv wi — E[W?] < oo,



(ii) it coincides with the deterministic sequence

1/(m—1)
uh:cw(N> , (2.8)

for some constant ¢, > 0 and T € (3,5).

We remark that the above deterministic sequence is N-dependent (we do not make this dependence
explicit) and its limit W satisfies (2.7) since w; = [1 — F]~1(i/N), where F(z) = 1 — (cpx)~ "~ for
w > ¢y. In the next section, we explain what the annealed measure of the Ising model on GRGy (w) is.

2.4 Annealed Ising Model

We first define the annealed Ising model in general on finite graphs with IV vertices, then we specialize
to GRGy(w). We denote by Gy = (Vy, Ey) a random graph with vertex set Vy = [N] and edge set
Ey C Vy x Vy. We denote by @Qy the law of the graphs with IV vertices.

Definition 2.6 (Annealed Ising measure). For spin variables o = (01, ...,05) taking values on the space
of spin configurations Qy = {—1,1}" the annealed Ising measure is defined by

Qn (exp [52 NeEy 0i0j T Bzze[N })

Prlo) = O (Zay, (3.B)) ’

where

Zay (B,B) = Z exp Z oio;+ B Z of (2.10)

oEQN (i,j)EEN 1€[N]

is the partition function.

With abuse of notation in the following we use the same symbol to denote both a measure and the
corresponding expectation.

Definition 2.7 (Annealed thermodynamic quantities). For a given N € N we introduce the following
thermodynamics quantities at finite volume:

(i) The annealed pressure:

Yn(5,B) = 1108 (Qx (2 (5. B))). (211)

(ii) The annealed magnetization:

My(8,B) = Py (f\’;) : (2.12)

Sv=Y oi. (2.13)

1€[N]

where the total spin is defined as

(i4i) The annealed susceptibility:

XN(B?B) = @MN(ﬂ7B) (214)



2.5 Annealed Ising Model on GRG

We now specialize the previous definitions to the annealed Ising Model on the Generalized Random Graph.
By assuming the probability p;; of each edge in Ey is that given in (2.5), we can compute explicitly the
average of the partition function (2.10). Indeed, recalling that I; ; is the indicator of the edge between
vertex ¢ and j, we can write

QN (ZN (ﬁ,B)) = QN( Z exp [BZIZ‘]‘O'Z‘O']‘—FB Z JZ:|) (215)

ocEQN 1<j i€[N]

and, by using the independence of the variables I; j, we compute [18| that
Qx (Zy (B,B)) = C(8) Y o Ziem TosTusem MOy, (2.16)
cEQN
where C'() > 0 is a constant and the positive couplings J;;() are defined as
1 "pij + (1 = pij)

Jii(B) = =1o ( J 7). 2.17
The r.h.s. of (2.16) can be seen as the partition function of an inhomogeneous Curie-Weiss model with
couplings J given by (2.17). Thus, the annealed Ising model on the GRGy(w) is equivalent to such
CWy (J), i.e., the two measures coincide point-wise on the sample space. Our proof (see eq. (4.63)) shows
that the J;;(3) in (2.17) are close to the form in (2.4) with § replaced by sinh(/3), so that the study of
the annealed generalized random graph reduces to the rank-1 ICW model. Preliminarily to the statement

of our main results we recall the model solution given in [18]. By symmetry, we always take B > 0. We
denote by (. the annealed critical inverse temperature defined as

Be:=inf{B8 >0: M(B,0%) > 0}, (2.18)

where the spontaneous magnetization is given by

M(B,07) = lim lim My(3,B). (2.19)

B—0t N—oo

Theorem 2.8 (Thermodynamic limit for annealed Ising on GRGy(w) and for rank-1 CW (J) [18]). Let
(Gn) >y be a sequence of GRGy(w) graphs satisfying Condition 2.3. Then,

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

v(B,B) = A}i_rgo@bN(ﬁ,B). (2.20)

(i) The magnetization per vertex exists in the limit N — oo and is given by

The limit value M equals: M (3, B) = 8%¢(6’ B) for B>0, whereas M = 0 in the region 0 < 5 < f3,
B = 0. More explicitly, when B >0 or B=0" and 8 > B,

sinh (3)
M(B,B) = E [tanh *+B 2.22
(8, B) [ an ( E V] Wz* + > : (2.22)
where z* = 2* (8, B) is the unique positive solution of the fixed point equation
sinh (3) sinh (3)
= E |tanh B Wi . 2.2
z an < E[V] Wz + ) E[W] (2.23)




(iii) The annealed critical inverse temperature is given by

Be = asinh (1/v) , (2.24)
where £
=& (2.25)

(iv) The thermodynamic limit of susceptibility exists and is given by

2
X(8.B) = Jm xx(3.B) = 0(B.B). (2.26)

(v) For the rank-1 inhomogeneous Curie- Weiss model CW y(J), (i)-(iv) hold with /3 replaced with asinh(f).

Theorem 2.8 shows that a phase transition exists for the annealed Ising model on the generalized
random graph and the rank-1 inhomogeneous Curie-Weiss model. For the rank-1 inhomogeneous Curie-
Weiss model in the special case where w; = 1, Theorem 2.8 reproves the classical result for the Curie-Weiss
model. When the weights are inhomogeneous, the critical value is instead given by 8. = 1/v.

Let us compare the annealed critical value in (2.24) to that in the quenched setting as derived in [17].
There, it is proved that the quenched critical value B¢ equals B¢ = atanh(1/v) > asinh(1/v) = .. Thus,
the annealed critical value is smaller due to a collaboration of the Ising model and the graph properties.

In this paper, we analyze the block spin scaling limits at 5. and we study the universality class of
the model. For this, we define the annealed critical exponents analogous to the random quenched critical
exponents as in [11]:

Definition 2.9 (Annealed critical exponents). The annealed critical exponents 3, 8, v,~’ are defined by:

M(B,07) = (8- B.)°, for B\, Be; (2.27)
M(B., B) < B'°, for B\, 0; (2.28)
X(8,07) =< (B. = B)77, for B 7 fe; (2.29)
X(B,07) < (8= B)™, for 8\, fe, (2.30)

where we write f(x) < g(x) if the ratio f(x)/g(x) is bounded away from 0 and infinity for the specified
limit.

We remark that, as is customary in the literature, we use the same letter for the inverse temperature 3
and one of the magnetization critical exponent (. In this paper they are distinguished by the use of the
plain, respectively bold, character.

2.6 Main results

We start by proving that the annealed critical exponents for the magnetization and the susceptibility take
the values conjectured in [20].

Theorem 2.10 (Annealed critical exponents). Let (Gn)ys; be a sequence of GRGy(w) graphs fulfilling
Conditions 2.3 and 2.4. Then, the annealed critical exponents defined in Definition 2.9 using B given in
(2.24) exist and satisfy



| 7€ (3,5) E[W4] < oo

J¢; 1/(r —3) 1/2
o T—2 3
=7 1 1

For the boundary case T =5 there are the following logarithmic corrections for 3 =1/2 and & = 3:

B—B. N\ ~
—logl/(ﬁ—ﬂc)> for BN B, M(B. B) = (

The same results hold for the rank-1 inhomogeneous Curie- Weiss model CW y(J), the critical exponents
being now defined using B. = 1/v.

M(B,0) = ( B ))1/3 for BN\, 0.  (2.31)

log(1/B

Remark 2.11 (Comparison to the Curie-Weiss model). For the rank-1 inhomogeneous Curie- Weiss model,
we see that the inhomogeneity does not change the critical behavior when the fourth moment of the weight
distribution remains finite, but it does when the fourth moment of the weight distribution increases to
infinity. In the latter case, we call the inhomogeneity relevant.

Remark 2.12 (Comparison to the quenched case). In [11], the first two and fourth authors of this paper
have shown that the same critical exponents hold for the quenched setting of the Ising model on power-law
random graphs, such as GRGy(w), under the assumptions in Conditions 2.3 and 2.4. In [11], however,
we only managed to prove a one-sided bound on ~'. Thus, our results show that for GRGy(w) both the
annealed and quenched Ising model have the same critical exponents, but a different critical value. This is
a strong example of universality.

Remark 2.13 (Extension of v = 1). The result v = 1 holds under more general conditions, i.e., E[W?] <
0o. See Theorem 3.6 below.

From the previous theorem we can also derive the joint scaling of the magnetization as (5, B) N\, (8¢, 0):
Corollary 2.14 (Joint scaling in B and (8 — .)). For T #5,
M(B,B) = 0((8 — B.)° + B'/°), (2:32)

where f(B,B) = ©(g(8, B)) means that there exist constants ¢1,C7 > 0 such that c19(8,B) < f(8,B) <
C19(B, B) for all B € (0,¢) and B € (B, Be + €) with € small enough. For T =5,

M(B, B) = @(<log 16/(_ﬁﬁ_C 56))1/2 + (log(]f/B))l/g) (2.33)

Our second main result concerns the scaling limit at criticality. The next theorem provides the correct
scaling and the limit distribution of Sy at criticality (for a heuristic derivation of the scaling, see the
discussion in Section 2.7). For GRGy(w), we define the inverse temperature sequence

Ben = asinh(1/vy), (2.34)
where ]E[WQ]
Uy = ]E[WZ]’ (2.35)

so that 8. ny — (. for N — co. For rank-1 CW y(J), we replace 8 by asinh(/3), so that S,y = 1/vy. Our
main result is the following:



Theorem 2.15 (Non-classical limit theorem at criticality). Let (Gy)ysy be a sequence of GRGy(w)
graphs satisfying Conditions 2.3 and Condition 2.5 and let & have the respective values stated in Theo-
rem 2.10. Then, there exists a random variable X such that

SN D
W — X, as N — o0, (236)

where the convergence is w.r.t. the measure Py at inverse temperature B n = asinh(1/vy) and external
field B =0. The random variable X has a density proportional to exp(—f(x)) with

%EE{V/T‘E z when E[W4] < oo,

€Tr) =
f@) D i1 (é ( =2 g1/ 1)) logcosh( =2 g~/ (T= 1))> when 7 € (3,5).

(2.37)

The same result holds for the rank-1 inhomogeneous Curie-Weiss model at its critical value ey = 1/vy.

We will see that in both the case where the fourth moment is finite as well as when it is infinite,

@)
Jm 355 = (239
with
L 4] when E[W4] < oo,
_ i (2.39)
( ) > (3y2=D _logcoshy /(D) dy  when T € (3,5).

This result extends the non-classical limit theorem for the Curie-Weiss model to the annealed GRG y(w)
and the rank-1 CW y (J).

2.7 Discussion

Random weights. Instead of choosing the weights w deterministically, one can also choose the weights
i.i.d. according to some random variable W, with E[W*] < oo. In this case, Condition 2.3 holds a.s. by
the laws of large numbers. Hence, if Q)5 denotes the average over all graphs drawn according to the GRG
conditioned on the weights, then our results also hold a.s. When in the annealing also the average over the

weights is taken, then the model becomes unphysical, because the pressure becomes infinite as is proved
in [18].

Critical exponents. Theorem 2.10 implies that the annealed exponents are the same as in the quenched
case. Indeed, by (2.6), the condition E(W*) < oo is equivalent to E(K?3) < oo, where K is the forward
degree of the branching process describing the local structure of GRGy(w). Thus the conditions in
Theorem 2.10 defining the universality classes are the same as those in Theorem 2.8 in [11].

Scaling limit of block spin variable. In [18], it is proved that the classical central limit theorem for
the total spin Sy holds in the one-phase region of the annealed Ising model i.e.,

SIV_\PF]]\\;(SI\]) 3>J\/(O,X), w.r.t. Py, as N — oo. (2.40)

In [17] we prove the analogous result in the quenched setting. More precisely, we prove (2.40) for the
quenched measure in the quenched uniqueness regime for all random graphs that are locally tree-like. A
prominent example is the GRGy(w) as studied here.



At criticality, i.e. for (8, B) = (B,,0), the limit in (2.40) is no longer true. A scaling different from N
has to be used to obtain the scaling limit, and also this limit is not a normal random variable. In [15, 16],
Ellis and Newman prove that for the standard Curie-Weiss model

S
NT% 2, X, as N — oo, (2.41)

where X is a random variable with density proportional to exp{—%x‘l}. We extend this result to the
rank-1 inhomogeneous Curie-Weiss model, and thus to the annealed Ising model. We prove that the
scaling with N3/4 is also correct when E[W*] < oo, but different for 7 € (3,5). Furthermore we show that
when E[W*] = oo, different asymptotic distributions arise in the scaling limit. We characterize them for
the weight deterministic sequence (2.8) in which the weights follows a precise power-law. Such a sequence
is rather generic in the sense that it produces an asymptotic weight that is also power-law distributed.
The analysis shows that the fluctuations of the total spin decrease as the exponent 7 becomes smaller and
the distribution seen in the scaling limit has tails proportional to e~ Ca™

Heuristic for the scaling limit. To obtain a guess for the correct scaling, we can use the standard
scaling relation between § and n as in [14]. On a box in the d-dimensional lattice with side lengths n,
[n]¢ C Z¢, the exponent 7 satisfies

P\ (82) ~ pdt2-m (2.42)

where Péd) is the expectation w.r.t. the Ising measure on this box and S,, is the sum of all spins inside the
box, where it should be noted that there are n? sites in the box. Hence, to compare this with our setting,
we take N = n? and, with an abuse of notation, let S,, = Sy. If there is an exponent A such that Sy/N*
converges in distribution to a non-trivial limit, then it must also hold that Py ((S,,/N*)?) = Py (52 /n*™)
converges. Hence S2 ~ n2@ so that d + 2 — n = 2d\. The standard scaling relation 2 — 5 = dg—_ﬁ [14]
now suggests that we should choose

A= O

0+1

We prove that this is indeed the correct scaling and we also show that the tail of the density behaves like
exp{—Cx9*1} as is conjectured on Z? (see [14, Section V.8]).

(2.43)

Near-critical scaling window. Theorem 2.15 is proved along the critical sequence 3.y approaching
the critical inverse temperature (. in the limit N — oco. A different scaling limit might be obtained by
working with a sequence near the critical one, the so-called near-critical window, i.e., B,y + Ay with
Ay — 0 at an appropriate rate. As is argued in Section 4.5, it turns out that for the annealed Ising model
the width Ay of the scaling window is N~(0=1/(0+1) and the scaling limit differs by a quadratic term that
appears in in the function f(z) describing the density of Sy /N%/(0+1) in (2.37).

At criticality. As a consequence of the previous discussion, we also infer that if one works at critical
inverse temperature 5., the scaling limit that will be seen to depend on the speed at which v, approaches
v. Indeed, from (2.24) and (2.34), one has . — Sy = O(v — vy). For a natural example given by
the deterministic sequence in Condition 2.5 (ii) one has that when 7 > 5 then v — vy = o(1/N/?)
and thus the limiting distribution does not change; on the contrary when 7 € (3,5] then v — vy =
¢(N—O=1/(6+1) (1 4 (1)) for some ¢ # 0, and thus the distribution changes since we are shifted in the
near-critical window. See again Section 4.5 for more details.
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Organisation of this paper. In Section 3, we start by deriving the annealed critical exponents in
Theorem 2.10. In Section 4, we prove our non-classical limit theorems at criticality in Theorem 2.15. We
will prove our results only for the annealed GRGy(w), since the proofs for the rank-1 inhomogeneous
Curie-Weiss models are either identical, or simpler.

3 Annealed critical exponents: proof of Theorem 2.10

We follow a strategy similar to that in [11], although the proof in our case is a bit easier since the annealed
magnetization is expressed in terms of the deterministic fixed point z* in (2.23), whereas in the quenched
setting the magnetization is expressed in terms of a fixed point of a distributional recursion. The proof of
Theorem 2.10 is split into Theorems 3.5 dealing with the exponents 3 and § (Section 3.1), Theorem 3.6
for the exponent 4 and Theorem 3.7 for the exponent 4’ (Section 3.2). Some lemmas and propositions
containing preliminary results are also stated and proved in Section 3.1.

Our analysis of the critical behavior crucially builds on the fixed point equation (2.23). We apply
truncation arguments together with monotonicity (see the proof of Proposition 3.3 for a prototypical
example). We rely on Taylor expansion properties for the fixed point z* in (2.23) as is customary for the
Ising model. By truncation we mean that we decompose the range on integration of various expectations
with respect to the limiting distribution W according to the size of the fixed point z* and using asymptotics
for truncated moments of W.

3.1 Magnetization: critical exponents 3 and §

We start by showing that the phase transition is continuous.

Lemma 3.1 (Continuous phase transition). Let ((8¢, Br))e>1 be a sequence with 5y and By non-increasing,
Be > Be and By > 0, and g\ Be and By \, 0 as { — co. Then, the solution of (2.23) satisfies

lim z*(5¢, Be) = 0. (3.1)
{—00
In particular,
lim z*(3.,B) =0, and lim 2*(3,07) = 0. 3.2
BNO (Fe: ) BN\Be (8,07) (3:2)

Proof. The existence of the limit (3.1) is a consequence of the monotonicity of z*(/3, B) and the fact that
2*(8,B) > 0 for B > 0. Suppose that limy_ 2*(8¢, Be)) = ¢ > 0. Then, it follows from (2.23) and
dominated convergence that

tanh ( Sln}lwc)Wc) sinh (Bc) W] < csinh(B.)v = ¢, (3.3)

¢= lim 2*(f, By) = E E[W] E[W]

where we used that tanh(z) < x for z > 0 and 8. = asinh(1/v). This contradiction proves the lemma. [

We next show that z* has the same scaling as we want to prove for M (3, B) by proving the upper and
lower bounds in Propositions 3.3 and 3.4 below. These then allow us to obtain the theorem. But first we
state some properties for truncated moments of W in the following lemma:

Lemma 3.2 (Truncated moments of W). Assume that W obeys a power law for some T > 1, see item
(i1) in Condition 2.4. Then there exist constants cqr,Cqr > 0 such that, as { — oo,

Carlo (1) Co il =1 when a>71 — 1,
’ <E[Wliw<y] < ’ (34)
Cr—1,rlogl Cr_17logl whena=71—1.
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and, when a <1 —1,
E[W'lgysp] < Cor 0. (3.5)

Proof. The proof is similar to that of [11, Lemma 3.4]. O

In the following we write ¢;, C;, i« > 1 for constants that only depend on § and on moments of W and
satisfy
0 < liminf ¢;(B) < limsup ¢ () < oo, (3.6)
B Nbe B\Be
and the same holds for C;. The constants C; appear in upper bounds and ¢; in lower bounds. Furthermore,
we write e;, ¢ > 1 for error functions that depend on 8, B and on moments of W, and satisfy

limsupe;(5,B) <oo and lim e;(8.,B) =0. (3.7)
B\ BN\0

Here, the subscript ¢ is just a label for constants and error functions.
Further, we introduce the following notation that will be used extensively in the following:

a(B) = Sgﬁéﬁ]). (3.8)

Proposition 3.3 (Upper bound on z*). Let § > (. and B > 0. Then, there exists a C1 > 0 such that

2* < \/E[W]sinh(B)B + sinh(8)vz* — C12*, (3.9)

where & takes the values as stated in Theorem 2.10. For T =5,

2* < \/E[W]sinh(8)B + sinh(8)vz* — C12*3log (1/2*). (3.10)

Proof. We frequently use that tanh(B) < B. A Taylor expansion around z = 0 gives that, for some
¢ €(0,z),

tanh(z + B) = tanh(B) 4 (1 — tanh?(B))z — tanh(B)(1 — tanh?(B))z?

—~

1
- 5(1 — tanh?(¢ + B))x® + tanh(¢ + B)(1 — tanh?(¢ + B))2®
1 4
<B+ux— §x3+§tanh(:r+B):):3, (3.11)

where we also used that tanh(z) < 1. If we now assume that z + B < atanh%, then
L s
tanh(x + B) < B+z — il (3.12)

We apply this result to (2.23) where 2 = «(8)Wz*, which we force to be at most atanh% by introducing
an indicator function as follows:

2 <E[(B+a(B)Wz")a(B) W]
+E [{tanh (a(B)Wz"+ B) — (B + a(B)Wz")} a(B) W]l{a(ﬁ)Wz*—&-Bgatanh%}} ; (3.13)

since tanh(B + z) < B + x. Hence, using (3.12),
z* < y/E[W]sinh(B)B + sinh(5)vz" — ga(ﬁ)4E W4]1{a(ﬁ)Wz*+B§atanhé}] 2*3, (3.14)

12



For E[W*] < oo, this is indeed of the form (3.9) and we are done. If 7 € (3,5), then it follows from
Lemma 3.2 that

T—5
4 a(B)
E (W' Bcatannty] = i (Mé_mz) : (3.15)
which proves the proposition for 7 € (3,5). The proof for 7 = 5 is similar and we omit it. O

We now proceed with the lower bound:

Proposition 3.4 (Lower bound on z*). Let 8 > . and B > 0. Then, there exists a ¢y > 0 such that

z* > /E[W]sinh(B)B + sinh(8)v z* — ¢12*% — Bey, (3.16)
where § takes the values as stated in Theorem 2.10. For T =5,
z* > /E[W]sinh(8)B + sinh(B)vz* — ¢12** log (1/2*) — Be;. (3.17)

Proof. As in (3.11) we can bound
1
tanh(x + B) > B+ z — §:L'3—B(B+Bl'+l‘2), (3.18)

where we have used that B — B? < tanh(B) < B. For E[W*] < 0o, we can immediately use this to obtain

z* > /E[W]sinh(B8)B + sinh(8)vz* — ¢12** — Bey, (3.19)
where .
€1 = ;smh?(ﬁ)i%j, (3.20)
and ‘ 3/
e1 = B\/E[W]sinh () + Bsinh(8)vz* + (sg?é/,ﬁ}’)) E[W?3]2*2. (3.21)

All terms in e; indeed converge to 0 in the appropriate limit, because of Lemma 3.1.
For 7 € (3,5), we rewrite z* as

z* = y/E[W]sinh(8)B + sinh(5)vz*

+E [{tanh (a(8)W2* + B) — (B+ a(B)Wz")} a(B) W (Lgw<iyoy + Dpws1say) |- (3.22)
The case where W < 1/z* can be treated as above. This gives

E[{ tanh (a(8)Wz* 4+ B) — (B + a(B)Wz¥) }a(ﬁ) Wiliw<i)24

1. .5 I[’S[VVLlIl{Wq/z*}] 3
> _ - = - :
>3 sinh? () B2 z Bes, (3.23)

where

E[W2]1 w z* ] * *
E‘%WT” B b aBPEW ey ]2 (3.24)

ez = Ba(B)E[W gy <y/.+y] + Bsinh(f)

By Lemma 3.2,
E[W4]1{W§1/z*}] < C'4,7'25*7-757 (325)
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so that indeed (3.23) is bounded from below by

—c22*"? — Bes. (3.26)
with ) o
o c 1.2 4,7
co = gsmh (6)E[W]2 (3.27)

Using Lemma’s 3.1 and 3.2, one can also show that all terms in es indeed converge to 0 in the appropriate
limit.
It remains to bound the term where W > 1/z*. For this we use that tanh(z + B) > 0:
E [{ tanh (a(8)Wz* 4+ B) — (B + a(B)Wz¥) }a(ﬂ) Willgyws1/z4

E[W? L1204

> —sinh(p) B[] z* — Bes, (3.28)
where
es = a(B)EWi>1/4]- (3:29)
By Lemma 3.2,
E[W2]1{W>1/z*}] < CQVTZ*Tig, (3.30)
again giving the right scaling. As a consequence (3.28) is bounded from below by —c32*"~2 — Bes with
1 . 02,7'
c3 = §s1nh(6)E[W]Q. (3.31)
Similarly,
es < a(B)Ch 2" 2, (3.32)
which indeed converges to 0. We conclude that (3.16) holds with ¢; = ¢3 + ¢3 and e; = e + e3. O

The upper and lower bounds on z* in the previous two propositions allow us to prove that the critical
exponents take the values stated in Theorem 2.10:

Theorem 3.5 (Values of 3 and §). The critical exponents B and § equal the values as stated in Theorem
2.10 when E[W?] < oo and 7 € (3,5). Furthermore, for T =5 (2.31) holds.

Proof. Proof for exponent 3. We start by giving upper bounds on the magnetization. From (2.22) it
follows that

M(5,B) = E[tanh (a(8)Wz* + B)] < B + /E [W]sinh (8)z". (3.33)
We first analyze 3 and hence take the limit B \ 0 for § > .. This gives

M(B,0%) < v/E[W]sinh (8)z, (3.34)

where we write 2 = limp\ o 2*. Since M(3,07) > 0 by the definition of j., the same must be true for z.
We will deal first with the cases 7 € (3,5) and E[W*] < co. Taking the limit B \, 0 in (3.9) and dividing
by z;, we get for 7 # 5

C123°71 < sinh(B)v — 1, (3.35)

and hence, observing that 3 =1/(6 — 1),

25 < C7P (sinh(B)y —1)P. (3.36)
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From a Taylor expansion of sinh(3) around 3. = asinh(E[W]/E[W?]) it follows that

sinh(B)v — 1 < cosh(B)v (B — Be)- (3.37)
Hence,
M(3,07) < \/E[W]sinh (8)C; ? (cosh(8)v)” (8 — 8.)°, (3.38)
so that it is easy to see that
lim sup M(B,07) < 00 (3.39)

aNBe (B—Bc)P '

The lower bound can be obtained in a similar fashion. Starting from tanhxz > 2 — 2% and taking the limit
B\, 0 for g > (. in (2.22), we obtain

M(B,0%) > /E[W]sinh (8)z} — sinh(8)vzs?. (3.40)
Again, starting from the lower bound (3.16), taking B \, 0 and dividing by z{
25> ¢y (sinh(B)r — 1)P, (3.41)
and, by a Taylor expansion around [,

sinh(8)v — 1 = cosh(B.)v(8 — Be) + O((B — B.)?). (3.42)
Using (3.36), (3.41) and (3.42) in (3.40) we obtain:

M(8,0%) > /E[W]sinh (B)e;? [cosh(Be)v(8 — B.) + O((B — Be)?)]”
— sinh(8)rCy 2 [cosh(Be)v(B — Be) + O((B — 8:)%)]*7 (3.43)

which shows that also

. M(B,07)
0< hﬁn\l‘lﬁrif CETALE (3.44)

concluding the proof for the exponent 3 in the cases 7 € (3,5) and E[W?] < co . In the case 7 = 5 we
can prove the upper bound for M(3,0") in a similar fashion, i.e., taking the limit B \, 0 for 8 > f3. of
(3.10) and dividing by z;. This yields to

w2 _ sinh(B)v —1 _ cosh(B)v(B — Be) ~ (B —Be)
W= Clog(1/7) = Crlog(l/zg) = C log(1/zg)

where (3.37) has been used in order to obtain the second inequality and cosh(/) has been bounded in a
right neighborhood of 3. to obtain the third inequality. Since x — 1/log(1/z) is increasing in (0,1) and
25 < C(B— BC)% for some C' > 0,! form (3.45) we obtain:

*2 < 6(/8 — BC)

(3.45)

zn- < . 3.46
"= Cilog(1/1CB - A7) (340
The previous inequality together with (3.34), proves the upper bound
M(B,0%
lim sup (8,07) < 00. (3.47)

B\ 8- 8. 1/2
(10g(1/(5 - Bc))>

!The proof of 2§ < C(B — Bc)% can be obtained by rewriting (3.45) as —zg2 log 252 < k(8 — B.), for some k > 0. Since
w < —wlogw for w < 1/e, we conclude that for 8 — 8. > 0 small enough, the previous inequality gives 25> < k(8 — f.).
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The lower bound can be obtained in the same way. Indeed, from (3.17) in the limit B — 0, we obtain, for
some positive constants C' and C

252 > Slnh(ﬁ)lj _*1 > 5 (5 - ﬁc*) > 6 (/8 - 50) ’

C1log(1/7)) log(1/z5) log(1/(8 — Bc))

where, once more, we have used that z — 1/log(1/z) is increasing in (0,1) and the bound z§ > C(8 —
B:)Y/ (=9 for some C' > 0 and any 0 < € < 2.2 The previous inequality plugged in (3.40) gives

M +
lim inf (8,07)

BN\Be < B — B. >1/2
log(1/(8 — Be))

concluding the proof for 7 = 5. OJ

(3.48)

> 0, (3.49)

Proof for exponent §. We continue with the analysis for 4. Setting 8 = (. in (3.9), we obtain
#*(Be, B) < (C1+/E[W])"5 BY/. (3.50)
Using this inequality in (3.33) with 8 = ., we obtain

M(B,B) < B+ =TS B, (3.51)
which proves that
lim sup M{(B., B) < 00 (3.52)
B0l B/
since 6 > 1. Inequality (3.16) with 5 = [, gives
1/6
(B B) 2 e ° (EW] - e1<ﬁc,B>> B (3.53)

This estimate, along with (3.50), will be used in the lower bound of the magnetization at 5 = /3. obtained
by tanhz > z — z2:
EW
M(f.,B) > B + IEE[W]Q](l — 2B)2* (e, B) — 2* (., B)* — B2, (3.54)

giving, for B > 0 small,

1/6
M(B.,B) > B + M<1 —2B)¢;° ( - elwc,B)) B'/®

VE[W?] E[W?]

— (C1/E[W])~2/9B2/% _ B2, (3.55)

Recalling that limp\ g e1(5., B) = 0 and d > 1, the previous bound gives

. /Bca 21\—1/6
hgl\lgf B3 > VEW](c1/EW?2)~1 > 0, (3.56)
which concludes the proof for § in the cases 7 € (3,5) and E[W?] < co. The analysis for 7 = 5 can be
performed in a similar way as for 3. O
Proof of Corollary 2.14. The proof can be simply adapted as in [11, Corollary 2.9]. OJ

2The proof of the inequality z§ > C(8 — Bc)l/@_s), for 0 < € < 2 can be obtained starting from the rightmost inequality
of (3.48) combined with the fact that log1l/x < A.x™¢ for all z € (0,1) and any € > 0.
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3.2 Susceptibility: critical exponents v and ~’

We now analyze the susceptibility and compute the critical exponents « and «’. We start by computing

the former under more general conditions than those of Theorem 2.10.

Theorem 3.6 (Value of v). For E[W?] < oo,

E[W]?
E[W?]

. + _ _
,Bh/‘I%C X(ﬁ, 0 )(Bc ﬁ) tanh(ﬁC)a

so that v = 1.
Proof. From Theorem 2.8 it follows that in the one-phase region, i.e., for 5 < 8. or B # 0,

0

W8.B) = 2 0(5,B) = E [(1 Loz

0B

~ 9B
We can also compute the derivative of z* by taking the derivative of (2.23):

0z*
0B

=F Ka(ﬁ)w + a(6)2W2g§> (1 — tanh? (a(B)W2* + B))] .

> (1 — tanh? (a(B)W2* + B))] :

(3.57)

(3.58)

(3.59)

If we take the limit B \, 0 for 5 < (., then the tanhQ(-) term vanishes, since by definition of 3. it holds

that z5 = limp\ 9 2" = 0. Hence, if we write

oz .0
o8 ~ a5~ (4 B).

then (3.59) simplifies to
0z5 _ _ 0z
9B E[W]sinh(B) + Slnh(ﬁ)yaB :

. oz .
Solving for TZB? gives

dz5  +/E[W]sinh(B)
OB 1—sinh(B)v
Also taking the limit B \, 0 in (3.58) and using the above gives

E[W]sinh(p)

x(8,07) =1+ 1 —sinh(B)v’

From a Taylor expansion around f,., we get that

sinh(8.) — cosh(B.) (8. — B) < sinh(B) < sinh(5.) — cosh(8)(5. — ),

so that

E[W]? sinh(3)
(W] cosh(fe) (Be — B)
since sinh(f5.)v = 1. Hence, (3.57) follows.

E[W]? sinh(3)
[W?] cosh(B)(Be — B)’

1 < <1
+ g < x(B,07) < tg

We now analyze v:

Theorem 3.7 (Value of 7). For W satisfying Condition 2.4 with E[W4] < oo or with T € (3,5),

v =1.
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Proof. We split the proof into the two cases that cover the hypotheses of the theorem.

(a) Proof under the assumption E[W*] < co. We are now in the regime where 3 > S, so that z > 0.
We start from (3.59), take the limit B \, 0 and linearize the hyperbolic tangent. In order to control this
approximation, we define g(z) = 22 — tanh?(z) and remark that on the basis of our assumption on W, we
have that E[(W?2 Vv 1)g(W)] < co. It will be useful also to factorize g(x) = x*k(x) with k(z) = O(1) as
x — 0, so that we also have E[W%k(WW)] < oo. This gives

o =8 |(a(aW + (w250 ) (1 = vt a7 5)|
= /E[W]sinh(5) — e, + gzg (sinh(B)v — a(B) E[W1]25?) +
FE|(GalaP W 4 ) g (ala)W5)] (3.67)
where
sin 3/2 :
o = ( E%» E [W?] 252 (3.68)
Solving (3.67) for % gives
0z5 E[W]sinh(B8) — ey — E [a(B)W g (a(B)W 25)]

0B ~ 1= sinh(B)v + a(B)* BV =% — E[a(8)W2g (a(5)W=5)) 309

To analyze (3.69) we use the lower and upper bounds in Propositions 3.4 and 3.3 Taking the limit B \, 0
in (3.16) with 6 = 3, ¢; given in (3.20) and dividing by 2§, we obtain

EW]? 1
E[W4] sinh?(3)

22 >3 (sinh(B)r — 1). (3.70)

Taking the same limit B \, 0 in (3.14) and dividing by 2§ we obtain also

E[W]?

*2
zy° < 6 ;
0 EW* o 5w 2+ <atannly] sinh?(3)

(sinh(B)v —1). (3.71)

By Taylor expansion,

sinh(8)v — 1 = cosh(Be)v(8 — Be) + O((B — B.)?), (3.72)
we conclude, from (3.70), (3.71), and the fact that E[W4]l{a(,8)Wz*§atanh§}] — E[W*) as 8 — B, that 232 =

O(B — B¢). Using this, we can now evaluate the terms in numerator and denominator of (3.69) as § — f..
The first term in the numerator has a non vanishing finite limit, while ey = O(5 — .). The third term (ig-
noring the irrelevant multiplicative factor al(8) ) is E[Wg (a(B)W )] = a(B)*25* E [W5ok (a(B)W 23)| =
O((B — Bc)). Indeed, since k(z) < -,

a(B) !  E [Wok (((B)W 25)] < a(B)’E [WF] 252 = O(8 — Be). (3.73)
Let us now consider the denominator and define
D(B) := 1 —sinh(B)v + a(B) E[W]252. (3.74)
By (3.70), (3.71) and (3.72),
2cosh(Be)v(B — Be) + O((8 = Be)?) < D(B) < (a(B) — 1) cosh(Be)v (B — Be) + O((B — Be)?),  (3.75)
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where a(f3) is a function that converges to 6 as § — [.. Thus, from the previous display we obtain
D(B) = O(B — B¢). The fourth term in the denominator of (3.69), again discarding an irrelevant factor
and arguing as before, is E [W2g (a(B)W2§)] = a(B)*25* E [WOk (a(B)W 2g)| = O((B — B¢)?). Therefore,

summarizing our findings,

0z _
o5 = OB =87 (3.76)

From (3.58), the upper bound follows using (3.76):
x6.0) < E| (1+a@wiE)] < 14 m@EWION - 57 3.77)

Similarly, for the lower bound we use that 1 — tanh?(x) > 1 — 22 for every 2, we obtain

x(8,0) = E [(1 + a(ﬁ)W?ﬁ) (1 a(5)2w2z[§2)]

0B 0B
=1+ /sinh(B)E[W]O((8 — Be) ") — sinh(B)vO(B — Be) — a(B)°EW?]O(1), (3.78)
again starting from (3.58), using (3.76) and z5* = O(8 — B.). From (3.77) and (3.78) we obtain

0 < liminf x(8,0%)(8 — Bc) < limsup x(8,07)(8 — Bc) < oo, (3.79)
BN\Be 8

Be

proving the theorem in the case that E[IW*] < oo.

(b) Proof for W satisfying Condition 2.4 (ii). Now we generalize the previous proof in order to
encompass also the case of those W whose distribution function F(w) = 1 —P(W > w) satisfies Condition
2.4(ii). We start by defining

hg,p,+ (w) = tanh (awz* + B) aw — a’w’z*, (3.80)
where the dependence of « on 5 has been dropped, and rewriting (2.23) as
2* = Elhg g (W) + o> E[W?]. (3.81)

Using integration by parts,

+o0 +oo
E [hg, B, (W)] :/0 hg.B2+ (W)dF(w) = —/0 hg.B2+(w)d(1 — F(w))

— — lim_[hgpe- (w)(1 — F(w))] + hg - (0)(1 — F(0)

w—r—+00
+o0
+/O W o+ (w)(1 — F(w))dw. (3.82)
The boundary terms in the previous display vanish and therefore
+oo
!/
Bl W) = [ Mypae ()1 = Pl (3.83)
Taking into account that the power law of Condition 2.4(ii) holds for w > wg, we write the previous
integral as

E[hsp..-(W) = G(8, B,2") + J(8, B, "), (3.84)
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where
. wo _ “+o00
G(3.B.#") = [ My )1 = Flu)dw, J(G,B,2)i= [ W)l = Flw))dw. (389

Therefore, (3.81) can be rewritten as
2*=G(B,B,2*) + J(B,B, 2*) + 2 E[W?]. (3.86)

Now we take the limit B 0 in the previous equation. Recalling that zgj := limp\ g 2z* > 0, and since the
following limits exist:

Jim G(8.B,2) = G(8,2).  Jjm J(8.B,2") = J(8,) (3.87)

by bounded convergence, then we arrive to
5 = G, 2) + J(5, ) + a>EIW?). (3.89)
In the next step we bound J(3, z). From the definition of J(8, B, 2*) in (3.85), and Condition 2.4(ii),
+00 _ too
CW/ Wg B o (w)w™ " Vdw < J(8,B,z*) < CW/ Ws B o (w)w™ " Dduw. (3.89)
wo wo
Applying the change of variable y = az*w leads to
+00 +00
/ Wy o (w)w™ T Vdw = of_lz*TQ/ [tanh(y + B) — ytanh®(y + B) — y] y~ T Ddy.  (3.90)
wo awoz*

Therefore, denoting

_ +oo
I(8,B,z") := / [tanh(y + B) — ytanh®(y + B) — y] y~ Ty, (3.91)
awoz*
we can rewrite (3.89) as follows:
ewa 1 T2I(B, B, 2*) < J(B, B, 2*) < Cya T 2T 2I(B, B, ). (3.92)

Since, again by bounded convergence,

— +OO
Jim 1(3,B,2") = / [tanh(y) — y tanh®(y) — y] y~ " Vdy =: 1(8, 25), (3.93)
awozg
we obtain from (3.89) that
cw LT I8, 28) < J(B,2)) < Cwa Tr2TT2I(B, 2. (3.94)

On the other hand, since tanh(y) — y tanh?(y) — y < 0 for y > 0, we also have
+00
br) = [ ytanh®(y) + y — tanb(o)ly ™"y < ~1(5,2)
1

+o0
< /0 [y tanh?(y) 4+ y — tanh(y)]y~ " Vdy =: K (7). (3.95)
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Therefore, from (3.88), (3.94) and (3.95),
2> G(B,2) — ewa LT K (1) 4+ o2 E[W2) (3.96)

and
2 < G(B, 28) — Cwa 1287 2k(7) + a2 E[W?2). (3.97)

The next step is to control the behaviour of G(f, z5) as 8 — [.. We start by showing that G(, z§) is
O(283) as B — B.. From the definition of G(8, z3),

wo
G(B,z5) = / [—a®25w — tanh? (azjw)a® 25w + atanh(azgw)] (1 — F(w))dw. (3.98)
0
Since the function between the square brackets is negative for y > 0 and decreasing, we have

wo
0 >G(B,25) > [~ wozy — a*wozg tanh? (awozy) + atanh(awgz{;)]/ (1 — F(w))dw
0

2 4,3 %3

4
wozg tanh? (awpzg) + atanh(awezd)] = —=atw?25% + O (%) (3.99)

> [—awoz — a 3

where the last equality is obtained by Taylor expansion.
Thus, the previous inequality implies that G(5, z5) = O(z{;?’). Again, from (3.96) and (3.97) dividing
by zg,
1 - o’EW?) > 27 (G(B, )T — cWaT_lK(T)), (3.100)
and
1—o®E[W?] < 257 3(G(B, 25) 25> " — Cwa” k(7)). (3.101)
Since G(B,23)252 ™ = O(25°™") and 7 € (3,5), the previous inequalities together with (3.72) imply that

270 = 0(8 = ) as B\ B
Next, we consider the derivative of zj. Again, taking the limit B N\, 0 for 5 > 8. of (3.59) we obtain

0z QE[W] — aE[W tanh?(aWW 28)]
OB 1 — a2E[W?] + o2E[W?2 tanh?(aW %)

(3.102)

Since the numerator has a finite positive limit as 8\ S (in particular, the second term is vanishing), we
will focus on the denominator

Dy(B) := 1 — o*E[W?] + o®E[W? tanh?(aW 23)]. (3.103)
We start by decomposing the average
E[W? tanh?(aW z5)] = E[W? tanh®(aW z5) Ly <yey] + E[W? tanh? (W 25) Ly o) (3.104)
and analyze the two terms separately. The first one can be bounded as follows
0 <E[W? tanh2(aWZS)]l{WSw0}] < QPwgzg? (3.105)

showing that
2
E[W?2 tanh?(aW z5) Ly <u)] = O(z2) = O((8 — 8)73), (3.106)
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with the exponent satisfying 2/(7 — 3) > 1 since 7 € (3,5). The second term can be treated with the
integration by parts formula

E[W? tanhQ(aWzg)]l{W>wO}] =— wEIEOO[U)Q tanh?(awzd) (1 — F(w))]
“+oo
+ w3 tanh? (qwozg) (1 — F(wo)) + / a?U[wQ tanh?(qwzy)|(1 — F(w))dw. (3.107)
wo

Since 7 > 3, from Condition 2.4 we conclude that the limit in the previous display vanishes. It is also
simple to see that

w3 tanh?(qwozg) (1 — F(wo)) = O(252) = O((B — 56)%). (3.108)
From (3.103) and using (3.104), (3.106), (3.107), (3.108), we can write
Ds(B) = Da(B) + O((8 = B)75), (3.109)
with
- 2 2 2 [0 [ 2 *
Dy(B) := (1 — «"E[W?]) + « / 8—w[w tanh*(awzg)|(1 — F(w))dw. (3.110)

The second term in the r.h.s. of (3.109) is O((8 — B.)®) with s > 1, therefore we can forget it since the
first term of Dy(3) is O(B — B.). Now we focus on the second term of Do(f3).

By using (2.7) and applying the change of variable y = az*w, we can bound the integral in the last
display as

+oo
/ iw[w2 tanh?(awzy)](1 — F(w))dw < Cya” 32573 M(71), (3.111)
wo
where oo
M(r) = / [2y tanh?(y) + 2y* tanh(y)(1 — tanh®(y))] y~ Dy, (3.112)
0

and the bound in (3.111) is obtained thanks to the positivity of the integrand. The convergence of the
integral is ensured by the fact that this function is O(y*~") close to y = 0 with 1 > 4 —7 > —1 and is
O(y~"t2) as y — oo with —7 4+ 2 < —1. In a similar fashion, we can also obtain

+o0o
/ %[w2 tanh?(awzy)](1 — F(w))dw > cwa”™ 2257 2m(71), (3.113)
wo
with o
m(T) = / [2y tanh?(y) + 2y* tanh(y)(1 — tanh?(y))] y~ T Dy, (3.114)
€

for 3 sufficiently close to S.. At this stage € > 0 is an arbitrary fixed quantity that will be chosen later
(but independently of 8). By (3.96) and (3.97),

G(B,#)2 " — (1 — o®E[W?]) G(B,25)5 " — (1 — o”E[W?))

K << a0 , (3.115)
which, substituted in (3.111) and (3.113), gives
m(T m(T Feo
G(B, 25) =t KET; - (1- QQE[WQ])KET; <a? /wo ai}[w2 tanh?(qwzd)](1 — F(w))dw
< G(B, 26‘)26‘1]\:((:)) - (1- aQE[W2])]\:((TT)) (3.116)
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By definition of Da(8),

M(7)
k(7)

) < Dy(B) < G(ﬁ,za>zs—1],f((j)’+<1—a2mwﬂ> (1 -

m(T)
K(7)

m(r)
K(7)

(8. )7 ™0 L (1 ?E[W?) (1 -

m(7)

In the last step of the proof, we show that > 1. This can be done by properly choosing the arbitrary
K(7)

quantity € in (3.114). We will prove the first inequality, the second one can be obtained in the same way.
Starting from (3.95) and (3.114), we introduce the functions K;(7) and mq(7) for a > 0,b > 0 as

too g e oo g —(r—
Ky () ::/b @ [y> —ytanh(y)] y~ " Vdy,  ma(r) ::/ ay [y tanh?(y)] y~ "My, (3.117)

which coincide with K(7) and m(7) for b = 0 and a = ¢, respectively. By applying the integration by
parts formula the two functions can be written as

+oo

Ky(1) = =037 + b*> " tanh(b) + (7 — 1) / (y? — ytanh(y))y " dy, (3.118)
b
+oo

me(7) = —atanh(a) + (7 — 1)/ y2 tanhQ(y)y_Tdy. (3.119)

Since +oo o )

*y? tanh —7d
lim MelT) _ mo(m) _ +~£(; y_tanh (y)y~Tdy (3.120)
oot Kolr) o K(7) 7 [y? — ytanh(y)] y~dy

where the inequality can be proved by observing that 32 tanh?(y) > y? — ytanh(y) for all 4 > 0, then for

any € > (0 sufficiently small,
m(r)
K(7)
Since G(B,23)z"" = O(25%) = O((B — B)®) with s = -22 > 1 and (1 — ®’E[W?]) = O(B — B), with

1 —a’E[W?] <0 for 8> B and close to 8. (see (3.72)), we conclude that 0 < Ds(8) = O(8 — f3.), for the
same values of 8. This proves that

> 1. (3.121)

0%
0 0 =0((B-B)7h. 3.122
<SE 065" (3122)
The previous equation together with ZST_3 = O(B — B.) allows us to conclude the proof along the same

lines of the case with E[W*] < co. Indeed, the upper bound (3.77) is still valid in the present case, since
only the first moment of W is involved. For the lower bound we argue as follows. Since, 1 — tanh?(z) >
1 — tanh(z) > 1 — z for > 0, we have

*
0z

x3.0) 2 & |(1+alawE ) (- a(ews)]

=1 — /sinh(B)E[W]z + /sinh(B)E[W] ?)zg — sinh(3)vz gZBS

=1 — +/sinh(B)E[W]O((8 — )Y ") + /sinh(B)E[W]O((B — Bc) )
— sinh(B)rO((8 — B)THO((B - Bo) ™). (3.123)

The inequalities (3.77) and (3.123) imply (3.79) concluding the proof of the theorem. O
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4 Non-classical limit theorems at criticality: proof of Theorem 2.15

In this section we prove Theorem 2.15. For this, we follow the strategy of the proof for the Curie-Weiss
model (see e.g. [14, Theorem V.9.5]). It suffices to prove that for any real number r

O = = N

As observed in [18], the measure Py is approximately equal to the inhomogeneous Curie-Weiss measure

~ . wiws 1sinh 8 )2
Pulg) = o S glo)e? O e Ty L S gloye? v (e wier)” (4.2)
ZN cEQN ZN cEQN

where g(o) is any bounded function defined in 2, and Zy is the associated normalization factor, i.e.,

~ sinh 8 )2
Iy = Z e% 17y (Zicin wioi) ) (4.3)

gEQN

We first prove the theorem for this measure .ISN, which is the rank-1 inhomogeneous Curie-Weiss model
with g replaced with sinh(g).

For this, we use the Hubbard-Stratonovich identity to rewrite ]SN(exp (r%)) as a fraction of two
integrals of an exponential function in Lemma 4.1 in Section 4.1. We next split the analysis into the cases
E[W?] < oo and 7 € (3,5) in Sections 4.2 and 4.3, respectively. For both these cases we analyze the
exponents in the integrals and use Taylor expansions to show that they converge in Lemmas 4.2 and 4.4,
respectively. We then use dominated convergence to show that the integrals also converge in Lemmas 4.3
and 4.5, respectively. The tail behavior of f(z) for 7 € (3,5) is analyzed in Lemma 4.6. Combining these
results we conclude the proof of Theorem 2.15 in Section 4.4: we first prove the theorem for P, and then
we show that the theorem also holds for Py in Lemma 4.7. Finally, in Section 4.5, we discuss how to
adapt the proof to obtain the results on the scaling window.

4.1 Rewrite of the moment generating function

To ease the notation we first rescale Sy by N* and later set A = /(8 + 1). We rewrite Py (exp <r%)>

in the following lemma:

Lemma 4.1 (Moment generating function of Sy/N*). For B =0,

» Sy B ffooo e~ NGN(z7) g5
PN(exp (rﬁ>> o f_oooo e*NGN(%O)dz’ (44)
where )
r
Guy(zr) = 5,22 —-E [logcosh (aN(ﬁ)WNz + ﬁ)} , (4.5)
with
sinh 3
= . 4.6
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Proof. We use the Hubbard-Stratonovich identity, i.e., we write e’/2=F [etZ ] , with Z standard Gaussian,
to obtain

~ o~ r sinh 3 . _2
ZNPN(eXp (r%)) = Z e N 2ui€(N] Uieéw(ziem wio;)

geQn

- Z eﬁ 2ie(N] YR [eW(ziGW] wiai)z] (4.7)

O'EQN

= QNE[ H cosh ( SiEthZZ + %)} —9oNg [ezie[N] log cosh (WwiZJFNTA)}
i€[N] N

We rewrite the sum in the exponential, using the fact that Wy = wy,,, where Uy is a uniformly chosen
vertex in [N], as

ZNIBN(exp (r%)) :2NIE{eXp{N]E {logcosh( ]\E%WNZ—FA;) | Z]H

2N 00
= — e
V21 J—x

By substituting z/v N for z, we get

Zx Py (exp (r%)) = 2N\/Z/O; e~ N=2/2 exp {NIE {log cosh (aN(,B)WNz + %)} }dz

[N [ .
=2/ / e NONGT) .z, (4.9)

In a similar way we can rewrite

/2 oxp {NIE [logcosh (aN(B)WN\/% + %)] }dz. (4.8)

s

~ N [ .
Zy =2N— / e NON(=0)q 2, (4.10)
so that the lemma follows. O

4.2 Convergence for E[WW?] < 0o

We analyze the asymptotics of the function Gy (z;7):

Lemma 4.2 (Asymptotics of Gy for E[W4] < 00). For 8= B.n, B=0 and E[W?] < oo,

EwW] , 1 EWY ,

; 1/4. ) —
]\}gnOONGN(Z/N M) = —zr > + EE[WQPZ . (4.11)
Proof. Taylor expanding log cosh(z) about x = 0 gives that
z? 1 4 6
log cosh(z) = 7 13 + O(z°). (4.12)

We want to use this to analyze NGy (z/N'*;r) and hence need to analyze the second, fourth and sixth

Sinhﬁch z T
moment of 4/ E[Wn] Wy + 7=
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The second moment equals, using that A = §/(6 + 1) = 3/4,

22

VN

_ 2 o BN
_\/N+2N . (1/N), (4.13)

where we have used that sinh .y = 1/vy in the second equality.
For the fourth moment we use that by assumption the first four moments of Wy are O(1). Hence, for
all r,

r2

N N6/4

[ (cn (Ben) Wi + 305 ) | = Sinh fvw —e -+ 2y fSinh B NE[IVA] 5

r \4]  sinh® BC,N A 1 1 1 1
|:(04N(66N)WNN1/4 W> } = TE 2 EWy ]N +O(N3/4+A T Ne/ares T NijAras N4/\>
B E[Wﬁ] 24
ey o). (4.14)

For the sixth moment, we have to be a bit more careful since E[W] is potentially infinite. We can,
however, use that

N N
1 1
E[WS] = + > uf < (glfafcwiﬁﬁ > wi = (maxw,)’E[W] (4.15)
i=1 i=1

It can easily be seen that max¥ | w; = o(N'/*) when Wy 2, W and E[W2] — E[W?] < co. Hence,

61 sinh® g, 20 o(NVAE[WE] 26
KO‘N(BCN)WNNUA!) ] - E[Wff [WG]NGM - IE[M)/J%][?’ ]N6/4 = o(L/N). (4.16)

In a similar way, it can be shown that

E[ (o (Ben)Wa o + )6} — o(1/N). (4.17)

N1/4
Putting everything together and using that the first four moments of Wy converge by assumption,

. Vi) — g (YN 2 ’
A}gnooNGN(z/N ;7) = lim ( 5 2> — NE [logcosh (aN(BCN)WNN1/4+ )])

N—oo

EW] 1 EWY ,

_ 1 4.18
o 12E[W?)2” (4.18)
O
From Lemma 4.2 it also follows that the integral converges as we show next:
Lemma 4.3 (Convergence of the integral for E[W*] < oo). For 8= f.n, B =0 and E[W?%] < ,
oo » oo . EW] _ 1 EW?Y 4
lim [ e NOw(/NVA) g, / o VT RIS g (4.19)
N—oo J_ o — o0

26



Proof. We prove this lemma using dominated convergence. Hence, we need to find a lower bound on
NGy (z/NY% r). We first rewrite this function by using that

oot 2 ()] -4 ()" =

Hence,

Gn(z/NY4r) =E |:;O[N(ﬂc,N) w2 (Nj/4)2 log cosh (aN(BCN) N21:/4 v )}

=F B (aN(BCN)WNN1/4) — log cosh (aN(ﬁc N) Wy N1/4>] (4.21)

_F {10gcosh (aN(ﬂc N)Wy—— N1/4 %) log cosh (aN(,BcN)WN N1/4)}
Since 32
dmz(

22 — log cosh z is convex and we can use Jensen’s inequality to bound

z? —logcoshz) = 1 — (1 — tanh?(z)) = tanh?(z) > 0, (4.22)

1

the function 3

1

Bl

(aN(ﬁc N) W N1/4> — log cosh (aN(BC N) Wy N1/4)}

1 2
> 5 (aw(Bem)EMWn] 777) — logcosh (a (B EIWy] 77 )

1 E[Wy] 2z \2 E[Wy] =z
—§< e N1/4> —logcosh( e N1/4)' (4.23)

As observed in the proof of [14, Theorem V.9.5|, there exist positive constants A and e so that

%xQ —logcoshx > d(x) := { zz;l: igi {i; i ﬁ’ (4.24)
To bound the second term in (4.21), we can use the Taylor expansion
log cosh(a 4+ ) = log cosh(a) + tanh(&)zx, (4.25)
for some ¢ € (a,a + x), and that |tanh(¢)| < |¢| < |a| + |z| to obtain
E[log cosh(aN(ﬂc NIWy—— N1/4 + L ) log cosh <aN(BC N)WNN1/4>:|
< EH log cosh (aN(BC N)Wy——+ N1/4 + ) log cosh (aN(BC N) Wy N1/4> H
< E[(‘O‘N(BCN)WNNU4‘ u >]|\7;u = aw(ﬁc,N)E[WN]]\% + ]\7;2,\
— E[WN”Z]\?’ + ]\;“3/2. (4.26)

Hence,

o~ NG (z/NY4r) . E[Wy]
N < exp ,/ vy N1/2 Nd( - N1/4)}’ (4.27)
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which we use as the dominating function. Hence, we need to prove that the integral of this function over
z € R is uniformly bounded. We split the integral as

> |E[Wy] 72 IE[WN] z
/_ooexp{ e |zr| + N1/ —Nd( N1/4)}dz

_ [WN]

_/‘/E[WN]M‘S exp{ N1/2 _Nd N1/4
VN N

|E [ ~) EWN
/\/m exp{ |zr| + W_Nd( N1/4 dz . (4.28)
VN N1/4

The first integral equals

E[Wy] r EWx]* 4
‘/QE391N34<Aexp{x/meZT*JVU?gEnvaz )y (4.29)

which clearly is uniformly bounded. The second integral equals

/’ EWxl - eXp \/7‘ N12/2_€ [,I/VN] 2”)} (4.30)

VN N1/4
_ 1 E[Wy] |yr| r? E[Wy] 2
B N1/4/‘ By eXp{ vy N1/4 JrNl/2 - c Un 4 )}dy’
YN N

|zr| +

where we have substituted y = zN/4. This converges to zero for N — 0o, because the integral is uniformly
bounded.

Together with the pointwise convergence proved in Lemma 4.2, this proves Lemma 4.3. O

4.3 Convergence for 7 € (3,5)

We next analyze Gy (z;7) for 7 € (3,5), assuming Condition 2.5.

Lemma 4.4 (Asymptotics of Gy for 7 € (3,5)). Assume that Condition 2.5(ii) holds. For B = BN,
B =0 andT € (3,5),

E E[W
lim NGy(z/NYT V. p) = —zr W] +f ( [ ]z> , (4.31)
N—o00 1% 14
where f(z) is defined in (2.37).
Proof. Define the function
1
g(w, z) = 3 (an(Be.n)wz)? — log cosh (ay (B n)w2), (4.32)
so that we can rewrite, in a similar way as in (4.21),
NGy (z/Nﬁ;r) — NE[g(Wy, 2/N7T)] (4.33)

— NE [log cosh (

1 z T 1 z
W, — ) =1 h W, .
NCIHRA== D) %“SQﬁmeN&ﬂ
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By the definition of Wy, we can rewrite

N
_ 1 —
Elg(Wy, 2/NYT)] = 53 glws, 2/NHT), (4.34)
i=1
With the deterministic choice of the weights as in (2.8),
1 w;z 2 W; 2
. =1y - = i _ !
g(wi, 2/NY) = 2 (an(Ben) 70—y ) — logeosh (e (Ben) 17705

2
1 1 Cw? 1 Cw?
== —1 h . 4.35
! (mw z’l/“”) o <¢E[W§] z’l/“‘”) -

From this it clearly follows that, for all ¢ > 1,

2
1 1 Cw? 1 Cw?
; , =1y = = w _ w
A}l_rgo g(w;, z/N ) 5 < B2 Z'l/(rl)) log cosh < B2 Z'l/(71)> . (4.36)

It remains to show that also the sum converges, which we do using dominated convergence. For this, we
use a Taylor expansion of log cosh(z) about = 0 up to the fourth order

2 4 2 4

logcoﬁﬂx)::%?—%(—2—%2tanh%f)%—Gtanh%f)ﬂ,—tanh%f)» T2 %?"Ii’ (4.37)
for some & € (0,z). Hence,
1 1 o 1 4
ol SN < ( E[W2] il/cgﬁz”> ~ 12E[WP + o(1) Z,Ef;("f)n. (438)
Since 7 € (3,5), it holds that 4/(7 — 1) > 1, so that
N
z\}i—lgo ; 112E[W2]21+ o(1) z'(élc/l(vj)n =00 (4:39)
We conclude that
N 0 2
J&iillm;g(wiaz/Nl/(Tl)) = P % < E?W2] Z’l/c(liil)> — log cosh ( EEWZ] il/c(iiil)>
_ < E[sz> , (4.40)

where in the last equality we have used that E[W] = cw:—:l This is in turn a consequence of the following

5-
explicit computation giving an upper and lower bound on E[Wy] matching in the limit N — oo. An upper
bound on the first moment is given by

Lgn, () N Py =2 Ry,
E[Wy] = N ZCw = =cyN 71 chl <ecpyN —1(1 +/ ) di
— 1

=1 =1
T—1 1 T2
= — N1 4.41
o T ’ (441)
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and a lower bound by

r—2 [N -1 —1_
E[Wy] > chT?/ VDG = T e, TN (4.42)
1 T—2 T—2
From this it indeed follows that 1
_—
E[W] = A}gnooE[WN] = Co——p- (4.43)
To analyze the second term in (4.33), we can use the Taylor expansions
log cosh(a 4 ) = log cosh(a) + tanh(a)x + (1 — tanh?(¢))z>
= log cosh(a) + (a — tanh ¢(1 — tanh? ¢)a?)z + (1 — tanh?(¢))a?, (4.44)
for some £ € (a,a + x) and ¢ € (0,a). This gives
1 z r 1 z
NE | log cosh W + — ) — logcosh W
[oseosh (s + ave) st ()
_ [WN] z 2 2 ]. 22 T
- N —. 5 — NE[tanh (1 — tanh? OWE] - B oD N
2
”
+ NE [(1 - tanh2(§))} 5
E
= JEIL o), (4.45)
Un
where the last equality follows from A = Z=2 and 7 € (3,5). O

Again it follows that also the integral converges:

Lemma 4.5 (Convergence of the integral for 7 € (3,5)). For 8 = f.n, B=0 and 7 € (3,5),

[e's) EW] _ E[W]
lim [ e NGNG/NYIing, / SV (V% Z)dz. (4.46)
N—oo J_ — 00

Proof. We again start from the rewrite of Gy in (4.21). As before,

I A A | w? \2 1 »
NE[g(Wy, z/Nfil )] = Z; [5( T il/C(T:)> — log cosh ( BIE) il/c(_r:)ﬂ, (4.47)

where it is easy to see that the summands are positive and decreasing in 7. Hence,

NE[g(Wy, 2/N7T)] 2 /N [l(ﬁyw 5)

We want to use (4.24), and hence split the integral in the region where | ———

— log cosh ( ! Cw? )} dy. (4.48)

VEDVRI 57D

7%y | is bigger or smaller

w/IE[ 21y
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than A. This gives

1 2 22 (AWY_I ch A N 1
NE[g(Wy,z/N7T1)] > SEG;VJ%] /1 y771 dy—f—sE[ w2 /(A\c/jml/Z ) -1 y% dy
. 2?2 r—1 <(A\/IW)T—3 )
- E[W2]T -3 CwlZ|
_ izt r—1 (N_i—_; (A\/7> (5- T))
E[W2]5 — 1 Cwl?|
= k2|70 — ko2? — 0(1)2* + ks2)P 7, (4.49)
for the proper constants ki, ko, ks > 0. Since 9 — 7 > 4,
/OO ekl =D ko 22 (1) ks 2P g oo (4.50)

Together with the pointwise convergence in the previous lemma, this proves this lemma for r = 0. For
r # 0, the proof can be adapted as for the case E[W*] < oc. O

We next analyze the large x behavior of f(x) arising in the density of the limiting random variable:

Lemma 4.6 (Asymptotics of f for 7 € (3,5)). For 1 € (3,5),

flx)y  (r—2\T" [® 1 1
xlin;o e 1= -1 ) W — log cosh m dy < Q. (451)

Proof. We first prove that the integral is finite. For this, define

1
h(y) = 51/2 — log cosh y, (4.52)
so that h(y) > 0. Then,

- 71 1 h 71 dy = b h 71 d 4.53
o \oy2/r—1) T OBy J T g ) Y (4.53)

Since log coshy > 0, we have h(y) < %yQ, and hence

1 1
< . .

h (yl/(T—l)) - 2y2/(7'—1) (4 54)

This is integrable for y — 0, because 2/(7 — 1) < 1 for 7 € (3,5).

Using (4.37), for y large,
1 1 1
R N N
h <y1/<r1>) S 12y (455)

This is integrable for y — oo, because 4/(1 — 1) > 1 for 7 € (3,5).
To prove that f(ac)/avT*1 converges to the integral as x — oo we rewrite, with a = (7 — 2) /(7 — 1),

xT—l = - 1Zh< 1/(T 1 > = = o1 Z (( ! = 1)1/(T_1)> (4.56)

i/ (ax)

1 [ 1
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4.4 Proof of Theorem 2.15

We can now prove Theorem 2.15 for the measure lgN:

Proof of Theorem 2.15 for the measure Py. We can do a change of variables so that
* _NGw(x 1641 [ NGy (z/N@E+D,
/ e NONGT) gy = N1/(0F )/ e NG/ ")dz. (4.57)
—00 —o0

Hence, using Lemma 4.1

22 e NN S

- v B
P (e (ryaiaemy)) = [ o NGORG] (4.58)
It follows from Lemma 4.3 for E[W*] < oo and from Lemma 4.5 for 7 € (3,5) that
E[W] E[W]
e} cr v 7f( v Z) [e.e] —
. Sy [ooe dz  [7 e @) dg
A}gnoo PN(exp (r NO/(6+1) )) - 7f< B[] Z) - fjooo o@D dr (4.59)
ffooo e v /dz
E[W]

where we made the change of variables z = z in both integrals to obtain the last equality.

14
As mentioned, this is sufficient to prove the convergence in distribution of % to the random
variable X (see [14, Theorem A.8.7(a)]|).

For the case E[W*] < oo,

1 EW 4
i L)y ZEWET 1BV (4.60)
z900 pltd 5% 4 12 E[W]4 '
For 7 € (3,5), the proof that lim,_, gl(_f(); = (C is given in Lemma 4.6. O]

It remains to show that the statement of Theorem 2.15 also holds for the measure Py. This follows
from the following lemma:

Lemma 4.7. For E[W*] < oo and 7 € (3,5),

lego PN(exp (r%)) — ]SN(eXp (r%)) =0. (4.61)
Proof. As shown in [18],

ZO’EQN g(O‘)e% Zi,jg[N] JijUiaj

P o)) = 4.62
N<g( )> ZJEQN e%Zi,jE[N] Jijoioj ( )
where P ( )
1 € pij + (1 — pij . .
=1 J J7_) = p,;;sinh 8 — p?. sinh hg—1 3 4.
i = g log (P ) — psinh 5 — s fleosh = 1)+ O, (409)

where we have used the Taylor expansion of log(1+x) about = 0 in the last equality. Hence, using (2.5),

1 wiwj | wiwi\ s o _ 3V ) oios 1 wiw;
03 ijen) iioio; _ o2 Zi’jem((é’wmiw]‘ By )Smhﬁ Py sinh §(cosh 5 1)+O(p"j))amje% sinh 835, je(n) 25" 0i%

=: eEN(‘T)eésthZi*je[N] e (4.64)
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Hence, we can rewrite (4.62) as

wi“’a ~
20 g(a)eEN(”)e SmhﬁZZJE[N iy 7i95 P En(0)
Py(g(0)) = 2= o _ B (U;e ® ). (4.65)
2oy eEN(U)e sin i,J€[N] 719 Py (e N )
Combining this with the Cauchy-Schwarz inequality gives
(0) _ p_(eEn(0)
SYVY 5 (e (o Sy P (e () (5 = P ) )|
PN<exp (Tﬁ)) — PN(exp (r]\[/\))‘ B (@)
\/ 13N( exp (w%)) \/ Py <(eEN<a> _ B, (eEN(a))>2>
S ﬁN (eEN (‘7))
P (o ar) P (50) — Pt
= B (eEN(O')) . (4.66)

From (4.59), it follows that the first square root converges as N — oo. We next analyze Fy(c) and show
that Ey (o) — 0 in probability w.r.t. Py. We also show that Ey (o) is uniformly bounded from above, so
that the lemma follows by dominated convergence

We first analyze the contribution of the O(p? ;) terms in Ey(o). Note that

S EHe) < 5 () e (R e

i,jE€[N] i,j€[N] i,j€[N] N NiglN]

For E[W2] — E[W?] < oo it holds that max; w; = o(v/N). Hence,

(30 ut) < mpew?( 3 w2) = o B = ofel), (4.68)

i€[N] i€[N]

because £y = O(N). Hence,

_ 1 Wi;W; _ wiw, . 2 3 . 3 .
Ey(o) = 5 %:N} (<€N ey ‘. ) sinh 8 — p7; sinh B(cosh 8 — 1) + O(p;;) | 0i0;
Z?]

L W gt (—2% Y i A(cosh 4 — 1 |
=3 | ;N] (&v(fw o) sinh 8 + (EN n wiwj) sinh B(cosh 5 — ))a,a] +0o(1)
Z7‘7

wlu?
=—— smhﬁcoshﬂ Z —L o054+ 0(1)
i,j€[N] &
2

2
= —% sinhﬂcoshﬁ( Z zuiai> +o(1), (4.69)

ie[N] N

where the third equality can be proved as in the analysis of pfj. Hence, Ey (o) is indeed uniformly bounded
from above, so that eZ~() is uniformly bounded.
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~ 2
It remains to prove that Ey(o) — 0 in probability w.r.t. Py. We define Yy = Eie[N} Z)—];Ji, so that

1
Ey = 3 sinh 8 cosh BY2 4 o(1). (4.70)

We analyze the moment generating function of Yy the same way as Sy/N*. That is, we use the Hubbard-
Stratonovich identity to rewrite

v 1sinh 8
TYNa2 £
ZO’EQN € e N

(Ciev wioi)?

Py (e = (4.71)

ZO’EQN E

2
wy sinh 8
o 2ie(N] NEWR1i T\ NEWy 2ie(N] wiUiZ]

sinh 8 Z wio: 7
NE[W i€[N] e
ZO‘GQN E |:€ Wil )

E |:eNIE[log cosh (7" Ng‘[/‘ZVQVN] + 1\;];[]\1/1\/?\,] WNZ) } Z] :|

E[GNE[logcosh( %WNZ) ‘Z]:|

ffooo e—z2/2+NIE [ log cosh (7“ N];/‘[/VJ?\,’N] + Nslél[léjvi,] WNZ)] dz

2 o F/ANE [10g cosh (/i Wv2)] dz

We do a change of variables replacing z/ VN by z, so that

_ ( . ) foooo e—Nz2/2+NIE[logcosh (T#&Q\’ﬁvlﬁ- JES[mThNﬁ]WNz)]dZ
Py (e"'N) = —

4.72
foo esz2/2+NE[logcosh( JESEnThJ\Z;]WNZ)]dZ ( )
—00
foo efNGN(z;0)+N]E[logcosh (T$V]2¥N]+ JESECKE]\[:] WNZ) flogcosh( sinh B WNZ)] &
—00

E[WyN]

f—oooo e~ NGN(%0)d»

sinh 8 si

W]2\] nh 3
e+ By W iy ) —los cosh (/S W Nl/(zﬁﬂ))]dz

foo efNGN (z/NY/(8+1):0)+ NE [log cosh (r

— 00

[ o NG ’

where we did another change of variable in the last equality.

In Lemmas 4.2 and 4.4, we proved that NGy (z/NY+D:0) converges for 3 = .. We Taylor expand
the remaining term,

w2 sinh 8 z sinh 8 z
N E[k’g cosh (T NEWL] T\ BN Nl/(6+1)> — log cosh ( E[W,] '~ NG )]
_ sinh 8 z w2
- ]E[tanh ( BV N >TE[WN] v 0(1)] (4.73)

For E[W3] — E[W?3] < 0o, which includes power-law distributions with 7 > 4, we can use that | tanh(z)| <
||, so that

‘E[tanh( sinh P ) EW]%]HS sinh 3 |zr| E[WJ] (4.74)

=o(1).
E[WN] NNl/(6+1) r [WN E[WN] Nl/(6+1)E[WN] O( )
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For 7 € (3,4] we use the deterministic choice of the weights as in (2.8) and § = 7 — 2 to rewrite

: N :
sinh 3 z W2 |1 sinh 3 z w?
‘E[tanh ( B[] Nl/(6+1)>rIE[WN]] ‘ - ‘N ;tanh ( E[WN]wZNl/(T—1)>TE[WN] ‘
N : 2/(r—1)
1 h 2 (N
S (BT ey (1))
N & E[Wy]il/(T=D JE[Wy] \ i
N
[ale 2/(r—1)—1 2/(r—1)—1 [sinhf 2|, —3/(7—1)
< - NEAT + N7 L A 4.75
B, CINEINPS 7
For 7 > 3 the first term is o(1). For 7 € (3,4),
N N 1
N2/T-D-137=8/-1) < Ni‘?/ i = T (N - NV ) — (1), (476)
i— - 1 4 —T1 ’
whereas for 7 =4
N T—3 N T—3
NYE-D-LS =3/ < N5 / i3/ Ddi = N~ log N = o(1). (4.77)
=2 1

Hence, in all cases the integrands in the numerator and denominator of (4.72) have the same limit. In
Lemmas 4.3 and 4.5 it is proved that the integral in the denominator converges. Since

o g o e < g o0 @

it follows by dominated convergence that the integral in the numerator has the same limit. Hence,

Jim Py () =1, (4.79)

from which it follows that Yy — 0 in probability w.r.t. ]BN. Hence, also —%sinh,@’coshﬁYﬁ — 0 in

probability w.r.t. Py. Since o(1) also converges to 0 in probability, so does the sum:
1 ~
Ey = ) sinh Bcosh BY2 + 0(1) — 0 in probability w.r.t. Py. (4.80)

O

Remark 4.8 (Sharp asymptotics of the partition function). It follows from the changes of variables
in (4.9) and (4.57) that
Zy(Be,0) = AN+ DN (1 4 o(1)).

For E[W*] < oo, this exponent equals 1/2+1/(8 +1) = 3/4, whereas for 7 € (3,5), it is 1/2+1/(6 +1) =
(1 +1)/(21 — 2). Thus the partition function has finite-size power-law corrections (in agreement with [6]
where the classical Curie-Weiss model is considered).
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4.5 Scaling window

5-1
Instead of looking at the inverse temperature sequence Sy = ., n we can also look at 5y = B n +b/N o+t
for some constant b. The analysis still works and the limiting density instead becomes

212
exp {gcosh(ﬁc)%xz - f(x)} . (4.81)

To see why this is correct we look at the following second moment, which shows up in the expansion of
Gy, see (4.13):

d—1
1 sinh(B.n + b/N3+1) 5 . )
E[(\/ E[Wy] N NG T Ns/(5+1)) ] (4.82)
2

: =1 E[W3 . 81 zr
= oy Sh(Ben +b/N M)E{Wﬁ sinh (B, -+ b/N S E[Wy] 7 + o(1/N).

In the first term, we Taylor expand the sine hyperbolic about . x, which gives
sinh(fex + b/N &1) = sinh(Boy) + cosh(fen)b/N 51 + O (1/N2‘§%) . (4.83)

For the other term, and also for the other terms in the expansion of Gy, it suffices to note that

\/sinh(ﬁc,N +b/N&H) =\ [sinh(Bon) + O (1/N§%) . (4.84)
Hence, (4.82) equals

22 2 b OEW?

SN2/ T oN2/(6+D) cosh(fe,n) 5

@ b2 EW2) | ar E[Wy]
]

In the expansion of G (z/N'/(+1); 1) the first term in (4.85) drops as usual, whereas the second term in
(4.85) remains. After multiplication by N (cf. (4.18)), one has

—~NGn(z/NYO+D). ) = bz;COSh(ﬁc)Exﬂ —f (%z) +o(1) (4.86)

Using the substitution z = %z the above converges in the limit N — oo to the exponent in (4.81),
N

as required. O

Limit distribution at §. instead of 3. . In the above, we look at the inverse temperature sequence
BN = Be,n and then take the limit N — oo. Alternatively, we could immediately start with 5 = 8.. The
scaling limit that will be seen depends on the speed at which vy approaches v. Indeed, from (2.24) and
(2.34), one has 8. — ey = O(v — vy).

We investigate this for the deterministic weights according to (2.8), and first investigate how close
vy is to v. By [3, Lemma 2.2|, vy = v+ (N7 4 o(N™") with n = (7 — 3)/(7 — 1) and ¢ an explicit
non-zero constant. Thus, for 7 > 5, vy = v+o(N -1/ 2). Hence, the results stay the same (see the previous
discussion).

When 7 € (3,5), instead, vy = v+(N " T+0o(N7") = V—FCN_% —|—0(N_g%), so we are shifted inside
the critical window (see the previous discussion). Hence, in this case the limiting distribution changes. [
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Table 1: List of symbols used

Symbol Definition Description

N Number of vertices

[N] {1,...,N} Set of first N positive integers

I3 Inverse temperature

B External field

Hy Hamiltonian

Zy Partition function

10) lmpy_veo % log Z | Pressure of inhomogeneous Curie-Weiss model
w; Weight of vertex i

w (w1,...,wN) Sequence of weights

Ly Zf\i L Wi Total weight

GRGy(w) Generalized random graph with weights w and N vertices
Dij e;ﬁ;”jwj Probability of an edge between vertices ¢ and j in GRGy(w)
Wy Weight of uniformly chosen vertex

w Random variable chosen such that Wy 2> wW
v E[W?2]/E[W] Size-biased weight

Un E[W2]/E[Wy] Its finite volume analogue

T Power-law exponent

Qn Law of the random graphs

Py Annealed Ising measure

Yy % log Qn(Zx) Annealed pressure

Sn SN o Total spin

My Py(Sx/N) Annealed magnetization

XN %M N Annealed susceptibility

v, M, x limy oo Of Yn, My, Xn, respectively

Be asinh(1/v) Annealed critical inverse temperature

Be,n asinh(1/vy) Its finite volume analogue

B,8,v,vy Critical exponents, see Def. 2.9

z* Fixed point of (2.23)

Py Curie-Weiss approximation of Py, see (4.2)
Zn Curie-Weiss approximation of Zy, see (4.3)
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