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Abstract

We study the inhomogeneous Curie-Weiss model with external field, where the inhomo-
geneity is introduced by adding a positive weight to every vertex and letting the interaction
strength between two vertices be proportional to the product of their weights. In this model,
the sum of the spins obeys a central limit theorem outside the critical line. We derive a Berry-
Esseen rate of convergence for this limit theorem using Stein’s method for exchangeable pairs.
For this, we, amongst others, need to generalize this method to a multidimensional setting
with unbounded random variables.

1 Introduction, model and main results

The inhomogeneous Curie-Weiss model (ICW) was recently introduced in [14]. In this model,
every vertex has an Ising spin attached to it and also has a positive weight. The spins interact
with each other, where the (ferromagnetic) interaction strength between two spins is proportional
to the product of the weights of the vertices, and the spins also interact with an external field.

This model arose in the study of the annealed Ising model on inhomogeneous random graphs
[14]. In the inhomogeneous random graph model, an edge between two vertices is present in
the graph with a probability that is proportional to the product of the weights of the vertices.
Annealing the Ising model over these random graphs by taking appropriate expectations results
in a mean-field type model where spins interact with an average of their neighborhood. When
two weights are large, there will be an edge between them more often in the random graph, and
therefore the interaction strength in the annealed model will be large as well. Indeed, it can be
shown that the resulting interaction is, approximately, also proportional to the product of the
weights.

In [I4], it is proved that in the ICW, and hence also the annealed Ising model on inhomoge-
neous random graphs, the sum of spins, in the presence of an external field or above the critical
temperature, satisfies a central limit theorem. The study of this model continued in [6], where
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critical exponents were computed and a non-standard limit theorem was obtained at the critical
point, and in [5], where large deviations of the sum of spins were studied.

Stein’s method for exchangeable pairs was introduced in [20] and is now a popular method
to obtain rates of convergence for central and other limit theorems. Given a random variable
X, Stein’s method is based on the construction of another variable X’ (some coupling) such
that the pair (X, X’) is exchangeable, i.e., their joint distribution is symmetric. The approach
essentially uses the elementary fact that if (X, X’) is an exchangeable pair, then Eg(X, X’) = 0
for all antisymmetric measurable functions g(z,y) such that the expectation exists. A theorem
of Stein shows that a measure of proximity of X to normality may be provided in terms of the
exchangeable pair, requiring X’ — X to be sufficiently small, see [20, Theorem 1, Lecture III].
Stein’s approach has been successfully applied in many models, see e.g. [21] and references therein.
In [18], the range of application was extended by replacing the linear regression property by a
weaker condition. Moreover the method was successfully applied to several mean-field models in
statistical mechanics, including the (homogeneous) Curie-Weiss model [11 8], the Hopfield model [9],
the Curie-Weiss-Potts model [I0] and O(N) models [15] 16].

In this paper, we derive a Berry-Esseen rate of convergence for the central limit theorem of the
sum of spins in the ICW, i.e., we show that the Kolmogorov distance between the normalized sum
of spins and the normal distribution is bounded from above by a constant divided by the square
root of the number of vertices. This generalizes the results in [8] to the inhomogeneous setting
and also to the setting with an external field.

When deriving the so-called regression equation for the sum of spins, which is the starting
point of Stein’s method for exchangeable pairs, one sees that not only the sum of spins, but also a
weighted sum of spins shows up, where every spin value is multiplied by the weight of its vertex.
Hence, one obtains a two-dimensional regression equation. Looking at the joint distribution of
the sum of spins and the weighted sum of spins is for example also used to study their large
deviations [5]. Another complication that arises is that the weighted spin sum is not necessarily
uniformly bounded.

Multidimensional versions of Stein’s method for exchangeable pairs are for example studied in
[17] and [12]. Stein’s method for unbounded exchangeable pairs have for example been studied in [4]
and [19]. We combine ideas from the latter paper with ideas from [12] to derive bounds between
marginals of unbounded multidimensional random variables to the standard normal distribution.

The rest of this paper is organized as follows. In the next subsections we formally introduce
the ICW, state our main results and provide a short discussion. In Section [2| we prove the version
of Stein’s method we need. Finally, in Section [3| we use this to prove the Berry-Esseen bound for
the ICW.

1.1 The inhomogeneous Curie-Weiss model

We now formally introduce the model and present some preliminary results on this model. We
write [n] := {1,...,n} and to every vertex i € [n] we assign a weight w; > 0. We need to make some
assumptions on the weight sequence (w;);c,) which are stated below, where we write W,, = wy,
with I ~ Unin].

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

(i) W, -5 W,



(ii) E[W?2] = %Zie[n} w? — E[W?] < oo,
(ii1) E[W2] = & 3 e wi — E[W?] < oco.
Further, we assume that E[W] > 0.
The inhomogeneous Curie-Weiss model is then defined as follows:

Definition 1.2 (Inhomogeneous Curie-Weiss model). Given the weights (w;)cjn), the inhomoge-
neous Curie-Weiss model is defined by the Boltzmann-Gibbs measure which is, for any

0= {az}ze[n] S {_17 1}71’ gLen by

tal0) = , (1.1)

where H, (o) is the Hamiltonian given by

i -4 o

i€[n] i€[n]

with 8 > 0 the inverse temperature, h € R the external magnetic field and

l, = Z w; = nE[W,],

i€[n]

and where Z, is the normalizing partition function, i.e.,

Ly = Z e~ Hn(o),

oce{-1,1}n

Note that we retrieve the standard Curie-Weiss model with external field by choosing w; = 1.

The inhomogeneous Curie-Weiss model was obtained in [14] by annealing the Ising model over
inhomogeneous random graphs with these weights. In that case [ has to be replaced by sinh
and several error terms have to be considered. For simplicity, we here only study the model stated
above.

For a given configuration o, let m,, be the average spin value, i.e.,

Several properties of m,, under the Boltzmann-Gibbs measure (1.1)) have been obtained in [14].
We summarize the results that are important for this paper below.
In [T4] first of all, it is shown that, for h # 0, the magnetization in the thermodynamic limit

equals
M(B,h) := lim E[m,] =E |tanh < iWw* + h>

n—oo

BT , (1.2)




where x* := 2*(5, h) is equal to the unique solution with the same sign as h of the fixed point
equation

B ‘ B
tanh( WW&; —|—h> WW] (1.3)

When h — 0, the model undergoes a phase transition, i.e., there exists a 5. > 0, such that the
spontaneous magnetization

¥ =FE

L =0, for 5 < S,
M(p,0) = %{I%)M(ﬁ’h) { > 0, for 5 > f..

In [6], it is shown that for 5 = (. we also have that M (3,0%) = 0. The critical value is given by

8, = E[W]
C T EWY
We define the uniqueness CLT regime as
U={(B,h): B>0,h#£00r0< < f.,h=0}. (1.4)

In the uniqueness CLT regime, the fixed point equation (1.3)) has a unique solution, and the sum
of spins satisfies the central limit theorem, i.e., for (8, h) € U,

Vi (my, = Elma]) = N (0, ).
where y is the susceptibility given by

0 0
X = X(B,h) = lim =Blm,] = - M(8,h). (1.5)

This was proved in [14] by analyzing cumulant generating functions. In this paper, we analyze the
rate of convergence for this central limit theorem.

We can make the value of the susceptibility more explicit by carrying out the differentiation of
the magnetization:

_ 9 _ 9 g ;

2 B “ 15} or*

Using the fixed point equation (|1.3)),

=K

or_ 0 5o g
o 8hE tanh( E[W]Wm —i—h) E[W]W
=K

2 5 * B ox” B
(1—tanh ( WWSU —i—h)) <1+ E[W]W8h> E[W]W]



Solving for 2 a_h gives

o VatrE [(1 = tank? (oW + 1)) W]
Oh 1 - o [ (1 - tann? (oW +0) ) w2]

st | (1 tanb? <\/wa +4)) W]2

5 )
tant? ( B h) 1= s [ (1 tank? ([ W + ) ) w2|
(16)

We define the finite size analogues of M (3, h) and x(5, h), given in ((1.2)) and ((1.6)) respectively, as

and hence

X(ﬂah>:1_E

M, = M, (B,h) :=E |tanh ( %anz + h) (1.7)
and
Xn = Xn(B,h) = 1—E |tanh? ( E[ﬁ/n] Wyhx, + h) (1.8)

EfﬁE[(l—tath( E[W W:C —i—h))Wr

1—%E[<1—tanh2< E[W &g Var, +h>>Wﬂ7

respectively, where x} := x} (53, h) is equal to the unique solution (see Lemma below that shows
this uniqueness) with the same sign as h of the fixed point equation

*_
z, =E

p ) &
tanh ( BV, Whx, + h) mWn] : (1.9)

1.2 Main results

Let dg denote the Kolmogorov distance, i.e., for random variables X and Y,

dg(X,Y) :=sup |P(X <2)—-PY < 2z2)|.

z€R
Our main result is then as follows.
Theorem 1.3 (Berry-Esseen bound for the ICW). Let

n_Mn
X, =

= (1.10)



with M, and x, defined in (1.7) and (1.8) and let Z ~ N(0,1). Suppose that the weights
(w;) satisfy Condition [1.1)(i)—(iii). Then, for all (8,h) € U, there exists a constant 0 < C' =

C(B8, h, (w;);) < 0o, such that
C
dg(X,, Z) < —. 1.11
Note that the constant depends on the entire weight sequence (w;);>1. Since the quantities are
uniformly bounded, one can determine them knowing the entire sequence. Under Condtition (Z)*
(i),
di(Xn, Z) = o(1).

Note that we do not normalize m,, using its expectation and variance as was done in [14], but
instead use explicit quantities for this.

We prove this theorem in Section [3| by using a version of Stein’s method to estimate the distance
from a standard normal distribution of a one dimensional marginal if one has a d-dimensional
regression equation for exchangeable pairs. For this, suppose that X and X’ are d-dimensional
random vectors for some d > 1, and that (X, X’) is an exchangeable pair, i.e., their joint distribu-
tion is symmetric. We write the vector of differences as D = X — X',

We suppose that we have a regression equation for (X, X’) of the form

E[D | X] = AMX + AR, (1.12)
for some 0 < A < 1, invertible matrix A and vector R.

Theorem 1.4 (Stein’s method). Suppose that (X, X') is an exchangeable pair for d-dimensional
vectors X and X' such that (1.12)) holds. Then, with Z a standard normal random variable and
with X1 denoting the first component of vector X, we obtain

1 1 V2
dg(X1,Z2) <E H1 — aE [¢DD; | X}H + XE [|E[|¢D|D: | X]|] + T”E [[4R]], (1.13)
where Dy = Xy — X1, € is the first row of A™', d.e., £ := A7, and £D and (R, respectively,
denote the Euclidean scalar product of the vectors.

The proof of this theorem can be found in Section [2]

1.3 Discussion

Berry-Esseen bound for the sum of weighted spins In Section [3.2] we prove that also the
sum of weighted spins Zie[n] w;o; satisfies the central limit theorem. Berry-Esseen bounds for this
limit theorem can be derived in a similar way as is done for the sum of spins, although one needs
to assume the convergence of one more moment of W compared to Condition because of the
extra factor w;. We make some more detailed remarks at the end of the paper.



Limit theorems on the critical line. For h = 0 and 8 > ., the solution to the fixed point
equation is not unique. We expect that our bounds still hold when one conditions on the
magnetization being close to the value that corresponds to appropriate fixed point as was done for
example in the Curie-Weiss-Potts model, see [10, Theorem 1.5].

For h = 0 and 8 = . the central limit theorem no longer holds. In [6], it is shown that one
has to rescale the sum of spins with a different power of n to obtain a limit theorem, and that the
limit is nonnormal. It would be interesting to generalize our methods also to this case, for example
by generalizing the density approach used in [8, [I]. However, when the weight distribution has a
sufficiently heavy tail, the limiting distribution is of a form that is not covered anymore by the
density approach.

Annealed Ising model on inhomogeneous random graphs As mentioned, the ICW arose
as an approximation for the annealed Ising model on inhomogeneous random graphs. We expect
that our results remain true for this model, although if one wants to prove this, extra error terms
caused by the approximation with the ICW have to be taken into account.

Quenched Ising model on inhomogeneous random graphs One can also look at the
quenched Ising model on inhomogeneous random graphs, i.e., the Ising model on a fixed reali-
zation of the random graph. In [13], it is shown that also in this case the central limit theorem
holds in the uniqueness CLT regime . It would be interesting to also obtain the rate of con-
vergence for this model. This model is not of mean-field type, but spins only interact with their
direct neighbors, which makes finding a suitable regression equation more difficult.

Inhomogeneous versions of other mean-field models It would be interesting to see if
results for other mean-field models, such as the ones studied in [9, [10] 5] [16], can be generalized
to an inhomogeneous setting. For this, a complete multi-dimensional version of Stein’s method for
unbounded random variables will have to be derived.

In [7], continuous spin models on random graphs were studied in the annealed setting, also
resulting in a mean-field approximation. It would be interesting to see if the central limit theorem
for the sum of spins can also be proved using our techniques for that model.

2 Stein’s method, proof of Theorem (1.4

In this section, we prove the bound in ((1.13)), by using ideas from [19, Theorem 2.2| and [12]. Similar
ideas to obtain one-dimensional CLTSs in a multidimensional setting were used in [3, Construction
1Cl.

Proof of Theorem[I.4. Note that it follows from the regression equation (1.12) that, for any func-



tion F : R? — R? such that all expectations below exist,

SE[(A7 (X - X)) (F(X) — (X))
_ %E |:(A_1(X/ . X))t (F(X/) + F(X))] + %E |:(A—1<X — X’))t F(X):|
= 3 [0 tEIp 1)) ()]
= E [X'F(X)] +E [(A"R)'F(X)],

where we used exchangeability in the second equality and ((1.12)) in the last equality. In particular,
by choosing F' = fe; for some function f : R — R such that all expectations below exist and
rewriting,
1
EXf(X0)] = 5 EIED (f(X0) = F(X0))] - E[ERF(XA)] (2.1)
Here ¢ denotes the first row of A™1.
For z € R, let f, be the solution of the Stein equation

where ®(2) is the distribution function of a standard normal random variable. The background
of this equation reads as follows. A standard Gaussian random variable Z is characterized by the
fact that for every absolutely continuous function f : R — R for which E[Z f(Z )} < oo it holds
that

E[f(Z)-Zf(Z)] =0. (2.3)
This together with the definition of the Kolmogorov-distance is the motivation to study the Stein
equation. If we replace x by a random variable X and take expectations in the Stein equation

, we infer that
E[f1(X) = Xf.(X)] =P[X < 2] — ®(2).

The curious fact is that the left hand side of the last equation is frequently much simpler to bound
than the right hand side and leads to the successfulness of the method.
As shown in, e.g., [2| Lemma 2.3|, f, satisfies, for all x € R,

zf(x) <1, |fAz)[ <1, 0< fil) <

% o

and zf,(x) is an increasing function of x.



If we take z = X7 in ([2.2)) and take expectations on both sides, we get, also using (2.1)),
PIX; < 2] = @(2) = E[fI(X1) — Xi f.(X0)]

= E[(0)] - 5 B[D (X)) — £(XD)] + EICRL(X,)]

_E [ F(X) (1 _ iwg)] +1E [w

0

2\ 2\
0

f;<xl>dt}
— i]E [KD

- S+ t)dt] L E[¢RS.(X))]

_E {f;(Xl) (1 —:i;E DD, |X])} + %E {w /OD (F1(X1) - fL(X0 + t))dt}
FRRE(X)].

Hence, we can bound, using ([2.4)),

IP[X, <z]—®(2)| <E Hl - %E [6DD1|X]H + % 'E [w/o

+ @E [|¢R]] . (2.5)

(f1(X1) = £1(Xa +t))dt”

We use (2.2)) again to rewrite the second term as:

% ‘E {KD/O (FL(X0) = (X ”))dtH

-D;

0
— % ']E |:€D/ (lez(Xl) - (Xl + t)fZ<X1 + t) —|— ]]‘{XISZ} — 1{X1+t<z})dt:| ‘
-Dy
1 0 0
< (’E {w /_Dl (X0fo(X0) — (X0 + ) £(X +t))dt] ‘ 4 ']E {w /_Dl (Lixien — ﬂ{x1+tgz})dt] D
1
= o) (1] + [L2]) -

Since z f.(x) is increasing in z,

0< /_D (X1 fo(X0) = (Xa + ) fo( X +1))dt < / (X1 £.(X1) = (Xy — D) f.(X) — Dy))dt

-Dy

= Dy (X1 f.(X1) — XIf.(XD)).



Hence,

0
I

E |¢D (1yp<oy + Lensoy) /

-D;

(lez(Xl) - (Xl + t)fz(Xl —+ t))dt:|

|[0D[1(gpsoy D1 (X1 f(X1) — X1 £.(X1))]

DLy [ (R 00) — (4006 + )
[
[14D| (1gep<oy + Lyensoy) DiX1f-(X1)]

<E
<E
=E
=E[E[[D] Dy | X] X1£(X1)]
< E[E[|¢D[Dy | X]],
where we used that it follows from exchangeability that

E [[(D[Lips0y D1 (X1f:(X1))] = —E [[€D[Liep<oy D1 (X1 f2(X1))]

and that | X, f.(X1)] < 1. Similarly,

0
L > E |:£D]I{ED<O}/ (X1f2(X0) = (Xa + ) (X7 +1))de

7D1
> —E [[(D|Lyp<oy D1 (X1 fo(X1) — X1 f2(X7))]
> —E[E[|(D|Dy | X][],

Combining the upper and lower bound on I; gives,
|| <E[E[|¢D[Dy | X]]].

We can show in a similar way, using that 1<y is non-increasing in x, that also
|| <E[E[|(D]Dy | X]]].

Combining (22.5)), (2.6) and (2.7)) proves the theorem.

(2.6)

(2.7)

3 Berry-Esseen bound for the ICW, proof of Theorem

We now use Theoremto prove the Berry-Esseen bound in . First, we define our exchange-
able pairs and derive the regression equation in Section [3.1 Then we prove that the central limit
theorem holds for the weighted spin sum in Section and in particular also show that certain
moments converge to that of the normal distribution. Finally, in Section [3.3] we bound all terms

of (1.13) to prove Theorem [1.3|

3.1 Exchangeable pairs and regression equation

We let X, be as in (1.10)). Let I ~ Uni[n] and let o} be drawn from the conditional distribution

given (0;);£r. Define X as

1 o7 —0
X =X, - L
\/ﬁ VvV Xn



Then, (X, X]) indeed is an exchangeable pair.
Let

M, = M,(B,h) := EIT,]

z,,
B
with x given in ((1.9). Let

JEM]

Let us define the constant

x __ 1

7w B h) = 1 - g E [(1 ~ tanh? ( o Was + h)) Wg] ’ .
and let Y, be the constant given by
Xn i= Xn(B,h) == o*(z%, B, h)E (1 — tanh? ( E[’%]anz + h>) Wj]
B[t (W))W 32
1— E[I’?V}E [(1—tanh2< E[W &, W, —i—h)) Wrﬂ

Now define X, as i R

%, = tn M (3.3)

and
- ~ 1 wi(or —of)

X=X, - w0
Vi V/Xn

so that also (X,,, X’) is an exchangeable pair. )
From now on, we write X = (X,,, X,,)" and X' = (X!, X/)".
Denote by F, the sigma algebra generated by (0;);cf,) and by F, the sigma algebra generated
by (0j)j€[n],j7éi~ Also define
Z w;0oj. (34)

JEn]:g#i

Then, we can compute
2
exp (% (Zje[n}:#i wjo; + wiai) T2 e Uj)
2
Dote(-11) OXP (% (Zje[n}:j;éi w;oj wia,';) T2 el % T ha,’;)

exp (%wz Zje[n} i Wi05 + h) + exp < <5 Wi Zje[n]:#i wiT; h))

pnlr | F2) =

Y

11



and hence,

/ i B pw; ~ g
E[o}| F.] = Elo; | F,] = tanh <£—wl Z w;o; + h) = tanh (E[Wn]m” + h) :

" jemlyi

We obtain the following regression equation.

Lemma 3.1. Let us define

2
Gu(z;s) = % —E{logcosh( Wn(x+s)+h)},

B
E[W,]

and G, (z) = G(x;0). Then for (B,h) € U we obtain that

X, X! 1 —c Xn Ry + Ry
2| (%) - () 1A 6 vereiiom) (2) 2 (R 1R).
where o®(x%, B, h) is given in (3.1)), and
A=1/n, o (x¥, 3,h) = G’
(the latter equality follows from ({3.6)), see below ({3.20)))

VX B  tanh? B -
_\/EE[Wn]E (1 t h< E[Wn]Wn n+h>)Wn],

and the error terms are given by
Ry = \/@%% (tanh (Eﬁ;"/ﬂ] i + h) — tanh (EfWi] i+ h))
Ry = \/\/%%% <tanh( Ifg[‘ﬁwﬂﬁh) — tanh < n+h)) + X,
sz (tanh( fwz]mwrh) —tanh( f Ak ! +h))

T
D __n E[Wn] ! B m . 1 o
o= B G”(\/E[Wn] ) A B )

Proof. We start by computing E[X,, — X/, | F,,]. For this, note that

1

(3.5)

(3.6)

(3.7)

(3.8)

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)



Hence,

E[X, — X | F.] = f\/_ sz oi — ol | F
i€[n]

1 .
IV \/_Xnnzwl

ic[n]

i Zwlmh@%;m)

i€[n]
o 1 ~ ﬁ 7 ~ Y
= m \/_\/_ Z w; tanh <E[Wn] My, + h) + ARy,

where Ry is given in (3.12)). Observe that it follows immediately from the definition of G,, in (3.6)
that

G (r)=2—E

g g

_g;——Ztanh (1/ b ]wlzr;—l—h) #wi, (3.15)
i€[n] n "

and hence, with x = , /ﬁmn,

/ 5 _;~ -
E[X, — X | F,] — AR, = \/_M’/ (,/ n) = g et A (310

where A and o?(x%, 3, h) are given in (3.§] } and R, in (3.13). Note that WX” is equal to the

first order Taylor expansion of G/ around x} and therefore it is to be expected that ARs, which is
the error made in doing so, is small.
i)

Similarly,
11 5 Pw;
= \X,, + — tanh ———w;x, + h | —tanh ( my, + h) + A\R;.
VIy/Xn 1 % ( ( E[W,] ) E[W,] ) '

Using a Taylor expansion, we see that tanh(z) ~ tanh(a) 4 (1 — tanh?*(a))(x — a) for z close to a.

EX, — X | F.] =

\/_\/_ \/_Xnnztah(

13



Hence,
1 1 B . pw;
JV%ZMGM<?@m”%”O*m%MWW*@)

2 p . p - EW,] .
\/_ Jon Z( — tanh ( mwixn—l—h))wiE[Wn] (mn— 3 xn>

€ln]

1 5 B )Zn %
= — E || 1— tanh? ——— W,z +h %78 X,
Vi ( ( E[IV,] )) EW,] v

= —\cX,, (3.17)

where c is defined in (3.9)). Hence, we write
E[X, — X! | Fu] = M( X, — ¢X,)) + MRy + Ry), (3.18)

where R is given in (3.11)).
The lemma follows by combining (3.16)) and - O

3.2 Central limit theorem for weighted spin sums

In this section, we show that the weighted sum of spins Zie[n] w;o; obeys a central limit theorem.
We do this by showing that, if we normalize the sum properly, the moment generating function
converges to that of a normal distribution. This implies that the normalized sum converges to a
normal in distribution and, more importantly for us, that also all moments converge to that of
this normal. We also investigate sums of differently weighted spins.

We use the methods to prove the convergence of pressure of the inhomogeneous Curie-Weiss
model in [14, Sec. 2.1] to prove that certain cumulant generating functions converge, and the
methods to prove the CLT for the spin sum in [I4, Sec. 2.2|, of which the details can be found in
the proof of the CLT for the quenched Ising model on random graphs in [I3], Sec. 2.3].

§%W@)}

1€

Lemma 3.2. Define the cumulant generating function

cn(s) = % logE [exp (8 %

Then, for any constant a,
1 foo e nGn(\F—l-a;s)dx

Cn(s) = E IOg ffooo efnGn(%Jra)dx

where G, (x; s) is defined in with G () := G,(x;0).

14



Proof. Note that

B o 8 2
v EWn] 2oi€ln] Wi%i 5wl (Siemywioi) +h X icn o
E |5V e Ticin wici 2uge(-1n °

e > wio; 2+hz- oj
ZUE{—I,I}" e T (Sietn wici) €lnl

de{_l 1}n e%(z €ln ]wloz) +2icmn (s \/iwl-}-h)
Zae{fl 1y € 2nE[Wn] 2icn) wzm) +h3 i O

Hence, we can interpret the numerator as an inhomogeneous Curie-Weiss model, where also the
field is inhomogeneous, i.e., the field at vertex i is given by s, /ﬁwi + h. We can use the

Hubbard-Stratonovich transform ez = E[e!?], where Z is a standard normal random variable, to
rewrite the numerator of (3.19) as

Z E[e\/m(zie[n] wmi)Z] eZie[n]( \/rll)fi’h)(?'z QnE[ Yie logcosh( [VBVn]wi(\/ZH+S>+h)i|
oce{-1,1}"
* e () )

o st 3,
\/%

2" > —nG (i's —nG +a's)
"\ dz = " f ) dx

ey e s
V2T J_so V2T

where we used the change of variables © = z — \/ﬁa in the last equality. The same computation
can be done for the denominator of (3.19)), by setting s = 0. O

:m

M\H

An important role is played by the global minimum of G, (z). In [I4], it is shown that for
(6,h) € U in the limit n — oo the global minimizer is given by the unique solution with the same
sign as h of the fixed point equation . We give a characterization of the global minimizer for
finite n in the next lemma.

Lemma 3.3. Suppose that Condition [1.1)(i)-(ii) holds and that n is large enough. Then, for
0 < B < B. and h =0, the global minimizer of Gy (x) is given by x} = 0. For > 0,h # 0, the
global minimizer of G, (x) is given by the unique fized point x} with the same sign as h of the fized
point equation . Furthermore, for all (B,h) € U,

Gl (zr) > 0.

Proof. Note that (G, is continuous and

B s
tanh ( man + h> MWTL] )

and hence the global minimizer has to satisfy ([1.9). We can also compute the second derivative:

2 B B 2
(1 — tanh ( E[7,] Whx + h)) E(7,] Wn] . (3.20)
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G, (x)=2—E

Gi(z)=1-E




For x # 0, it holds that 0 < tanh?(z) < 1, and hence we can bound

Gl(x)>1-— 6%.

Therefore Gi(xz) > 0 for  # 0 and 8 < 3. and n large enough by Condition [L.1[ii), i.e., G, is

strictly convex. Furthermore, using logcoshz < ||
B
Whx + h
\ B,

Therefore, for f < B., G,(x) has a unique local minimum, which must be a global minimum. For
h = 0 clearly x} = 0 is a fixed point proving the first statement.
Now suppose that A > 0. Define

s f
tanh ( man + h) mWn] )

72
lim G,(z) > lim — —E

= 0. (3.21)

H,(x) =E

Then H,, is continuous and

H (x)=E (1 — tanh? ( E[an] Wha + h)) E[an] Wf] )
and
3/2
H/(z) = —2E |tanh ( %an + h) (1 — tanh? ( E[‘%an + h)) (E[‘%n]) WS] .

Since W, is a positive random variable, we conclude that H,, is concave for x > 0. Since H,(0) > 0
and H,, is bounded, there is a unique positive solution to x = H, (z), call this solution z. Since
G.(0) < 0 it follows from that =7 is a local minimizer. For any solution = < 0 of (L.9)),we
have that

Gn(z7) > Gp(—27) > Gu(x},),

since x is the unique positive local minimizer. Hence, x; is also the unique global minimizer.
The proof for h < 0 is similar.

Since 7 is the unique global minimizer, we must have that G (z) > 0, so it only remains to show
that this inequality is strict for (8, h) € U. For h # 0, we know that

Jim X, (8, h) = x(B, h) < oc.

Since we can rewrite ([1.8)) as

2
—L_E |(1— tanh? B _W,at+h) )W,
p EWn] [( EW,] " nn "
»=1—F [tanh? Wox* +h .
v - ( B, )T Cilar)
it must hold that G/ (z}) > 0 for n large enough. O
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We can now investigate the moment generating function of the normalized weighted spin sum.

Proposition 3.4. Suppose that Condition[1.1(i)-(ii) holds. Then,

nh_{goEeXp \/—\/_prz \/_x)H: 0%

c(s) = lim ¢,(s),

and ¢, is defined in Lemma|[3.9. In particular,

w;o; — \/nx —>N(OC())
Epr>

and all moments of the l.h.s. converge to that of this normal distribution.

where

Proof. Note that, with s,, = T

logE eXp F\szl@ Rk )H = nen(sn) — nsn

€[n]

2
Sn

:ncﬂm+«mm—x>%+“<>3)

[\

= 16 (0) + VA 0) — 235 + chlsh) S
for some s* € (0,s,). Clearly ¢,(0) = 0.

As mentioned, the numerator of (3.19)) can be interpreted as the partition function of an Ising
model, and hence ¢,(s) is the difference of two pressures. Hence, the convergence of ¢, (s) can be
proved as in [I4] Sec. 2.1]. Moreover, this means that the monotonicity and convexity properties
of the Ising model can be used to show that

lim ¢ (s,) = "(0),

n—o0

see [13], Sec. 2.3] for details.
It remains to show that v/n(c/,(0) — x*) = o(1). For this, we use Lemma [3.2) with a = 2 and

n

%Gn(:v; s) =Gl (x+s)— (z+s),

to obtain that

I (ot o= G o) O (E
ff‘; e (3 g

o (e v 4 o) e
2 e (Fa) g |

—0o0

— Vna;,

17



Taylor expanding G (7= + 27) and Gy (= + #7,) around ;, gives

/ * 1" * 12
% (o = VGo(ay) = Ghlai)e + O/ ) i) e Gl S 00/

" * 12
foo xe_Gn(mn)T'i'O(l/\/ﬁ)dx

—x 1 =01
[ e~ Crl@n) 5 +0(1/vn) 4y + O/ vn) = O(/Vn),

—00

= (1= G(zy))

where we used that G/, (z) = 0 and that in the limit n — oo the integral in the numerator equals
0 since this is an integral over an odd function. O]

In the above proposition, we use an explicit centering. Instead, we can also center with the
expectation. In that case, we can prove a similar result also when the spins are weighted by
different quantities as we show now.

Lemma 3.5. Suppose that (t;)ic[n) is a sequence satisfying Condition (z')—(z'z') with W, replaced
by T, := tr, with I ~ Uni[n]. Let

Cnls) = %ngE {exp <s > tioi)} .

Then,

)

i€[n]

where

In particular,

fzt )~ N (0,(0)).

1€[n]

and all moments of the l.h.s. converge to that of this normal distribution.

Proof. We proceed as in the previous proposition. We write,with s, = \/iﬁ,

logE[exp{ (\/_Zt )H:nén()qt\/_(” ——ZtEal>s+C”( )2

i€[n]

for some s* € (0,s,). Again, ¢,(0) = 0. Since ¢,(s) is a cumulant generating function,
& (0) = g > tioy
n n (kA 1B

so that &, (0) — L > i tiloi] = 0. That lim,, ¢ (s},) = ¢”(0) can be shown as above. O

n
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3.3 Bounds on error terms

We are working in the setting of Lemma . Recall that X = (X, X,))!, X' = (X, X’)! and

A= % Note that the inverse of the matrix A in (3.7) is given by

At (1 002(:1: ,B,h)
0 o>z, B8,h) )’
so that with the notations of Theorem [[.4] we obtain
(DD = (X, — X2+ co?(22,8,h) (X, — X/ )(X,, — X)),

To prove our main result, we apply Theorem . We first bound the first term of (1.13]):

|

< E[|Rs + Ry + Rs + Ry + Ry + Rs|],

Lemma 3.6. We have the following bound:

E H1 — %E [(Xn — X))? +co’(zh, B, h) (X — X))(X, — X)) | ]—"n]

where
11 B pw;
Ry = —— i | tanh ———w;xz° + h | — tanh C+h) |,
3 o 2 o ( an ( E[Wn]w z, + ) an (E[Wn] m,, + ))
11 s B
= - h * h . E
R, = EZ[;] tan ( (7] w;x, + h> (tan ( A w;x, + h) [m]) :
11
Rs; = - Z tanh ( E[Iﬁ/ ]w,x; + h) (E[o;] — 03),
Xn 1€[n] n
R z*, B, h) 5 ( Pw;  _; >
Rs = €9 o 5 1) w;o; | tanh ———w;x, + h | —tanh m. + h ,
’ ann n ZH E[W,] E[W,]
A zy, 3, h) B B
R, = €I\ 50 w; tanh ———w;x, + h | | tanh ———w;z; +h | —E[g;] |,
\/ XnXn N %} E[W:,] E[W,,]
> 7ﬁ h 6
Ry= 0 B0 w; tanh ———w;x) + h | (E[o;] — 0y) .
’ \/ann n %;] E[W,]
Proof. Note that
1 2
X o X/ 2 — _I\2 — 1 — / ]
(Xo ") X (o1 —o7) an( 0107)
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Hence, also using ((3.5)),
S~ X A= —(1-2 3
av n - - O-z
2\ Xn

26 [n]

<1——Zaztanh< Z]~Z+h>)
:i<1—E tanh2< b an2+h> )
Xn

E[W,]
11 B « Pw; _;
+ wn Ze% o <tanh ( E(7,] w; T, + h) — tanh <E[Wn] m,, + h))

) (Eloi] — 03)

1 B
= —|1—E |[tanh® W, x* +h .
Xn< an < A T+ ) )+R3+R4+R5
Since 5
> > wr wr
Xp— X)Xy = X)) = ———(07—0))? = ————(1 — 0,0%),
= ) = ) = R =

it can be shown in a similar way, by incorporating the extra factor w;, that

co’(xy, B, h)

IAYS % "/
SR [ (X, — X)) (K0 — X) |

co?(x5.6,h) [ S
= — 2 7 K {|1-tanh Wre 4+ h n )
ke by [y Ve H R ) Wa o des o B B

The lemma follows by observing that

1 5 co(zh, B, h) 5
—(1—E |tanh? Wyoat +h ) 4+~ VR [ 1 — tanh? Wypat +h | | W,
Xn ( ( EW] ) VXnXn E[Wy]

2

3 _ 2
= L (1B ant? W i (1 ok (/o 1) ) W
Xn EW,] ™" Gr(xy)

which follows from ([3.20]) and (1.8)). [

We bound the second term of ((1.13)) in a similar way:

20



Lemma 3.7.

%1@ HE H(Xn — X))+ co(at, B, h) (X, — X1)

D 1 ]- B ok . /sz ~ 7

(X, — X2) | fn}

where

5 (0i — E[ai]),
Xn T icn]
. co?(x,B,h) 1 I6; ( Bw; . )
Ry=—2 " 7~ w; | tanh ———w;x), + h | — tanh “—m! +h ,
T Ve n ZH E[W,] E[W,]
> 757 B
R, = €9 B 55 11) w; — tanh ——w;x, + h ,
' W@xn n GZ] E[WV,

LA GV RDRS o ST,
Ry = ST S w0y~ Efo).

Proof. We have that

€D|Dy = |(X, = X;) + co?(ay,, B, ) (Xn = X0)|(Xo — X3)
11 co*(axr,B,h) ] , ,
=—|—+—F —ws||or—0y|(01 —0C
R b=
2[1  co*(z;,B.h) ] :
— + ———wy| (01 — 07),
|:Xn ez e

where the last equality follows, since |0 — 07| can only take values 2 or 0.
Hence with m! given by (3.4) we obtain

i€[n]

*

1 _2 1 co?(xk,B8,h) pw; _,
AP A EZ{_ e [ (g + 1)

n

_2 - c 2<I:L=ﬁvh) ﬁ * Bwi ~ 3
Y [(mh< mwl‘%”) S (E[wn]””‘”h))

+ (E[ai] — tanh ( E[an] w;x, + h)) + (0; — E[az])} :

Expanding out both square brackets gives the six error terms of the lemma.

21
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The error terms can be bounded as follows.

Lemma 3.8.

Bl < =g
s < 2 (L) mweiss 2
B Rl B R El ), E|R) < 20,02+ 2L
B[R] < 2= phd
Bfy)) < 2v/%, (E[fvn]fmwsm[xﬂin,
Bl Bl Bl B ) < 22 ) g e BB

Proof. Since tanh is 1-Lipschitz, m, — m! = w;o;/n and |o;| = 1,

ﬁwi ~ 5’LU1' ~ ﬁwf
tanh (]E[Wn] My, + h) — tanh (E[Wn] m,, + h) ‘ < m

From this, the bounds on R; and R; follow. Using that tanh is 1-Lipschitz, it also follows with

(33) that

tanh (1 / %wzxz + h) — tanh (E’EI;U/;] m 4 h) ‘ < w;

B . p

xr. —

B, B,

By - of BV Xn o 1 Bw;
= Wi—7177 7 Mn - n v S R——— XTL e ! .
ViR, M+ wih| S Wi Xl ot TR

From this, the bounds on Rj3, Rs, Rs and Rj follow. Observe that, by (3.5)),

Elo;] = E [E[o; | F]] = E [tanh (Ef;én] o+ h)] ,

and |tanh(z)| < 1, so that the bounds for R3 and R3 also hold for R4, Ry and R4, Ry, respectively.
To bound Rs, we use the Taylor expansion

tanh(z) = tanh(a) + (1 — tanh®*(a))(x — a) — tanh(&)(1 — tanh?(€))(z — a)?,
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for some £ between z and a. From the computations in (3.17)) it follows that

2
IRy| < ;nﬁ;e[n:] tanh(&)(1 — tanh?(&,)) (W%mn Y ——— >

_ |Vl anh(&)(1 — tanh?(&; P 2&~2
| 3 )1 - () () 2o

i (E[fm)zE[W X

where we used that |tanh(z)| < 1.

To bound Ry, we expand G, < [fv ] n) around 7 and use that G/ (z}) = 0 by definition of
x}, and use (3.3) and (3.8)) to obtain that, for some £ between ﬁmn and x;,

W] / /6 " . 1 %
e (ot - s

B \/ﬁ E[Wn] s B A — 2t | — Q" ()X
=\ 5 o ")<VE[Wn] " ") Gl
Vo [ElVig, A

- Vi

Differentiating (3.20]) gives
tanh Lan +h||1-tanh? B Woé+h| | W3 .
E[W,] E[W,,] "

X2 G///

Gnle) =2 (E[gm)wE

Since |tanhz| < 1, we obtain

Gl <2 (g )3/2E[W31,

from which the bound on R, follows. O
We now combine all results to prove our main result.

Proof of Theorem [1.3. We apply Theorem [1.4} To show that the first term of (L.13) is O(1//n)
it suffices to show, by Lemma that

A - - C
E[| R[], Bl Ral], | Bs[], | s[], B[ Ral], B[ R5]] < N

23



where C' is a constant not depending on n that may change from line to line.
For the second term of ((1.13), it suffices to show, by Lemma that

_ _ _ . . - C
E| Rs|), E[| Ral], E[| Bs[], E[| Rs|], E[| Ra], E[| 125]] < NG

Note that it follows from Proposition that E[|X,|] is uniformly bounded. By Condi-
tion (iii), also the first three moments of W, are uniformly bounded. From this and
Lemma the bounds on E[|Rs|], E[|Rs|], E[| Rs|], E[| R3], E[| R4|], E[| R4|], E[| R4|] and E[|R,]] fol-
low. Remark that this is one of the places where we see that the constant in our Berry-Esseen
bound depends on (w;);>1.

By rewriting

1 1 B 1

E||Rs|| = —E | |— E tanh ——w;x, + h i — Elo; —,

H 5|] Yn \/ﬁ an ( E[Wn]w z, + ) (U [U ]) \/ﬁ

it can be seen that E[| R5|] is of the form considered in Lemma(3.5with ¢; = tanh ( ]E[W }w,x + h)

Hence, it follows from Lemma [3.5 that \/nE[|Rs|] is unlformly bounded. A similar argument holds
for Rs, R5 and Rs.
R+ Ry

For the third term in ((1.13)), note that by (3.7) that R = (é - > and we have that
1 2

E (R[] = E||Ry + By + co™(}, B, ) (R + Fa)] |

and it follows from Lemma 3.8 and the uniform boundedness of the first three moments of W, and
all moments of X,, that also this term can be bounded from above by C/\/n.
If we only assume Condition (i)—(ii) and suppose that max;cp,) w; > ¢y/n for some ¢ > 0,
then
Zw > +— Z w? "X ¢+ E[W,
ze [n] i:iFarg max w;

which is in contradiction to Condition (11). Hence, max;ep, w; = o(y/n) and also

EW?] = E w? < m?}fwZ E[W?2] = o(y/n).
1en
ze[n]

This suffices to prove the second statement of Theorem [I.3] O

When one wants to prove the Berry-Esseen bound for the weighted sum of spins, the role of
X, and X,, can be interchanged. In fact, X,, can be ignored in that case and in the first factor
of (1.13]), we have to estimate

h)
Lepop, | )= T8 P S 20 o F))
2A Xn i€[n]
02@* B,h) 2 B
~ —2 2 VR || 1—tanh Wyah +h | | W2 . 3.22
Xn E[W,] (3:22)
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Since we want this to be equal to 1, we choose X, as in (3.2)). The approximation in ([3.22)) can
be made precise as in Lemma and the resulting error terms can be shown to be O(1/y/n) as
in Lemma [3.§ under the assumption of one extra moment in Condition [I.I] Also the other terms

in (T.13) can then be shown to be O(1/y/n) as in Lemmas [3.7) and [3.§
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