Miinster J. of Math. 13 (2020), 205-218 Miinster Journal of Mathematics
DOI 10.17879/32109549631 © by the author 2020
urn:nbn:de:hbz:6-32109549978

The Curie—Weiss model—an approach
using moments

Werner Kirsch
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Abstract. We prove a law of large numbers and a central and a noncentral limit theorem
for the Curie-Weiss model using the method of moments.

1. INTRODUCTION

In this paper, we consider one of the easiest models for magnetism, the
Curie-Weiss model. In this model, the elementary magnets can take values
+1 (spin up) and —1 (spin down). Each spin interacts with all the other spins
with the same strength. This interaction makes it more likely for two spins to
have the same value than to assume opposite values.

More precisely, the spins X1, ..., Xy are {—1, +1}-valued random variables.
As typical in models of statistical mechanics, the (joint) probability distribu-
tion of the X1, Xo, ..., Xy is defined via a function H: {—1,+1}¥ — R, called
the energy (or Hamiltonian), by the expression

]P)(Xl =, X2 = T2,... ,XN = {EN) = Z_le_ﬁH(rl’rQ""’zN),
where Z is a normalization constant to make P a probability measure, i.e.,

7 — Z e BH(z1,x2, . N)
(z1,22,.zN)E{-1,+1}N

The parameter 8 > 0 plays the role of an inverse ‘temperature’ T', 5 = % If
B =0, which means T' = oo, the random variables X1, X5, ..., X are actually
independent. If 8 > 0, those X1, Xo,..., Xy which minimize H have higher
probability. In other words, the system prefers states with low energy. This
preference is more and more enhanced if 5 grows.
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The details of the model under consideration are encoded in the energy
function H. As a rule, H is of the form

N
H(X1,Xa,..., XN) == > Ji; XiX;.
ij=1
If all J; ; > 0 (and not all = 0) the minimum of the energy is attained if the
X, are ‘aligned’, i.e., all X; =1 or all X; = —1. Thus, those ‘configurations’
with many X; = 1 (or with many X; = —1) are more likely than those with
almost equal number of +1 and —1. Such models are called paramagnetic.
Presumably, the most famous example is the energy function of the Ising
model. In this model the indices i of the random variables X; come from a
finite subset I of the lattice Z?, and the coupling constants Ji,; are given by

1 if|i—j| =1,
Jm:{ i - I

0 otherwise.

So, in the Ising model only spins which are nearest neighbors interact with
each other.

In this paper, we consider the easiest non trivial model of magnetisms, the
Curie—Weiss model. In this system every spin interacts with every other spin,
more precisely, the spin X; interacts with the average of all spins, namely,

1 1N X
H(xl,xg,...,xN) = —§in . <NZ$J) = _ﬁ Z ZT;Zj.
i=1 j=1 3,j=1

The Curie—Weiss model is interesting since it is accessible to mathematical
methods (even not too sophisticated ones) and yet has a number of interesting
properties physicists expect of a paramagnetic system, like a phase transition
from a purely paramagnetic phase to a ferromagnetic phase. We will explain
this in detail in the next section.

The results we describe and prove below are not new, but rather well-known
to the community. However, the proofs we present are certainly not standard,
and rather elementary. We use the moment method to prove both a ‘law of
large numbers’ as well as a ‘central limit theorem’ and a ‘non-central limit
theorem’.

We remark that Ellis and Newman [9] mention that the method of moments
can be used to prove such results. However, these authors do not carry out
these arguments.

The Curie-Weiss model goes back to Pierre Curie and Pierre Weiss. A
systematic mathematical treatment can be found in [19] and [7]. For the vast
literature on the model, see the references in [7]. We refer in particular to [§]
and [9].

Recently, there has been increasing interest in proving limit results for
Curie-Weiss models with two or more groups, see [2, 3, 4, 5, 14, 15, 16, 17].

Besides describing magnetic systems, the Curie-Weiss model is also used
to model voting behavior in various election models, where X; = 1 (resp.
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X; = —1) means the voter ¢ votes ‘yes’ (resp. ‘no’). The basic idea is that
voters tend to vote in a similar way as the other voters in their constituency
(see [6, 11, 12, 13]).

2. DEFINITIONS AND RESULTS

Definition 2.1. For N € N and z1,22,...,2y € {—1,+1}, set

1 N 2
HN(xl,xg,...,xN) = —W<Z$1) .

The Curie-Weiss distribution CW (3, N) is the probability measure Pg x on
{=1,+1}¥ defined by

Pon({(@1,2s,...,an)}) = Z Le PN @1 T208) = 71 oay (R w0”,
Here, 8 > 0 is called the inverse temperature and Z is a normalization constant

so that Pg n is a probability, i.e.,
N
7= 3 ek
Il,rg,...,zNzl
By Eg,n, we denote the expectation with respect to the probability measure
Ps n.

We say that a sequence X1, Xa,...,Xn of {—1,+1}-valued random vari-
ables on a probability space (2, A, P) is Curie-Weiss distributed with inverse
temperature § = £ > 0 (or CW (3, N)-distributed) if

]P(Xl = xl,Xg = ZT2,... ,XN = xN) = Zile%(zi\;l wi)2.
If X1,Xs,..., XN are CW (B, N)-distributed, we call

N
i=1
the total magnetization of the X1, Xs,..., Xx.

Remark 2.2. Suppose X1, Xs,...,Xy are CW(S, N)-distributed random
variables. Since the function Hpy is invariant under permutation of its ar-
guments, the random variables X1, Xs,..., Xy are exchangeable. In partic-
ular, Eg nv(X;X;) = Eg n(X1X2) for ¢ # j. Moreover, Eg n(X;) = 0, as
PB,N(Xi = :|:1) = % and EB,N(XE) = 1; in fact, Xf =1.

In the following we will be concerned with a scheme of random variables
XM with N=1,2... andi=1,2,...,N,
such that the sequence Xl(N), XQ(N), . ,X](VN) is CW (8, N)-distributed.
We will be interested in the behavior of S](VN) = Zil Xi(N).
Note, that the joint distributions of, say, X{N),XQ(N) and of Xl(M),XQ(M)
are different for N # M, since the distribution CW (3, N) depends explicitly
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on N. In fact, a priori, X{¥ and X{ are defined on different probability spaces,
so that it does not make sense to speak of quantities like E(Xi(N)XJ(-M)).
With this being said, from now on we drop the superscript (N) and (M)
and simply write
N N
SNy = ZXi instead of S](VN) = ZX;N)
i=1 i=1
whenever it is clear which N is meant. This is an abuse of notation, but a very
convenient one.
The first result is a kind of a ‘law of large numbers’.

Theorem 2.3. Suppose Xi1,Xs,...,Xn are CW(B,N)-distributed random
variables and set Sy = Zfil X;.

(i) If B <1, then
1 1L »p
NSN:Nizngi:éo,

D o . .
where = denotes convergence in distribution and o, is the Dirac mea-
sure in a.

(ii) If B > 1, then

1 1 & p 1
NSN = N ;Xi g 5(5—m(5) + 5—771(5))’

where m(B) > 0 is the unique positive solution of the equation
x = tanh(fx).

Theorem 2.3 shows that there is a phase transition at inverse temperature
B =1, in the sense that the Curie—Weiss system changes its behavior drastically
at = 1. Up to this point, a ‘law of large numbers’ holds: The arithmetic
mean of the spins goes to zero (= the expectation value of X;). Above § =1,
the limiting distribution of the normalized sum of the spins has two peaks.

We remark that the convergence for § < 1 can be strengthened to conver-
gence in probability if we realize all random variables of the same probability
space.

Given the law of large numbers in Theorem 2.3, one may hope that there is
a central limit theorem for 8 < 1. This is indeed the case for g < 1.

Theorem 2.4. Suppose Xi1,Xs,...,Xn are CW(B,N)-distributed random
variables. If 8 < 1, then

1, 1 <. »p 1

where N'(p, 0?) denotes the normal distribution with mean p and variance o*.
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It follows, in particular, that

1 2 1
E — N Xx; - —
”((m; )) 1-8
while EB,N(XZ'Q) =1.

The above result suggests that for 5 = 1, there is no ‘standard’ central limit
theorem. Indeed, we have:

Theorem 2.5. Suppose X1, Xs,...,Xn are CW (1, N)-distributed random
variables. Then

1 1 <. »
N3/4SN ~ N34 ZXi 7 M
i=1

where 1 is a measure with Lebesgue density p(x) = Ce~ 127",

Since for 5 > 1 the expression %S '~ converges to a distribution which is
not concentrated in one point, there is no central limit theorem in the usual
sense that for a suitable constant

1
——(Sy —¢) = 4.

VN

However, there is a ‘conditional’ version of the central limit theorem. For
details, we refer to [10].
3. STRATEGY OF THE PROOFS
To prove convergence in distribution, we use the method of moments.

Theorem 3.1 (Method of moments). Suppose p, and p are Borel measures
on R such that all moments

m(n) == /xk duy, and my(p) = /xk du
are finite and such that
[mi ()] < AC*EL.
If for all k, mi(pn) = my(p), then p, = p.

For a proof, see, e.g., [1].
To employ Theorem 3.1 we got to estimate expressions of the form

=1
with a € {3,2,1}.
We have
N K N
(1) E,B,N((ZXz) ) = Z Eg N (X - Xoy - Xige)-
=1 T1q3Tinyeen Ti=1
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Note that for pairwise distinct ji, ..., je
Ep N (Xj - Xjy - Xy) = Ep v (X - Xz Xo),
since the measure P y is invariant under permutations of indices (exchange-

ability).
We observe that X! = X; for odd £ and X/ = 1 for even ¢. Thus,

(2) Epn(Xiy - Xiy - Xiye) = Eg N (X1 - Xo- -+ Xo),
where ¢ < K is the number of indices 7, which occur an odd number of times
among 41,...,0x-

In the following section, we estimate expectations of the form (2). It turns
out that their behavior in N depends strongly on the parameter 5. In Sec-

tions 5 to 7, we use this information to evaluate the moments (1), thus proving
Theorems 2.3, 2.4 and 2.5.

4. CORRELATIONS

In this section, we estimate correlations of the form
(3) Eg n(X1 - Xo--- Xp).

To do so, it is convenient to write the probability distribution Pg n in a
form which is more suitable for sending N to infinity. The basic idea, known
in physics as the Hubbard—Stratonovich transform, is to use the equality

2 1 1.2
(4) e® /2 e~ 3T faz de,
V2T Jr

which is nothing but \/% / e3(@=a) gy = 1.
This observation allows us to write the correlations (3) in the following form.

Proposition 4.1. Define F3(t) := %tz — Incosh(t) and set
—+oo
Zn () = / eN s tanh’(¢) dt.

Then, for £ < N,

Esn(X1-Xo-- - X¢) =
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Proof. By (4), we have
1

TN(Z) = 2N Z T1x2 -+ .we%(Zf\Ll $'i)2
T1,T2,..,anE{—1,+1}
= 71 = —3 4+ (N, wi)s
_2N\/E Z mle...mE/;ooe 2 VN 1 dS

T1,@2,.., N E€{—1,+1}
o0

- ]. —N1L142
I Sy Bt

1,22, N E{—1,+1} -

ﬁ/_o; Z ( Z xlerlt)xg...me

T2yemaNE{—1,4+1} Sz1€{—1,4+1}

N
N2 ,
x e N7t He”“tdt

=2

N
1 o . _N142 t
= sinh(t)xg - - xpe” B et dt
2N71\/ 2T /;oo Z ( ) ’ ‘ 1:1_[2

Z2,.., e NE{—1,+1}

N

1 /oo s 10 —NL142 xit
~ = E sinh®(¢)e™ " ® H et dt
2 V2T —00

LN E€{—1,4+1} i=0+1

1 oy N—t; \ —N1¢
= — sinh”(s) cosh s)e” "B dt
vV 27'(' ,/,oo ( ) ( )

VN
V2rp

Consequently,

] +2
/ e~ N(zg—Incosht) tanhz(t) dt.

Iz Zn(0)
- Tn(0)  Zx(0)

By symmetry, we see that Zy(¢) = 0 for odd ¢. To estimate Zy(¢) for
even £, we use Laplace’s method:

Ep N (X1 X5 X) O

Theorem 4.2 (Laplace). Suppose the smooth function F': R — R has a unique
global minimum at to with F™ (tg) > 0 for an even m and F")(tg) = 0 for
all 0 < r < m, moreover, let ¢ be a bounded continuous function which is
continuous at to with ¢(ty) # 0.

If fj:; e~ NFW |t dt is finite for all £ and all N large enough, then

T NP, 1 i O 1moy,
The Laplace theorem in the form we need it here can be deduced from [18].
For the reader’s convenience, we give a rough sketch of a proof in Appendix A.
Propositions 4.1 and 4.2 allow us to compute the asymptotic behavior of
the correlations (3).
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Theorem 4.3. Suppose X1, Xo, ..., X¢, Xey1, ..., Xy are CW(B,N)-
distributed variables. If £ is even, then as N — oo:

(i) If B < 1, then

(6) B Xy X X0 (0 - (L) L

(ii) If B =1, then

(7) Ein(X1-Xo--- Xy) =

(iii) If B > 1, then
(8) Es (X1 - Xy - Xg) = m(B)",
where t = m(B) is the strictly positive solution of tanh St = t.
If £ is odd, then Eg (X1 - Xo -+ Xy) =0 for all B.
Remark 4.4. Up to the factor N2, (6) is the fth moment of the normal
distribution MN(0, 1'8 755), (7) are the moments of a probability measure with

density proportional to e~ it up to the factor N—¢4 and (8) are the moments
of the measure 3(8_,,(5) + m(g))-

Proof. We compute:

1 1

B cosh®t’

Thus, for § < 1, the function Fj is strictly convex and has a local minimum at

t = 0. Consequently, this minimum is global and we can apply Proposition 4.2
to find

1
Fi(t) = Et —tanht, F§(t) =

Zn(0)
Zn(0)

+o00 o0 —
eNFe® tanh(t) dt(/ eNFs(t) dt)

— 0o — 00

+oo +oo _
NEs (D)t tanh" () dt(/ NEs (1) dt)
tt

1 B Z/g ¢ —t
~ e t"/2 4t
NZ/2(1—5 \/271'/

— (- 1)!!(%)”2@.

For 8 = 1, we obtain ¢ = 0 is still the unique solution of FJ(t) = 0, F{?(0) =
F®(0) = 0 and F¥ = 2. Thus, t = 0 is a global minimum of F; and the
above reasoning gives (7).

For 8 > 1, we have Fj(0) = 0 and F§(0) = 5 — 1 < 0, s0 0 is a local
maximum.

EB7N(X1 .. XZ) =

— —
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Since Fg(t) = Fg(—t), we have, for  even,

0 00
Zn(r) = / eNFe) tanh" (t) dt + / eNFe tanh” (t) dt
o 0

() _9 / NF5(O) tanh? (1) dt.
0

Thus, it suffices to estimate the integrals (9) for r = £ and r = 0.

Set f(t) = %t and g(t) = tanh(t), so Fg(t) = f(t) — g(t).

We have f(0) = ¢(0) and, due to 8 > 1, f'(0) < ¢’(0), hence f(t) < g(t)
for small ¢ > 0. Moreover, g is bounded and strictly concave (for ¢ > 0).
Consequently, there is a unique to > 0 with Fg(to) = f(to) — g(to) = 0. We
have ¢'(to) < f'(to) due to the concavity of g, hence Fj (o) > 0.

By Proposition 4.2, we obtain

~ (LN _. ¢
Eg n(X1--- Xo) = (E) =:m(B)".
We have
tanh(Sm(f)) = tanh(to) = Bto = m(pB).
This proves (8). O

5. PROOF OF THEOREM 2.3

We estimate
N

(10) EB,N<<%§:>K):%EB,N< > Xil-Xi2-~-XiK>.

i=1 i1, ix =1
Evaluating these sums is a combination of bookkeeping and correlation esti-
mates as in Section 4. To do the bookkeeping, we define:

Definition 5.1. We set
WKJV = {l: (i17i27"'7iK) | 1 S z] S N}7
Wi n(r) :={i € Wk n | exactly r different indices occur once in i}.

By wk n and wg n(r), we denote the number of multiindices in Wik y and
Wi n (1), respectively.

Lemma 5.2. We have

(11) U)K’N(’I") S KN

(12) U}K,N(K):(]V%!I()!%NK.

Kir
2
)

Proof. The multiindices in Wk n(r) contain at most r + KQ_ L = % different
indices. There are at most N5~ ways to choose them and at most K! ways
to order them.

For r = K, we have N%'K), ~ N¥ possibilities to choose an ordered K-tuple

from N indices (without repetition). O

Miinster Journal of Mathematics VoL. 13 (2020), 205-218
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We estimate

N K
1
EB7N<(N ZXz) > :W Z E37N(Xi1 'Xiz"‘XiK)
i=1 i

—ONK" +Esn(X1-Xo- o Xp)
QE@N(Xl-XQ---XK).

The last expression goes to 0 for § < 1, by Theorem 4.3. For g > 1, it
converges to m(/3) for even K and to 0 for odd K.
Together with Theorem 3.1, this proves Theorem 2.3.

6. PROOF OF THEOREM 2.4

In our proof of Theorem 2.3, we realized that only terms with K distinct
indices counted in the limit for (10). For the central limit theorem for inde-
pendent random variables, the only important terms are those with all indices
occurring exactly twice.

It will turn out that for the Curie-Weiss model with 5 < 1, both doubly
occurring indices and those that occur only once play a role in the limit.

To do the bookkeeping we got to refine our definitions in Definition 5.1.

Definition 6.1. We set
W%N(r) = {4 € Wk n(r) | no index occurs more than twice},
Wi (1) = Wi n (r) \ Wiy (r).
and denote by w(}(’ ~(r) and the w;r( N (1) the cardinality of WIO<7 N(r) and
Wi n(7), respectively.
Lemma 6.2. We have

1
2 .

wKN()

Proof. If the K-tuple 2 contains r indices with only one occurrence and at
least one index with three or more occurrences, there are at most r — 3 places
left for indices with (exactly) two occurrences. Therefore, a tuple in w} N (7)
contains at most r4 1 B3 5 3 different indices. Consequently, there are at

most K'N1 “~2 such tuples O
Lemma 6.3. We have
N! K!
—  if K —r is even,
when(r) = ¢ (N = 555) (2515
0 otherwise.
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Proof. We choose an (ordered) r-tuple p of r indices to occur once and an
ordered (K — r)/2-tuple A of indices to occur twice in 2. We have

N!
(V= E3);

ways to do so.
Then we choose the r positions for those indices which occur once. We can

do this in
K\ K!
r) (K —r)!

ways. We fill these positions in g with p1, pa, ..., pr, starting with the left most
open position.

Finally, we distribute the indices A1,..., A(x_y)/2, twice each. The index
A1 is put at the left most free place in ¢ and in one of the remaining K —r — 1
positions, A is put at the then first free place in ¢ and in one of the K —r — 3
remaining free places, and so on.

This gives

possibilities. O

We are now in a position to complete the proof of Theorem 2.4.
We split the sum into two parts:

1 N K 1 N
IE&N((\/—N;) )ZWE&N( Z Xil'Xiz"'XiK>

11,82, 0K =1

K
1
cEY Y B XuoX)
r=04e WY y(r)

K
1
(13) tvEE Y. O Ban(Xi - Xi X,
r=0iew} \(r)
We estimate the second term in (13) first. If 2 € W v (r), then
(14) Eg N (Xiy - Xip - Xige) = Eg v (X1 - Xo oo Xp o Xipp),

since X{ =1 for even £ and X! = X; for odd £. (In (14), s may be 0.)
Consequently, for 2 € VVI'(F ~ (1), Theorem 4.3 (iii) gives

E57N(Xi1 : X1'2 o XZK) S ClN_T/Q.

By Lemma 6.2, we conclude that

K
1 p—
FEE Y 2. Eaw(Xu Xy Xi) SGNTV

r=0iew}; v (r)
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The remaining, in fact leading, term is

K
ﬁz Y Esn(Xi - Xip - Xi)

r=0 iGWD N ()

(15) Nmz Y Epn(Xi-Xp- X,).
= O'LGWID< ~(r)

Since K is even and Eg y(X; - Xo---X,) = 0 for odd r, we may set K = 2L
and write (15) as

L
Y B X Xa)

=0ieWy, y(20)

1 & (2L)! B N\
W; L+é) (2@)!(L—e)!2H(%_””(m) N~
L

M

i |2L (20~ 1)!!(%)2

(2L)! &

! ¢
T LRl & (L —Lé)!él(lfﬂ)
! )L:(K—l)!!(

— (2L -1 !!(—
oz~ 11
which are the momentb my (N(0, = [3)) of a normal distribution with mean

zero and variance = [3 for even K.

/
ﬁ)Kz,

7. PROOF OF THEOREM 2.5

To prove Theorem 2.5, we have to estimate

]E1N<<ZX) )z T Z Ey N (X, - Xiy - Xig)

Ni
r=0 s€ Wik, n(r)

1
(16) + IR > Ein(Xi, - Xy Xi)
i€Wk, ~ (K)
Due to Theorem 4.3, equation (7) and estimate (11), the first term in (16)
goes to zero. The second term in (16) can be estimated by Theorem 4.3,

equation (7) and (12):

1 1 1 [tle a2t dt.
E Ey v(Xiy - Xig - Xiye) & NE —
§K LN 11 12 1K QK 77t4
Ni W (K) N1 Ni [e-w=tdt’

This gives the result.
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APPENDIX A

In this appendix, we give a rough sketch of a proof of Theorem 4.2, details
to justify the approximations made below can be found in [18] or [10].

Without loss of generality, we may assume that o = 0. To approximate the
left-hand side of (5), we make a Taylor expansion F(t) ~ L F(™(0)t™. We
obtain

T NP T N R 0y
/ e NEWE o(t) dt ~ / e N mr O (1) it
and by setting s = (NF(™)(0))"/™t, we get

oo " 2
wra L. < () o) @

1 +o00 i,
B (NF(m)(o))(Hl)/m%O(O)/ e~ w5 s ds.

— 0o
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