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Abstract

The Curie-Weiss model is a simplification of the Ising model to show the existence of a phase transition
for ferromagnetism. In this thesis, we study the behaviour of sums of these dependent variables. We
prove in general that under the appropriate assumptions, we can still conclude a version of the Law of
Large Numbers. We also find that if there exists a certain m € R, 4 > 0 and integer k > 1, we have
that (S, — nm)/n'/2¥ converges to exp(—1s2¥/(2k)!) in distribution.

For the Curie-Weiss model this means that for g, which is a constant proportion to inverse tem-
perature, we find that if 8 € (0,1) we have S,,/n - &(s) and S,,/vn - N(0,0?) in distribution where
6?2 =(1-p)"' - 1. At g = 1 there occurs a phase transition, we still have that S,,/n — 6(s), but now
Sp/n3/* > exp(—s*/12). When > 1 we can find an m > 0 such that S, /n - %[6(5 —m) + 6(s + m)].

We also study the Curie-Weiss model where we assume that it is under the influence of a magnetic
field. We prove that we do not find a phase transition, and we always have S,/n — 6(s — m) in
distribution for some m € R. Next to this we find that (S,, — nm)/+/n always converges to a normal
distribution.



Lay Summary

When a magnetized piece of metal is heated to a specific temperature, it will lose it's magnetic sus-
ceptibility. This is known as a phase transition and at which temperature this happens is determined
by Curie’s Law. In this thesis, we will look at the particles of the metal that behave like tiny magnets by
themselves. If we assume that the particle can be magnetic into one of two directions, up or down, we
can say that it takes the value 1 if it points up and —1 when it points down. If all the particles point up,
then the average is 1 and the metal is very magnetic in this direction. But if there are as much parti-
cles pointing down as up, then the average is zero and the metal does not show signs of magnetism.
Physics tells us that when a particle decides on the direction it wants to take, it is influenced by the
direction of other particles around it, where the amount of influence is determined by the temperature.
So all of the particles together follow a certain rule on how they want to be oriented. In this thesis we
will research if we find the same results as Curie’s Law, if we assume that the particles follow the rules
given by what is know as the Curie-Weiss model.

Summary

We want to determine if we can show that there occurs a phase transition in a piece of metal, by
modelling the magnetic properties on the basis of the distribution of magnetic moments (spins) of the
particles. The distribution of the direction of these spins is influenced by neighboring particles. We will
assume that they only take one of two possible directions which we will denote by {1,—1}. Another
simplifying assumption is that all of the spins influence each other in the system, this means that we
don’t have the geometry which determines which particles are neighbours. This leads to the use of the
Curie-Weiss model which gives an expression for joint distribution of the spins, with a parameter g = 0
which is proportional to inverse temperature.

Because the random variables are dependent for 8 > 0, we will prove two theorems in this thesis
as an alternative to the Law of Large Numbers and the Central Limit Theorem, both of which are not
applicable. We will define a function G which will be of great importance in the proofs of these theorems,
and is determined by a measure p, which in turn is determined by the assumption about conditions the
metal is in. This leads to the statement S,, — 3, b;6(s — m;) in distribution where the b;’s and m;’s
are real and determined by p. Moreover, we find that under the right assumptions on p, there exists
a unique m € R, 1 > 0 and integer k > 1 such that (S, — nm)/n'/?* > exp(—21s?k/(2k)!). With
these results we can conclude that there exists a specific temperature such that there occurs a phase
transition.

We also extend the model by assuming that the metal is under the influence of a magnetic field. This
leads to the conclusion that there does not occur a phase transition, and we always have S,, - §(s—m)
is distribution for some m € R.
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Introduction

When a magnetic piece of metal is heated, the ability to be magnetized weakens up to a specific
temperature, where this ability disappears altogether. Once the metal is cooled down, it does not
return to it's original state. Only if the metal is put under the influence of a strong enough magnetic
field, the magnetization comes back.

The phenomenon of ferromagnetism is caused by the angular momentum of individual electrons
all pointing in the same direction. Wilhelm Lenz invented the Ising model as an approximation of the
actual physical phenomenon and gave his student Ernst Ising the assignment to study whether this
model could explain the phase transition caused by the increasing temperature. Instead of orienting in
any direction on a three-dimensional sphere this model assumed that the particles could only be in one
of two different states given by {1,—1}. These states are often referred to as spin and because spins
which are aligned have a lower energy than those who are opposed, nature prefers neighboring spins
which have the same state. The edges of the graph on which the particles live determine whether they
are neighbours and is usually considered to be Z4, with d € N.

It is, however, easier to assume that each spin is influenced by all the other spins in the system.
In this case we talk about the Curie-Weiss model. Suppose the system consists of n distinct atoms.
Given a vector o = (0;);=1,..n Where each o; represents the spin of an individual particle, we assume
that the spins tend to align. Which is why we introduce the term

n

Zﬁnizqaj, (1.1)

i=1j=1

where g > 0 is a constant proportional to the inverse temperature. When two spins o; and g; of opposite
sign are multiplied in the summation, they have a negative contribution, whereas two spins of equal
sign have a positive contribution. Thus the more spins are oriented in the same direction, the larger
the outcome of the term in (1.1). To put the parameter 8 to use we define the joint distribution of ¢ as

Pz({o}) = eXp o ZZ@JJ- ) (1.2)

i=1j=1

where Z,, is a normalization constant. We now see that the magnitude of g plays a big role in the
distribution of the mass of the probability measure IP’;;. When we increase £, then so does the probability
of a configuration where the majority of spins has the same sign. For § close to zero, the contribution
of the exponent 1.1 starts to decrease, and the amount of aligned spins loses it's importance.

When we considering the case g = 0 in (1.2) we find that this corresponds physically to infinite
temperature and mathematically to independence. This implies that the individual g;’s have a uniform
distribution on {—1,1}. If we set S, = %Z?zl 0;, then together with E[s;] = 0 and E[¢?]| = 1, both the
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2 1. Introduction

Law of Large Numbers and the Central Limit Theorem hold with

.Sy
lim — =0 as,, (1.3)
n-oo N
li Sn N(0,1) in distribution (1.4)
—_— = B | Istripution. .
ngl;lo dn )

Although this is a satisfying result, it does not say much about the case where > 0 since we lose
our assumption of independence. We already suggested that for small values of 8 we might observe
behaviour which coincides with the independent case, where for large values of g it is more likely to
observe a configuration o where S,, moves away from zero. Since the value of the sum S,,/n determines
the strength of the magnetization in the system, it is common to denote the magnetization by m,, (o) =
S, /n, but throughout the thesis we will often mention S,, /n instead of m,,.

In Chapter 2 we will derive that for values of g close enough to zero we do in fact find that S, /n
converges to a discrete distribution with all it's mass centered at the point zero. We even find that
S, /+/n converges to a normal distribution. When g = 1 we will find the same convergence for S, /n,
but it will appear that we don’t have normality in the limit anymore. But under the appropriate scaling,
there still exists a limiting distribution. The convergence to the Dirac distribution is in a way comparable
to (1.3). Intuitively, this means that when the temperature is high enough, the influence of the spins
among each other is negligible compared to the energy in the system caused by the temperature.

When B becomes greater we see that the term in the exponent of (1.2) will give large portions of
it's mass to configurations of & where most of the spins are aligned. In this case it is unlikely that S,,/n
converges the point zero in some way, since it favors a configuration where the absolute value of the
sum S, is large. In Chapter 3 we prove two theorems which will show us that for g > 1 the limit S,,/n
will converge to a linear combination of Dirac measures. This is where we can make a distinction in
the limiting behaviour by changing the parameter g and hence observe a phase transition when g = 1.
These theorems will also generalize the obtained results from Chapter 2 such that we can study more
complex variations of (1.2). Most of the theorems and lemmas found in Chapter 4 are based on results
in [1] and is often an identical statement under a different hypothesis.

The model in (1.2) assumed that the spins where only influenced by the temperature in the system,
it is however more interesting to study a system that is under the influence of a magnetic field. If one
brings a piece of metal such as iron into a magnetic field, the magnetic properties of the metal change.
In the model this can be explained by the spins which tend to align with the direction of the field, this
translates to a joint distribution given by

Pgn({0}) = -~ exp o iiwj +hyB Z o | (1.5)
i=1

i=1j=1

where h € R is a constant proportional to the direction and magnitude of the field. From a physical
point of view it makes more sense to replace the term replaces h = \/Eﬁ]‘l and 8 = J3, such that one
can write the exponent as exp(—f# ()), where

H(o) = —Zj—niiqaj —fliai,
i=1

i=1j=1

denotes the Hamiltonian as described in [3]. However, it is helpful to use the expression as in (1.5)
because it will be more convenient to work with in Chapter 4. In this chapter we find that the behaviour at
B = 1in the previous model vanishes due to the presence of the magnetic field, where S,, /n converges
to a point of mass whenever h = 0. At the end of the chapter we will briefly consider an extreme case
where f is several orders of magnitude larger than h. We know that for large values of 3, in the model
described by (1.2), S,,/n converges to two different points of mass. Regardless of the strength of the
magnetic field, we will always find that S,,/n converges to one point if the distribution is given by (1.5).
When h is extremely small, this convergence happens very slow. Since a piece of metal only has a
finite amount of atoms, say n, one might not observe this result in an experiment.



Limit behaviour of the Curie-Weiss
model

In this chapter we will analyse a specific case of the Curie-Weiss model where the joint distribution is
given by ]P’E in (1.2). This will serve as an illustrative example for the more general results in later chap-
ters. The ultimate goal is to determine under which circumstances we will observe a phase transition,
which means that we have study the behaviour of S,,/n by looking at different values of 5. Because
(1.3) and (1.4) do not hold for g > 0, we are to find out how large sums of these dependent random
variables are distributed. We will start by setting up some general notation which will help us identify
similar objects in later chapters.

Given a sequence of random variables X, ..., X;, with joint distribution ]P’E, we will express this dis-
tribution in a more general form. Since the X; take values in {—1, 1} and in the independent case f = 1
we had a uniform distribution for an individual X;, we will introduce the following measure

(o = [z X = £ (2.1)
PRI =00 otherwise. '

We can use this measure p to express the P in terms of an integral

2
1 n n
PE((Xl,...,Xn)eA)zLZ—exp % Zai Hdp(aj). (2.2)

i=1

Because p in (2.1) is a discrete and finite measure it is helpful to introduce the Dirac measure which is
defined by

(2.3)

1, if x =0,
S =
() {0, otherwise,

where we may also write §(x) = §({x}). Furthermore, if we want to give all mass to a point m € R not
necessarily zero, we write 6,,(x) = §(x —m). Thus we can recover p in the form p = %(61 +6_1). We
can now factor out 8 in (2.2) by introducing

1
o= 3(8/5 + 0 y5) =4

and substitute x = \/fo for which we have dpg(x) = dp(x/,/B). This gives us the expression

1 n 212
Pp(C - K) €M) = | o exp[W] 1_[ dpp (x)), (2.5)
n j=1

which is the notation we will use in this and following chapters. Because we will study the same object
in later chapters but for an arbitrary measure p, we write dp instead of dpg from now on.
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4 2. Limit behaviour of the Curie-Weiss model

2.1. Distribution of sums

In this section we will prove claims about how S, = ¥, X™ is distributed, where x{™, ..., x{" is a
sequence of random variables with distribution (2.5). We will however assume that p is an arbltrary

measure and thus write
n
1 (1 + - + x)?
Z exp[ o 1_1 dp(x;). (2.6)
J:

In this expression we notice the summation of the variables x;, which is useful to derive an expression
for the probability measure of S,,. In the following lemma we will derive the distribution of S,,.

Lemma 2.1.1. Let X, (n) . (") be a sequence of random variables with joint distribution (2.6) and let
Sp = Zi=1 X i(n). Then the d/str/but/on of S, is given by

1 x?
7 exp( )dp*"(x) (2.7)

where p™™ is the n-fold convolution of p with itself.

Proof. We will prove this claim by showing that the distribution of S,, can be expressed in terms of a
Radon-Nikodym derivative with respect to the measure p**. First note that for a sequence of indepen-

dent random variables Y7, ..., v{™ with distribution p, the distribution measure of ¥ = ¥, ¥ is given
by Theorem 15.1 from [2] as

n
o) = | Tnyrsron | [d0Go).
j=1

Inspired by (2.6) which contains the sum }}; x;, we can define a new measure v using the Radon-
Nikodym derivative with respect to p*"

dv _ ieyz/zn

dp™  Z,

which will give the expression
1
A “n
Observe now that we can obtain the distribution of S,, very easily in terms of p*" because

ﬁ dp(x;)

j=1

1 (1 + o+ x,)2
E[ls,ea] = f Z—nl{x1+...+anA} eXp[Tn

J—exp( >]l{x1+ +xn—x}1_[dp(x}

f — exp( )dp*"(x) =v(4).

Hence S, has distribution v which was indeed what we meant to prove in (2.7). O

We now have an expression for the distribution of S,,. What we want to know is if the limit of S, /n
converges to a point of mass, and similar to the case of § = 1, whether we have normality in the limit of
S,/vn. When we observe that the latter is not possible, it might just be that we do have convergence

of S, /n%, where a # % For this reason we want to study the behaviour of

nl-v’



2.1. Distribution of sums 5

where y is arbitrary, but only the cases where y € 0,% will appear to be relevant. Because p is
assumed to be a discrete measure in this chapter, the distribution function is a summation which is
different for each n. This is very inconvenient, which is why we slightly modify the object such that the
cumulative distribution function is given by

| : f(s)ds,

for some density function f with respect to the Lebesgue measure. This can be done by adding an
independent random variable which also is characterized by some density function. When y = % we
might find a normal distribution in the limit. Thus if we add W ~ N(0, 1) to the object S, /+/n, and the
resulting limiting distribution is a normal distribution, we can argue that S,, /v/n is also normal in the limit.
We have a different scaling of S,, when y < % thus we do not expect a normal distribution in the
limit. Hence the added factor must lose it's contribution as n — o. For this reason we will try to find
the distribution of the object
w S,
5

- (2.8)

nz7Y
with W ~ N(0, 1) with W independent of S,,. The assumption that W is independent of S,, is necessary,
in order to draw conclusions about the limiting distribution of S,,/n'~Y. Why this is the case becomes
clear when we state and prove the following lemma.

Lemma 2.1.2. Suppose that for each n, W,, and Y,, are independent random variables such that
W, — v, where

7(a) = f el®*dv(x) # 0, all a € R.
ThenY, — uifand only if W, + Y, — v * p.

Proof. First suppose that Y, - ¢ and uy,u, € R, because of the independence we can apply Corollary
14.1 from [2] and we have

DPwy,Yn (uy,up) = Pw, (ui)(PYn (uz) (2.9)

where ¢y, and @y, are the characteristic functions of W}, and Y,, respectively. Now Lévy’s Continuity
Theorem tells us that

Ow, (U) @y, (uz) = V(u)fi(uz) asn - oo, (2.10)

where fi(a) = [ e!**du(x). Thus if we denote the random variables W and Y such that W, > W and
Y, = Y we obtain that W and Y are independent. Hence using (2.9) and (2.10) together with Theorem
15.2 from [2] we obtain

Pw,+v, W = Qw, Wey, (W) = oWy (W) = pywyy(w) asn - o (2.11)

where W + Y has distribution v * u which proves the implication.

Now assume that W, +Y,, - v*u where v = u is the distribution of W +Y for some random variable Y
with distribution ¢, and we know that v is the distribution of W to which W,, weakly converges. Note that
these are independent by definition. This gives us a similar argument using (2.9)-(2.11) which leads to

Ow, Wy, (W) = oy (W)py(u) asn - oo,

forallu € R. And the assumption that ¢y, is nonzero on R gives us pointwise convergence of ¢y — ¢y
which implies Y,, —» p and proves the converse. O

Now that we are at the point where we can immediately derive the limiting distribution of S, /n'~", we
will derive the distribution of the object in (2.8) in the following claim.

Claim 2.1.3. Given that S, has distribution (2.7) with p as in (2.4), then for some W ~ N(0, 1) indepen-
dent of S,, we have that
w N Sn exp(—nG(s/n¥))ds
1

nar | m7 T Jexp(—nG(s/n)yds’

(2.12)



6 2. Limit behaviour of the Curie-Weiss model

where the function G : R — R is defined by

G(s) = ; —In Cosh(s\/ﬁ). (2.13)

Proof. Define the interval I := (—oo, nl‘VH] which will be helpful regarding notation. This gives the
following equation

w S
]P’(l— + nlfy < 9> =P(VaW + S, <n'770) = P(VnW + S, €1). (2.14)
STV

nz

We know that the distributions of vnW and S,, are given by N(0,n) and (2.7) respectively. It then follows
by Theorem 15.1 from [2] that as they are independent, the distribution measure of \'nW + S,, is given
by the convolution product of vnW and S,, their measures. This is

[N(0,n)* eXp(xZ/Zn)p*"](A)
U2 X2
exp( n)duzi exp( )dp*"(x)

ff 1,(u+x)

Continuing with (2.14) we obtain

u»(x/ﬁw +S,€1) = - f d[N(0,n) * exp(x?/2n)p™"] (x)
n I

2 (2.15)
Z \/_ f f 1;(u+x) exp(——)du exp( )dp*"(x)
Now if we use substitution for s = u + x, we obtain
f 1,(u + %) exp(—u_2>du - f 1,(s) exp<— (s =0 >ds, (2.16)
2n 2n
and expanding (s — x)? leads to
_@%r)lzﬂzz—%+% (2.17)

Because we want an integral with respect to the Lebesgue measure, we use Tonelli-Fubini’'s Theorem
to interchange ds and exp( )dp*”(x) We then obtain the following for (2.15)

1 2
Z \/_ff 1;(u+x) exp(——)du exp( )dp*"(x)
)2 2
(218) Z_\/mff]ll(s) exp(— (s an) )dsexp(x )dp*"(x) (2.18)

(217)21 \/1_ (_%)ICXI}( )dp*n(x)ds

The n-fold convolution product of p with itself is defined as the distribution measure for the sum of n
independent random variables with distribution p, hence if we let V3, Y,, ..., Y;, be sequence of random
variables which satisfy this condition it follows that

fexp(%)dp*n(x) =E exp(%)] = Elﬁ eXp(%Yi)]
i=1

n

el 2]

i=1

(2.19)



2.1. Distribution of sums 7

Where we used that the Y;’s are independent and identically distributed. Since our measure p is given
by (2.4) we can calculate the expectation in (2.19)

L

(2.20)
= cosh| — ).
n
Returning to (2.18) we now have
1 1 f < SZ)J < >d M (x)d
— exp| —=— ] | exp| — x)ds
Zn\2mn J; P 2n P n P
n
g ool ool 3)
= — exp| —=— |E|exp{ — || ds
Zn~\2mn J; P 2n P
(2.21)

o1t ()
Zn\2nn J; 2n

2 o2 em{omen(E s

where we used that a™ = exp(nlna) for any a > 0 in the last equation. Observe that we can rewrite
the term in the exponent as

2 2
R CO%(# ) _ _n<(s/2n) o cosh(%ﬁ)) _ —nG(s/m), (2.22)

where G is given by (2.13). Since we want an expression for the distribution we need to change the
upperbound to 8 by means of substitution. This will be obtained by substituting ¢ for sn¥~* which will
give an extra factor n'~7 in front of the integral. At last we can put it together and obtain for (2.21)

Zl Nezzh) (——) exp(nlncosh(#))ds
(2.22);(2.13 Z fn e exp ( ))ds (2.23)

t=sn¥-1 1 n'7V 9 ( G( ))d
= — exp| —nG| — t,
Zn\2nn J_w P n¥

where the integrand has the desired form. To arrive at the normalization constant we have to let 6 — o

which will give
w Sn
lim P Ty = =
6-0c0 nE—y n

And because 6 — oo gives us the required integral and we obtain the expression

L ( G( ‘ ))dt | o L2127 ! (2.24)
JE— ex —-Nn —_— = _— = . .
Zn\2nn P n¥ Zn\2nn fexp(—nG(nLy))dt

Hence it follows from (2.23) and (2.24) that (2.12) holds if we replace t by s. O

It will turn out that in a more general setting the function G in (2.13) will play a very important role as it
characterizes the distribution of objects similar to that of (2.8). When we are discussing convergence
of random variables in the next sections and chapters, we will often write X,, = f(s) when a sequence
(X)n=1 converges weakly to a measure v, which is determined by a density function f(s) with respect
to the Lebesgue measure ds. Hence if dv(s) = f(s)ds, the statements X,, - f(s) and X,, - v are
assumed to be equivalent.



8 2. Limit behaviour of the Curie-Weiss model

2.2. Law of Large Numbers

In the previous section we found the distribution in (2.12) which will help us to obtain a limiting distribu-
tion for %” Thus if we take y = 0, we have to look at the density function exp(—nG(s)). For g € (0,1]
the function G will visually resemble one of the graphs in Figure 2.1. Observe that G has a unique global
minimum at zero and that G(s) > 0 for s # 0. We obtain that

1

0.8

0.6

G(s)

0.4

0.2

Figure 2.1: Plot of G for g = % and f = 1.

1, ifs=0,

2.2
0, otherwise, (2:25)

exp(—nG(s)) - l

as n —» . Now that we know that all the mass is given at a single point we have to show that our
distribution converges to the Dirac measure given by (2.3). Theorem 18.1 from [2] tells us that this is
equivalent to showing that

y [ e h(s)ds
nl—I;lc:lo fe—nG(S)dg

= f h(x)dd(x) = h(0), (2.26)
for any continuous, bounded function h. We can use dominated convergence with

(—nG(s)h ho), s =0, as
~ N -
exp(—nG(s))h(s) 0, otherwise, e

as in (2.25) for the pointwise convergence and we have the upperbound
exp(—nG(s))h(s) < exp(—G(s)) max{|h(s)| : s € R},

for each n > 1 as exp(—G(s)) is integrable by (2.24) for n = 1. Hence we obtain that in the left hand
side of (2.26) the numerator converges to

f e ¢ p(s)ds - h(0) asn — oo,
where the same holds for the denominator with h = 1.

What we have shown now is that for some W ~ N(0, 1) independent of S,, we have

W S s
—_— 4 — >
Jn 7 (5),
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where we know that W /\/n - §(s). It follows from Lemma 2.1.2 that this implies
Sn
Pl 4(s), (2.27)

for 0 < B < 1 which is similar to (1.3). When 8 > 1 we see that G does not have an unique global
minimum, but two global minima which is made visible in Figure 2.2. Because of this it is intuitively not
possible to arrive at the same result as in (2.26), since all of the mass will be given to the two points
where the global minima occur. We will develop additional tools in later chapters to show that there
exists a limiting distribution for the case g > 1 as well.

0.6

0.4

G(s)

0.2

Figure 2.2: Plot of G for § = 1.5.

2.3. The Central Limit Theorem

Now that we have shown that a weaker version of the Law of Large Numbers exists under the condition
that 0 < B < 1, we will do the same with respect to the Central Limit Theorem. For a sequence of
independent and identically distributed random variables we would have that

. Sn —nu
lim

n-w  g\n

— N(0,1) in distribution, (2.28)

where u and ¢ are the mean and standard deviation respectively, which corresponds to (1.4). But
since we don’t have independence in the Curie-Weiss model for g > 0, the argument is not applicable.
However, we do have the expression (2.12) which can help us find a normal distribution in the limit. Note
that in (2.28) we subtract nu to center the limiting distribution around zero, in the following derivation
we use (2.27) as a motivation to take u = 0. Hence we will try to show that

Sn 5
W+ — - N(0,0°) asn— oo,

NG

for some ¢ > 0, using the known expression for the left-hand side of this equation, which is given by
(2.12).

Similarly to the derivation of the limit (2.26) in Section 2.2, we will use point convergence of the
density function in (2.12). To achieve this we use that G has the following Taylor expansion around
s=0

SZ

_ S8t St e
G)=—5—B5+P 12+0(s ). (2.29)
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So whenever g € (0,1) we have

—n6ts/nn) = =l 1 - L3 4 o((symy)|

s? s*
=-1-5 n2r-1 + 0<n4y—1>’

which implies that for y = % we obtain the pointwise convergence

)h(s) asn — oo, (2.30)

2
exp(~nG(s/n'/))h(s) - eXp(_Z(li—ﬁ)‘l

for any bounded, continuous function h. Observe that when 8 = 1 we lose the quadratic term in (2.29).
This will lead to a limiting distribution which is not normal but gives

4
(S/lnzy) " 0((s/ny)6)]

s s6
T T 1ontr-1 +0 név-1 |

By the same reasoning as for 8 € (0, 1) we will choose y = i and obtain

—nG(s/n¥) =—-n

)h(s) asn — oo, (2.31)

4
exp(—nG(s/n'/*))h(s) - exp(—i—2

Now we can apply Theorem 18.1 from [2] again to obtain the limiting distribution. First observe that we
can bound cosh(s\/ﬁ) < eIsVP and find that

2 2

S s
G(s) = — —Incosh s\/ﬁ > —1In(elsNVB
’ ( ) 522 ( ) (2.32)
25 - Is|/B.
Then by (2.32) we have
v€(0,1) s2
exp(—nG(s/n")h(s) = exp(‘? + Is|ﬁ> max{|h(s)| : s € R}, (2.33)

thus we can apply dominated convergence with (2.30) and (2.33) to prove that for § € (0, 1) we have

J exp(—nG(s/n'/?))h(s)ds 1
[ exp(—nG(s/n1/2))ds - f Noros exp(—ﬁ>h(s)ds asn - o,

where g2 = (1 — f)~1. The same goes for § = 1 where (2.31) and (2.33) give

2

fexp(—nG(s/n1/4))h(s)ds . feXp(—%)h(s)ds

asn— oo,
— 1/4 s4
Jexp(-nG(s/m/))ds [ exp(-)as
What we have shown is that for € (0,1) we obtain the limiting distribution
S
W+ 2 -5NO0-8)"1Y asn- o, (2.34)
Jn

where W ~ N(0,1). We can apply Lemma 2.1.2 together with Theorem 16.3 from [2] and conclude

n

S. -
FEoNOA-p 1-1) asn- o, (2.35)
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for B € (0,1). We could not arrive at a normal distribution in the limit for § = 1 using the same scaling
as in (2.34), but we can divide S, by a different order of n and obtain the following expression

w S s*

ey + n3_7/14 - exp(—ﬁ>ds asn - oo,

where the normalization constant is left out. Because the term ﬂ‘, converges to §(s) we can apply

1/
Lemma 2.1.2 again to obtain "

S s*

n3_1}4 - exp(—ﬁ>ds asn — oo, (2.36)

Thus a certain change happens at § = 1. For smaller values of § we have a normal distribution in
the limit where S,, is scaled by the same term y/n as in the Central Limit Theorem. But the limiting
distribution takes another form when g = 1 and S,, requires a different scaling to obtain this.

What we observe is that by changing the physical properties of the model, in this case the param-
eter B which is proportional to inverse temperature, the behaviour of S,, changes drastically when g
approaches 1 from below. In the next chapter we will generalize the methods that we used through-
out this chapter and see why we could not find a limiting distribution for § > 1 as well. Using one of
these methods it becomes possible to prove the claim at the end of section 2.2, where we stated that
S, /n converges to two different points with equal probability. In this case it is unreasonable to find an
expression as in (2.28) without additional assumptions, as we do not have converge to the mean.






General

In Chapter 2 we have shown that for a specific case of dependent random variables, we can still apply
the known limit theorems and obtain satisfactory results. We also saw that there exists a type of
boundary for the Curie-Weiss model at § = 1. We know that the limit behaviour changes at this point
but are unable to prove the actual existence of a phase change. In this chapter we will state and prove
two theorems which will agree to the already obtained results and also lead to additional conclusions
that we could not make in Section 2.2. In order to do this we must impose a condition on p, hence
throughout the chapter we always assume that our measure p satisfies the condition

x2
fexp<7>dp(x) < oo, (3.1)

This excludes the case where p has a normal distribution for example, but is necessary to ensure we
can apply the lemmas stated in this chapter.

3.1. Lemmas

The function G in (2.13) was not introduced without purpose, and the term cosh (s\/E) appeared to be
derived from (2.20). For this reason we will define the general form of G together with some properties
in the following Lemma.

Lemma 3.1.1. Suppose that p satisfies (3.1) and define G : R —» R by

2

G(s) = S? - lnf exp(sx)dp(x). (3.2)

Then G is real analytic and G(s) —» o as |s| —» oo. Thus, G has only a finite number of global minima.
Also,

fexp(—nG(s))ds <o foranyn€{1,2,..}. (3.3)

Proof. We will prove that G(s) — o as |s| - o by showing that the term s2/2 goes much faster to
infinity than 1n [ exp(sx)dp(x). For the integral we have for some L > 0 and s € R

f exp(sx)dp(x) < f exp(Jsx])dp(x)
< d
< -flxISL exp(sxdp(x) + j

[x[>

. exp(|sx|)dp(x)

< p([—L, L]) exp(LIs]) + f exp(lsxdp(x),

[x|>L

and if we use the identity
2 2

1 , S X
SUsl = IxD)* = — —sx[ + > 20, (3.4)

13
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and p([—L,L]) < 1 we obtain

2 2
fexp(sx)dp(x) (24) exp(L|s|) +J. exp(s? + %)dp(x).

|x|>L

Since we can let L = \/m as we're letting [s| — oo, we find that
fexp(sx)dp(x) < exp(lsls/z) + exp(sz/Z)f exp(x?/2)dp(x)
lx[>/Is]

= o(exp(s?/2)), |Is| - oo,
because of the assumption (3.1) on p. Hence we obtain

(3.5)

2
lim 6(s) = lim % “In f exp(sx)dp(x)

|s]—co

2
= lim In exp(%) —lnfexp(sx)dp(x)

|s|—>00
~ lim -1 (f eXp(sx)dp(X)) @5
GEE exp(s2/2) -

In order to prove (3.3) we start withn = 1, and use a = exp(In a) for a > 0 together the same expansion
asin (2.17) (but we take n = 1). We also use Tonelli-Fubini’s Theorem before we apply the expansion,
this will help us to separate the terms only dependent on x. This gives

fe_G(s)dS — e—sz/2+1nfexp(sx)dp(x)ds — fe—sz/z f es*dp(x)ds
— f f e—sz/z+sxdsdp(x) (2.17) f J e‘(s‘x)z/zdsexz/zdp(x).
We now have the term e~(=9?/2 inside as the integrand with respect to ds, which is the density of a

normal distribution with mean x without the normalization constant. Since we assumed (3.1) we obtain
from (3.6)

(3.6)

3.1
ffe_(s_x)z/zdsexz/zdp(x) = fmexz/zdp(x) (<) o0, (3.7)

Now for n > 2, we want to bound the integral in (3.3) by using that it converges for n = 1. We know
that G tends to infinity and can therefore find an M > 0 such that G(s) > 0 for all |s| > M. This gives
the following upperbound

3.7
f e~n6(5)gs =f (e—a(s))“ds Sf e‘G(s)ds(<)00. (3.8)
|x|>M [x|>M [x|>M

We also know that G is continuous because it is analytic, hence G attains a global minimum on the
compact set [-M, M]. Thus for |s| < M we can also find an upperbound on this domain

f e-MGE) g < f exp(—nmin{G(s) : s < M})ds
Ix|<M |x|<M (3.9)

< 2M exp(—nmin{G(s) : s < M}) < 0.
Now (3.8) and (3.9) give us

Je‘"a(s)ds = J e M6 ds +f e 6 ds < o
|x|sM |x|>M

as desired. O

In Section 2.1 we proved several claims about the distribution of S,,, which will appear to be the foun-
dation of the proofs in this section. Especially Lemma 2.1.1, which does not assume anything on p and
makes it applicable in any case. Moreover, Claim 2.1.3 showed the importance of the function ¢ which
we defined in a more general way in Lemma 3.1.1. We will state and prove the following lemma which
is a generalization of the claim. Because of this the proof will be analogous to that of Claim 2.1.3 and
we will often refer to it.
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Lemma 3.1.2. Suppose W ~ N(0,1) is independent of S,, for alln = 1. Then given y and m real,

w N Sp—nm exp(—nG(s/nY + m))ds
ni v nt-v [ exp(—nG(s/n¥ +m))ds

(3.10)

Proof. Because of the the term nm in (3.10) we will define the interval I such that we arrive at the same
expression as (2.14), but now I := (—o0,n'"¥8 + nm| and we obtain

WS, -

11»< + "nl_zm < 9) =P(VaW + S, €1). (3.11)
‘—V

n2

Because the distribution of S,, is known by Lemma 2.1.1, equations (2.15)-(2.18) follow by the same
reasoning. Hence we can continue (3.11) to arrive at

P(VAW + S, €1) = Z—\/_ ( )Jexp( )dp*"(x)ds (3.12)

By (2.19) and a™ = exp(nlna) for any a > 0, we have for an random variable Y with distribution p

exp(sy>] —exp(nln f exp( )dp(x))

Hence similar to (2.21), we have that (3.12) becomes

roca o) [ ol o

fexp( )dp*"(x) =E

(3.13)
Z \/_f < )exp(nlnfexp( )dp(x))ds
From here we can again follow the proof of Claim 2.1.3 and just as in (2.22) we obtain
s? (s/m)*
—Z-l-nlnfexp( )dp( X) = — ( ~In fexp dp(x))
(3.14)
-3
n
where G is given by (3.2). Now (3.13) leads to
1
Z_\/_ exp(——) exp(n an’ exp( )dp(x))
i) 1 1 n'7r6+nm s (3.15)
E [ e no(2)s

where we want the upperbound to depend on 6 only. This can be obtained by means substitution of
t = sn¥~! —mn? and gives

n'~Yf+nm

S
Z f exp(—nG(;l))ds

V2 0 (3.16)

t=sn?~Lomn? 1 n17Y ( G( t N ))dt

= _—— eEXp|—n — m .

Zn\21n J_wo P n¥

Now the normalization constant can be obtained using the same technique as in (2.24) and leads to
(3.10) as required. O

With the lemmas stated in this section up to this point, we are able to prove claims about the limit
behaviour of random variables with a distribution given by (2.6) for an arbitrary p which satisfies (3.1).
Observe that in the previous chapter we obtained that the limit behaviour was determined by the value
of 62K (0) for some positive integer k, and that we only had reasonable results whenever ¢ 2% (0) > 0.
We also need this to be true in the same sense for the rest of the chapter, which is why we will introduce
the following definition for G in (3.2).
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Definition 3.1.1. Given a positive integer a, we write
p ~ (mq,kq;...;mg, kg)

if the set of global minima of G is {m,, ..., m;} where the m;’s are distinct and the k;’s are positive
integers, and foreachi =1, ...,a

(s —my)ki

G(S) = G(ml) +/11W

+0((s —mp?kitt) ass->my, (3.17)
where 4; is a positive number. We call k(m;) = k; the type and A(m;) = 4, the strength and the maximal
type is defined as the largest of the k;’s.

In the case of 8 € (0, 1) this led to the expression

1-8 ,

G(s) = s +0(s*),

thus we have that the minimum at zero is of type k = 1 and strength 2 = 1 — 8. For 8 = 1 we obtained

1
_ 4 6
G(s) = 155+ 0(s®),
which means that k = 2 and 1 = 2.
Because we want to show weak converge of a sequence (X,),»; t0o X in R, for which we will use
Theorem 18.1 from [2] again, we have to prove that

lim E[h(Xn)] = E[(X)], (3.18)

for any continuous, bounded function h. Since these random variables are characterized by the density
function given in the right-hand side of (3.10), the Dominated Convergence Theorem is a convenient
tool to prove this limit. We will apply dominated convergence in the following way, if we want to deter-
mine the left-hand side of (3.18) where the X,,’s distribution is given by (3.10), then we can choose a
set IV which excludes the global minima. This can be done by taking small intervals of radius § > 0
around the m;’s out of R. We will then apply Lemma 3.1.3 to show that the integral over VV goes to 0.
We have already applied Lemma 3.1.4 at this point since § is determined by this lemma. Moreover, the
lemma provides for the use of dominated convergence on R\ V, as it gives expressions for pointwise
convergence and an integrable upperbound.

Lemma 3.1.3. Assume that p ~ (mq, ky; ...; my, k) satisfies (3.1). We define
f =min{G(s)|s € R}

and let V be any closed subset of R which contains no global minima of G. Then there exists € > 0
such that

e"ff e ) ds = 0(e™™), n - oo, (3.19)
v

Proof. We will prove (3.19) by showing that on a closed set V without global minima, there exists a
distance ¢ > 0 such that for every S € V we have G(s) — f > . Suppose that for m € R we have
G(m) = f, then for every s € V we must have G(s) — G(m) > 0. If this was not true then either V has to
be open or G(s) = f for some s € V and V contains a global minimum. Hence as there are only finitely
many global minima we can find an € > 0 such that G(s) — f > €. Now let e > 0 suchthat G(s) > f + ¢
onV andn = 1, we find for every s € V that

eN(F=6(9) = gNf~(n-1G(5)=G(S) < onf-(n=1)(f+£)=G(s) = p—negf+eo=G(s) (3.20)

where e~ is now the only term dependent on n. Since the left-hand side of this equation is the
integrand we want to bound and we know for the upperbound that

3.3
f e 60)ds < Je“;(s)ds (<) o0, (3.21)
v
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Hence (3.19) follows from
e"ff e 61 ds (320)6'"56”‘5[ e~ 6 ds
% %

< e‘”f[ef”j e‘G(s)ds] G20 0(e™ ™), n- oo,
v

Lemma 3.1.4. Define
B(s;m) = G(s + m) — G(m).

Then foreachi = 1,...,a if we say k = k; and 1 = A;, there exists 6 > 0 sufficiently small so that as
n — oo

nB(il;ml) - A s2k, (3.22)
I 2h)!
and
nB(%;mL) > %(2/11()'52" for |s| < Sn%. (3.23)
nzk '

Proof. In order to prove (3.22) and (3.23) we first clarify the following; since G is analytic we have that
if a € R then

o (s—a)
G(s) =G+ Y GY(a) )
;

J!

Because of the assumption of p we have ¢ (m;) = - = G@*~D(m;) = 0 for every global minimum
m; of type k = k;, where the strength is given by 1 = 1; = G (m;) > 0. Hence if we write G(s + m;)
using the expansion around m; we obtain

2 C . s/
B(s;my) = G(s +my) — G(my) = ——s2F + G (my)—. (3.24)
a2, T

Because every term in the summation has an exponent j > 2k + 1 > 2k, it will go to zero when we
N

substitute — for s, first we obtain from (3.24)
nzk
s s2k - . s/
B<—1:mi> =A—5+ Z GO (M) —=—. (3.25)
L jl2k
nk n(2k)! 1L nJ/2kjl

Hence for j = 2k + 1 we then have

1 1 1 1

ni/zk = n@k+D/2k — 3 p1/2k’

which we can combine with (3.25) such that (3.22) follows from

S SZk SZk+1 1
nB ng;mi = n(ln(zk)' + 0(n1+1/2k)> = (Zk)l

as n — oo. Now for (3.23) we need to bound B(s, m;) from below. This can be done using the inequality

ni/zk

52k+1
s2k 4+ 0(—) (3.26)

A A
B(s;m;) = sk — [ s — B(s; mi)]

(@k)! @)
> A s —|B(s;m;) — Lsz" e
= 2h)! T TRl
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where we know that

y) . s/
|B(s;ml~)— skl = Z G(J)(mi)j—l =0(|s|2k+1), s— 0.

(@h)!

Hence we can find an § > 0 such that

B(s;m;) — ——s%¥| < 1 4 sk, |s| <6 (3.28)
Y (2k)! 2@k ’ '
and with (3.27) arrive at
B(s: (3§8)1 A Is| <6
Sm) 2 @ sl<o

N

At last we obtain (3.23) from substituting for s which gives

1
nzk

B(s >> 11 52k 1 1 . ||<6ik
nB| —/;m; | > n= =_ s2k s nzk,
s 2" 0@l ~ 2 2k)!

and concludes the proof of the lemma. O

3.2. Law of Large Numbers

In the case B € (0, 1] of the Curie-Weiss model, we showed that (2.27) holds. But for § > 1 we could
not prove such a claim, which was implied by the fact that G had two distinct global minima +m around
zero which is illustrated in Figure 2.2. We claimed that we will therefore have that S,,/n converges
to those two points and as G is an even function, they should have the same probability mass in the
limit. The following theorem states that for an arbitrary p which agrees with Definition 3.1.1, we will
have a linear combination of Dirac measures in the limit, which is exactly what we described for the
Curie-Weiss model when g > 1.

Theorem 3.2.1. Assume that p ~ (mq, ky; ...;my, kg), then

S_n Z?:l bi6(s —m;)

N (3.29)
n Yic1 by
where
1
b; = [A(m)] 2ki, if k; is maximal. (3.30)
0, otherwise.

Proof. By Lemmas 2.1.2 and 3.1.2 with y = 0 and by definition of the weak convergence of measures

we have to show that a
[ Oh(s)ds T, h(mb,

f e~N"G(9)ds Z?:l b; !

(3.31)

for each bounded continuous function h. Because we have W /yn - §(s) = v and for some measure
u that

V() = [ 146+ DA@AO) = [ 12duG0) = uca), (3.32)
we can apply Lemma 2.1.2 in the following way; if W /v/n+S,, /n — u, then we must have S,,/n — u. Now
for the left-hand side of (3.31), we want to split the integrals into two integrals over different domains,

where one integral will have no contribution in the limit. Choose § > 0 such that (3.23) holds and that
we have § < min{|m; —m;| : 1 < i # j < a}. With this condition we can define the closed set IV by

a
V= ]R\U(mi —5m +6),
i=1
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which will contain no global minima of G. For the first integral which we will consider, we will put the
factor e™ in front such that we can apply (3.19). Since we have that h is bounded we can indeed apply
(3.19) to

enff e O n(s)ds < sup{|r(s)|: s € R}enff e-6() g
) Y (3.33)

=0(e ™), n-o o,

for some ¢ > 0. The factor e™ in front of the integral is also necessary for the integral over the rest
of the domain R \ V, which contains the global minima of G. We will also put a factor n/2¥ in front of
the following integral, this will have no influence on the convergence of (3.33) as it is of order 0 (e ™).
Foreach i =1,...,a we have that m; is a global minimum of G thus f = G(m;). Then if k = k(m;) and
A = A(m;) and we substitute s + m; for s we obtain

1 mi+48 1 S5
nﬁe”ff e O p(s)ds = nzk f e EEHm)enf h(s + m;)ds

m;—& -6
s (3.34)

= . 1
=MD ok f exp(—n(G(s + m;) — G(m;)))h(s + m;)ds.
-5
We now recognize nB(s; m;) in the last equality and together with the substitution of s/n'/2¥ for s we
obtain

)
1
nﬁf exp(—nB(s; m;))h(s + m;)ds
-5

(3.35)
s s
=f 1 exp(—nB(—l;mi>>h<—1 +mi>ds,
Is|<én2k nzk nzk
N

where nB(—l;mi) is in the form of (3.22) and (3.23). Because we chose § > 0 as in Lemma 3.1.4

n2k
we obtain an integrable function as upperbound

s s
exp(—nB(—l; mi>>h<—1 + mi>
nzk nzk

1 2 S
< exp(—z (Zk)!52k> sup{|h(s)| : s € R}, for|s| < énzk,

since k = 1. Now by (3.22) we have pointwise convergence for

s s
exp| —nB| ——;m; | |h| —/— +m; |1 1
nazk nzk |s|<énzk

A
2k
- exp(— (Zk)!s )h(mi) asn — oo,

Hence by the Dominated Convergence Theorem we know that the limit of the integral in (3.34) is

1 m;+6
nﬁe"fj e "6 p(s)ds —>Jexp(—

s”‘)h(mi)ds asn — oo,
mi—(S

2k)!
2k

- h(m)A1™ 1 f exp(— (;k)!)ds asn — oo,
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Now we can apply (3.33

~

and (3.35) to the numerator of (3.31) and obtain

nak enf e MG p(s)ds

1 @ 1 m;+6
=nzk enff e S p(s)ds + Z nﬁe"ff e O h(s)ds
v =i mi-8 (3.36)

2k

a
1
- O(nﬁe‘n5)+2h(mi)bifexp<— ;k l)ds asn - oo,
i=1 (2k)!

where b; is only nonzero if k; is of maximal type. This is because if one substitutes a k larger than the

type k; of m; in (3.26), nB( —=—;m; | = 0(n%) as n — o for some a > 0, hence the integral will not
2k

n
contribute in that case. At last we have to choose h = 1 in (3.36) such that the denominator gives

1
[e™®n(s)ds nzke™ [e O p(s)ds

fe—nG(S)ds - n%e”ffe_"c(s)ds
Szk
Yios h(m)b; fexp(—m)ds _ YL h(m)b;
“ B s2k - a asn — oo,
Yi=1bi fexp(—@)ds Yi=1bi
with (3.29) and (3.30) as desired. O

3.3. Central Limit Theorem

When we have that p ~ (m, k), G has an unique global minimum of type k where Theorem 3.2.1 implies
that S,/n = &§(s — m). Because we now have convergence to a single point in distribution, we might
have a result analogous with the Central Limit Theorem. The following theorem states whenever this
is the case.

Theorem 3.3.1. Assume that p ~ (m,k) is nondegenerate and satisfies (3.1) and m has strength
A= A(m). Then
S, —nm N0, —1), fork =1,

-

2 (3.37)
nl—i cexp(—ms%), fork = 2,

where c is a normalization constantand ™1 —1 > 0 fork = 1.

Proof. We will prove this in a similar way as we proved Theorem 3.2.1, but now we need to show by
Lemmas 2.1.2 and 3.1.2 with y = - that

[ exp(—nG(s/n*/?k + m))h(s)ds . feXp(—ﬁsu)h(s)ds .
J exp(—nG(s/n?/2k +m))ds fexp(_(zik)lszk)ds ' ’

for any bounded, continuous function h. If k > 2, then using the same reasoning as in (3.32), we can
immediately conclude (3.37). For k = 1 we will obtain that

w2 - N(0,271)
ﬁ ) )

but since W ~ N(0, 1) is chosen independently of S,,, Lemma 2.1.2 and Theorem 16.3 from [2] imply
that (3.37) follows. Now that we have an unique global maximum we will define the closed set V as
follows

V=R\(m-46m+9),
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with § > 0 from Lemma 3.1.4. Thus we obtain by substituting for s/n'/2¢ + m for s and using that h is
bounded

Jl-s|26n1/2k exp< nG( VT m))h(s)ds

_ 2k f exp(-nGS)A( = +m)ds (3.39)
|4
< sup{|h(s)|: s € IR{}nl/Z"f exp(—nG(s))ds.
v
We can now apply (3.19) to (3.39) such that for some € > 0 we have
e"fj exp<—nG( 15/‘2k +m)>h(s)ds = 0(n'/?kem&), n - oo, (3.40)
|S|>5n1/2k

On the rest of the domain |s| < 6n'/?* we see that since f = G(m) recognize B( 1/Zk,m)

S
nf
¢ J|s|<5n1/2k eXp( nG( 1/2k m)>h(s)ds
B f|s|<5n1/2k eXp(—n(G<n1/2k + m) - G(m)>)h(5)ds
S
= B
J;5|<5n1/2k exp( n ( 1/2k' ))h(S)ds.

where we can use dominated convergence since

exp(—nB(il; m))h(s)
nzk

1 2 )
g2k . 1
exp( 2 (Zk)' )SUP{|h(s)| :s €R}, for|s| < énzk,

gives us an integrable upperbound by (3.23). And (3.22) implies that

s A
. 2k
€xp <—n3<n%{ ,m))h(s)]llsl<6n21k - exp( 2o’ )h(s) asn — oo,

Hence for the numerator and the denominator in (3.38) with h = 1 we now have

nf J exp(—nG(s/n'/% + m))h(s)ds
= e”ff exp(—nG(s/n'/?* + m))h(s)ds
|5|>5n1/2k

+ e f exp(—nG(s/n*/?* + m))h(s)ds
|s|<énl/2k

- 0(n/?ke=ne) + f exp(— SZk)h(S)dS asn — oo,

(2k)!
which concludes the following
ITE nl—i - —L fork =2 (3.41)
nz 2k n- 2k ¢ exp (zk)ls ’ ==

And since we have that % — §(s) for k = 2 we can apply the same reasoning from the proof of

2 2k
Theorem 3.2.1 and particnularly (3.32) to conclude that

S, —nm (
———— > cexp| —

n' 2k

k
(Zk)!sz > for k > 2.
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In Section 2.3 we applied Lemma 2.1.2 together with Theorem 16.3 from [2] to show that (2.35) follows

from (2.34). We can use the same argument for the case k = 1 in (3.41) provided that A=1 — 1 > 0. In

order to show that 2= — 1 > 0 whenever k = 1, we will write 71 — 1 = 1/1—/1 and conclude that both

the numerator and denominator are strictly positive. Let ¢(s) = [ exp(sx)dp(x) such that the first and
second derivatives of G are

dG(s) _ o @' (s)
ds —°  ¢(s)’
d26(s) . p)P"() = (@' ()’ _
& T em e

where the derivatives of ¢ are given by

d
o) = f x exp(sx)dp(x),
2

d
506) = [ # exp(s)dp(o),

We will rewrite 8 such that we can gather the sum of three integrals into one and recognize the quadratic
form a? — 2ab + b? = (a — b)?, which will contribute to the argument that 8 > 0. We first write

PO =@ P, @ ) @)
$2(s) $6) TR )

(P ?'(5)
¢(S)[¢() <¢())‘“) <¢())¢()l

where the quadratic form becomes clear when we expand the following integrals

\ P (s) $'(5)
¢ - <¢()>¢()+<¢())¢(s)

[ zestapee) — 2 LY [ resr AN
—J- dp(x) 2(¢())fxe dp(x)+<¢(s)>fe dp(x)
[ |-z ¢><>> <¢>(s))2
¢(s) ¢(s)
_ (PN s
_f[x (—¢(s) )] es*dp(x).

Thus (3.42) becomes
1 , 2
ol [x ) (‘253 )] e B4

3'(s)
b(s)
) = 0 for all x € supp(p). Then for

0(s) =
(3.42)

es*dp(x)

0(s) =

which is strictly positive for all s. To see that we can’t have x — < ) = 0 for all x € supp(p),

?'(s)

we will derive a contradiction. Assume that we have x — ( o)

N <¢ (S)) N
Ple® )
which implies that supp(p) = {x;} and is in contradiction with the assumption that p is nondegenerate.

Hence 8(s) > 0, and with the assumption that G"(m) = 2 > 0 is the type k = 1, this leads to

L 1-21_1-G"(m) _ 6(m)
e W ialren R

Thus we can conclude (3.37) for all k > 1. O

X1, X, € supp(p) we obtain
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3.4. Agreement of the Curie-Weiss model with the theorems

Let us briefly return to the Curie-Weiss model that was treated in Chapter 2 where pg was given by
(2.4). We observe that in the case of g € (0, 1) we can use the the expansion given by (2.29) to express
Gp as

2
Gp(s) = (1 — ﬁ)% +0(s*) ass—0,

with an unique global minimum at s = 0 and Gg(0) = 0. Now by Definition 3.1.1 we may write pg ~
(m = 0,k = 1) with strength A = 1 — 8. Theorem 3.2.1 applies here and gives

Sn 5 3.44
7_) (S), ( )

with b = 171/2 being the only weight as there is one distinct global minimum. We can also apply
Theorem 3.3.1 here and immediately come to the result

Sn
— 5> N, =-1),
N ( )
which is identical to (2.35). For § = 1 we can apply the same expansion of Gz, for s close to zero, but
now we obtain .
S
_ > 6

Gp(s) = v +0(s )
By definition we have therefore pg ~ (m = 0,k = 2) with strength 4 = 2, Theorem 3.2.1 now implies
that we again have (3.44) as there still is a unique global minimum located at zero. Now that we have
a minimum of type k = 2, we obtain a limiting distribution which is given by Theorem 3.3.1 as

Sn st
W - CE€EXP —E ,

and one easily verifies that this is the same result as in (2.36). For § > 1 we can only derive an implicit
expression where the global minima of Gz occur. The first derivative of Gg is given by

dGg(s) _ \/_sinh(s\/E)

ds ’ cosh(s\/E)
=s5-— \/Etanh(s\/ﬁ),

which implies that the global minima satisfy the condition

m= \/Etanh(m\/f). (3.45)

If 8 > 1 we indeed find that (3.45) has three solutions which is made visible in Figure 3.1. Note that
apart from zero, the global minima occur at m and —m for some m € R. This can be explained by the
fact that Gg is an even function for all 5 > 0. Now as we have that Gl’;’(s) =1 - 6(s) where 6 is given
by (3.42) we find

Gp(s) _ . cosh”(sy/B) = sinh”(sB) _ . B
ds? cosh® (s\/ﬁ) cosh® (s\/ﬁ)
If we want to use the limit theorems from this chapter we have to show that Gz has an expansion around
m and —m of the form in (3.17). Because G is even, the following argument is symmetric for m and

—m, which is why we only focus on m > 0. We’'ll show that Gl’;’(m) > 0 for § > 1 using the following
claim.

(3.46)

Claim 3.4.1. Suppose that Gg is defined as in (2.13) and assume > 1. Then for a global minimum
m > 0 of Gg we have
d?Gg(m)

ds2 >0
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Figure 3.1: Minima of G when 8 = 2.

Proof. Because the second derivative of Gg is given by (3.46), we have to show that

Cosh\é;\/— ) <le \/—tanh(m‘/_ ) < Smh(m\/— ) (3.47)

in order to prove the claim. We know that if m is a global minimum of Gg, it satisfies (3.45). And since

x2k+1

the series of sinh is given by sinh(x) = Y., reTTenk

we have an upperbound for x > 0

x3  x°
x<x + — + = + -+ = sinh(x). (3.48)

This gives the following sequence of inequalities
(3.45) B>1
\/Etanh(m\/ﬁ) = m<m ,B < smh(m\/E),
proving (3.47) and hence the claim. O

We can now apply Claim 3.4.1 for the global minima satisfying (3.45) in the case of § > 1 to obtain the
two expansions around +m

N2k
G(s) =G(m) + A% +0((s —m)?k*1) ass-m,
2k
G(s) =G(—m) + A% +0((s +m)?**1) ass - -m,

where 1 = G(m) = G(—m) and pg ~ (m,k = 1;,—m,k = 1). Since we do not have a unique global
minimum, we can not apply Theorem 3.3.1. But by Theorem 3.2.1 we get an interesting result, that is

Sn Ab(s—m)+A6(s+m) 1
Pl 57 —5[6(s—m)+8(s+m)].

Hence as n — oo, S, /n takes one of the two values m or —m, both with probability %

We can now conclude that there occurs a phase transition at § = 1, this is because for § > 1
we have that S,,/n converges to two different points with equal probability but as soon as f < 1 this
convergence changes to a single point. For large values of 8, the points m and —m of the intersection
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in Figure 3.1 will tend to /8. And since we made the transformation x; = \/Bo; at the beginning of
Chapter 2, the magnetization will tend to

[6(5 m) + 6(s + m)],

z \/_n \/_2

hence lim,,_,,, m,, will be very close to either 1 or —1.






Extension of the Curie-Weiss model

4.1. Limit theorems
In this chapter we will consider the model described in (1.5), which had a probability measure given by

n n
Zalaj +h\/EZ o; |
i=1

j=1

M:

1l
_

Ppn((o}) = —e p<2
i
In Chapter 3 we generalized the results found in Chapter 2, thus given an p which satisfies the conditions
of Definition 3.1.1, we can immediately conclude the limit theorems (3.30) and (3.37). In order to work
with these statements we have to put (1.5) in the form of (2.6). This can be done by changing the
weights of the Dirac measures in (2.4), since we still have the dependence on . If we use the following
measure
eh ~h
Ppn = 2 coshhS\/E + 2 coshh(s‘\/ﬁ'
then (1.5) reduces to (2.6) where p is given by (4.1). Thus if we compute G from (3.2) we may be able
to conclude one of the limit theorems. Given g > 0 and h € R we have

ox es\/ﬁeh + e_s\/ﬁe_h COSh(S\/E + h)
f e?dp() = ——5osht)  ~  cosh(h)

(4.1)

Hence we define Gg, : R - R as

s? . cosh(s\/ﬁ+h)

Gpn(s) = 2" cosh(h) ’

which we know is analytic by Lemma 3.1.1. Similarly to the derivation of the derivatives and global
minima of Gz in Section 3.4, we obtain that the first derivative is given by

M \/_ tanh(s\/_ +h)

where a global minimum m of G ,, satisfies the condition

m = /B tanh(m /B + h). 4.2)
By the same reasoning we find that the second derivative of Gz, is given by
d?Gg (s
@) _ P . (4.3)
ds cosh (s\/ﬁ + h)

27
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In Figure 4.1 we see that we have three points of intersection, but opposed to the case h = 0 which
is illustrated in Figure 3.1, we have that the location of these points on the m axis is different. This is
a result from the horizontal shift caused by h. If we increase h > 0 (or decrease for h < 0), then the
graph is shifted up to a point where we only have one intersection m, which has the same sign as h.
We will not observe this behaviour whenever g € (0, 1], since the tangent of \/Etanh(m\/ﬁ + h) will
not be steep enough such that the graph intersects at more then one point with m.

20 _\/Etanh(m\/ﬁ + h) -
- m

1
e

Figure 4.1: Minima of G when 8 =1.5and h =

We will make a proposition which states the limiting distributions of this model in the case where
h > 0. One can derive the same results for h < 0 by changing signs. We already argued that we end
up with one global minimum for a sufficiently large h. In the proposition we will show that this always is
the case and are therefore able to apply Theorem 3.3.1.

Proposition 4.1.1. Assume that pg , is given by (4.1) and g > 0 and h > 0. If m is the largest solution
to (4.2), then

Sn

o - §(s —m), (4.4)

S, —nm

NG - N(0,0?), (4.5)
where a? = (Gg ,(m))™" — 1.

Proof. If m is the largest solution to (4.2), then we have to show that it is a unique global minimum of
Gp,, before we can apply Theorem 3.3.1. Now let m; and m, be solutions to (4.2), where m, < m,
and m, is the largest possible solution. So both are extreme points of Gg j,, but for m, to be a global
minimum, we have to show that we indeed have Gg,(m;) < Gg,(m,) and only have an equality if
my; =m,. To do this we define the function gg : R x (0,0) - R as

gp(s,h) = Ggp(s).

The partial derivative with respect to h is given by

dgg(s,h) @ 52 cosh(s\/ﬁ+h)

dh ~an\ 2 n cosh(h)

= :—h(ln(cosh(h)) — ln(cosh(s\/ﬁ + h)))
= tanh(h) — tanh(s\/ﬁ + h),
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which implies that for any h > 0 we have for the solutions m; and m,

9gp(mz, h)
oh

m2
VB

= tanh(h) — tanh(mZ\/E + h) = tanh(h) —

0gz(my, h

N
Hence if m, is the largest solution to (4.2), then for any m, which is a solution too but not the largest,
we have Gg ,(m,) < Gg,(Mm;) and we conclude that m, is an unique global minimum.
Because we claim that we have a normal distribution in the limit around m, we have to show that
Gg ,(m) > 0 such that we have pg, ~ (m,k = 1) and can therefore apply Theorems 3.2.1 and 3.3.1.
B! . B, .
Similar to the proof of Claim 3.4.1, we are required to prove

\/ﬁtanh(m\/E + h) < sinh(m\/ﬁ + h),

where we refer to the expression for G[’)”,h in (4.3). For B < 1, this inequality holds since tanh(x) <
sinh(x) forall x = 0. For 8 = 1, we have

\/Etanh(m\/ﬁ + h) “2 m ﬂél m\/ﬁ +h (3é8) sinh(m\/ﬁ + h),

hence whenever h > 0, we have that G[’;,h(m) > 0. To see that pg, ~ (mk = 1) with strength
A(m) = Gg ,(m), we give the expansion of Gg , around m

d2Gyp(m) (s —m)?
ds? 2!
At last we can apply Theorems 3.2.1 and 3.3.1 to obtain (4.4) and (4.5). O

+0((s—m)%) ass-m.

Gpn(s) = Ggp(m) +

In the model that was treated in Chapter 2, there occurred a phase transition at § = 1 and we also
observed that the limiting distribution was not normal at this point. When we try to find such a point in
the current model, we will see that this is only possible in the case where h = 0, which is exactly the
model of Chapter 2.

A limiting distribution which is not normal has to have a global minimum of type k > 2, which requires
G[’?,,h(m) = 0. Since we can find an expression for the second derivative in terms of the first

L1 _ 1 g+ (JFranh(s/F+ 1))

2
=1_'3+(5_%>,

it follows that the third derivative is given by

d3GB,h(S) —ofs— dGB,h(S) 1— dZGﬁ’h(s)
ds3 ds ds? '

(4.6)

We search for a minimum m of type k > 2, thus under the assumption G ,(m) = Gg,(m) = 0 we
obtain that &
Ggp(m)
B.h
— 0 2 —9
ds3 m

Where Gl(f,z (m) is only zero if m = 0, but from (4.6) we can conclude that as m? = 1 — § we must have
B = 1. Up to this point we have that if a global minimum m has type k > 2, then we must have m = 0.
But if a global minimum occurs at m = 0, (4.2) implies that we must have h = 0. Hence this is the
model we described in Chapter 2 for which we know that a phase transition happens at g = 1.

We conclude this section with the following results. Given a measure (4.1) for § > 0and h € R\ 0,
there exists a unique global minimum m which is of type k(m) = 1 and strength A(m) = 1 — 8 + m2.
This results in the limiting distributions given by (4.4) and (4.5). Thus if a piece of metal is under the
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influence of a magnetic field, there appears to be no phase transition. But what we see is that when
B approaches zero, G has a global minimum m = 0. When we increase § again, the minimum shifts
to the right if h > 0 and vice-versa. This effect is illustrated in Figure 4.2, which can be compared to
Figure 2.1 where we have the same values for g but h = 0. Note that for 8 < 1, the minimum forced to
the right when h > 0. For § > 1 we see that the minimum with the same sign as h is favored over the
other minimum we had in the case where h = 0. This is physically explained by the fact that the spins
tend to align with the direction of the magnetic field.

1

0.5

Gpn(s)

Figure 4.2: Plot of G, for § = 5 and # = 1.5 and in both cases h = .

4.2. Worked example of an extreme case

If a metal is under the influence of a very weak magnetic field and temperatures are very low, thus h
is several orders of magnitude smaller than S, then we must have that (4.4) and (4.5) hold. We will
consider a few cases where we take § = 5 - 102 and h ranges from 107> to 1071°. Since we have a
global minimum m, and a local minimum at approximately —m, we might find that the values G attains
at these local minima are also very close to each other. We have computed these values and they are
given in Table 4.1. We see that Gz ,(my) and Gg ,(my) are equal up to a certain amount of decimal

h | my Gg,n(mg) | my Gg,n(my)

107> -22.36067977 | -249.30686 22.36067978 | -249.30684

1077 | -22.36067977 | -249.3068529 22.36067978 | -249.3068527
10710 | -22.36067977 | -249.3068528195 | 22.36067978 | -249.3068528193

Table 4.1: The global and local minima denoted by m, and m; respectively and the corresponding values Gg attains for
B =5 - 102 and different values of h.

points, and this amount increases as we let h becomes smaller. In the proof of Theorem 3.2.1 we used
that there is a difference between f = G(m,) and G(s) for any s € R which is not a global minimum,
such that we could conclude (3.33). If we can find a combination of g and h where this difference is
of order 10722, then we have that (4.4) holds, but is not physically relevant as there are approximately
n = 10%? atoms in a gram of iron.

What we have shown is that under the influence of a magnetic field, we do not observe a phase
transition since the atoms tend to align with the direction of the magnetic field. The limit in (4.4) agrees
with this as the value of m increases monotonically with 5. But whenever h is small enough, the
convergence S, /n = §(s —m) happens so slow in n that it is not physically relevant anymore.



Conclusion

We started this research by analyzing the limit behaviour of the Curie-Weiss model where a vector
o = (07);=1,.n Of Spins has a joint distribution given by (1.2) and the distribution of the individual o;’s is
assumed to be given by the measure in (2.1). The case where § = 0 is ignored throughout the thesis
up to Chapter 4 since we have independence and the know limit theorems in (1.3) and (1.4) hold. In
Chapter 2 we concluded that for g € (0, 1] we had the following limiting distributions

‘%” - 8(s), ifp<1, (5.1)

% SNO,A-B)-1), ifRE D), (5.2)
Sn 4 .

i - cexp(—i—z) if 8 =1. (5.3)

In Chapter 3 we generalized these results with respect to the measure p. After proving multiple
lemmas about the properties of p and the function ¢ defined in (3.2), we stated the main results in
Theorems 3.2.1 and 3.3.1. We were able to extend the results (5.1)-(5.3) by the following statement

57“ > %[5(5 —m)+8(s+m), ifp>1, (5.4)

where m is one of two global minima of G for § > 1. We concluded that there is a phase transition
happening at § = 1, Since S is a constant proportional to inverse temperature, there must exists a
temperature T, which gives 8 = 1. Hence for temperatures T < T, there occurs spontaneous magne-
tization with a uniformly random direction, and where the strength of the magnetic force is determined
by the value of m.

Chapter 4 extended the model that was treated in Chapter 3 by adding a magnetic field which
using a constant h which is proportional to the strength of the magnetic field and it's direction. As
expected we observed that the spins tend to align with the magnetic field and we did not observe a
phase transition. This resulted in the limits given in (4.4) and (4.5). We briefly showed that these results
may not be always reasonable from a physical point of view, as the influence of the magnetic field could
be negligible when h is very small.
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