The Ising Model

In this chapter, we study the Ising model on Z4, which was introduced informally
in Section 1.4.2. We provide both precise definitions of the concepts involved and
a detailed analysis of the conditions ensuring the existence or absence of a phase
transition in this model, therefore providing full rigorous justification to the discus-
sion in Section 1.4.3. Namely,

* In Section 3.1, the Ising model on Z4 is defined, together with various types
of boundary conditions.

¢ In Section 3.2, several concepts of fundamental importance are introduced,
including: the thermodynamic limit, the pressure and the magnetization.
The latter two quantities are then computed explicitly in the case of the one-
dimensional model (Section 3.3).

¢ The notion of infinite-volume Gibbs state is given a precise meaning in Sec-
tion 3.4. In Section 3.6, we discuss correlation inequalities, which play a cen-
tral role in the analysis of ferromagnetic systems like the Ising model.

e In Section 3.7, the phase diagram of the model is analyzed in detail. In par-
ticular, several criteria for the presence of first-order phase transitions, based
on the magnetization and the pressure of the model, are introduced in Sec-
tion 3.7.1. The latter are used to prove the existence of a phase transition
when & = 0 (Sections 3.7.2 and 3.7.3) and the absence of a phase transition
when & # 0 (Section 3.7.4). A summary with a link to the discussion in the
Introduction is given in Section 3.7.5.

e Finally, in Section 3.10, the reader can find a series of complements to this
chapter, in which a number of interesting topics, related to the core of the
chapter but usually more advanced or specific, are discussed in a somewhat
less precise manner.

We emphasize that some of the ideas and concepts introduced in this chapter
are not only useful for the Ising model, but are also of central importance for sta-
tistical mechanics in general. They are thus fundamental for the understanding of
other parts of the book.

79
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Finite-volume Gibbs distributions

In this section, the Ising model on Z¢ is defined precisely and some of its basic
properties are established. As a careful reader might notice, some of the definitions
in this chapter differ slightly from those of Chapter 1. This is done for later conve-
nience.

» Finite volumes with free boundary condition. The configurations of the Ising
model in a finite volume A € Z¢ with free boundary condition are the elements of
the set

QA E-1,131.
A configuration w € Q4 is thus of the form w = (w;);ca. The basic random variable
associated to the model is the spin at a vertex i € Z4, which is the random variable
0;:Qp — {—1,1} defined by 0; (w) Lo,

We will often identify a finite set A with the graph that contains all edges formed
by nearest-neighbor pairs of vertices of A. We denote the latter set of edges by
ENEL i A i~}
To each configuration w € Q 4, we associate its energy, given by the Hamiltonian
AL h@Z =P Y 0i@oj@-h) i),

{i,j1€€n ieA
where ff € R>¢ is the inverse temperature and % € R is the magnetic field. The su-
perscript @ indicates that this model has free boundary condition: spins in A do
not interact with other spins located outside of A.

Definition 3.1. The Gibbs distribution of the Ising model in A with free boundary
condition, at parameters 3 and h, is the distribution on Q. defined by

def 1
Hingpn @) = . exp(~ s @)

The normalization constant

i;ﬁ,h z Z exp(_%\%ﬁyh(w))

weQp

is called the partition function in A with free boundary condition.

» Finite volumes with periodic boundary condition. We now consider the Ising
model on the torus T, defined as follows. Its set of vertices is given by

V, &0,...,n-1}9,
and there is an edge between each pair of vertices i = (iy,...,i4), j = (j1,..., jq) such
that Zle |(ir — jr) mod n| = 1; see Figure 3.1 for illustrations in dimensions 1 and
2. We denote by 7™ the set of edges of T .

Configurations of the model are now the elements of {~1,1}"” and have an en-
ergy given by

AT @E-p Y 0i@0j@-h ) 0.

i jleéy ieVy
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3.1. Finite-volume Gibbs distributions 81

Figure 3.1: Left: the one-dimensional torus Tj». Right: the two-dimensional
torus T1g.

Definition 3.2. The Gibbs distribution of the Ising model in V, with periodic
boundary condition, at parameters  and h, is the probability distribution on
{(—1,1}"n defined by

er e 1 er
“I‘)/n;ﬁyh(w) d:f gper eXp(_%Ifn:ﬁ)h(w)) .

The normalization constant

Zyon= X eXP("%‘fj;rﬁ,h(“’))

w(—:Qvn

is called the partition function in V,, with periodic boundary condition.

» Finite volumes with configurations as boundary condition. It will turn out to
be useful to consider the Ising model on the full lattice Z¢, but with configurations
which are frozen outside a finite set.

Let us thus consider configurations of the Ising model on the infinite lattice Z¢,
that is, elements of

Q% 1,137,

Fixing a finite set A € Z% and a configuration 7 € Q, we define a configuration of
the Ising model in A with boundary condition 7 as an element of the finite set

QI EweQ:wi=n;, VigA}.
The energy of a configuration w € QS’\ is defined by

Hpp@E-B Y oiwojw-hY o), 3.1)
{i'j}(_:g’/l\) ieA

where we have introduced
EXEi, ez G, inA#£D, i~ j}. 3.2)

Note that &7 differs from & by the addition of all the edges connecting vertices
inside A to their neighbors outside A.
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Figure 3.2: The model in a box A (shaded) with + boundary condition.

Definition 3.3. The Gibbs distribution of the Ising model in A with boundary con-
ditionn, at parameters 3 and h, is the probability distribution on 97\ defined by

1
" aer
Fapn(@) = 7. exp (—Hpp,n(®) .

The normalization constant

Z?\;ﬁ,h = Y. exp(=Hhpn()

n
weQA

is called the partition function with n-boundary condition.

It will be seen later (in particular in Chapter 6) why defining ,u7\, ,h O1 configura-
tions in infinite volume is convenient (here, we could as well have defined it on Q
and included the effect of the boundary condition in the Hamiltonian).

Two boundary conditions play a particularly important role in the analysis of

the Ising model: the + boundary condition ", for which n} £ 11 for all i (see

Figure 3.2), and the — boundary condition 7, similarly defined by n; 1 for

all i. The corresponding Gibbs distributions will be simply denoted by u}. B and
B 1o similarly, we will write Q7,Q7 for the corresponding sets of configurations.

On the notations used below. In the following, we will use the symbol # to denote

a generic type of boundary condition. For instance, Z’f\, p,n €N denote Zi. L Zie_rﬁ n

or ZX; b In the case of periodic boundary condition, A will always implicitly be
assumed to be a cube (see below).

Following the custom in statistical physics, expectation of a function f with re-
spect to a probability distribution u will be denoted by a bracket: (f),. When the
distribution is identified by indices, we will apply the same indices to the bracket.
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For example, expectation of a function f under uf\, B will be denoted by

def

(D= L F@p)4,@).

#
a)eQA

We will often use (-)f\, i and ,ui, 5 h(-) interchangeably.

Thermodynamic limit, pressure and magnetization

Convergence of subsets

It is well known that various statements in probability theory, such as the strong
law of large numbers or the ergodic theorem, take on a much cleaner form when
considering infinite samples. For the same reason, it is convenient to have some
notion of Gibbs distribution for the Ising model on the whole of Z¢. The theory
describing Gibbs measures of infinite lattice systems will be discussed in detail in
Chapter 6.

In this chapter, we adopt a more elementary point of view, using a procedure
which consists in approaching an infinite system by a sequence of growing sets.
This procedure, crucial for a proper description of thermodynamics and phase
transitions, is called the thermodynamic limit.

To define the Ising model on the whole lattice Z¢ (one often says “in infinite
volume”), the thermodynamic limit will be considered along sequences of finite
subsets A, € Z% which converge to 74, denoted by A, 1 7%, in the sense that

1. Ay is increasing: Ay < Ay,
2. Ay invades Z%: Uysy Ay = Z9.

Sometimes, in order to control the influence of the boundary condition and of the
shape of the box on thermodynamic quantities, it will be necessary to impose a
further regularity property on the sequence A ,,. We will say that a sequence A, } Z4¢
converges to Z4 in the sense of van Hove, which we denote by A,, f} Z4, if and only
if .

lim " Anl =0, 3.3)

n—o0 |Ayl

where 0" A £ {ie A:3j&A,j~i}. The simplest sequence to satisfy this condition
is the sequence
Bm) < -n,...,m%.

Exercise 3.1. Show that B(n) {} Z%. Give an example of a sequence A, that converges
to Zd, but not in the sense of van Hove.

Pressure

The partition functions introduced above play a very important role in the theory,
in particular because they give rise to the pressure of the model.

Definition 3.4. The pressure in A € 7%, with boundary condition of the type #, is
defined by

def

1
AGROE ml()gzi;ﬁ,h‘
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84 Chapter 3. The Ising Model

Exercise 3.2. Show that, forall A € Z%, all =0 and all h € R,

The following simple observation will play an important role in the sequel.

‘ Lemma 3.5. For each type of boundary condition #, (8, h) — wj’\ (B, h) is convex.

Proof. We consider 1//7\([3, h), but the other cases are similar. Let a € [0,1].
Since %5, is an affine function of the pair (B, h), Holder’s inequality (see Ap-
pendix B.1.1) yields

U] _ —a . py.hy (@—(1—a)Hp, 1, (@)
Zy B+ (-a) o al +(-a)hy = X e Prin Poitz
w€QZ
S( Z e—«%ﬂ/\;ﬁl,hl(w))a( Z e‘%\;ﬁg,hz(w])(l_a)‘
weQ] weQ|

Therefore, 1//7\ is convex:

Y (apr+(1L—a)fa,ahy+ (L - hy) < ay) (Br, h) + A — )y} (B2, h). O

Of course, the finite-volume pressure wf\ depends on A and on the boundary con-
dition used. However, as the following theorem shows, when A is so large that
|A] > |0A|, the boundary condition and the shape of A only provide negligible cor-
rections: there exists a function ¥ (8, h) such that

v (B, 1) = w(B, h) + O(AAI/IA]).

v (B, h) then provides a better candidate for the corresponding thermodynamic po-
tential, since the latter does not depend on the “details” of the observed system,
such as its shape.

Theorem 3.6. [n the thermodynamic limit, the pressure

def

w(B,h) = lim v (B, h)
Afzd

is well defined and independent of the sequence A {} Z% and of the type of boundary
condition. Moreover, ¥ is convex (as a function on Rx( x R) and is even as a function
of h.

Proof. » Existence of the limit. We start by proving convergence in the case of free
boundary condition. The proofis done in two steps. We will first show existence of
the limit
. @
lim v, (B,1),

where D, =) {1,2,...,2™M4. After that, we extend the convergence to any sequence
Ap 79, Since the pair (B, h) is fixed, we will omit it from the notations most of the
time, until the end of the proof.

The pressure associated to the box D, will be shown to be close to the one
associated to the box D,,. Indeed, let us decompose D;,+; into 2d disjoint translates

d
of D, denoted by DY, ..., D?V:
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3.2. Thermodynamic limit, pressure and magnetization 85

Figure 3.3: A cube D;,41 and its partition into 24 translates of D,. The inter-
action between different sub-boxes is denoted by R, (w).

The energy of w in D, can be written as
o _ %]
Ay =2 Ao+ R,

where R, represents the energy of interaction between pairs of spins that belong
to different sub-boxes. Since each face of D, contains (27+1)4-1 points, we have
IR, (w)| < Bd 2"*1)4~1, To obtain an upper bound on the partition function, we can

write %”DZ;H >—fd @141 4+ Z?Zl %Dg(,f) , which yields

ol ﬁdz(n+l)(d—1) 2d o
] <e > Hexp(—%Dg)(w)).

n+l ;
w€Qp,,,, i=1

Splitting the sum over w € D, into 24 sums over w? € DY,

d

24 24 . 2
Y Hewl-#50)=11 ¥ exp(-5,0")=(z, ),

wEQDrHl i=1 n izlw(i)EQD%‘)

where we have used the fact that ZZ o= Zgn forall i. Alower bound can be obtained
in a similar fashion, leading to !

<772

Dy ~ "Dp+1

_ 2d
—Bd2m =D (5
e Z D,

_ 2d
Seﬁdz(n+l)(d 1) (Zz ) )

After taking the logarithm, dividing by |D,,41| = 24"*D and taking n large enough,

|w%n+1 _u/gn| = ﬁdz_(n+l) :
This implies that ¢ p, is a Cauchy sequence: for all n < m,
& k
Wp, ~¥p,=Bd 3 27F=pd@"-27").
k=n+1

Therefore, lim;, .o wgn exists; we denote it by .
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86 Chapter 3. The Ising Model

Let us now consider an arbitrary sequence A, f} Z¢. We fix some integer k
and consider a partition of Z¢ into adjacent disjoint translates of Dy. For each
n, consider a minimal covering of A, by elements D;CJ) of the partition, and let

[An) €U, D

[An]

We use the estimate
R, —vIslwR ~wi H QL —wh v, — vl 34)

Fix € > 0. Since u/gk — ¥ when k — oo, there exists ky, depending on  and €, such
that W?)k —yl=e/3forall k = ko. We then compute v}, | by writing

o _ 2]
AN —Z%Dm + Wy,
] k

where |W,,| < ﬁ'l[g—;’]lld(zk)d‘l = Bd27F|[A,]]. Therefore, there exists k; (also de-
pending on § and €) such that

Wi, — ¥, <pd2F <els,
forall k = k;. Let us then fix k = max{kg, k1}. Let us write A, & [AL]\A,. We observe
that

|8~ A2 | < @dB+1h) A,

Therefore,

i 2D
z; = Y e i@ < Y oM@ pRABrIADIA
" weQ[An] weQAn (U’EQAH

— e(Zdﬁ+|h|+10g2)|An|Z/Z\ .
n

Proceeding similarly to get a lower bound and observing that A, contains at most
|0™ A || Dy | vertices, this yields

llogZy —logZf, || =<10"AnllDy|(2df+h|+log2). 3.5)

Since _
1< [[An]l <1 [0™ Al Dyl

= +
[Anl [Anl
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and since u/i is uniformly bounded (for example, by 2df + || +1log?2), it follows
from (3.3) and (3.5) that

%3 2
Wa, =¥l =€/3,

for all n large enough. Combining all these estimates, we conclude from (3.4) that,
when n is sufficiently large,

lyX —wlse.
(An alternative proof of convergence, using a subadditivity argument, is proposed
in Exercise 3.3.)
» Independence of boundary condition. Let A € Z%, n € Q and w € Q5. Denote by
o' the configuration in QZ coinciding with w inside A. Then, |7 (') — %”AQ ()] =
2d|8™ A|. This observation implies that

—B2d|0"A| 5z _ o7 B2d|0MA| o
e Z,<Z,<e Z,.

Applying this to each A, and using (3.3) shows that lim, ,7a W7\n exists and coin-

2 and Z7", shows that
n n

cides with y. A completely similar argument, comparing Z;,

limp—coyy =v.

» Convexity. Since (S, h) — wi(ﬁ, h) is convex (Lemma 3.5), its limit A {} 74 is also
convex (Exercise B.3).

» Symmetry. The fact that h — (B, h) is even is a direct consequence of the above
and Exercise 3.2. O

The following exercise provides an alternative proof for the existence of the
pressure (along a specific sequence of boxes), using a subadditivity argument. [!!

Exercise 3.3. Let # be the set of all parallelepipeds of Z¢, that is sets of the form
A= a1, bi] % [ap, bp] x -+ x [ag, bal N Z°.

1. By writing 0,0 = (00— 1) + 1, express the Hamiltonian as 7, = %’7\’5 -
BI&N, and observe that, for any disjoint sets A1, A, € 74,

DD PO PO
,%’j\lqu = %ﬂAl +jfj\2.

Conclude that

722 70 o
73 0, ST 73 (3.6)

2. Use (3.6) and Lemma B.6 to show existence of lim;_.. ﬁ logZin along any
sequence Ay | 7% with A, € Z for all n.

Magnetization

As we already emphasized in the previous chapters, another quantity of central im-
portance is the magnetization density in A € Z¢, which is the random variable
def 1

mp = _MA)
[Al

where My déle-e A 0; is the total magnetization. We also define, for any A € z4,

B0
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88 Chapter 3. The Ising Model

As can be easily checked,
oyl

mh (B, h) = i B 3.7)

Exercise 3.4. Check that, more generally, the cumulant generating function asso-
ciated to M, (see Appendix B.8.3) can be expressed as

log(e™™) 51, = 1A (WA (B, h+ D) —wh (B, ).
Deduce that the rth cumulant of My is given by

oyt
oh"

cr(Mp) = |A] B h.

A
-’@: The observation made in the previous exercise explains the important role
played by the pressure, a fact that might surprise a reader with little familiarity with
physics; after all, the partition function is just a normalizing factor. Indeed, we ex-
plain in Appendix B.8.3 that the cumulant generating function of a random variable
encodes all the information about its distribution. In view of the central importance
of the magnetization in characterizing the phase transition, as explained in Chap-
ters 1 and 2, the pressure should hold precious information about the occurrence of
a phase transition in the model. o

It will turn out to be important to determine whether (3.7) still holds in the ther-
modynamic limit. There are really two issues here: on the one hand, one has to

address the existence of lim Apzd %(ﬁ, h) and whether the limit depends on the
chosen boundary condition; on the other hand, there is also the problem of inter-
changing the thermodynamic limit and the differentiation with respect to h, that
is, to verify whether it is true that

oyl 2 0 0

lim A2 9 iy gt 2

Afzd Oh  Oh aqzd o0h
These issues are intimately related to the differentiability of the pressure as a func-
tion of h. This is a delicate matter, which will be investigated in Section 3.7. Nev-
ertheless, partial answers can already be deduced from the convexity properties of
the pressure.

For instance, the one-sided derivatives of h — w (S, h),
e, . YBR)-yB R oy aet..  Y(BH) —y(Bh)
=lim ————, —(,h) =lim —F———,
Wi W —h T R R

exist everywhere (by item 1 of Theorem B.12) and are respectively left- and right-
continuous (by item 5). Of course, the pressure will be differentiable with respect
to h if and only if these two one-sided derivatives coincide. It is thus natural to
introduce, for each g, the set

oy
5Ef(ﬁ’h)

def

B, L
= {heR: 2L(B, ) # 2L (B, h)}.

It follows from item 6 of Theorem B.12 that, for each S, the set B is at most count-
able. On the complement of this set, one can answer the question raised above.

{heR: y(B,) is not differentiable at h}
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Corollary 3.7. For all h ¢ B, the average magnetization density

def

m(B,h) = lim m’, (B, h)
Afzd

is well defined, independent of the sequence A  Z% and of the boundary condition
and satisfies

_ oy
m(pB, h) = ah (B, h). (3.8)

Moreover, the function h — m(, h) is non-decreasing on R\‘B B and is continuous at
every h ¢ Bg. It is however discontinuous at each h € *Bg: for any h € Bg,

q 0 q 0
lim m(p, ') = a0 (B, h), lim m(p, ') = =B, h). (3.9)

In particular, the spontaneous magnetization

def

m” () = 1;11%1 m(B, h)

is always well defined.

Proof. When h ¢ By,
oy 0 . # . 0 4 ; #
—(Bh=—1 ,h) = lim — yh)=1 Jh),
an P10 =G Jm wa(h. ) = I, SR vah = tim, ma (. 1)

which proves (3.8), the existence of the thermodynamic limit of the magnetiza-
tion density and the fact that it depends neither on the boundary condition nor
on the sequence of volumes. Above, the second equality follows from item 7 of
Theorem B.12 and the third one from (3.7).

The monotonicity and continuity of i — m(S, h) on R\Bg follow from (3.8) and
items 4 and 5 of Theorem B.12.

Suppose now that h € B4 and let (k) > be an arbitrary sequence in R\ B
such that hy | k (there are always such sequences, since B p is at most countable).

By (3.8), :%(ﬂ, hy) = m(B, h) for all k. The claim (3.9) thus follows from (3.8) and
item 5 of Theorem B.12. O

A first definition of phase transition

The above discussion shows that the average magnetization density is discontinu-
ous precisely when the pressure is not differentiable in 4. This leads to the following

Definition 3.8. The pressure W exhibits a first-order phase transition at (f, h) if
h — (B, h) fails to be differentiable at that point.

Later, we will introduce another notion of first-order phase transition, of a more
probabilistic nature. Determining whether phase transitions occur or not, and at
which values of the parameters, is one of the main objectives of this chapter.
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The one-dimensional Ising model

Before pursuing with the general case, we briefly discuss the one-dimensional Ising
model, for which explicit computations are possible.

Theorem 3.9. (d = 1) Forall =0 and all h € R, the pressure (0, h) of the one-
dimensional Ising model is given by

w(B,h) = 1og{eﬁ cosh(h) +\/ 2P cosh?(h) —2 sinh(zﬁ)} . (3.10)

The explicit expression (3.10) shows that h — (B, h) is differentiable (real-analytic
in fact) everywhere, for all § > 0, thus showing that B4 = @ when d = 1.

Figure 3.4: The pressure h — y(B, h) of the one-dimensional Ising model,
analytic in h at all temperature (§ = 0.8 on the left, § = 2 on the right).

Consequently, as seen in Corollary 3.7, the average magnetization density m (g, h)
is given by

_oy
m(ﬁ,h)—ah(ﬁ,h), VheR.

+1 +1

-1 -1

Figure 3.5: The average magnetization density m(B,h) of the one-
dimensional Ising model (for the same values of 8 as in Figure 3.4).

Since h — w(B, h) is analytic, its derivative h — m(p, h) is also analytic, in particu-
lar continuous. Therefore, m* (f) = limyo m(B, h) = m(B,0). But, since (see Exer-
cise 3.2) w(B, h) = w(B,—h), we get g—lﬁ(ﬁ,O) = 0. This shows that the spontaneous
magnetization of the one-dimensional Ising model is zero at all temperatures:

m*(f)=0, VB>0.

In particular, the model exhibits paramagnetic behavior at all non-zero tempera-
tures (remember the discussion in Section 1.4.3). We will provide an alternative
proof of this fact in Section 3.7.3.
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3.3. The one-dimensional Ising model 91

Only in the limit § — co does ¥(B, h) become non-differentiable at & = 0, as
seen in the following exercise.

Exercise 3.5. Using (3.10), compute m(f, h). Check that

lim m(B,h)=+1, VB=0,
h—+o0

+1 ifh>0,
ﬁlim m(B,h) =40 ifh=0,
-1 ifh<0.

Proof of Theorem 3.9: As seen in Theorem 3.6, the pressure is independent of the
choice of boundary condition and of the sequence of volumes A f} Z. The most
convenient choice is to work on the torus T,, that is, to use V;; = {0,...,n— 1} with
periodic boundary conditions; see Figure 3.1 (left). The advantage of this particular
choice is that Z”" ., can be written as the trace of a 2 x 2 matrix. Indeed, writing

Vn;ﬁyh
Wn = Wy,
_ P ()
per _ ViiBoh
Zypn= 2 e
a)EQVn
n-1
= Z Z H PRivi1tho;
wo=%1 wp-1=%1i=0
n-1
= Z Z HAwi,wiu’
wo==%1 wp-1=%1i=0
where the numbers A, , =ef*", A, _=ePth A, =ePhand A _=eP " can

be arranged in the form of a matrix, called the transfer matrix:

(3.11)

B+h —-p+h
def [ € e
A .

The useful observation is that Z"’Z; p,, CANNOW be interpreted as the trace of the nth
power of A:
25 0= 2 (AMugw =Tr(A").
wo==%1
A straightforward computation shows that the eigenvalues A1, and A_ of A are given
by

Ay = eP cosh(h) + \/ezﬁ cosh?(h) - 2sinh(2f).

Writing A= BDB™!, with D = [% /107 ), and using the fact that Tr (GH) = Tr (HG), we
get

zZy s, =Tr(AM =Tr(BD"B™) =Tr(D") = AL + A",

Since 1, > A_, this gives w (B, h) =log A, and (3.10) is proved. (An interested reader
with some familiarity with discrete-time, finite-state Markov chains can find some
additional information on this topic in Section 3.10.4.) O

When h = 0, there exist several simple ways of computing the pressure of the
one-dimensional Ising model: two are proposed in the following exercise and an-
other one will be proposed in Exercise 3.26.
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92 Chapter 3. The Ising Model

Exercise 3.6. (Assuming h=0.)

1. Configurations can be characterized by the collection of edges {i,i + 1} such
that w; # w;+1. What is the contribution of a configuration with k such edges?
Use that to compute the pressure.

2. Express the partition function in terms of the variables (w1, 71, ...,Ty—1), Where
T; =wj_1w;. Use this to compute the pressure.

Hint: since this does not affect the end result, one should choose a boundary condi-
tion that simplifies the analysis. We recommend using free boundary condition.

With an explicit analytic expression for the pressure, we can extract information
on the typical values of the magnetization density in large finite boxes. We will only
consider the case i = 0; the extension to an arbitrary magnetic field is left as an
exercise.

A consequence of the next theorem is that m,,, concentrates on 0 under ”?\,,; 5,0’
as n — oo, for any type of boundary condition.

Theorem 3.10. (d = 1) Let 0 < B < co and consider any sequence A, f} Z, with an
arbitrary boundary condition #. For all e > 0, there exists ¢ = c¢(3,€) > 0 such that, for
large enough n,

K, p0(ma, & (—€,€) < e “ihnl (3.12)

Proof of Theorem 3.10: We start by writing

A p0(ma, & (—€,€) =l o o(ma, =€)+ ) 5 0(ma, <€),

These two terms can be studied in the same way. The starting point is to use Cher-
nov’s Inequality (B.19): forall 2 =0,

~helul ghmaylAulyh

#
HapolMa, Z€) < € Anip0°

Since (e"manlinlyt = 7Z#

#
Asf0 Anﬁh/ZAn;ﬁ’O,we have

limsup — log,uAnﬁO(mAn =€) < hm (wA (B, h)— V’An(ﬁ 0)-h

n—co |Anl

= Ip(h) - he,

where I (h) £ w(ﬁ h)—y(B,0). Since h = 0 was arbitrary, we can minimize over the
latter:

limsup — ™ loguA oM, =€) < —supihe—Ig(h)}. (3.13)
n—oo " h=0

In order to prove that uf\ ) ﬁ(mAn > €) decays exponentially fast in 7, one must es-

tablish that supj,o{he — Ig(h)} > 0. Remember that the explicit expression for v

provided by Theorem 3.9 is real-analytic in h. Moreover, I5(0) = 0 and, if I/’j = ah Ig,

then I;i (0) = 0 and Ik(h) — 1 as h — oo, as was seen in Exercise 3.5. Therefore,

for each 0 < € < 1, there exists some h, > 0, depending on ¢ and f, such that
supy,sqthe — Iﬁ(h)} =h.e— Iﬁ(h*) > 0 (see Figure 3.6). This proves (3.12). O
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Iﬁ(h)

.

Figure 3.6: A picture showing the graphs of h— Ig(h) = w(B, h) —y(p,0) and
h— he, on which it is clear that supj,»q{he — Ig(h)} > 0 as soon as ¢ > 0.

Exercise 3.7. Proceeding as above, show that, under uf\n, B with h # 0, my,, con-

verges to m(f, h) as n — oo (in the same sense as in (3.12)), for any boundary condi-
tion.

As explained above, the pressure contains a lot of information on the magneti-
zation density. We will see in the following sections that smoothness of the pressure
also guarantees uniqueness of the infinite-volume Gibbs state.

As we have seen in this section, explicitly computing the pressure yields useful
information on the system. Unfortunately, computing the pressure becomes much
more difficult, if at all possible, in higher dimensions. In fact, in spite of much
effort, the only known results are for the two-dimensional Ising model with & = 0.
In the latter case, Onsager determined, in a celebrated work, the explicit expression
for the pressure:

2n p2m
w(B,0) =log2 + 8%[ f log{(cosh(28))? — sinh(28)(cos@; + cos o)} d;db, .
o Jo

(3.14)
If we want to gain some understanding of the behavior of the Ising model on 74,
d = 2, other approaches are therefore required. This will be our main focus in the
remainder of this chapter.

Infinite-volume Gibbs states

The pressure only provides information about the thermodynamical behavior of
the system in large volumes. If one is interested in the statistical properties of gen-
eral observables, such as the fluctuations of the magnetization density in a finite
region or the correlations between far apart spins, one needs to understand the
behavior of the Gibbs distribution pi; o in large volumes.

One way of doing is to define infinite-volume Gibbs measures by taking some
sequence A, | Z% and by considering the accumulation points (if any) of sequences
of the type (u'/’\’;; 5, pn=1. This is possible and will be done in detail in Chapter 6,
by introducing a suitable notion of convergence for sequences of probability mea-
sures. Such an approach necessitates, however, rather abstract topological and
measure-theoretic notions. In the present chapter, we avoid this, by following a
more hands-on approach: a state (in infinite volume) will be identified with an
assignment of an average value to each local function, that is, to each observable
whose value only depends on finitely many spins.
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94 Chapter 3. The Ising Model

Definition 3.11. A function f : Q — R is local if there exists A € Z% such that
f(w) = f(w) as soon as w and o' coincide on A. The smallest ' such set A is called the
support of f and denoted by supp(f).

For example, the value taken by the spin at the origin, o, or the magnetization
density in a set A € Z%, my = ﬁ Y ien Oi, are local functions with supports given
respectively by {0} and A.

Remark 3.12. In the sequel, we will occasionally make the following mild abuse of
notation: if f: Q — R is a local function and A > supp(f), then, for any o’ € Qa,
f (') is defined as the value of f evaluated at any configuration w € Q such that
w; =’ forall i € A. (Clearly, that value does not depend on the choice of w.) o

Definition 3.13. An infinite-volume state (or simply a state) is a mapping associ-
ating to each local function f a real number {f) and satisfying:

Normalization: (1) =1.
Positivity: If f =0, then(f)=0.
Linearity: Forany A eR, (f+1g) =(f)+ A{(g).

The number (f) is called the average of f in the state ().

Definition 3.14. Let A, 1 Z% and (#,)n=1 bea sequence of boundary conditions. The
sequence of Gibbs distributions (,ui”n, 8 p)n=1 is said to converge to the state ) if and

only if
Jm (5= 4

for every local function f. The state (-) is then called a Gibbs state (at (f, h)).

We simply write, as a shorthand,
T s
€= im0 6,0

#n

to indicate that (-),\" .5 ,

converges to (-).

ANy

’@\ The above notion of convergence is natural. Indeed, from a thermodynamical
perspective, it is expected that the properties of large systems at equilibrium should
be well approximated by those of the corresponding infinite systems. In particular,
finite-size effects, such as those resulting from the macroscopic shape of the system,
should not affect local observations made far from the boundary of the system. The
notion of convergence stated above corresponds precisely to a formalization of this
principle, by saying that the measurement of a local quantity in a large system, corre-
sponding to (f )f\"n B is well approximated by the corresponding measurement {f)

in the infinite system. This is discussed in a more precise manner in Section 3.10.8. ©

Remark 3.15. The reader familiar with functional analysis will probably have no-
ticed that, using the Riesz—Markov-Kakutani representation theorem, the average

1The reason one can speak about the smallest such set is the following observation: if a function f is
characterized by (w;)jen, and is also characterized by (w;) jea,, then itis characterized by (w;)jen; na,-
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3.4. Infinite-volume Gibbs states 95

(f) of a local function f in a state (-) can always be seen as the expectation of f
under some probability measure p (on {+1, —I}Zd):

p=[ ran.

We are mostly interested in states (-) that can be constructed as limits of finite-
volume Gibbs distributions: {-) = limnﬂoo(-)y\”_ h' We will see that, in this case, the
e
corresponding measure p coincides with the weak limit of the probability measures
Mn .
Hawpon’
n
B = M-
This will be explained in Chapter 6, where the necessary framework for weak con-
. a_ . .
vergence of probability measures on {+1, — 134" will be introduced. '
Since states are defined on the infinite lattice, it is natural to distinguish those
that are translation invariant. The translation by j € 74, 6 IE 7% — 7% is defined
by
. def .

Oji=i+j.

Translations can naturally be made to act on configurations: if w € Q, then 0w is
defined by

def

(ij)i =wi-j. (3.15)

Definition 3.16. A state (-) is translation invariant if {f o0;) = (f) for every local
function f and forall j € Z°.

The first important question is: can Gibbs states be constructed for the Ising
model with parameters (f, h) ? The following theorem shows that the constant-spin
boundary conditions ™ and ~ can be used to construct two states which will play
a central role in the sequel.

Theorem 3.17. Let =0 and h € R. Along any sequence A, | Z%, the finite-volume
Gibbs distributions with +- or — boundary condition converge to infinite-volume
Gibbs states:

<'>E'h = r}i_l:{.lo<‘>xn§ﬁvh’ <'>E:h = nli—l:lgo<.>1_\n;ﬁvh . (3.16)

The states (-)E W (-)l‘3 h do not depend on the sequence (\,) ,=1 and are both transla-
tion invariant.

The proof will be given later (on page 102), after introducing some important tools.

Remark 3.18. The previous theorem does not claim that (-)E n and (-)E , are distinct
Gibbs states. Determining the set of values of the parameters 8 and /& for which this
is the case will be one of our main tasks in the remainder of this chapter. o

More generally, one can prove, albeit in a non-constructive way, that any se-
quence of finite-volume Gibbs distributions admits converging subsequences.

Exercise 3.8. Let (1) =1 be a sequence of boundary conditions and A, 1 Z4. Prove
that there exists an increasing sequence (ny) >, of integers and a Gibbs state {-) such

that .
N=1 o 03
€)= lm Yy, pn

is well defined.
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96 Chapter 3. The Ising Model

Another explicit example using the free boundary condition will be considered in
Exercise 3.16.
3.5 Two families of local functions.
The construction of Gibbs states consists in proving the existence of the limit
nhl]élo(f >7\:;ﬁ,h
for each local function f. Ideally, one would like to test convergence only on a re-
stricted family of functions. The following lemma provides two particularly conve-

nient such families, which will be especially well suited for the use of the correlation
inequalities introduced in the next section. Define, for all A € 74,

def def
UA=Hij nA=l_[nj,
JjEA JEA

where n; « %(1 +0 ) is the occupation variable at j.

Lemma 3.19. Let f be local. There exist real coefficients (fa) Acsupp(f) and
(fa) Acsupp(f) Such that both of the following representations hold:

f= Y faoca, f= Y fana.

Acsupp(f) Acsupp(f)

Proof. The following orthogonality relation will be proved below: for all B € Z¢ and
all configurations w, ®,

27BN 0 A(@)0 4(0) = Vi, =@, vieB) - (3.17)
AcB

Applying (3.17) with B = supp(f),

fw= > f" Liw;=w) viesupp(f)}

©'€Qqupp(f)

= Y fh PPl N o)

w’erupp(f) Acsupp(f)

= Z {z—lsupp(f)l Z f(w,)UA(a)’)}O’A(w)

Acsupp(f) @' €Qsupp(f)

This shows that the first identity holds with

fA:Z—\supp(f)I Z f(w')aA(w’).

©'€Qupp(f)

Since 0 4 =[];ca(2n; — 1), the second identity follows from the first one.

We now prove (3.17). Let us first assume that w; = ®;, for all i € B. In that
case, 04(0)0 (W) = [ljea®iw; = 1, since W;w; = wlz. =1foralli € Ac B. This
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implies (3.17). Assume then that there exists i € B such that w; # @; (and thus
w;w; = —1). Then,

Y ca@oa) = )Y, (0a@)0a)+0aui @0 auiiy (@)

AcB AcB\{i}
= Y (0A@0 ) +w®;04(@)0 (W)
AcB\{i}
= ) 0A@0oaw) (+w;o;)=0. O
AcB\{i}

Thanks to the above lemma and to linearity, checking convergence of
« f);’\” B h)’Bl for all local functions can now be reduced to showing convergence
of ((aA)Tj’\’:L,ﬁ n=1 01 (<”A>Zt,~ﬁ n=1 for all finite A € 7%, This task will be greatly
simplified once we will have described some of the so-called correlation inequali-
ties that hold for the Ising model.

Correlation inequalities

Correlation inequalities are one of the major tools in the mathematical analysis of
the Ising model. We will use them to construct ME, h and <'>;§, W and to study many
other properties.

The Ising model enjoys many such inequalities, but we will restrict our atten-
tion to the two most prominent ones: the GKS and FKG inequalities. Since the
proofs are not particularly enlightening, they are postponed to the end of the chap-
ter, in Section 3.8.

The GKS inequalities.

As a motivation, consider the Ising model in a volume A, with + boundary condi-
tion. First, the ferromagnetic nature of the model makes it likely that the + bound-
ary condition will favor a nonnegative magnetization inside the box, at least when
h = 0. Therefore, if i is any point of A, it seems reasonable to expect that & = 0
implies

@) pp5 =0 (3.18)

Similarly, knowing that the spin at some vertex j takes the value +1 should not
decrease the probability of observing a + spin at another given vertex i, that is, one
would expect that

Hrpn@i=110;=D2pyq,(0i=1),
which can equivalently be written
,u;r\;ﬂ,h(ai =loj=1= ,uX;ﬁ'h(U,- = D#X;ﬁ,h(Uf =1).
Since 1i5,=1} = %(oi + 1), this can also be expressed as
(G100 8,p1 2T N5 1T hp - (3.19)

This is equivalent to asking whether o; and o ; are positively correlated under

“X;ﬁ,h'
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Inequalities (3.18) and (3.19) are actually true, and will be particular instances
of the GKS inequalities (named after Griffiths, Kelly and Sherman) which hold in a
more general setting.

Namely, letJ = (J;;) be a collection of nonnegative real numbers J;; indexed by
pairs {i, j} € é’/‘\’. Let also h = (h;) be a collection of real numbers indexed by vertices
of A. We write h = 0 as a shortcut for s#; =0 for all i € A. We then write, for w € Q']\,

Hgp@E =Y Jij0i @)@ - Y hioi(w). (3.20)

{i,j}egk iEA

We denote the corresponding finite-volume Gibbs distribution by “7\;1,11' Of course,
we recover )5, and p']\;ﬁ'h by setting J;; = B for all {i, j} € & and h; = h for all
ieA.

The GKS inequalities are mostly restricted to +, free and periodic boundary
conditions and to nonnegative magnetic fields. They deal with expectations and
covariances of random variables of the type o 4, which is precisely what is needed
for the study of the thermodynamic limit.

Theorem 3.20 (GKS inequalities). Let J,h be as above and A € Z%. Assume that
h=0. Then, forall A,Bc A,

(@ pgnZ0, (3.21)

(Ta0B) yn Z T A Ay nlTB) pyp- (3.22)

q Qg q 0 o T
These inequalities remain valid for (), and <'>l;\e;],h‘

Exercise 3.9. Let Ac A € Z%. Under the assumptions of Theorem 3.20, prove that
(o A)X,] h is nondecreasing in bothJ and h.

The FKG inequality.

The FKG Inequality (named after Fortuin, Kasteleyn and Ginibre) states that in-
creasing events are positively correlated.

The total order on the set {—1, 1} induces a partial order on Q: w < ' if and only
if w; <) forallie 7%, An event E c Q is increasing if v € E and o < ' implies
w' € E. If E and F are both increasing events depending on the spins inside A,
then again, due to the ferromagnetic nature of the model, one can expect that the
occurrence of an increasing event enhances the probability of another increasing
event. That is, assuming that F has positive probability:

K0 (E1F) 2 iy 5, (B).
Multiplying by the probability of F, this inequality can be written as:
HnpnENF) 2 py 50, (B) g, (F). (3.23)

The precise result will be stated and proved in a more general setting, involving
the expectation of nondecreasing local functions, of which 1z and 1 are particular
instances.

A function f: Q — R is nondecreasing if and only if f(w) < f(0') forallw < w'.
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Exercise 3.10. Prove that the following functions are nondecreasing: o;, n;, na,
Yiealli—ng, foranyiec 7%, Ae7°.

A particularly useful feature of the FKG inequality is its applicability for all pos-
sible boundary conditions and arbitrary (that is, not necessarily nonnegative) val-
ues of the magnetic field. They are also valid in the general setting presented in the
last section, in which § and h are replaced by J and h:

Theorem 3.21 (FKG inequality). LetJ = (J; hn jezd be a collection of nonnegative
real numbers and let h = (h;);.,4 be a collection of arbitrary real numbers. Let A €
7% and# be some arbitrary boundary condition. Then, for any pair of nondecreasing
functions f and g,

(&) gm = Phin(@agn- (3.24)

Inequality (3.23) follows by taking J;; = S and h; = h, and f = 1g, g = 1r. Note also
that (f g>7\;],h =(f >7\;],h<g>7\;],h whenever f is nondecreasing and g is nonincreasing
(simply apply (3.24) to f and —g).

A

_’@: Actually, (3.24) can be seen as a natural extension of the following elementary
result: if f and g are two nondecreasing functions from R to R and p is a probability
measure on R, then

(fg);; = <f>p<g>p

Namely, it suffices to write

Fu—Pulgn=1 f (F) — FON (g0 — gy pdxp(dy),

and to observe that f(x)— f(y) and g(x) — g(y) have the same sign, since [ and g are
both nondecreasing. o

Consequences

Many useful properties of finite-volume Gibbs distributions can be derived from
the correlation inequalities of the previous section. The first is exactly the ingredi-
ent that will be needed for the study of the thermodynamic limit:

Lemma 3.22. Let f be a nondecreasing function and Ay c Ay € Z%. Then, for any
B=0and heR,

Y nipn = P hgipn (3.25)

The same statement holds for the — boundary condition and a nonincreasing func-
tion f.

Before turning to the proof, we need a spatial Markov property satisfied by

n
'uA;ﬁ,h‘
Exercise 3.11. Prove that, forallAc A € 7% and all configurationsn € Q and w' €
n
QA, ’
gl [ oi=0), Vie ANA)=pg 5, (). (3.26)
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100 Chapter 3. The Ising Model

-’@: The probability in the right-hand side of (3.26) really only depends on ', for
i € 0%A, where 0% A is the exterior boundary of A, defined by

def

FNE{igh:TjeN, j~i}.

This implies that
(A]| oi=w), Yie A\A) (A] oi =, Yied™A),

n —_ N
”A;ﬁ,h - 'uA;ﬁ.h

for all events A depending only on the spins located inside A. In this sense, (3.26) is
indeed a spatial Markov property. 3

Proof of Lemma 3.22: 1t follows from (3.26) that

<f>X1;ﬁ,h = <f | o;=1,VYi EAZ\Al)Xg;ﬁ,h'

The indicator 1{4,-1,viea,\a,} being a nondecreasing function, the FKG inequality
implies that

N
<f1{(f,-:1,Vi€Ag\A1}>A2;ﬁyh

<f>X Bh = +
vp <1{ai:1,VieA2\A1}>A2;ﬁ,h

N
<f>X2;ﬁyh<l{ai:I,VieAg\Al}>A2;ﬁ,h
>

_ +
T =P huipin- =
<1{ai=1,Vi€A2\A1}>A2;ﬁvh

Actually, some form of monotonicity with respect to the volume can also be
established for the Gibbs distributions with free boundary condition:

Exercise 3.12. Using the GKS inequalities, prove that, for all B, h =0,
(UA>X1;ﬁ'h = (UA>X2;ﬁ,hv <O-A>1®\1;ﬁ,h = <0-A>i2;ﬁ,h’

forall AcAic A\ € y A

The next lemma shows that the Gibbs distributions with + and — boundary con-
dition play an extremal role, in the sense that they maximally favor +, respectively
—, spins.

Lemma 3.23. Let f be an arbitrary nondecreasing function. Then, for any = 0 and
heR,

D apn=Fhpn =P rpn

for any boundary conditionn € Q and any A € Z%. Similarly, if f is a local function
with supp(f) < A, resp. supp(f) c V, then

Paspn =D Rpn =P hpnr
<f>;N‘1;ﬁ’h = };/e;l;ﬁ,h = <f>41—/1v—1;ﬁ'h :

Proof. Let I(w) = exp{f ¥ ien,jgr wi(1—1;)}. First, observe that
i’
Z e_%j\;ﬁ,h(w) — Z e_’%ﬂ/“ﬁ'h(w)l(w) ,

weQ;’\ weﬂx
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3.6. Correlation inequalities 101

Figure 3.7: Left: The two-dimensional torus Tig with all spins along X4
forced to take the value +1. Right: opening the torus along the first “circle” of
+1 yields an equivalent Ising model on a cylinder with + boundary condition
and all spins forced to take the value +1 along a line. Further opening the
cylinder along the line of frozen + spins yields an equivalent Ising model in
the square {1,...,15}% with + boundary condition.

and, for any nondecreasing f,

Y e Mm@ ) Y e M@ () f(w).

+ n
wedy weQ,

(The inequality is a consequence of our not assuming that supp(f) < A.) This im-
plies that

Lucay € S @) Lyey M@ @ U,

Toear €AW T ¥ cqne @) (D,

Fipn= =P

where we applied the FKG inequality in the last step, making use of the fact that the
function I is nondecreasing.

The proof for the free boundary condition is identical, using the nondecreasing
function I(w) = exp{BLien, jor wi}-

i~j
Let us finally consider the Gibbs distribution with periodic boundary condition.
In that case, we can argue as in the proof of Lemma 3.22, since, for any w € Q;Nfl
(considering Vi = {0, ..., N34 as a subset of Z9),
Hynpn@lvy| 0 = 1VI€EN) =py g, (@),
where Ty & {i =(i,...,ig) € Vy : 31 < k < d such that iy = 0} (see Figure 3.7) and
the restriction of a configuration w € Q to a subset S c Z is defined by

def
wls= (Wi)jes.- O

Exercise 3.13. Let n,w € Q be such that 1 < w. Let f be a nondecreasing function.
Show that, forany =0 and heR,

<f>7\;ﬁ,h =N

forany A € Z%. Hint: adapt the argument in the proof of Lemma 3.23.
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102 Chapter 3. The Ising Model

We can now prove existence and translation invariance of (-)E , and (-)5 n

Proof of Theorem 3.17: We consider the + boundary condition. Let f be a local
function. By Lemma 3.19 and linearity,

<f>/—§n;ﬁ:h = Z ‘fA<nA>Xn§ﬁ)h :
Acsupp(f)
Since the functions n 4 are nondecreasing, (3.25) implies that, for all A,
<nA>Xn;ﬁ'h = <nA>Xn+1;ﬁ,h’ Vn=1.
Being nonnegative, (n A)X Bk thus converges as n — oo. It follows that (f )X B
also has a limit, which we denote by
+ o def o, +
Frpn = HM (N0
Since it is obviously linear, positive and normalized, (-)E n is a Gibbs state. We check

now that it does not depend on the sequence A, 1 7% Let A}l 1 7% and A‘?l 1 7% be
two such sequences, and let us denote by (~>;’;l and (-)E’ft the corresponding limits.

Since A}l 1 7% and A% 1 7%, we can always find a sequence (A;) ;=1 such that, for all
k=1,
App_1 €Al in=1}, Aje{Ad:n=1}, AprCAky.

Of course, A, 1 7. Our previous considerations thus imply that limy_. . f)zk, B
exists, for every local function f. Moreover, since (¢ f)ZZH_ 8 »)k=1is a subsequence

of (fHt =1 and (<f>z2k;ﬁ,h)k21 is a subsequence of ((f)*

ALB A2 =1 we conclude
n nM
that

. + T + BT +
nh—I}go<f>A},;ﬁ,h - ;Clin;o<f>Aklﬁvh - r}l—l}go<f>1\%;ﬁ,h'
for all local functions f. This shows that the state (~>E ,, does not depend on the

choice of the sequence (A;) ;1.

We still have to prove translation invariance. Let again f be alocal function. For
def

all j e z4, fo0;isalso alocal function and ;A 1 7% (0; A= A+ i). We thus have
D hgpn— Ppnand  (fo0pg x oy —(fobi)p,.

The conclusion follows, since (foej)(;r A= (f);r\ B (see Figure 3.8). O
*] M mM

supp(f)

supp(fo0;) - J

0-iAn

Figure 3.8: Proof of invariance under translations.
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Exercise 3.14. Prove that (-)E h and (-)B , are also invariant under lattice rotations

and reflections of Z°.

Exercise 3.15. Let f =0 and h € R. Show that (-);3 n has short-range correlations,
in the sense that, for all local functions f and g,

lim (f-(go0:)5 ;= p (& pn-

lilly—o0

Hint: Use the FKG inequality to prove first the result with f = ny and g = ng for
arbitrary A,B € 7°.

With similar arguments, one can also construct Gibbs states using the free
boundary condition:

Exercise 3.16. Prove that, forall f = 0, h € R and any sequence A, 1 Z%, the sequence
((-)in,ﬁ pin=1 converges to a Gibbs state <’>§ W independent of the sequence (Ay) =1

chosen. Show that <-)§ h is translation invariant.

Phase Diagram

Now that we have seen that infinite-volume Gibbs states for a pair (8, h) can be
constructed rigorously in various ways (for example, using + or — boundary condi-
tions), the next problem is to determine whether these are the same Gibbs states,
or whether there exist some values of the temperature and magnetic field for which
the influence of the boundary condition survives in the thermodynamic limit, lead-
ing to multiple Gibbs states.

The answer to this question will be given in the next sections: it will depend
on the dimension d and on the values of § and h. Contrarily to what often hap-
pens in mathematics, the lack of uniqueness is not a defect of this approach, but is
actually one of its main features: lack of uniqueness means that providing a com-
plete microscopic description of the system (that is, the set of configurations and
the Hamiltonian) as well as fixing all the relevant thermodynamic parameters (f
and h) is not sufficient to completely determine the macroscopic behavior of the
system.

Definition 3.24. If at least two distinct Gibbs states can be constructed for a pair
(B, h), we say that there is a first-order phase transition at (f, h).

Later in this chapter (see Theorem 3.34), we will relate this probabilistic definition
of a first-order phase transition to the analytic one associated to the pressure (Def-
inition 3.8).

We can now turn to the main result of this chapter, which establishes the phase
diagram of the Ising model, that is, the determination for each pair (8, i) of whether
there is a unique or multiple Gibbs states. We gather the corresponding claims in
the form of a theorem, the proof of which will be given in the remainder of the
chapter (see Figure 3.9).
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Theorem 3.25. 1. Inany d =1, when h # 0, there is a unique Gibbs state for all
values of 5 € Rxp.

2. Ind =1, there is a unique Gibbs state at each (8, h) € R>o x R.
3. When h=0 and d = 2, there exists B. = B.(d) € (0,00) such that:

e when B < B, the Gibbs state at ($,0) is unique,

e when B > ., a first-order phase transition occurs at (3,0):

Oho# 50

uniqueness

non-uniqueness

ﬁc l

uniqueness

Figure 3.9: The phase diagram of the Ising model in d = 2. The line {(5,0) :
B > B} is called the coexistence line. This diagram should be compared
with the simulations of Figure 1.9.

The proof of Theorem 3.25 is quite long and is spread over several sections. The
first item will be proved in Section 3.7.4. The second item was already proved in
Section 3.3 (once the results there are combined with Theorem 3.34) and will be
given an alternative proofin Section 3.7.3. The proof of the third item has two parts:
the proof that 8. < co is done in Section 3.7.2, while the proof that 8. > 0 is done in
Section 3.7.3.

Remark 3.26. It can be proved that uniqueness holds also at (f.,0), when d = 2, but
the argument is beyond the scope of this book. ! The phase transition occurring
as f crosses f. (at h = 0) is thus continuous. o

Remark 3.27. Although the above theorem claims the existence of at least two dis-
tinct Gibbs states when d =2, h =0 and 8 > B, it does not describe the structure
of the set of Gibbs states associated to those values of (8, h). This is a much more
difficult problem, to which we will return in Section 3.10.8. o

Two criteria for (non)-uniqueness

In this subsection, we establish a link between uniqueness of the Gibbs state, the
average magnetization density and differentiability of the pressure. We use these
quantities to formulate several equivalent characterizations of uniqueness of the
Gibbs state, which play a crucial role in our determination of the phase diagram.
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3.7. Phase Diagram 105

Moreover, the second criterion provides the rigorous link between the analytic and
probabilistic definitions of first-order phase transition introduced eatlier.

A first characterization of uniqueness

The major role played by the states <');§ , and (->I§ » is made clear by the following
result.

Theorem 3.28. Let (B, h) € R>g x R. The following statements are equivalent:
1. Thereis a unique Gibbs state at (8, h).

3. <UO>E,h = <0.0>th.

Proof. The implications 1=2=3 are trivial. Let us prove that 3=2. Take A, 1 Z¢
and A € 7. Since Y ica i — n4 is nondecreasing (Exercise 3.10), Lemma 3.23 im-
plies that, for all k,

+

<Z i nA>Ak;ﬁ,h = <Z i nA>Ak;ﬁ,h'

i€A i€A
Using linearity, letting k — oo and rearranging, we get

%((nﬁg,h - <ni>;,h) = <nA>E'h —(na)g -

If 3 holds, the left-hand side vanishes, since translation invariance then implies that
)= (M) = (M0, = (o) = 3 (005, — (@0)5,) = 0.

But (nA)E = (nA)g , (again by Lemma 3.23), and so (nA)E W= (nA)E ,- Together
with Lemma 3.19, this implies that (f )E' n=<f )B‘ , for every local function f. There-
fore, 2 holds.

It only remains to prove that 2=1. Lemma 3.23 implies that any Gibbs state at
(B, h), say ()p,n» is such that <”A>§,h <(napn < <"A>E,h' If 2 holds, this implies
(nA>B h= (nadgn= (nA>2; ,- By Lemma 3.19, this extends to all local functions and,

therefore, ={Ygn= (-)E 4+ We conclude that 1 holds. O

<>5,h

Some properties of the magnetization density

Remember that the average magnetization density in A € Z¢ with an arbitrary

def

boundary condition # was defined by mf\ (B, h) = (mp) The uniqueness cri-

#
A;B,h*
terion developed in Theorem 3.28 is expressed in terms of/?(he averages (Uo)E' p and
(00)51 ,- Itis natural to wonder whether these quantities are related to m (6, h) and
my (B, h). The following result shows that they in fact coincide in the thermody-
namic limit.
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106 Chapter 3. The Ising Model

Proposition 3.29. For any sequence A {} Z%, the limits

def

m” (B, = lim my (B, m™(B, )= lim, my (B, h)

exist and
m*(B,h) =(o0)g,, m (B,h)=(00)g -

Moreover, h — m™ (B, h) is right-continuous, while h — m~ (B, h) is left-continuous.

Remark 3.30. By Corollary 3.7, m* (B, h) and m(, h) are equal when h ¢ 5 g- There-
fore, considering a sequence £ | 0 in B¢,

*(B) =li yh) =1 (B, =m*(B,0) = to.
m* () ;II%IM(ﬁ ) =limm (B, 1) =m"(B,0)=(00)p
Note also that, by Exercise 3.15,

lim (0001)50= (@0)50)" = m" (B, Vp=0.

il —

This observation provides a convenient approach for its explicit computation in
d =2, which avoids having to work with a nonzero magnetic field. o

Proof. Let A, ff Z%. By the translation invariance of (-)E ,, and by the monotonicity
property (3.25),
<UO>Eyh = <m1\n>23—,h = <mAn>Xn;ﬁ,h .

This gives (UO)E n= liminfn(mAn)X B For the other bound, fix k=1 and let i €

Aj. On the one hand, if i + B(k) € A, (3.25) again gives

+ + _ +
@i n,p.n =002 Bp 1 = (TOB(Ry;6h -

On the other hand, if i + B(k) ¢ A,, then the box i + B(k) intersects 0"A,. As a
consequence,

1 1
(MAD gp= @) pnt GO
R TV R v R
i+Bk)cA, i+Bk)ZA,

IB(K)I10™ Al

+
= <00>B(k);/5,h +2 [Apl

’

since |<U,~)X B hl < 1. (Note that (Uo)é(k)_ﬁ , can be negative; this is the reason for
the factor 2 in the last term). This implies that, for all k = 1, lim sup,I(mAn)X Bk <
<UO>E(k);ﬁ,h' Since limk*mwO)E(k);ﬁ,h = (Uo)g’h, the desired result follows. The one-

sided continuity of m™* (8, h) and m~ (B, h) will follow from Lemma 3.31 below. O

Lemma 3.31. 1. For all B = 0, h — <00>Eh is nondecreasing and right-
continuous and h — (00)5 n is nondecreasing and left-continuous.

2. Forallh=0, f— (00>E ,, IS nondecreasing and, for all h <0, f — (00)5 A
nonincreasing.
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3.7. Phase Diagram 107

Proof of Lemma 3.31: We prove the properties for (0()); ,, (symmetry then allows us
to deduce the corresponding properties for <U°>B n-

1. Let A € Z%. 1t follows from the FKG inequality that

0
%(Uoﬂ;ﬁ,h = l'EZA(«TOUi)X;ﬁ'h - <UO>X;ﬁ,h<Ui>X;ﬁ,h) =0.
So, at fixed A, h— <00>X; o is nondecreasing. This monotonicity clearly persists in
the thermodynamic limit. Let then (h;,;)»>1 be a sequence of real numbers such
that h,, | h and (A,),>1 be a sequence such that A, 1 7%, Lemma 3.22 implies
that the double sequence ((Uo)xn; 5, hm)m»"ﬂ is nonincreasing and bounded. Con-
sequently, it follows from Lemma B.4 that

. + . . +
n%lg(l)owo)ﬁ'hm lim r}lm <UO>An;ﬁ,hm

m—oo n—oo

i MO0 N = HIBATO) = (00D 1

The third identity relies on the fact that the finite-volume expectation <00>Xn~ B is
continuous in h.
2. Proceeding as before and using (3.22) with A = {0} and B = {i, j},

0
a_<ao>7\;,5,h = Z (<0‘00‘iaj>/t;ﬁ,h - <O—0>7\;ﬁ,h<aiaf>/t;ﬁ,h) 20.
p {i, jlesy

This monotonicity also clearly persists in the thermodynamic limit. O

Exercise 3.17. Let A € Z% and h = 0. Show that B— (O'A>§ h is left-continuous and
B~ ((TA>E’h is right-continuous.

Defining the critical inverse temperature

Since (Uo)B 0= —(Uo)E o by symmetry, Theorem 3.28 and Remark 3.30 imply that,
when h = 0, uniqueness is equivalent to m* (8) = 0. Since Lemma 3.31 implies that
m*(B) = (00)2; o is monotone in f, we are led naturally to the following definition.

Definition 3.32. The critical inverse temperature is

Be(d) Einf{f=0: m* () >0} =sup{f=0: m*(f)=0}. (3.27)

That is, B.(d) is the unique value of 8 such that m* () =0 if 8 < ., and m*(f) >0
if B> B.. Of course, one still has to determine whether B.(d) is non-trivial, that is,
whether 0 < .(d) < co.
Remark 3.33. By translation invariance, (O'i)z; 0= (UO)E o =m"(p) forallie z4,
This implies, using the FKG inequality, that

(@001 2 (00)f0(0) 0= m* (B
In particular,

inf (000i)50>0, VB> pe. (3.28)
iezd ’
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108 Chapter 3. The Ising Model

Such a behavior is referred to as long-range order. The presence of long-range
order does not, however, imply that the random variables o; display strong corre-
lations at large distances. Indeed, as follows from Exercise 3.15 (see also the more
general statement in point 4 of Theorem 6.58), for any g,

. At + A -
i (00T o = (00 (@idp0 =0,

so that 0 and o; are always asymptotically (as ||i[; — co) uncorrelated. 1 o

A second characterization of uniqueness

The following theorem provides the promised link between the two notions of first-
order phase transition introduced in Definitions 3.8 and 3.24: non-uniqueness oc-
curs at (B, h) if and only if the pressure fails to be differentiable in £ at this point.
The theorem also provides the extension of the relation (3.8) to values of & at which
the pressure is not differentiable. In that case, we can rely on the convexity of
the pressure, which we proved in Theorem 3.6, to conclude that its right- and left-
derivatives with respect to h are always well defined.

Theorem 3.34. The following identities hold for all values of =0 and h € R:

oy
on*

5
B, h) = m* (B, h), %(ﬁ, h) = m™ (B, ).

In particular, h — w(B, h) is differentiable at h if and only if there is a unique Gibbs
state at (B, h).

Remark 3.35. Theorem 3.34 shows that the pressure is differentiable with respect
to h precisely for those values of § and h at which there is a unique infinite-volume
Gibbs state. We will see later (Exercise 6.33) that uniqueness of the infinite-volume
Gibbs state also implies differentiability with respect to . (Actually, although we
will not prove it, the pressure of the Ising model on Z¢ is always differentiable with
respect to 3.) o

Proof. Remember that the set B of points of non-differentiability of the pressure
is at most countable. Therefore, for each h € R, it is possible to find a sequence
hy | hsuch that hy ¢ %ﬁ for all k = 1. It then follows from (3.9) that

oy

oh*

since m* (B, ') = m(B, h') for all i’ ¢ B (Corollary 3.7) and m* (B, h) is a right-
continuous function of i (Proposition 3.29). Now, by symmetry,

oy Oy

on P =G5

As a consequence, we conclude that

_ 1 _n + ot
B, h)_;lsz}zm(ﬁ’hk)_;li%m (B, h) =m™ (B, h),

(ﬁ)_h) = _m+(ﬁ)_h) = m_(ﬁy h)-

Z—Z(ﬁ,h) exists < m*(B,h)=m (B,h).

The conclusion follows since, by Proposition 3.29 and Theorem 3.28,
mt(B,h=m"(B,h) < (Uo)E’h =(o0)s, < uniquenessat (B,h). O

In the following two sections, we prove item 3 of Theorem 3.25 which estab-
lishes, at h = 0, distinct low- and high-temperature behaviors.
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Spontaneous symmetry breaking at low temperatures

In this subsection, we prove that f.(d) < oo, for all d = 2. In order to do so, it is
sufficient to show that, uniformly in the size of A,

Hxpo(@0=-1=8(p), (3.29)
where 6(f) | 0 when 8 — co. Indeed, this has the consequence that
(@0 p.p.0 = g @0 =+1) =iy 5 (00 =—1)
=1-2pp.50(00=-1)
=1-26(0).

Therefore, if one fixes f large enough, so that 1 -26(8) > 0, and then takes the
thermodynamic limit A { 79, one deduces that

m*(B) =(oo)g,>0. (3.30)

Using the characterization (3.27), this shows that 8. < co: a first-order phase tran-
sition indeed occurs at low temperatures.

The proof of (3.29) uses a key idea originally due to Peierls, today known as
Peierls’ argument and considered a cornerstone in the understanding of phase tran-
sitions. It consists in making the following idea rigorous.

A

’@‘ When B is large, neighboring spins with different values make a high contri-
bution to the total energy and are thus strongly suppressed. Therefore the contours,
which are the lines that separate regions of + and — spins, should be rare and a typ-
ical configuration under ,uX; 5,0 should have the structure of a “sea” of +1 spins with

small “islands” of — spins (see Figure 3.10). 3

In other words, when S is large, typical configurations under uj{; po are small
perturbations of the ground state ™, and these perturbations are realized by the
contours of the configurations.

We will implement this strategy for the two-dimensional model and will see
later how it can be extended to higher dimensions.

Low-temperature representation

Consider the two-dimensional Ising model in A € Z? , with zero magnetic field and
+ boundary condition. We fix some configuration w € Q} and give a geometrical
description of w whose purpose is to account for the above-mentioned fact that a
low temperature favors the alignment of nearest-neighbor spins. The starting point
is thus to express the Hamiltonian in a way that emphasizes the role played by pairs
of opposite spins:

Hppo=—B ), 0i0j=-PI&I+ Y} Pl-oi0)).
{i,jlesp {i,jles?

The dependence on w is only in the sum

Y B-oiop)= ) 2p=2B-#{{i,jleéy :0i#0j}.

{i,jresp {i,jresP:
O'i#o'j
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Figure 3.10: A configuration of the two-dimensional Ising model in a finite
box A with + boundary condition. At low temperature, the lines separating
regions of + and — spins are expected to be short and sparse, leading to a
positive magnetization in A (and thus the validity of (3.29)).

Let us associate to each vertex i € Z? the closed unit square centered at i
i+ [-1,112, (3.31)

The boundary (in the sense of the standard topology on R?) of ., denoted by 4.7},
can be considered as being made of four edges connecting nearest-neighbors of
the dual lattice

Z2=2+G&, DE {1 +3,i+ 1) 1 (11,0 € 2%}
Notice that a given edge e of the original lattice intersects exactly one edge e, of the
dual lattice. If we associate to a configuration w € Q7 the random set

VA = U

ieN:0j(w)=—-1

then again 0. (w) is made of edges of the dual lattice. Moreover, each edge e, =
{i, j}L < 0.4 (w) separates two opposite spins: 0;(w) # 0j(w). One can therefore
write

Hnip o) = —PIEN] + 2104 ().
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3.7. Phase Diagram 111

(Here, |0.# (w)| denotes the number of edges contained in 6.7 (w) or, equivalently,
the total length of 6.# (w).) A configuration w with its associated set 0.7 (w) is rep-
resented in Figure 3.10.

We will now decompose 0.7 (w) into disjoint components. For that, it is conve-
nient to fix a deformation rule to decide how these components are defined. To this
end, we first remark that each dual vertex of Z2 is adjacent to either 0, 2 or 4 edges
of 0. (w) 2. When this number is 4, we deform 8.7 (w) using the following rule:

_
~

Figure 3.11: The deformation rule.

An application of this rule at all points at which the incidence number is 4 yields
a decomposition of 4.7 (w) into a set of disjoint closed simple paths on the dual
lattice, as in Figure 3.12. In terms of dual edges,

0M (w)=Y1U--Uyy.

Each path y; is called a contour of . Let I'(w) = {y1,...,yYn} and define the length
|yl of a contour y € I'(w) as the number of edges of the dual lattice that it contains.
For example, in Figure 3.12, |y5| = 14.

Using the above notations, the energy of a configuration w € Q} can be very
simply expressed in terms of its contours:

Hnpo) ==PIEN+26 Y Iyl.
yeT(w)

Consequently, the partition function in A with + boundary condition can be writ-
ten .
+ — BRI —2plyl
AWTELACAED I | I (3.32)
weQ} Yel(w)

(As usual, the product is defined as equal to 1 when I'(w) = @.) Finally, the proba-
bility of € Q} can be expressed in terms of contours as

o~ ipo©) 2P

Hyel‘(w
ZX;ﬁ,O Za) Hyel“(w) e—2ﬁ|}’|

Hx,p0(@) = (3.33)

Remark 3.36. The above probability being a ratio, the terms P have canceled
out. Therefore, having defined the Hamiltonian without the constant term g|&7|
would have led to the same Gibbs distribution: the energy of a system can always
be shifted by a constant without affecting the distribution. o

2 One way to show that is to consider a dual vertex x € Z2 together with the four surrounding
points of Z2, which we denote (in clockwise order) by i, j, k,I. Since iwj o) ww)@w;) =

w%wgwiw? = 1, the number of products equal to —1 in the leftmost expression is even. But such a

J
product is equal to —1 precisely when the edge of a contour separates the corresponding spins.
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Figure 3.12: The contours (paths on the dual lattice) associated to the config-
uration of Figure 3.10. Together with the value of the spins on the boundary
(+1 in the present case), the original configuration w can be reconstructed in
aunique manner.

Peierls’ argument

We consider the box B(n) = {-n,...,n}%. To study u‘é(m:ﬁ‘o(ao = —1), we first observe

that any configuration w € Q’é(m such that oy(w) = —1 must possess at least one

(actually, an odd number of) contours surrounding the origin.

To make this statement precise, notice that each contour y € I'(w) is a bounded
simple closed curve in R? and therefore splits the plane into two regions, exactly
one of which is bounded, called the interior of y and denoted Int(y). We can thus
write

“E(n);ﬁ,o (op=-D= “E(n):b’,o (EIY* er: Int(}f*) 3 0) = I% )Boug(n):ﬁ,o T Y*)'
¥a:Int(y .

Lemma 3.37. For all > 0 and any contour vy,

B0 3 74) < e 2P, (3.34)

The bound (3.34) shows that the probability that a given contour appears in a con-
figuration becomes small when f is large or when the contour is long. Later, we will
refer to such a fact by saying that the ground state n* is stable.
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Proof of Lemma 3.37. Using (3.33),

+ _ +
HBmpod 27+ = w.rwz)ay HB(m;p,0(@)

—28|
— p=2BIy] Y 0T ()37, HYEF(w)\{y*} e~ 2Bly!

Zw Hyel"((u) e—Zﬁh/I

We will show that the ratio in (3.35) is bounded above by 1, by proving that the sum
in the numerator is the same as the one in the denominator, but with an additional
constraint. To each configuration w with I'(w) 3 y. appearing in the sum of the
numerator, we associate the configuration &), (w) obtained from w by “removing
v+ This can be done by simply flipping all spins in the interior of y.:

(3.35)

def{_wi if i € Int(y.), 336

&y, (W) =
(6. (@) w;  otherwise.

It is important to realize that &y, (w) is the configuration whose set of contours is
exactly I'(w) \ {y.}. For instance, even if Int(y.) contains other contours (as y3 in
Figure 3.12, which contains y4 and yg in its interior), these continue to exist after
flipping the spins. Let then €(y.) be the set of configurations that can be obtained
by removing y. from a configuration containing y... We have

e 2By Z H e 281

0T ()37 YT @)\ {y«} w'e€(y,) Y el ("
But since the sum over o’ € €(y) is less than the sum over all ' € QF (ny» this shows
that the ratio in (3.35) is indeed bounded above by 1. O

.’@: Each of the sums in the ratio in (3.35) is typically exponentially large or small in
|B(n)|. We have proved that the ratio is nevertheless bounded above by 1 by flipping
the spins of the configuration inside the contoury ., an operation that relied crucially
on the symmetry of the model under a global spin flip. °

Using (3.34), we bound the sum over all contours that surround the origin, by
grouping them according to their lengths. Since the smallest contour surrounding
the origin is made of 4 dual edges,

Himpo@0=-D= 3 e (3.37)
', Y« Int(y«)30

— Z Z o= 2Pyl
k=4 y.:Int(y«)30
ly«I1=k

=Y e uly, i Int(y.) 30, ly.| =k} (3.38)
k=4
A contour of length k surrounding the origin necessarily contains a vertex of the set
{(u- %, %) : u=1,...,[k/2]}. But the total number of contours of length k starting
from a given vertex is at most 4 - 351 Indeed, there are 4 available directions for
the first segment, then at most 3 for each of the remaining k—1 segments (since the
contour does not use twice the same edge). Therefore,

#{y. 1 Int(y,) 30, ly. | =k} = §.4.351, (3.39)
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114 Chapter 3. The Ising Model

Gathering these estimates,

I”"E(n);ﬁ,o (p=-1) <= % ];lk?)ke_zﬁk d:Ef(S(ﬁ) (3.40)

If B is large enough (so that 3e72# < 1), then the series in (3.40) converges. More-
over, 6(f) | 0 as B — oo. This proves (3.29), which concludes the proof that §.(2) <
Q.

Before turning to the case d = 3, let us see what additional information about
the low-temperature behavior of the two-dimensional Ising model can be extracted
using the approach discussed above. The next exercise shows that, at sufficiently
low temperatures, typical configurations in B(n), for the model with + boundary
condition, consist of a “sea” of + spins with small islands of — spins (the latter pos-
sibly containing “lakes” of + spins, etc.). Namely, the largest contour in B(n) has a
length of order logn.

Exercise 3.18. Consider the two-dimensional Ising model.

1. Show that there exists By < co such that the following holds for all § > By. For
any ¢ > 0, there exists Ky(c) < oo such that, for all K > Ky(c) and all n,

c

”E(n);ﬁ,o(ElY el with|y| =z Klogn) < n”°.

2. Show that, for all B = 0 and all c > 0, there exist K1 (f,c) > 0 and ny(c) < co
such that, for all K < Ky (B, c) and all n = ny(c),

2=@

”E(n);ﬁ,o (3y €T with|y|=Klogn)=1—-e™"

Introducing a positive magnetic field h should only make the appearance of con-
tours less likely, so that it is natural to expect that the claims of the previous exercise
still hold in that case.

Exercise 3.19. Extend the claims of Exercise 3.18 to the case h > 0. Hint: For the
first claim, observe that the existence of a long contour implies the existence of a long
path of — spins, which is a decreasing event; then use the FKG inequality.

Extension to larger dimensions. It remains to show that a phase transition also
occurs in the Ising model in dimensions d = 3. Adapting Peierls’ argument to higher
dimensions is possible, but the counting in (3.39) becomes a little trickier.

Exercise 3.20. Show that Peierls’ estimate can be extended to Z%, d = 3. The combi-
natorial estimate on the sum of contours can be done using Lemma 3.38 below.

Nevertheless, we will analyze the model in d = 3 by following an alternative ap-
proach: using the natural embedding of Z¢ into Z%*! and the GKS inequalities, we
will prove that .(d) is nonincreasing in d.

Ay

_’@\ The idea is elementary: one can build the Ising model on Z%*! by considering
a stack of Ising models on Z% and adding interactions between neighboring spins
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living in successive layers. Then, the GKS inequalities tell us that adding these inter-
actions does not decrease the magnetization and, thus, does not increase the inverse
critical temperature. 3

To simplify notation, we treat explicitly only the case d = 3; the extension to
higher dimensions is straightforward. We will see Z2 as embedded in Z3. Therefore,
we will temporarily use the following notations:

B Y -n,...n3, B Ei{-n,... n?

We claim that

+ +
(00 B3(n);,0 = (o0} B2(n);,0°

Namely, consider the set of edges {i, j} connecting two nearest-neighbor vertices
i = (iy,i2,i3) and Jj = (1, J2,J3) such that i3 = 0 and lj3l = 1. The two spins liv-
ing at the endpoints of such an edge contribute to the total energy by an amount
-Boioj = -Jijo;o; (remember the Hamiltonian written as in (3.20)). Thanks to
the GKS inequalities,

+ _ Nt _ + e AT
a]l] <UO>BS(YL);ﬁ,O - <UOUIU]>BS(VL);[3,O <00>B3(n);ﬁ,0<olg]>B3(n);ﬁ,0 = 0

We can therefore consider those edges, one after the other, and for each of them
gradually decrease the interaction from its initial value J;; = f down to J;; = 0.
+0

B3(n);8,0
stants J;; have been brought down to zero, we obtain

Denoting by p the Gibbs distribution obtained after all those coupling con-

+ +,0
00)B3 ;.0 = (00 B30

Observe that the spins contained in the layer {j3 = 0} interact now as if they were in

. . +,0 _ +
a two-dimensional system, and so (Uo)B3 B0~ (0’0>82 Wip0° We therefore get

. + . +
Jim (0) g3 ny;p.0 Z M (0D B2 0

Combined with (3.27), this inequality shows, in particular, that .(3) < 8.(2). The
existence of a first-order phase transition at low temperatures for the Ising model
on Z3 thus follows from the already proven fact that f.(2) < co.

Improved bound. It is known that the inverse critical temperature of the two-
dimensional Ising model equals

f.(2) = arcsinh(1) = 0.441.

Obviously, not much care was taken, in our application of Peierls’ argument, to
optimize the resulting upper bound on f.(2). The following exercise shows how a
slightly more careful application of the same ideas can lead to a rather decent upper
bound (with a relative error of order 10%, compared to the exact value).
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Exercise 3.21. 1. Check, using (3.40), that .(2) < 0.88.

2. The aim of this exercise is to improve this estimate to f.(2) < 0.493. This will
be done by showing that
B.(2) < 3logp,

where . is the connectivity constant of 72, defined by

n—oo

ef .1
,udzf lim —logC,,
n

where C,, is the number of nearest-neighbor paths of length n starting at the
origin and visiting each of its vertices at most once. It is known that 2.62 < u <
2.68. Hint: Proceed similarly as in (3.37) and show that the ratio

“E(m;ﬁ,o("i =-1VieB(R))
=-1VieB(R)

= <1,
NB(n);ﬁ,O(Ui

uniformly in n, provided that 3 > %log W and that R is large enough.

Uniqueness at high temperature

There exist several distinct methods to prove that there is a unique Gibbs state
when the spins are weakly dependent, that is, at high temperatures. Two general
approaches will be presented in Section 6.5. Here, we will rely on a graphical repre-
sentation, which is well adapted to a description of high-temperatures correlations.

High-temperature representation. This representation relies on the following el-
ementary identity. Since 0 ;0 ; only takes the two values +1,

eP7i%i = cosh(B) + 00 sinh(B) = cosh(p) (1 + tanh(B)o;0;) . (3.41)

Identity (3.41) can be used to rewrite the Boltzmann weight. For all A € 79 and
weQt
A’

()0 °b
e~ hipo(@) = I1 ePIi@Tj@ — cogh(B) 4R [l (1+tanh(Bw;w;), (3.42)
{i,jreép {i,jle&?

where 65}{ was defined in (3.2). We will now expand the product over the edges.

Exercise 3.22. Show that, for any nonempty finite set &,

[Ta+ren=) []rfe. (3.43)

eel Ecé& ecE

(As usual, the product in the right-hand side is 1 if E = &.)

Using (3.43) in (3.42) and changing the order of summation, we get

b
ZX;ﬁyozcosh(ﬁ)‘gf\l Z tanh(ﬁ)'El Z H Wiwj,
Ecg’}\) weQ; i, jieE
=[lienw] "
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3.7. Phase Diagram 117

where I(i, E) is the incidence number: (i, E) € #{j € 7% : {i, j} € E}. Now, the sum-
mation over w € Q can be made separately for each vertex i € A:

: 2 ifI(i, E) is even,
Y wl®P = ( ) (3.44)
wi=%1 0 otherwise.
We conclude that
Z; 5o =2" cosh(®A Y tanh(p)®!, (3.45)
Eeex;even
where

Q‘SX;“E" d:ef{E céy:I1(i,E)isevenforallie A}.

When convenient, we will identify such sets of edges with the graph they induce 3.
The expression (3.45) is called the high-temperature representation of the parti-
tion function. Proceeding in the same manner, we see that <00)X_ p,0 Can be written

@) rpo= Zrpo) 2 cosh(®X Y tanh(p)*!

Ee¢ ,,;
2 +; tanh IE|
E e/\ 0 (‘B)

= , (3.46)
ZEE ex;even tanh(ﬁ) |E|

where
VIR &Y 2 1(i,E) is even for all i € A\ {0}, but 1(0, E) is odd} .

Given E c &), we denote by A(E) the set of all edges of & sharing no endpoint

with an edge of E. Any collection of edges E € (’EX;O can then be decomposed as E =
Eo U E', with Ey # & the connected component of E containing 0, and E' € QEX;EVE“
satisfying E’' < A(Ey). Therefore,

£
ZE’E@X;even:E’CA(EQ) tanh(ﬁ)l |

) hso= 2.  tanh(p)'™ (3.47)
e Eoe€}? 2 e @hieven tanh(pB)/!
connected, Ey30
Proof that 5.(d) >0, for all d. Bounding the ratio in (3.47) by 1,
|Eol
<UO>E(n);ﬁ,0 < Y ) tanh(g)'*0!. (3.48)
E()GGE'M)

connected, Ep30

The sum can be bounded using the following lemma.

Lemma 3.38. Let G be a connected graph with N edges. Starting from an arbitrary
vertex of G, there exists a path in G crossing each edge of G exactly twice.

3The graph induced by a set E of edges is the graph having E as edges and the endpoints of the
edges in E as vertices.
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118 Chapter 3. The Ising Model

Proof. The proof proceeds by induction on N, observing that an arbitrary con-
nected graph can always be built one edge at a time in such a way that all inter-
mediate graphs are also connected. When N = 1, the result is trivial. Suppose that
the result holds when N = k and let & = (7(1),...,7m(2k)) be one of the correspond-
ing paths. We add a new edge to the graph, keeping it connected; this implies that
atleast one endpoint v of this edge belongs to the original graph. The desired path
is obtained by following 7 until the first visit at v, then crossing the new edge once
in each direction, and finally following the path x to its end. O

Using this lemma, we see that the number of graphs E, with ¢ edges contributing
to (3.48) is bounded above by the number of paths of length 2¢ starting from 0.
The latter is certainly smaller than (2d)?’ since each new edge can be taken in at
most 2d different directions. On the other hand, Ey connects necessarily 0 to B(n)¢:
Indeed, };.5q 1(i, Eg) = 2| Ep| is even; since 1(0, Ep) is odd, there must be at least one
vertex i # 0 with I(i, Ey) odd; however, such a vertex cannot belong to B(n), since
I(i, Ep) is even for all i € B(n) \ {0}. We conclude that |Ey| = n, which yields, since
tanh(f) < B,

OO o= 2 Gd* P <", (3.49)

lzn

with ¢ = ¢(8,d) >0, for all g < 1/(4d?%). In particular, (UO)E,O =0forall f< 1/(4d?),
which implies that B.(d) > 0, that is, uniqueness at high temperatures, by Theo-
rem 3.28 and the characterization (3.27).

Proof that $.(1) = +0o. Consider the Ising model in a one-dimensional box B(n)
with + boundary condition:

®—O—"0OC—OC—OC—OC—0O 00O 00O —0O0O—"0O0O—"O0O—0O0C—0—=
-n 0 +n

Due to the structure of Z, there are only few subgraphs of E éog(n) appearingin
the ratio (3.46) and they are particularly simple. We first consider the denominator.
Since the subgraphs appearing in the sum must be such that the incidence number
ofeach i € B(n) is either 0 or 2, Ggf;‘;" can contain only two graphs: the graph whose

set of edges is E = &, as in the previous figure, and the one for which E = é’é -

o000 0—0—0—0—0—0—0—0
-n 0 +n

On the other hand, (‘E:;(Om also reduces to two graphs, one composed of all edges
with two nonnegative endpoints, and one composed of all edges with two nonpos-
itive endpoints:

®=—"O0—+77.00-0.0—06—0106—"0—-00——-O0—0—"~0—0—0—0—0
-n 0 +n

&>=—O0—0—00—0—0—0—0—0—0—"0—"0—"0O—"0—"0C—"0C—=
-n 0 +n
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Consequently, (3.46) becomes

N _ 2tanh(p)"*!
(00)B(ny;,0 = 1+ tanh()2 D’

which indeed tends to 0 when n — oo, for all < co.

Exercise 3.23. Derive representations similar to (3.47) for (o0 )} .0’ z7 po and

o
<U’U]>A;ﬁ,0'

The next exercise shows that the 2-point function decays exponentially when S is
small enough.

Exercise 3.24. Using Exercise 3.23, prove that, for all p sufficiently small, there exists
c=c(P) >0suchthat{c;o})po < e~li=il foralli,je 7%, where ()0 is the unique
Gibbs state.

Note that, as shown in the next exercise, the decay of the 2-point function can never
be faster than exponential (when 3 # 0):

Exercise 3.25. Using the GKS inequalities, prove that, in any dimension d = 1 and
atany =0,
0i0))p0=(0i0))5, = <000||j—i||1>7\,-:,,-1;ﬁ,o’

where the expectation in the right-hand side is with respect to the Gibbs distri-
bution with free boundary condition in the box A;j = {0,...,lj —il} = Z. Us-
ing Exercise 3.23, show that the 2-point function in the right-hand side is equal to
(tanh ) =il

Remark 3.39. It is actually possible to prove that the exponential decay of (c;0 ) g0
and the exponential relaxation of (UQ)E (30 toward (00>E , hold true for all g <

ﬁc (). [3] o

Exercise 3.26. Use the high-temperature representation as an alternative way of
computing the pressure of the one-dimensional Ising model with h = 0. Compare

the expressions for y§ i vy () and wllj?,ezn)'

Uniqueness in nonzero magnetic field

We are now left with the proof of item 1 of Theorem 3.25, which states that, when
h # 0, the Gibbs state associated to (8, h) is always unique, regardless of the value
of B. The proof will take us on a detour, using results from complex analysis, and
will allow us to establish a very strong property of the pressure of the Ising model.

We will study the existence and properties of the pressure when h takes values
in the complex domains

H* Y (zeC:Rez>0l,

H E{zeC:Rez<0}.
Since the inverse temperature § > 0 will play no particular role in this section, we
will omit it from the notations at some places. For example, we will write y (h)
rather than v (B, h).
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120 Chapter 3. The Ising Model

Theorem 3.40. Let > 0. As a function of the magnetic field h, the pressure of the
Ising model in the thermodynamic limit, w = y(h), can be extended from {h € R :
h > 0} (resp. {h € R: h < 0}) to an analytic function on the whole domain H* (resp.
H~™). On H* and H-, w can be computed using the thermodynamic limit with free
boundary condition.

This result of course implies that the complex derivative of ¥ with respect to h ex-
istson H" and H™. Therefore, the real partial derivative g—;’: exists at each real h # 0.
By Theorem 3.34, this implies uniqueness of the Gibbs state for all /2 # 0, thus com-

pleting the proof of Theorem 3.25.

Remark 3.41. The GHS inequality, which is not discussed in this book, allows to
give an alternative proof of the differentiability of the pressure when % # 0, avoiding
complex analysis. Namely, the GHS inequality can be used to show that the magne-
tization h — <0’0)23', n is concave, and hence continuous, on Rx(. This implies that its
antiderivative (which is equal to y up to a constant) exists and is differentiable on
(0, +00). Of course, combined with Theorem 3.34, Theorem 3.40 implies the much
stronger statement that h — (0’0)5’ h is real analytic on {k < 0} and {h > 0}. S

We have seen that, for real parameters, the thermodynamic limit of the pres-
sure can be computed using an arbitrary boundary condition. When the magnetic
field is complex, the boundary condition becomes a nuisance. It turns out that the
free boundary condition is particularly convenient. We will therefore work in finite
volumes A € Z¢ and study

1
I2} _ 1%}
v (h) = mlogZA;ﬁ'h.

The existence and analyticity properties of the pressure are established by taking
the thermodynamic limit A f} Z¢ for this choice of boundary condition. The ana-
Iytic function obtained is then the analytic continuation of the pressure to complex
values of the field 4.

On the one hand when the magnetic field is real, Z
+h

2}
\;B,h

, is real-analytic in h. Moreover, since

being a finite linear

combination of powers of e

Z3;,>0 forallheR, (3.50)
the pressure u/i(-) is also real-analytic in h. It is not true, however, that this real
analyticity always holds in the thermodynamic limit A f} Z¢. Indeed, we have seen
(using Peierls’ argument) that, at low temperature, the pressure is not even differ-
entiable at 2 =0.

On the other hand, since the Boltzmann weights are complex numbers when
h € C, the partition function Zi; p,p CADVerY well vanish, leading to a problem even
for the definition of the finite-volume pressure.

Fortunately, the celebrated Lee-Yang Circle Theorem, Theorem 3.43, will show
that the partition function satisfies a remarkable property, analogous to (3.50), in
suitable domains of the complex plane. This will allow us to control the analyticity
of the pressure in the thermodynamic limit, as explained in the following result.

4We remind the reader of the following fact: if two functions analytic on a domain D coincide on a
set Ac D which has an accumulation point in D, then these two functions are equal on D. Therefore, if
it were possible to obtain another pressure ¥ using a different boundary condition, analytic on H* and
H™, then, since this pressure coincides with the one obtained with free boundary conditions on the real
axis, it must coincide with iton H* and H™.
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Theorem 3.42 (Lee-Yang). Let f=0. Let D c C be open, simply connected and such
that D N R is an interval of R. Assume that, for every finite volume A € Z¢,

Zi;ﬁ’h;éo YheD. (3.51)

Then, the pressure h — v (h) admits an analytic continuation to D.

We know from the analysis done in the previous sections that the pressure is not
differentiable at h = 0 when > fB.(d). When this happens, the previous theo-
rem implies that there must exist a sequence (hy) € C, tending to 0 and a sequence
Ag ft Z% such that Zik; i 0 for all k. Therefore, even though the partition func-
tions never vanish as long as h is real, complex zeroes approach the point /2 = 0 in
the thermodynamic limit. In this sense, although values of the magnetic field with
a nonzero imaginary part may be experimentally meaningless 4, the way the par-
tition function behaves for such complex values of the magnetic field turns out to

have profound physical consequences.

Proof of Theorem 3.42: (The precise statements of the few classical results of com-
plex analysis needed in the proof below can be found in Appendix B.3.)

LetA, ) z4. Using (3.51), Theorem B.23 guarantees that one can find a function
h— logZin; B analytic on D and coinciding with the quantity studied in the rest of
this chapter when /& € D N R (see Remark B.24 for the existence of a branch of the

logarithm with this property). One can then define

gn(h) Eexp(|A,l™! logZin;ﬁ'h),

§%}
which is also analytic on D. Now, when h € DNR, g, (h) coincides with ew/\n(h),

and Theorem 3.6 thus guarantees that, for such values of h, g,(h) — g(h) & e¥®
as n — oo, where v is the pressure of the Ising model in infinite volume.

The next observation is that the sequence (gy) is locally uniformly bounded on
D, since

|Zzn;ﬁ,h|5 Z |exp(—%\gﬂ;ﬁ’h(a)))|

wEQAn

=y exp(=H 51, (@) < exp((2df+Reh| +1og2)|Al),
weQAn

and thus |g, (h)| = exp(IA,,I‘1 logIZin;ﬁth) <exp(2df+|Reh|+log2) forall he D.

We are now in a position to apply Vitali’s convergence theorem (Theorem B.25)
in order to conclude that (g5),>1 converges locally uniformly, on D, to an analytic
function g.

Moreover, since g, (h) # 0 for all h € D and all n = 1, Hurwitz’' theorem (Theo-
rem B.26) implies that g has no zeroes on D. Indeed, the other possibility (that is,
g =0on D) is incompatible with the fact that g = e¥ >0 on DNR.

Since g does not vanish on D, it follows from Theorem B.23 that the latter ad-
mits an analytic logarithm in D. However, choosing again the branch that is real on
D NR, the function log g coincides with the pressure of the Ising model on the real
axis, which proves the theorem. O

To prove Theorem 3.40 using Theorem 3.42, we still have to show
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122 Chapter 3. The Ising Model

Theorem 3.43 (Lee-Yang Circle Theorem). Condition (3.51) is satisfied when D =
H* and when D = H™.

The proof given below will involve working with the variable

def _
z = e72h

rather than k. But h € H" if and only if z € U, where U is the open unit disk

def

U={zeC:|z|<1}.

g
An;Bh
lie on the unit circle. This explains the origin of the name associated to the above

result.

Therefore, Theorem 3.43 implies that all zeroes of Z (seen as a function of z)

Proof. When f =0, the claim is trivial. We therefore assume from now on that § > 0.
It will be convenient to consider the model as defined on a subgraph of Z% with
no isolated vertices, that is, to consider the model on a graph (V, E) where E is a
finite set of edges between nearest-neighbors of Z¢ and where V is the set of all
endpoints of edges in E. It will be assumed that the interactions among the spins
on V appearing in the Hamiltonian are only between spins at vertices connected
by an edge of E.

As we already said, the partition function with free boundary condition in V is
a finite linear combination of powers of e*”*. We will now express it as a polynomial
in the variable z = e~2". Namely,

Zz — Z l—[ eﬂgi(w)aj(w) l—[ thi(w)
V;B,h
b weQy {i,jieE ieV

— GPIEI+RIV] Z H POi(@aj(@-1) Heh(a,—(w]—l)_
weQy {i,jleE eV

A configuration w € Qy can always be identified with the set X = X (w) c V defined
by X(w) oef {i € V:0;(w) = —1}. We can therefore write

Z H eﬁ(oi(w)aj(w)—l) l_[ eh(Ui(w)—l) — Z aE(X)lel d:ef @E(z);

weQy {i,jleE ieV XcV

where ag (@) = ag(V) e and, in all other cases,

a0 = ] e?h.
{i,jIeE
ieX,jeV\X

Observe that these coefficients satisfy ag(X) € [0, 1]. Since Z?/;ﬁ,h — ePIEI+RIV] Pr(2),
in order to show that Zﬁ; B # 0 for all h e H*, it suffices to prove that &g(z) does
not vanish on U.

The next step is to turn the one-variable but high-degree polynomial &7 into a
many-variables but degree-one (in each variable) polynomial: let zy = (z;) ey € cv
and consider the polynomial

@E(ZV) « Z agp(X) l_[ Zi.

XcV ieX
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Of course, the original polynomial &?g(z) is recovered by taking z; = z forall i € V.
We will show that
lzil < 1,Vie V = Pg(zy) #0. (3.52)

The proof proceeds by induction on the cardinality of E. We first check that (3.52)

holds when E consists of a single edge {i, j}. In that case, since ap({i}) = ag({j}) =
28

e »

c??E(Z{iyj}) =2zizj+ e Pz +zj)+1.
Therefore, 535 (zy;,j3) = 0 if and only if

e‘zﬁzj+1
Zi=——————.
zj+e‘2ﬁ

Using the fact that 0 < e72# < 1, it is easy to check (see Exercise 3.27 below) that the
Mébius transformation z — —(e 2z +1)/(z + e7?P) interchanges the interior and
the exterior of U. This implies that if |z;| < 1, then |z;| > 1, so that @E(zi,zj) never
vanishes when both |z;],|z;| < 1.

Let us now assume that (3.52) holds for (V,E) and let b = {i, j} be an edge of
74 not contained in E. We want to show that (3.52) still holds for the graph (V U
{i, j}, Eu{b}).

There are three cases to consider, depending on whether Vn{i, j} is empty, con-
tains one vertex, or contains two vertices.

Case 1: Vn{i, j} = @. In this case, the sum over X c V U {i, j} can be split into two
independent sums, over X; ¢ V and X, c {i, j}, giving

Prowy (Zvugi,jy) = Ppav) Py (z4,51) - (3.53)

Since neither of the polynomials on the right-hand side vanishes (by the induction
hypothesis) when |z| < 1 for all k € V u{i, j}, the same must be true of the polyno-
mial on the left-hand side.

Case 2: V' n{i,j} = {i}. The main idea here is to add the new edge b in two steps.
First, we add to E a “virtual” edge b’ = {i’, j}, where i’ is a virtual vertex not present
in V, and then identify i’ with i, by a procedure called Asano contraction:

On the one hand, since V n{i’, j} = &, we are back to Case 1: the polynomial
PEowy @y, jy) can be factorized as in (3.53) and, by the induction hypothesis,
we conclude that it cannot vanish when all its variables have modulus smaller than
1.

On the other hand, the sum over X c Vu{i’, j} in ﬁgu{br} (Zvuy,jy) can be split
depending on X n{i’, i} being {i, i}, {i'}, {i} or @, giving

Doy v ) =P zizp+ P zp + P i+ P,
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124 Chapter 3. The Ising Model

where 2+, #*~, %>+ and 2~ are polynomials in the remaining variables: z i
and zg, k€ V\{i}.
The Asano-contraction of ) (zyyy;, jy) is defined as the polynomial

P+ PO

It turns out that the latter polynomial coincides with @Eu{b} (Zvuy))-

Lemma 3.44. @Eu{b} @Zvug)) = P g+ P,

Proof. Let A= (V\ {ih u{j}. For g1,0, € {—, +}, the polynomials P02 gre explic-

itly given by
501,02 _ 01,0
G102 Z_ aEb{bz,}(X) l_[ Zk,
XcVv keX
with
def _
gl X0 = (Lo + Lixgje 2P)ap(X uti)),
def _
Euw (X) = (Lixajp + Lixgpe P)ap(X),
def _ .
Eu{b’ = (I{Xsfj} +1ixsje Zﬁ)aE(Xu {ih,
Eu{b’ (X) (1{X3]}+1{X3j}e 2ﬁ)aE(X)

Doing a similar decomposition for the polynomial @EU{ p @Zvugj)), we get:
Prom@voy) =P zi+ P,
where, for o € {—, +}, we have introduced

P7EY gy (X ﬂ k>

XcV
with
aEU{b}(X) 2 (Lixsj) + Lixzjie 2P ap(X Ui,
Aoy X) = (Lixaj) + ixage 2P)ap(X).
The conclusion follows. O

Since we have seen that the polynomial ngU{b’}(ZVu{i’, j1) does not vanish when
all its variables have modulus smaller than 1, it suffices to show that its Asano-
contraction also cannot vanish when all its variables have modulus smaller than
1.

Let us fix the variables zg, k € V'\ {i}, and z; so that they all belong to U. By
Case 1, we know that, in this situation, @Eu{b/} (zguyir,jy) cannot vanish when z; and
zjr also both belong to U. By taking z; = z;» = z, we conclude that

2> P (P Pz PO

cannot have zeros of modulus smaller than 1. In particular, the product of its two
roots has modulus 1 or larger. But the latter implies that | 2?**| = |27~ | and, thus,
z— P77 z4+ P cannot vanish when |z| < 1.
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Case 3: Vn{i, j} ={i, j}. This case is treated in a very similar way, so we only sketch
the argument and leave the details as an exercise to the reader.

Adding a virtual edge b" = {i’, j'} yields a polynomial Pg (Zyuyir,jry) satisfy-
ing (3.52) by Case 1. We then proceed as above and apply two consecutive Asano
contractions: the first to identify the variables z; and z, the second to identify the
variables z;» and z;.

Figure 3.13: A plcture of case 3: We ﬁrst add a virtual edge {i’, j'} to E, then
identify first j and j’, and then i and i’.

O

Remark 3.45. The reader might have noticed that the proof given above does not
depend on the structure of the graph inherited from the Hamiltonian of the model.
Moreover, the fact that the interaction is the same between each pair of nearest-
neighbor spins, was not used: the coupling constant  used for all edges could be
replaced by couplings J;; varying from edge to edge. Therefore, the Circle Theorem
and its consequence, Theorem 3.42, can be adapted to obtain analyticity of the
pressure in more general settings. o

Exercise 3.27. Let ¢(z) = « ";Zle , where0 < a < 1. Show that dU is invariant under ¢,

and that ¢ maps the interior of U onto its exterior and vice versa.

Exercise 3.28. Using the explicit formula (3.10) for the pressure of the one-
dimensional Ising model, determine the location of its singularities as a function
of the (complex) magnetic field h. What happens as 3 tends to infinity?

The next exercise provides an alternative approach to the analyticity of the pres-
sure in a smaller open part of the complex plane, still containing R\ {0}.

Exercise 3.29. Assume that Reh > 0. Observe that, by considering two independent
copies of the system with magnetic field h and h, one can write

VA4 ﬁhlz Zexp{ﬁ Z (wlw]+ww)+2(hw,+hw)}

w,w’ {i,jleén ieA

We define 0; € {0,7m/2,7m,37/2}, i € A, by cosO; o %(wi +w;.) and sin0; o %(wl -
w}). Show that, after changing to these variables and expanding the exponential,
one obtains

~ i0 A
Z5,,P= Y Y Gme'memli=dNag ),

(0:)ien m=(m;)ien
m;€{0,1,2,3}

with coefficients @m nonnegative and nondecreasing in Re h+ Jmh and in Reh —
Jmh. Conclude that |Z AP, hl >0 when®Reh > |IJmh|.
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Summary of what has been proved

In this brief subsection, we summarize the main results that have been derived.
First, we emphasize that the main features of the discussion in Section 1.4.3 have
been fully recovered (compare, in particular, with Figure 1.11):

Theorem 3.46. Let f3.(d) be the inverse critical temperature of the Ising model on 7%
(we have seen that B.(1) = +oo, while0 < B.(d) < oo for d = 2).

1. For all B < B.(d), the average magnetization density m(f, h) is well defined
(and independent of the boundary condition and of the sequence of boxes used
in its definition) for all h € R. It is an odd, nondecreasing, continuous function
of h; in particular, m(f,0) = 0.

2. For all B > B.(d), the average magnetization density m(f, h) is well defined
(and independent of the boundary condition and of the sequence of boxes used
in its definition) for all h € R\ {0}. It is an odd, nondecreasing function of h,
which is continuous everywhere except at h = 0, where

. _ + . _ p—
l}gxgm(ﬁ,h)—m (B,h)>0, 1}1111101m(ﬁ,h)—m (B,h) <0.

In particular, the spontaneous magnetization satisfies

m*(B) =0 when B < B.(d), m*(B) >0 when B> B.(d).

Remark 3.47. As has already been mentioned, it is known that m*(8.) = 0. By Exer-
cise 3.17, this implies that the function g — m*(f) is continuous at .. o

Remark 3.48. It follows from the above that, when 7 = 0, the spontaneous magne-
tization m*(f) allows one to distinguish the ordered regime (in which m*(g) > 0)
from the disordered regime (in which m*(f) = 0). A function with this property is
said to be an order parameter. o

Proof of Theorem 3.46. On the one hand, we know from Theorem 3.43 that, for all
B = 0, the pressure ¥(S, h) is differentiable with respect to h at all & # 0. On the
other hand, point 3 of Theorem 3.25 and Theorem 3.34 imply that the function
h — w(B, h) is differentiable at &z = 0 when B < B.(d), but is not differentiable at
h =0when § > B.(d). This implies that B = & when h # 0 or § < .(d), and that
B =1{0} when h=0and > B.(d).

By Corollary 3.7, the above implies that m(, h) is well defined and independent
of the boundary condition whenever & # 0 or § < B.(d). This shows, in particular,
that m(B, h) = m* (B, h) for all h > 0.

The claim that m(, h) is an odd, nondecreasing function of / that is continuous
for all h ¢ B g follows from symmetry and Corollary 3.7. O

We have also seen that the Gibbs states provide a satisfactory description of the
model in the thermodynamic limit. These objects give a first glimpse of the way
by which models in infinite volume will be described later in the book. The states
(‘)E‘ n and (-)B' W constructed with + and — boundary conditions respectively, were
instrumental in characterizing the uniqueness regime. Much more will be said on
these states, in particular in Chapter 6.
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Proof of the Correlation Inequalities

Proof of the GKS inequalities

Although the GKS inequalities (3.21) and (3.22) are already more than we need to
study the (nearest-neighbor) Ising model, we will prove them in an even more gen-
eral setting.

Let A € Z% and let K = (K¢)cep be a family of real numbers, called coupling
constants. Consider the following probability distribution on Q4 :

of 1
vak (@) E —— exp] Y Kcwc},
Zpx Ch

where w¢ d=ef]'[ iecw; and Zx is the associated partition function. The Gibbs distri-

butions “X;I,h' uf’\;],h and u‘j’\e;r]’h can all be written in this form, with Kc =0 VC c A,

if h = 0. For example, 'UX-,B » = VAK once

h+p#{jgN:j~i} ifC={i}cA,
Kc=48 ifC={i,jlcAi~],
0 otherwise.

Exercise 3.30. Check that yi; B and uf\e; , can also be written in this form for a
suitable choice of the coefficients K, and that these coefficients can all be taken non-
negative if h = 0.

We can now state the following generalization of Theorem 3.20.

Theorem 3.49. Let K = (K¢)cea be such that K¢ = 0 for all C c A. Then, for any
A,BcA,

(0A)Ak =0, (3.54)

(T ATB)AK = (0 A)A;K{OB) AK - (3.55)

Proof. Clearly, Zj.x > 0. We can thus focus on the numerators. Expanding the ex-
: : Kcwe — 1 hc nc J
ponentials as Taylor series as e"¢“¢ =3}, - n—C!KC W, wWe can write

Zax(odak =Y wa [ efcwe

w CcA
nc
KC

= 2 Il =5Xwalof. (3.56)
(nc)chCcA nc: "o CcA
nc=

We rewrite w4 [[cea wgc =T[lien a);ni, where m; = 1j;ea; + Y. ccp,cai Bc. Upon sum-
mation, since
Z WM = 2 if m; is even,

0 if m;isodd,

wi=+1

it follows that

SMeM=T1 ¥ of"=z0

w jeA ieAwi=+1
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This establishes (3.54). To prove (3.55), we duplicate the system. That is, we con-
sider the product probability distribution v5;x ® va,x on Qp x Qp defined by

1 def /
VAK®VAKW,0) = vak(@vak(w).
7y def / 7y def
If we define 0;(w,w’) = w; and 0;(w,0") =, then

!
(OATBIAK — (T AIAK(OBIAK = (0 A(0B —0p))vyxevax -

The problem is thus reduced to proving the nonnegativity of

2 ’ ’ K +o'.
(ZAK)* (O A(OB =) vpxovax = 2, walwp —wl) [ eXc@ered,
w,w’ CcA

. . def
Introducing the variables o =) 0 =o'/,

! "
Z wA(wB—w%) l_[ eKC(wc+wc) - Z (UACUB(I—(U};) H eKc(1+a)C)wC

w,w’ CcA w,w CcA
"
=Y 1-wp) Y wswp[]efctrecic,
" w CcA

Since 1-w' = 0, (3.55) follows by treating this last sum over w (for each fixed ") as
the one in (3.56), working with coupling constants K¢ (1 + wg) =0. O

Exercise 3.31. Let K= (Kc)ccpa andK' = (K[)ccp be such that Kc = |K(.| (in partic-
ular, K¢ 2 0), for all C c A. Show that, for any A,B c A,

(CAAKZ(0A)AK -

Hint: apply a variant of the argument used to prove (3.55).

Proof of the FKG inequality

We provide here a very general and short proof of the FKG inequality. The inter-
ested reader can find an alternative proof in Section 3.10.3, based on Markov chain
techniques, which he might find more intuitive.

Our aim is to show that, for a finite volume A € 7% and two nondecreasing
functions f,g: Q- R,

(& %= D Rgn® rgn (3.57)

Again, we will prove a result that is more general than required. Remember that the
order we use on Q, is the following: w < ' if and only if w; < w’l. foralli e A. We
also define, for w = (w;);ep and 0’ = (w/l.)ieA,

Ao E (i A w)ien,

s def /
WVO = (Wi Vo;)e-

As explained below, (3.57) is a consequence of the following general result.
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Theorem 3.50. Let 1 = Q;cp Ui be a product measure on Qp. Let fi,..., f1:Qp — R
be nonnegative functions on Qp such that

filw) ) = rlore)filove), Yoo €Qy. (3.58)

Then
<f1>u<f2)u = <f?)>u<f4)p (3.59)

Before turning to the proof of this result, let us explain why it implies (3.57). With
no loss of generality, we can assume that f and g depend only on the values of the
configuration inside A and that both are nonnegative 5 ForieA, se{xl}, let

pi(s) € st sien-iJims,

We have
Pyn= 2 F@p@p@) ={fp)y,
" weQp
where
aet EXPIL i, jrees, Jijwiw}
plw) = = )
A;Jh

Let fi = pf, fo =pg f3 =p, fa = pfg. If (3.58) holds for this choice, then (3.59)
holds, and so (3.57) is proved. To check (3.58), we must verify that

p)p) <plovo)pwrw).
But this is true since
wiw; +w;-w’j < (Vo)) V(u;-) + (Wi A0 (] /\w}).

Indeed, the inequality is obvious if both terms in the right-hand side are equal to 1.
Let us therefore assume that at least one of them is equal to —1. This cannot happen
if both w; # 0’ and w; # w’j. Without loss of generality, we can thus suppose that

w; = w/l.. In that case, the right-hand side equals

! ! _ A ) Iy . . ! !
wi{(wjvw]-)+(wj/\wj)}—w,(w]+wj)—wlw]+a)iwj.

Remark 3.51. As the reader can easily check, the proof below does not rely on the
fact that the spins take their values in {+1}; it actually holds for arbitrary real-valued
spins. o

Proof of Theorem 3.50. For some fixed i € A, any configuration w € Q can be iden-
tified with the pair (@, w;), where @ € Q\y;;. We will show that

filw) o) < o) filovo). (3.60)

implies ~ 3 ~ 3
Hh@) @) < @rd") fal@dvad), (3.61)

5Indeed, if these hypotheses are not verified, we can redefine f(w), for w € Q, by flwnlxc) -
min, f(w'nlxc) where wnlsc is the configuration that coincides with w on A and with 77 on A€. The
same can be done with g. Note that this does not affect the covariance of f and g.
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where (for k =1,2,3,4) fi(@) « (i@, )y = Xy=11 & (@, v)u;(v). Using this obser-
vation |A| times yields the desired result.
The left-hand side of (3.61) can be written

<f1 ((D) u)f‘Z((D,) V)>/1i®[ti = <l{u:v}f1 ((D; u)f‘Z((D,) V)>/1i®[ti
+ Ly (i@, w) (@', ) + fi(@, V) (@, ) e -

Similarly, the right-hand side of (3.61) can be written

(B@OND, W@V @, V) yop; = Lueo @ AG, WH@V G, 1)) op,
+ Lt (L@ NG, W@V D, v) + H@ND, V) i@V &, 1)) rep; -

We thus obtain

B@rd) fa@vad) - fi@) f@)
= Qu=n(B@AD, W) fa @V, v) - L@, W)@, V) peun
+ Ly} (C+D - A=B))y,op,, (3.62)

where we have introduced A & @, u) fo(@,v), B « A, ) (@, u), C « @A
@, u)fi@vad,v)and DE f@Ad, v) i@V, w.
The first term in the right-hand side of (3.62) is nonnegative thanks to inequal-
ity (3.60). The desired claim (3.61) will thus follow if we can show that A+ B < C+D.
Observe first that (3.60) implies that A< C, B < C and

AB = fi(@,u) L@, u) fi(@,v) f2(@', v)
<HB@OANY, Wfi@vd,u fz3@Ad,v) fil@vd,v)=CD.

On the one hand, if C =0, then A = B = 0 and the inequality A+ B < C+ D is obvious.
On the other hand, when C # 0, the inequality follows from

(C+D-A-B)/IC=1+AB/C*~(A+B)/C=(1-A/C)(1-BIC)=0. O

Bibliographical references

The Ising model is probably the most studied model in statistical physics and, as
such, is discussed in countless books and review articles. An old, but very good,
general discussion in the spirit of what is done here is [146]. We list some references
for the material presented in the chapter.

Pressure. The notion of convergence in the sense of van Hove (formulated in a
slightly different, but equivalent way) was first introduced in [345].

In the context of lattice spin systems, the existence and the basic properties of
the thermodynamic limit for the pressure were first established by Griffiths [145]
and Gallavotti and Miracle-Solé [128]. The proofs given in this chapter (Theo-
rem 3.6 and Exercise 3.3) can be extended to cover a very wide class of models,
possibly with interactions of infinite range. See the books by Ruelle [289] and Si-
mon [308] for additional results and information.

The computation of the pressure of the one-dimensional (nearest-neighbor)
Ising model (Theorem 3.9) was the main result of Ising’s PhD thesis and was pub-
lished in [175]. It relied on some simple combinatorics in order to compute the
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generating function ).y Zy,;s,n sV, from which Ising then extracted the value of the
partition function. The transfer matrix computation seems to be due to Kramers
and Wannier [200].

The first computation of the pressure of the two-dimensional Ising model with-
out magnetic field, whose result is stated at the end of Section 3.3, was achieved
in a groundbreaking work by Onsager [259]. Extensions of the computations to
nonzero magnetic field in two dimensions, or to higher dimensions, have not been
found despite much effort.

Gibbs states. The notion of Gibbs state as used in this chapter (rather than the
more general version discussed in Chapter 6) was commonly used in the 1960s and
1970s, see, for example, the early review by Gallavotti [127].

Correlation inequalities and applications. The first version of the GKS inequali-
ties was obtained by Griffiths [142]; in the form stated in Theorem 3.49 they are due
to Kelly and Sherman [188]. These inequalities admit important generalizations to
more general single-spin spaces; see, for example, [139, 310]. The proof of the GKS
inequalities given in Section 3.8 is due to Ginibre [138].

The FKG inequality has first been established by Fortuin, Kasteleyn and Gini-
bre [110]. The proof given in Section 3.8.2 is due to Ahlswede and Daykin [2]; our
presentation is inspired by [10]. The alternative proof presented in Section 3.10.3
was found by Holley [163]; see also [132, 225].

The applications of the correlation inequalities given in Section 3.6 are part of
the folklore and are spread out over many papers. A good early reference is [146].
Exercise 3.15 is adapted from [229].

The uniqueness criteria given in Theorems 3.28 and 3.34 are due to Lebowitz
and Martin-Lo6f [219]. The other claims concerning the magnetization density are
again part of the folklore.

Peierls’ argument. The geometric proof described in Section 3.7.2 is due to
Peierls [266]; see also [144, 80]. This argument has become central in the rigor-
ous analysis of first-order phase transitions and is at the basis of the Pirogov-Sinai
theory, a far-reaching generalization which is the main topic of Chapter 7.

The approach described in Exercise 3.21 is inspired by [198]. The more precise
bounds on the connectivity constant 2.625622 < y < 2.679193 can be found in [182]
and [277] respectively. Numerically, the best estimate at the moment of writing
seems to be = 2.63815853032790(3) [180].

High-temperature representation. The high-temperature representation, which
is described in Section 3.7.3, was introduced by van der Waerden in [340].

The proof of uniqueness based on the high-temperature expansion is again part
of the folklore. There are many alternative ways of establishing uniqueness at high
enough temperature, among which: Dobrushin’s uniqueness theorem (discussed
in Section 6.5.2), the cluster expansion (discussed in Section 6.5.4) and disagree-
ment percolation (see, for example, [132]). These can be used to extract additional
information, such as analyticity of the pressure, exponential decay of correlations,
exponential convergence of the finite-volume expectations of local functions, etc.;
see [86] for a discussion of the remarkable additional properties that hold at suffi-
ciently high temperatures.
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Uniqueness in non-zero magnetic field. Theorems 3.40, 3.42 and 3.43 are due to
Lee and Yang and appeared first in [353, 220]. The Asano contraction method used
in the proof of the latter theorem was introduced by Asano in [13]; see also [290].
For a rather extensive bibliography on this topic and various extensions, see [33].

Although we do not discuss this in the text, it is possible to derive various prop-
erties of interest from the Lee-Yang theorem, such as exponential decay of trun-
cated correlation functions (for example, (g0 ;) 6,h —{00)g,n{0 i) ) at all g when
h # 0 [95], as well as analyticity in & of correlation functions [216]. See also [120,
121].

Another route to the proof of uniqueness at non-zero magnetic field is through
the GHS inequality. The latter was first proved by Griffiths, Hurst and Sherman
in [143]. It states that the Ising model with magnetic field h = (k;) ;e satisfies

2

_— a <0,
ohan; 7 xiph

for all A € 74 and i,j, k€ A, provided that hy, = 0 for all ¢ € A. Taking h; = h for
all 7, it implies in particular that the magnetization density m (g, h) is concave (in
particular, continuous) as a function of i = 0.

The alternative argument given in Exercise 3.29 is adapted from a more general
approach by Dunlop [96].

Complements and further reading

Kramers-Wannier duality

In this section we present an argument, proposed by Kramers and Wannier [200],
which suggests that the critical inverse temperature of the Ising model on Z? is
equal to

B(2) = Jlog(1+Vv2). (3.63)

The starting point is the representation of the partition function with + boundary
condition in terms of contours in (3.32):

b
Zgpo =€ B0t Y ] e, (3.64)

wEQE(n) YeT ()

Let B(n)* ={-n-1,-n+1,....,n—1,n+}}?> < 72 be the box dual to B(n). From
Exercise 3.23, we have the high-temperature representation

Zé(n]*'ﬁ* " :Z‘B(n)*lCOSh(ﬁ*)lgB(”)*l Z tanh(ﬁ*)‘El. (3.65)
Y Ee&gen,

We will now identify each set E € QEEBV?‘;”* with the edges of the contours of a unique
+ .

configuration w € Qg o
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] -
Bm | || - B(n)*
[ ]
r M
| .
—
_ I==
| 1L [
I [ N R —

Lemma 3.52. Let E € &g(y,)«. Then E € Q‘EeBV*(’Ir‘l)* if and only if E coincides with the

edges of the contours of a configuration w € QE "

Proof. f E € GEBVE;)*’ then applying the rounding operation of Figure 3.11 yields a

set of disjoint closed loops which are the contours of the configuration w € QE -
defined by

)
w; def (_1)\{100ps surrounding i} , ieBn).

Conversely, we have already seen in footnote 2, page 111, that the set of edges of
3 + even
the contours of a configuration w € Qg - belong to €5 o+ O
It follows from the previous lemma that

Y tanh(9'F'= Y J] tanh(g")"'.

even +
Ee GB(")* weQB(m vel'(w)

Therefore, if §* satisfies

tanh(8*) = e 2#, (3.66)
we obtain the identity
-I1B(m)*| *y =8y |72 _ BIED I
2 cosh(B") B L e g =€ B Ly p0- (3.67)

When n — oo,
% b
IB(m)*| 1 |68 ()| ) |gB(n)'

— —

IB(n)| " IBm)| "B
We thus obtain, by Theorem 3.6,

w(B,0) = w(B*,0) —logsinh(26"). (3.68)

The meaning of (3.68) is that the pressure is essentially invariant under the trans-
formation
B— B* =arctanh (e 2P), (3.69)

which interchanges the low and high temperatures, as can be verified in the follow-
ing exercise.

Exercise 3.32. Show that the mapping ¢ : x — arctanh (e”2*) is an involution (¢ o
¢ =id) with a unique fixed (self-dual) point B equal to %log(l ++/2). Moreover,
(,b([O; ﬁsd)) = (ﬁsdroo]'
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Since ¢ and logsinh are both analytic on (0,00), it follows from (3.68) that any
non-analytic behavior of ¥ (-,0) at some inverse temperature § must also imply a
non-analytic behavior at §* = ¢p(8). Consequently, if one assumes that the pressure

w (') O)
1. is non-analytic at S,
2. is analytic everywhere else,

then . must coincide with S4. This leads to the conjecture (3.63).

That the inverse critical temperature of the Ising model on Z? actually coincides
with the self-dual point of this transformation follows from the exact expression for
the pressure derived by Onsager. There exists in fact a variety of ways to prove that
this is the correct value for . in the two-dimensional Ising model, relying on the
self-duality of the model, but avoiding exact computations; see, for example, [350].
Extensions to other planar graphs is possible, see [70] and references therein.

The duality relation (3.67) and various generalizations have found numerous
other uses in the rigorous analysis of the two-dimensional Ising model. The book
by Gruber, Hintermann and Merlini [154] discusses duality in considerably more
detail and in a more general framework.

Mean-field bounds

Let w%w(h), mgw(h) and gV &' 2d)~! be the pressure, magnetization and critical
inverse temperature of the Curie-Weiss model associated to the d-dimensional
Ising model (remember the dependence on d in the Hamiltonian (2.2)). The fol-
lowing theorem, due to Thompson [332, 330], shows that these quantities provide
rigorous bounds on the corresponding quantities for the Ising model on Z¢. Refer-
ences to additional results pertaining to the relations between a model on Z¢ and

its mean-field approximation can be found in Section 2.5.4.

Theorem 3.53. The following holds for the Ising model onZ%, d = 1:
1. w(B,h) = u/%w(h),for all =0 and all h € R;

2. (Uo)gyh < m%w(h),for all B=0 and all h = 0;

3. Bu(d) = BV, foralld = 1.

Proof. 1. Since the pressures are even functions of ki, we can assume that i = 0. We
start by decomposing the Hamiltonian with periodic boundary condition:

per def _ e L per,0 per,1
Hpwpn =P L 0i0j=h Y 01= A, + A
fi,jlesrer i€Vn

where

AL E AP Valm? — (h+2dpm) Y. o,
i€V,

er, ] def
A E B Y @=moy-m),
{i.jlecy
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where m € R will be chosen later. We can then rewrite the corresponding partition
function as

Z;;;rﬁ hdef Z exp(_%per h(w))
" weQy,

= ) exp(- %”per’ 5 (@) exp(— jfperoh(w))

weQy,
per,0 per, per,0
=Zy 1 (exp(- ‘%ﬂv,,,ﬁ h)>vn;ﬁ.h’
where we have introduced the Gibbs distribution

o EXP(= j‘fperoh(w))

er,0 . er,0 def er,0
“?/,,ﬁh( O 700 ) with Zl{/ Bh = ). exp(- %p (@ ).

Vnrﬁ h a)eQVn
By Jensen’s inequality,

z; VB h = lele:ﬁ 5 exp(— <‘%ﬂ§:rﬁ h>r€;;ﬁ n-
Observe that

er, 1 er,0 er,0 er,0
<%‘fn,p Wspn =P > (o Woph ™ )(<Uj>l‘3/n;,3yh -m)
{l,]}eé?’per
= —pdVal(m— a0y )"

Since

(0())“’;’;% , = tanh2dpm+h),

choosing m to be the largest solution to
m=tanh(2dfm+ h)

we get (7" h)‘;f;% , = 0 and, therefore,

s, _vae,:% L= e~ 4B IValglVal cosh2d Bm + h)Val

The conclusion follows (just compare with the expression in Exercise 2.4).
2. Let A =B(n), with n = 1, and let i ~ 0 be any nearest-neighbor of the origin.
Let (->Xilﬁ n denote the expectation with respect to the Gibbs distribution in A with

no interaction between the two vertices 0 and i. Then, using (3.41),

Y peat W0 eXp{ﬁZ{j,k}eé”k\{o,i} wjwi}(1+wow; tanh )

O ppn=
ABh ZwEQX eXP{ﬁZ{j,k}eg}g\{o,i} ijk}(l + wow; tanh,B)

(00)7\’;}3,,1 + (m);;;h tanh

1+ (aoai)z’,lﬁ , tanh B
<00>X21ﬁ p+ (00 g, tanh B

) (3.70)
tanh f8

1+<00>Aﬁh<0 >Aﬁh
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where we used the GKS inequality. Now, observe that, for any x = 0, a € [0,1] and
be[-1,1],

b + atanh(x) - b +tanh(ax)
1+ batanh(x) ~ 1+ btanh(ax)

Indeed, y — (b + y)/(1 + by) is increasing in y = 0, and tanh(ax) = atanh(x) (by
concavity). Applying (3.71) to (3.70), we get

(3.71)

<00>X;lﬁ,h + tanh(ﬁ(aiﬁ\’;lﬁ,h)

1+ <0°>X;;i,h tanh(ﬁ(gi&;;h) .

<00>7\;[5,h =

But, since (tanh(x) + tanh(y)) / (1 + tanh(x) tanh(y)) = tanh(x + y), this gives
(U())X;ﬁ'h <tanh{ arctanh((ao)z';lﬂ,h) + ﬁ(ai)z';;h},

which can be rewritten as

+,1

arctanh((oo) .5 ,) < arctanh((oo)x;;h) +BOD N g

Finally, by GKS inequalities, ((7,-)7\‘,2 W< (OD} 5,0 that

N
A;Bh
arctanh((ao)x;ﬁ,h) < arctanh((ao)zélﬁyh) + ﬁ(a,-)j;;ﬁ’h. (3.72)

Clearly, one can iterate (3.72), removing all edges between 0 and its nearest-neigh-
bors, one at a time. This yields

arctanh({(oo) ;5 ,) < arctanh((ao){%};ﬁyh) +pB ;}(Ui)x;ﬁ’h.
-

Of course, (ao){%}; bh = tanh(4). Therefore,
arctanh((oo) x5 ) Sh+BY (i)
i~0

that is,
(00>X;ﬁ'h <tanh(h+f)_ <Ui>j§;ﬁ,h) )
i~0

We can now let A { 79 and use the fact that (0’,’)23' n= (00>E n for all i to obtain the
desired bound:
(00)p ), < tanh(h +2dBloo)g 1)

From this we conclude that (UO)E B = mféw(h).

3. When g < BV, the previous item implies that <00>Eo < m;W(O) = 0. This

implies B < B.(d), which proves the claim. O

An alternative proof of the FKG inequality

Here, we provide an alternative proof of the FKG inequality. Although possibly less
general and somewhat longer than the one provided in Section 3.8.2, we believe
that it has the undeniable advantage of being more enlightening. It relies on some
basic knowledge of discrete-time finite-state Markov chains, as exposed, for exam-
ple, in the book [156].
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The Gibbs sampler. Let A € Z¢ and let u be some probability distribution on
Qp={-1,1}A satisfying p(w) > 0 for all w € Q.

We construct a discrete-time Markov chain (X},) ;>0 on Q4 as follows: given that
X, = w € Qy, the value of X,,,1, say ', is sampled using the following algorithm:

1. Sample a number u according to the uniform distribution on [0, 1] (indepen-
dently of all other sources of randomness).

2. Sample a vertex i € A with uniform distribution (independently of all other
sources of randomness).

3. Set w’j =w; forall j#i.

4. Set

i

, |+l fusploi=1|oj=w;Vj#i),
—1 otherwise.

In other words, there are no transitions between two configurations differing at
more than one vertex; moreover, given two configurations w,w’ € Q, differing at
a single vertex i € A, the transition probability from w to w’ is given by

1 ww"

1 . .
P —o) = o= o) | aj=w,-w¢l)=mm'

|Al
Observe that the Markov chain (X},) ;>0 is irreducible (since one can move between
two arbitrary configurations by changing one spin at a time, each such transition
occurring with positive probability) and aperiodic (since p(w — w) > 0). Therefore
the distribution of X;, converges almost surely towards the unique stationary dis-
tribution. We claim that the latter is given by p. Indeed, (X},) ;>0 is reversible with
respect to u: if w,w’ € Q, are two configurations differing only at one vertex, then

1 po)p@)

_ ' I
Al p(w) + p") = p)plw — w).

pwpw— o) =

Monotone coupling. Let us now consider two probability distributions p and [
on Qx. As above, we assume that p(w) > 0 and fi(w) > 0. Moreover, we assume that

ploi=1|oj=w;jVj#i)<sfloi=1]oj=a;Vj#i), (3.73)

for all w, @ € Q, such that @ = w.

Let us denote by (X},) ;=0 and (X)) n=0 the Markov chains on Q, associated to
u and fi, as described above. We are going to define the monotone coupling of
these two Markov chains. The coupling is defined by the previous construction,
but using, at each step of the process, the same u € [0,1] and i € A for both chains.
The important observation is that

X=X, = X1 =2 Xoa1

Indeed, let us denote by i the vertex which has been selected at this step. In order to
violate the inequality X1 = Xy, itis necessary that 0;(X,+1) =1and o; (Xps1) =
—1. But this is impossible, since for the former to be true, one needs to have u <
ulo;=1lo;=0;(Xy) Vj# i), which, by (3.73), would imply that u < fi(c; = 1|0 =
0j(Xy) Vj#i)and, thus, 0;(X;41) = 1.
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Stochastic domination. Let u and fi be as above. It is now very easy to prove that,
for every nondecreasing function f,

Haz={Pu. (3.74)

In that case, we say that fi stochastically dominates p.

Let us consider the two monotonically coupled Markov chains, as described
above, with initial values X, =~ = -1 and Xy = n* = 1. We denote by P the dis-
tribution of the coupled Markov chains. Now, since these chains converge, respec-
tively, to u and i, we can write

Na=Pu=lim 3 {f@ = fO}P(Xn =1, Xy =7).

n,f]EQA

Moreover, by monotonicity of the coupling,
P(X, = Xy, forall n=0) =1.
We can thus restrict the summation to pairs 7 = 7:

Pp=Pu=lim > {f@) - Fo}P(Xn=n%n=1).
mNEQA
n=zn

(3.74) follows since 7 = n implies that f(7) — f(n) = 0.

Proof of the FKG inequality. We can now prove the FKG inequality for the Ising
model on Z4. Let A € Z%,n€Q, f=0and h € R. We want to prove that

& ppn = D g @hipn (3.75)

for all nondecreasing functions f and g. Note that we can, and will, assume that
g(r)>0forall7 e QT]\, since adding a constant to g does not affect (3.75). We can
thus consider the following two probability distributions on Q4:
def - det g(wn)
H@) = g @), )= 25— (on),
(&) pspn

where, given w € Q 5, wn denotes the configuration coinciding with w in A and with
n outside A. Clearly p(w) > 0 and fi(w) > 0 for all w € Q4. (3.75) can then rewritten
as

PazPu-
Since this is exactly (3.74), it is sufficient to prove that (3.73) holds for these two

distributions.
Observe first that, since g is nondecreasing,

(D)) g((+1)d)
w(+D@)g((+1)d) + p((—1)d)g((—1)d)
_ {1 N u((—l)ci)) g((—l)fi)) }—1

p((+1)o) g((+1)w)
_1 M) —
{ +N(( )(f))} 1
p((+1)w)

Bloi=1]0j=a;9j#i)=

=
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where (+1)®, resp. (-1)@, is the configuration given by @ at vertices different from
i and by +1, resp. —1, at i.
Now,
n ~
p((-1)@) _ Hppp DO
p((+1)@d) ,ug;ﬁ,h(Hl)(I)n)

= exp(—zﬁ Y @n); - Zh]
j~i

is a nonincreasing function of @. It follows that, for any w € Q4 such that ® = o,

(=D
u((+1w)
=uloi=1|oj=w;VYj#i),

fioi=1loj=6;Vj#i)={1+

and (3.73), and thus (3.75), follows.

Transfer matrix and Markov chains

In Section 3.3, we described how the pressure of the one-dimensional Ising model
could be determined using the transfer matrix. Readers familiar with Markov
chains might have noted certain obvious similarities. In this complement, we ex-
plain how these tools can be related and what additional information can be ex-
tracted.

Let A be the transfer matrix of the one-dimensional Ising model, defined

ns,x’
A’ S

function of the model on A, = {1,...,n}, with boundary condition 7%° given by

! /
n?* =sifi<Oandn]® =s"ifi >0.

Proceeding as in Section 3.3, the transfer matrix can be related to the partition

in (3.11). For simplicity, let us denote by 5 =7 s' € {#1}, the partition

function Zf,’s’ in the following way: forall n = 1,

Zfis = (An+1)s,s’ .

Let A > 0 be the largest of the two eigenvalues of A. We denote by ¢, respectively
¢*, the right-eigenvector, respectively left-eigenvector, associated to 1: Ap = Ay,
@* A= Lp*. We assume that these eigenvectors satisfy the following normalization
assumption: ¢ -¢* = 1. All these quantities can be computed explicitly, but we will
not need the resulting expressions here. Notice however that, either by an explicit
computation or by the Perron-Frobenius theorem [45, Theorem 1.1], all compo-
nents of ¢ and ¢* are positive.

We now define a new matrix I = (75 )5 =41 by

58 = Ags Agsl
IT is the transition matrix of an irreducible, aperiodic Markov chain. Indeed, for
se{xl},
Z 7'[5'31 = /’LL Z Aslsl(psl = %(A(p)s = 1
s'efx]) s s'efx1} Ps
Irreducibility and aperiodicity follow from the positivity of 7z, ¢ for all s, s" € {1}.
Being irreducible, IT possesses a unique stationary distribution v, given by

v({sh =05,  se{£l}.
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Indeed, v({1}) + v({—1}) = 1, by our normalization assumption, and

1 " *
(vIdsh= Y vlshrgy = 1% Y @i Ay =@ 0t =v(s),
se{x1} se{£1}
since p* A= Ap*.

The probability distribution v on {+1} provides the distribution of oy under the
infinite-volume Gibbs state. Indeed, denoting by ”Eﬁm; i the Gibbs distribution
on B(n) = {-n,..., n} with boundary condition n“/, the probability that o = sg is
given by

1 1 1
s ( ) ZZSOZZO'S (An+ )s,so (An+ )so,s’
HB (5,1, 00 = S0) = 7 = CT)
i il T
Now, as can be checked, for any s, s’ € {+1},
(An)s § An& (Hn)s s
’ P ’
which gives, after substitution in the above expression,
5§ (Hn)s,so (Hn)so,s’
Mé(n)'ﬁ h(O'O =S0) = 2n+2 :
i (rmen+2)

Since the Markov chain is irreducible and aperiodic, lim;, . (IT1")5,¢ = v({s'}) for all

s,s' € {+1}. We conclude that

_ v({soPv({s) _
v({s'})

One can check similarly that the joint distribution of any finite collection (0;) 4<i<p
of spins is given by

; 5,8 _
Jim pg 6,500 = S0) v({so}) .

b-1
. 5,8’ _ _
Jim gt o (06 = sk, Yas k< b)=v(isd) k]j[unsk,sk+1 .
The interested reader can find much more information, in a more general setting,
in [134, Chapter 11].

The Ising antiferromagnet

The Ising antiferromagnet is a model whose neighboring spins tend to point in op-
posite directions, this effect becoming stronger at lower temperatures. It therefore
does not exhibit spontaneous magnetization.

We only consider the antiferromagnet in the absence of a magnetic field. This
model can be thought of as an Ising model with negative coupling constants:

anti def

A= Y oiwojw). (3.76)
{i,jresp

Let a vertex i = (iy,...,ig) € 74 be called even (resp. odd) if i; +--- + iy is even
(resp. odd). Consider the transformation 7., : Q — Q defined by

a@f | tw; ifiiseven,
(Tevena))i = .
—w; otherwise.
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One can then define 7,44 : Q — Q by
(Toga®)i & ~(Tevent)i,  i€Z%.

Not surprisingly, the main features of this model can be derived from the results
obtained for the Ising model:

Exercise 3.33. Observing that
ﬁ;néi (w) = <%f/\;ﬁ(":evena)) ,

use the results obtained in this chapter to show that, when 3 > B.(d), two distinct
Gibbs states can be constructed, (~>2’e“ and (-)‘z;'d. Describe the typical configurations

under these two states.

Let us just emphasize that the trick used in the previous exercise to reduce the anal-
ysis to the ferromagnetic case relies in an essential way on the fact that the lattice
7% is bipartite, that is, one can color each of its vertices in either black or white in
such a way that no neighboring vertices have the same color. On a non-bipartite
lattice, or in the presence of a magnetic field, the behavior of the antiferromagnet
is much more complicated; some aspects will be discussed in Exercises 7.5 and 7.7.

Random-cluster and random-current representations.

In this chapter, we chose an approach to the Ising model that we deemed best
suited to the generalization to other models done in the rest of the book. In partic-
ular, we barely touched on the topics of geometrical representations: we only intro-
duced the low- and high-temperature representations in Sections 3.7.2 and 3.7.3,
in the course of our analysis of the phase diagram. In this section, we briefly in-
troduce two other graphical representations that have played and continue to play
a central role in the mathematical analysis of the Ising model, the random-cluster
and random-current representations.

Good references to the random-cluster representation can be found in the re-
view paper [132] by Georgii, Haggstrom and Maes, and the books by Grimmett [150]
and Werner [350]. The lecture notes [91] by Duminil-Copin provide a good in-
troduction to several graphical representations, including the random-cluster and
random-current representations. In addition to the latter, graphical representa-
tions of correlation functions in terms of interacting random paths (an example of
which being the high-temperature representation of Section 3.7.3) are also very im-
portant tools; a thorough discussion can be found in the book [102] by Ferndndez,
Frohlich and Sokal.

The random-cluster representation. This representation was introduced by For-
tuin and Kasteleyn [109]. Besides playing an instrumental role in many mathemati-
cal investigations of the Ising model, it also provides a deep link with other classical
models, in particular the g-state Potts model and the Bernoulli bond percolation
process. Moreover, this representation is the basis of numerical algorithms, first
introduced by Swendsen and Wang [323], that are very efficient at sampling from
such Gibbs distributions.

The starting point is similar to what was done to derive the high-temperature
representation of the model: we expand in a suitable way the Boltzmann weight.
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Here, we write
eﬁUin = e_ﬁ + (eﬁ - e_ﬁ)l{oi:aj} = eﬁ((l - pﬁ) + pﬁl{oi:dj}),

where we have introduced ps € 1-e28 € [0,1].
Let A € Z%. Using the above notations, we obtain, after expanding the product
(remember Exercise 3.22),

i0j & E ENE
[T efoioi=eflnt ¥ P‘ﬁl(l—l’ﬁ)l AMUTT Ligy=oyy-
{i,jlesyp EcéP {i,jteE

+
A;B,0

+  _ _BIED |E| EP\E
Zy50="N Y pA=pp Y T Yiosei=ojwn
EC@@}; weQ} {i,jI€E

b b W(E)—
:eﬁlg’Al Z pllfl(l—pﬁ)‘éaA\ElzNA(E) 1,
Ecé"}’

The partition function Z can thus be expressed as

where Ny (E) denotes the number of connected components (usually called clus-
ters in this context) of the graph (Zz4,Eu &4y ) (in other words, the graph obtained
by considering all vertices of Z¢ and all edges of Z¢ which either belong to E or do
not intersect the box A). Indeed, in the sum over w € Q7, the only configurations
contributing are those in which all spins belonging to the same cluster agree.

The FK-percolation process in A with wired boundary condition is the prob-
ability distribution on the set &2(¢£7) of all subsets of &7 assigning to a subset of
edges E c &) the probability
pllfl a- pﬁ)\g’}g\m 9Ny (B)

FK,w def
Vaipp2B) =

! by 17 e
ZE’C@“’X Plllf l(l - pﬁ)lgA\E [ 9Ny (E")

Remark 3.54. Observe that, by replacing the factor 2 in the above expression by
1, the distribution "X(;';ﬁ,z reduces to the Bernoulli bond percolation process on
&y, in which each edge of &4 belongs to E with probability ps, independently
from the other edges. Similarly, the random-cluster representation of the g-state
Potts model is obtained by replacing the factor 2 by g. In this sense, the FK-
percolation process provides a one-parameter family of models interpolating be-
tween Bernoulli percolation, Ising and Potts models. o

For A, B < Z%, let us write {A — B} for the event that there exists a cluster inter-
secting both A and B.

Exercise 3.34. Proceeding as above, check the following identities: foranyi,je A €
z4,

AT — A, FKw < A o AT — A, FKw P 7
<0’>A;ﬁ,0_VA;pﬁ,2(l a A)y <O-lo-]>A;ﬁ,0_VA;pﬂ,2(l ])

One feature that makes the random-cluster representation particularly useful,
as it makes it possible to successfully import many ideas and techniques developed
for Bernoulli bond percolation, is the availability of an FKG inequality. Let A € Z¢
and consider the partial order on & (&7}) given by E < E' ifand only if E c E'.
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Exercise 3.35. Show, using Theorem 3.50, that

FK,w FK,w FK,w
Vaipp2 (A NB) = Vg2 () VA;pp,Z(‘@)’

for all pairs <7 , % of nondecreasing events on & (&7).

As an immediate application, one can prove the existence of the thermody-
namic limit.

Exercise 3.36. Show that, for every local increasing event <,

lim v
A1zZd xipp2 )

exists. Hint: proceed as in the proof of Theorem 3.17.

As already mentioned in Remark 3.15 and as will be explained in more detail in
Chapter 6, it follows from the previous exercise and the Riesz-Markov-Kakutani
representation theorem that one can define a probability measure v;';wz on & such

that

FK,w : FK,w
viWi(e/) = lim v, ),
Pﬁ,Z( ) A1zZ4 A;P/LZ( )
for all local events 7. A simple but remarkable observation is that the statements

of Exercise 3.34 still hold under V;JI;'""Z. In particular,

(@050 =V (0—00), 3.77)

where {0 < oo} &f Nn{0 — 0%B(n)} corresponds to the event that there exists an in-

finite path of disjoint open edges starting from 0 (or, equivalently, that the cluster
containing 0 has infinite cardinality). Since Theorem 3.28 shows that the existence
of a first-order phase transition at inverse temperature 8 (and magnetic field & = 0)
is equivalent to ((T())E’O > 0, the above relation implies that the latter is also equiv-
alent to percolation in the associated FK-percolation process. This observation
provides new insights into the phase transition we have studied in this chapter and
provides the basis for a geometrical analysis of the Ising model using methods in-
herited from percolation theory.

Exercise 3.37. Prove the identity (3.77).

The random-current representation. Also of great importance in the mathemat-
ical analysis of the Ising model, with many fundamental applications, this repre-
sentation had already been introduced in [143], but its true power was realized by
Aizenman [4].

Once again, the strategy is to expand the Boltzmann weight in a suitable way,
then expand the product over pairs of neighbors, and finally sum explicitly over the
spins. For the first step, we simply expand the exponential as a Taylor series:

[e.] ﬁn
717 =y —(gi0))".
n=0 1
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144 Chapter 3. The Ising Model

We then get, writing n = (1) .. «v for a collection of nonnegative integers,
A

H eﬁffiffj:Z{ H ﬁn } H (0 )i

{i,jlesp n eesP el {i,jles?

The partition function Z . - can thus be expressed as

8,0

Zipo=X{ T 25} £ 1T i@t

n e(—:(”b Ne: w€Q+{l,]}€(p

=S{ 2T & el

n (g«‘h n! ieAwi=%1

where (i, n) d:efzj:jNi ny, jy- Since

> o=

wi=+1

2 if miseven,
0 ifmisodd,

we conclude that

Ne
zi0=2" Y 1 p =2 AIpY (0n=2),
n:0AN=2 eegP el

where 0 An = {l eA: Ii,mnis odd} and, under the probability distribution P* A
= (Ne) e &b is a collection of independent random variables, each one distributed
according to the Poisson distribution of parameter . We will call n a current con-
figuration in A.
In the same way, one easily derives similar representations for arbitrary corre-
lation functions.

Exercise 3.38. Derive the following identity: forall Ac A € Z¢,

P.s@an=4)

O ppo= o -
VNP0 T pr (0an=02)

The power of the random-current representation, however, lies in the fact that it
also allows a probabilistic interpretation of truncated correlations in terms of var-
ious geometric events. The crucial result is the following lemma, which deals with

def 1 2

ﬁ(n Py Ap M)
Let us denote by i —— d°A the event that there is a path connecting i to 0° A along
which n takes only positive values.

a distribution on pairs of current configurations IP+(2) (m',n?) =

Lemma 3.55 (Switching Lemma). Let A € Z%, Ac A, i € A and . a set of current
configurations in A. Then,

+(2)(6 n! = A0 n% = {i},n' +n’ € .¥)

n+n

—IFD+(2)(6An = AA{i},0an® =@, n' +n% € .7,i 5 9%A). (3.78)
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Proof. We will use the following notations:

ne
wm) ] p

|
eebp e

and, for two current configurations satisfying n < m (that is, n, < me, Ve € éa}\’),

W

We are going to change variables from the pair (n',n?) to the pair (m,n) where m =
n! +n? and n =n?. Since 85 (n! +n?) =d,n! A 9,n%, n<m and

wnw(n?) = (nl +n2)w(n1 +n?) = (m)w(m)
(™ _ ,
n n

we can write

m

Y wmhwmdh= Y wm) Y . (3.79)
dan'=A dpm=AA{i} Sn=m. n
apn?=1i} me./ an={i}
n!+ne.s

m n
The first observation is that i </~ §*A = i </~ d*A, since n < m. Consequently,

m m
> =0, when i</ 0"A, (3.80)
n=m_ |\

OAn:{i}

since i — 0* A whenever d An = {i}. Let us therefore assume that i Z, 0 A, which
allows us to use the following lemma, which will be proven below.

Lemma 3.56. Let m be a current configuration in A € Z% and C,D c A. If there
exists a current configuration k such that k < m and dp k = C, then

(- x [

oan=D 0An=CAD

An application of this lemma with C = D = {i} yields

Y ™= ¥ ™|, wheni ™ 5= (3.82)
nsm \I nsm |\
aAn:{i} aAn:z

Using (3.80) and (3.82) in (3.79), and returning to the variables n! =m-nandn?=
n, we get

Y wohwmdh= Y wm) Y (I:)

aan'=A dam=AA{} n=m
aan2={i} me. Oan=2
n!'+n?e.s [—0%A
= Y wohwmdl .
| . (i gex A
aan'=Anti)
6An2:@
n'+n?e.s
and the proof is complete. O
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Proof of Lemma 3.56. Let us associate to the configuration m the graph Gy, with
vertices A U3**A and with m, edges between the endpoints of each edge e € &}. By
assumption, Gy, possesses a subgraph Gy with 0, Gk = C, where 0, Gy is the set of
vertices of A belonging to an odd number of edges.

The left-hand side of (3.81) is equal to the number of subgraphs G of Gy, sat-
isfying 0po G = D, while the right-hand side counts the number of subgraphs G of
Gm satistying 0, G = C A D. But the application G — G A G defines a bijection be-
tween these two families of graphs, since 05 (G A Gi) =0AG A 0pGk and (G A Gy) A
Gk =0G. O

As one simple application of the Switching Lemma, let us derive a probabilistic
representation for the truncated 2-point function.

Lemma 3.57. Foralldistincti,je A E 74,

n!+n?

. +(2)(6!1\n ={i,j},0An? = 3,i /> 0%NA)
(04;0) . . (3.83)
O jINB0 = X,(z) @anl = 3,0,n2 = @)

Proof. Using the representation of Exercise 3.38,

. Pis0an=1ij} P+ﬁ(aAn—{z})P+ﬁ(aAn n
(050 npo = P+,ﬁ(6An=®) B ﬁ(a,\n o) P* p(0an=92)

+(2](6An ={i, j},0An? = +(2)(6An = {i},0An? —{]})

Py Oan! = 2,05n? = 2)
Since the Switching Lemma implies that

n!+n?

PLg@an' = (i},0a0° = (j}) = PR @0an" = (i, j},0a0” = 2,0 5 67N,
we can cancel terms in the numerator and the conclusion follows. O

Observe that (3.83) implies that (o;;0 ]) Apo S = 0, which is a particular instance of

the GKS (or FKG) inequalities. However, having such a probabilistic representation
also opens up the possibility of proving nontrivial lower and upper bounds.

Among the numerous fundamental applications of the random-current rep-
resentation, let us mention the proof that m*(B.(d)) = 0 in all dimensions d =
2 [3, 7, 8], the proof that, for all 8 < B.(d) and all d = 1, there exists ¢ = ¢(,d) >0
such that <‘700i>2,o < e lilz [5], the fact that (500 ) .0 = callill>~¢ in all large
enough dimensions [292] and the determination of the sign of all Ursell functions
in [306]. Additional information can be found in the references given above.

Non-translation-invariant Gibbs states and interfaces.

In this subsection, we briefly discuss the existence or absence of non-translation-
invariant Gibbs states describing coexistence of phases. The first proof of the ex-
istence of non-translation-invariant Gibbs states in the Ising model on 7%, d =3,
at sufficiently low temperatures, is due to Dobrushin [81]; the much simpler argu-
ment we provide below is due to van Beijeren [338].
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Figure 3.14: In d = 2, with Dobrushin boundary condition, a configuration
always has a unique open contour (called interface in the text, the thickest
line on the figure) connecting the two vertical sides of the box.

We require the parameters of the model to be such that the system is in the non-
uniqueness regime. So, for the rest of the section, we always assume that d = 2,
h=0and B> B.(d).

A natural way to try to induce spatial coexistence of the + and — phases in a
system is to use non-homogeneous boundary conditions. Let us therefore consider
the Dobrushin boundary condition °°°, defined by (see Figure 3.14)

pop et | +1iEE = (i, iq) with ig = 0,
! —1 otherwise.

Let us then define the sequence of boxes to be used for the rest of the section,
more suited to the use of the Dobrushin boundary condition,

Ad(n)d:ef{iezd:—nsijsniflsj<d, -n<ig<n-1},

Ifi = (i1, i2,...,04-1,i4) € Z%, we denote by i=(i1,i2,...,ig-1,—1—i4) € 7% its reflec-
tion through the plane {x € R? : x4 = —3}.

The non-homogeneity of the Dobrushin boundary condition can be shown to
have a significant effect in higher dimensions:

Theorem 3.58. Assume d = 3. Then, for all B > B.(d — 1), there exists a sequence of|
integers ny | oo along which

Dob d_ef

s © lim ¢

A4 (ng); 8,0

is a well-defined Gibbs state that satisfies

(Uo)g‘f; >0> (a(-,)gf’g.

Dob

5.0 is not invariant under vertical translations.

In particular, (-)
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148 Chapter 3. The Ising Model

The states constructed in the previous theorem are usually called Dobrushin states.
The proof of this result relies on the following key inequality:

Proposition 3.59. Let d = 2. Then, for all i € BY(n) such that iz =0,

.\ Dob At
(0 B (n); 5,0 E= <Ul>Bd*1(n);ﬁ,0’ (3.84)

where the expectation in the right-hand side is for the Ising model in 2%,

Proof of Proposition 3.59. We use an argument due to van Beijeren [338]. To sim-
plify notations, we stick to the case d = 3, but the argument can be adapted in a
straightforward way to higher dimensions. To show that

<O—O>Ié%b(n),ﬁ,0 = <0—0>E2(n);ﬁ,0! (3-85)

the idea is to couple the two-dimensional Ising model in the box B2(n) with the
layer B30(n) & {i € B3(n) : i3 = 0} of the three-dimensional model. It will be con-
venient to distinguish the spins of the three-dimensional model and those of the

two-dimensional one. We thus continue to denote by o; the former, but we write

7; for the latter. We then introduce new random variables. For all i € B¥*(n) &

{ieB3(n) : i3 >0}, we set

def

def
s =1

1
s0i+o0i), ti=5(0;—-0i),

. .. sdef .. . .
where , for i = (iy, i, i3), we have set i = (iy, i, —i3). Moreover, for all i € B3 (n), we

set
def 1 def 1
si = 50 +717), ti=5(0;i=1;).

These random variables are {—1,0, 1}-valued and satisfy the constraint
si=0e t; 20, VieB¥*(m)uB*°(n). (3.86)
Observe now that (3.85) is equivalent to

(to) =0, (3.87)

Dob ® +
B3(n);8,0 'uBz(n);ﬁ,O'
follows from Exercise 3.39 below. O

where the expectation is with respect to u The conclusion thus

(3.87) is actually a particular instance of a set of GKS-type inequalities, origi-
nally studied by Percus.

Exercise 3.39. Prove (3.87). Hint: Expand the numerator of (ty) according to the
realization of A={i e B¥*(n)uB3%(n) : s; = 0}. Observe that, once A is fixed, there
remains exactly one nontrivial {—1, 1} -valued variable at each vertex. Verify that you
can then apply the usual GKS inequalities to show that each term of the sum is non-
negative (you will have to check that the resulting Hamiltonian has the proper form).

Proof of Theorem 3.58. The construction of (-)z"(‘)’ along some subsequence A% (1)

can be done as in Exercise 3.8. Observe that, by symmetry,

Dob

A ;B0 —(o9) (3.88)

(@0 A9 (n;B,0°
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Figure 3.15: A typical configuration of the low-temperature three-
dimensional Ising model with Dobrushin boundary condition. For conve-
nience, in this picture, — spins are represented by balls and + spins by empty
space. The interface is a perfect plane with only local defects.

which gives, after k — oo,

(@0)g =—(03)gp - (3.89)

Observe that, by the FKG inequality, applying a magnetic field /& { co on the
spins living in Bd(nk) \ Ad(nk) yields

(o_o Dob > <0.0 Dob

A4 (ng);B,0 B4 (ny);B,0°
Using (3.84), we deduce that
Dob +
(00) § (5.0 = PO Ba1 (50"

The limit k — oo of the right-hand side converges to the spontaneous magnetiza-
tion of the (d — 1)-dimensional Ising model, which is positive when g > f.(d —1).
The claim thus follows from (3.89). O

The interface. Whether non-translation-invariant infinite-volume Gibbs states
exist in d = 3 is in fact closely related to the behavior of the macroscopic interface
induced by the Dobrushin boundary condition.

Letw € QPP and consider the set
Ad(n)
def
Bw= U 7,
{i.j1€6,q
wi;éwj

where each 7; « ;N7 (remember (3.31)) is called a plaquette. By construction,
% contains a unique infinite connected component (coinciding with the plane {x €
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150 Chapter 3. The Ising Model

R : x4 = ——} everywhere outside A%(n)). We call this component the interface
and denote it by I' = I'(w).

It turns out that, in d = 3, T is rigid at low temperature: in typical configura-
tions, I" coincides with {x; = ——} apart from local defects; see Figure 3.15. This
can be quantified very precisely using cluster expansion techniques, as was done
in Dobrushin’s original work [81]. The much simpler description given below pro-
vides substantially less information, but still allows to prove localization of I" in a
weaker sense.

Theorem 3.60. Assume that d = 3. There exists ' (B) > 0 satisfying limg_... c'(f) =0
such that, uniformlyinn and ini € {j € An): jg= 0},

pi‘;bm) poT2m)=1- c'(B).

Proof of Theorem 3.60. We first decompose

<0iUg>]/)\?1b(n);ﬁ0 (0i071ron, }>Ad(n)ﬁ0+<a 07 L{rsx, }>Ad(n)/50 (3.90)
On the one hand, o;0; = —1 whenever I' > 7;;. On the other hand, whenT 2 7 ;, i

and i belong to the same (random) component of A%(n) \T, with constant (either
+ or —) boundary condition. More precisely, to a fixed interface I we associate
a partition of A%(n) into connected regions Dy,..., Dy. The Dobrushin boundary
condition, together with I', induces a well-defined constant boundary condition #;
on each region D;, either + or —. I' 7 7;; means that the edge {i, i} is contained
inside one of these components, say D.. We can therefore write

(0i0L{rsn, }>Ad(mﬁ0 Z (0i0; >D ﬁouﬁ’\g"(n)ﬁo(r(w)zr). (3.91)

Assume that #, = +. Then the GKS inequalities (see Exercise 3.12) imply that
(@i D502 <O-iaf>1-:d(n);ﬁ,o 2(0io7) -

When #, = —, the same holds since, by symmetry, (0;0;)} DuiB0 =(0iopp,. 0 and

<aiaf>ﬁ,0 = <Uiaf>ﬁ,0' Thus,
Dob + Dob
<aia{1{r¢ﬂi;}>Ad(n);ﬁ,o = <O—iodl»ﬁ,o ’uAd(n);ﬁ,O(r ¢ T[ilT) °
Collecting the above and rearranging the terms, we get

. ~-\Dob
- 1+(U,c7i>Ad(m;ﬂ0
Wia om;)=1- T
A% (n); 8,0 1+<0i05>/}o

Let us consider the numerator in the right-hand side. Using Jensen’s inequality, we
can write

_ \Dob 11 . _2\Dob 1 .~ \Dob 2
<010i>Ad(n);ﬁ,0_l 2<(01 o;) >A”l(n);ﬁ.0Sl 2(<U’ 0i>Ad(n):ﬁ:0) '

Dob Dob s
But {(o; ) i )ﬁo —{o0; AL ()50 and so, by Proposition 3.59,
ob _
<Ui_0f>[D\d(n);ﬁ0 2<U >Dd(n)ﬁ0_2<00>ﬁ0d 1’

Revised version, August 22 2017
To be published by Cambridge University Press (2017)
© S. Friedli and Y. Velenik

www.unige.ch/math/folks/velenik/smbook




3.10. Complements and further reading 151

from which we conclude that

2 2
Dob 1- (<UO>Ev0;d—l) 1- (<UO>E,0;d—1)
uAd(n);ﬁ,O(F DnilT) >1 —ZW >1 —Zﬁ

9370 1+ (<U°>ﬁ,0)
This lower bound is uniform in » and i and converges to 1 as f — oo. O

Of course, Theorem 3.58 only shows the existence of non-translation-invariant
Gibbs states when > .(d — 1), and one might wonder what happens for values of
B in the remaining interval (f8.(d), B.(d — 1)]. It turns out that this problem is still
open. The conjectured behavior, however, is as follows: (5]

¢ When d = 3, there should exist a value Bi € (8.(3), .(2)] such that the exis-
tence of Gibbs states which are not translation invariant holds for all § > B,
but not for < Br. At By, the system is said to undergo a roughening tran-
sition. At this transition the interface is supposed to lose its rigidity and to
start having unbounded fluctuations. [©!

e When d = 4, Dobrushin’s non-translation-invariant Gibbs states are believed
to exist (with a rigid interface) for all g > B.(d).

Two-dimensional model. The behavior of the interface in two dimensions is very
different and, from a mathematical point of view, a rather detailed and complete
picture is available.

Consider again a configuration w € Q‘f\"n" and, in particular, the associated inter-

faceT. Let us denote by wr the configuration in QR‘;" for which A (wr) = {I'}. We can
then define the upper and lower “envelopes” I'* : Z — Z of T by

I () Emax{j€Z: oy jlor) = -1} +1,

I () Emin{jeZ: 0y jlwr)=+1}-1.

Note that I'* (i) > I'" (i) for all i € Z. One can show [60] that, with probability close
to 1, I~ and I'" remain very close to each other: there exists K = K(f) < oo such
that, with probability tending to 1 as n — oo,

mazx|r+(i) -T~ ()| <Klogn. (3.92)
1€

Let us now introduce the diffusively-rescaled profiles I** : [-1,1] — R. Given y =
V1., ya) € RY, let us write | y) « (Iy1l,..., lyal). We then set, for any x € [-1,1],

£+ (x) = %rmnxn,

and similarly for I'". Observe that, thanks to (3.92), we know that

lim pR°( sup IT*(x)-T" (%) <€) =1, foralle>0.

n=00" T Txel-1,1]
Since the interface I' is squeezed between I'* and I'”, studying the limiting behavior
of I'* suffices to understand the asymptotic behavior of the interface under diffu-
sive scaling. This is the content of the next theorem, first proved by Higuchi [161]
for large enough values of f and then extended to all § > f.(2) by Greenberg and
Ioffe [141].

Revised version, August 22 2017
To be published by Cambridge University Press (2017)
© S. Friedli and Y. Velenik

www.unige.ch/math/folks/velenik/smbook



3.10.8

152 Chapter 3. The Ising Model

Figure 3.16: A typical configuration of the low-temperature two-dimensional
Ising model with Dobrushin boundary condition. Once properly rescaled,
the interface between the two phases converges weakly to a Brownian Bridge
process.

Theorem 3.61. For all > f.(2), there exists kg € (0,00) such that It converges
weakly to a Brownian bridge on (-1, 1] with diffusivity constant x g.

(The Brownian bridge is a Brownian motion (By)sc[-1,1] Starting at 0 at = —1 and
conditioned to be at 0 at ¢t = +1; see [251].) It is also possible [141] to express the
diffusivity constant x g in terms of the physically relevant quantity, the surface ten-
sion, but this is beyond the scope of this book.

Theorem 3.61 shows that, in contrast to what happens in higher dimensions,
the interface of the two-dimensional Ising model is never rigid (except in the trivial
case 3 = +00); see Figure 3.16. Moreover, in a finite box A, I' undergoes vertical
fluctuations of order /7. A consequence of this delocalization of the interface is the
following: when 7 becomes very large, the behavior of the system near the center
of the box A, will be typical of either the + phase (if I' has wandered far away below
the origin) or the — phase (if I' has wandered far away above the origin), and the
probability of each of these two alternatives converges to % as n — oo. In particular,
in this case, the infinite-volume Gibbs state resulting from Dobrushin boundary
condition is translation invariant and given by %/“E,o + %'UB,O' More details and far-

reaching generalizations are discussed in Section 3.10.8.

Gibbs states and local behavior in large finite systems

When introducing the notion of Gibbs state in Section 3.4, we motivated the def-
inition by saying that the latter should lead to an interpretation of Gibbs states as
providing approximate descriptions of all possible local behaviors in large finite
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systems, the quality of this approximation improving with the distance to the sys-
tem’s boundary. It turns out that, in the two-dimensional Ising model, this heuristic
discussion can be made precise and rigorous.

Let us consider an arbitrary finite subset A € Z¢ and an arbitrary boundary
condition n € Q. We are interested in describing the local behavior of the Gibbs
distribution p;’\. 6,0 in the vicinity of a point i € A. Since A and 7 are arbitrary, there

is no loss of generality in assuming that i = 0.

The case of pure boundary conditions. Let us first consider the simpler case of
constant boundary conditions, which we will assume to be + for the sake of con-
creteness. We know from the definition of (-)E o that, for any local function f,

Nhpo— Ppo asAtz?.

We will now state a result, first proved by Bricmont, Lebowitz and Pfister [49], that
says that (-)E o actually provides an approximation for the finite-volume expecta-

tion (-)X, 5,0 with an error exponentially small in the distance from the support of f
to the boundary of the box. Let

def

R = max{n: B(n) c A}

denote the distance from the origin to boundary of A and let r &« LR/2].

Theorem 3.62 (Exponential relaxation). Assume that 8 > f.(2). There exists ¢; =
c1(B) > 0 such that the following holds. Let A € Z%. Then, uniformly in all functions
f with supp(f) < B(r),

[ g0 = Phol = S loe™ R,

The same holds for the — boundary condition.

This fully vindicates the statement that the Gibbs state (-)E’0 (resp. (-)5,0) provides
an accurate description of the local behavior of any finite-volume Gibbs distribu-
tion with + (resp. —) boundary condition, in regions of size proportional to the dis-
tance to the boundary of the system.

The case of general boundary conditions. Let us now turn to the case of a Gibbs
distribution with an arbitrary boundary condition 1, which is much more delicate.
For A € 7%, take R as before, but this time define r as follows: fix some small € €
(0,1/2) and set

r & RYV2e (3.93)

We call circuit a set of distinct vertices (fy, t1,..., tx) of Z? with the property that
ltm—tm-ille =1,foralll <= m<k,and || fx — fHll = 1. Let €. be the event that there
is a circuit surrounding B(2r) in A ud® A and along which the spins take a constant
value. We decompose %, = 6," U%, according to the sign of the spins along the
outermost such circuit. The main observation is that the event % is typical when
B> B.(2), afact first proved by Coquille and Velenik [73].
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Figure 3.17: A (square) box A with a non-constant boundary condition. The
boundary condition induces open Peierls contours inside the system. With
probability close to 1, none of them intersect the box B(2r) located in the
middle (represented by the dark square). Left: A realization of the open
Peierls contours. The event ¢, occurs. The relevant — spins, the value of
which is forced by the realization of the open contours, are indicated (and
shaded). Right: The induced random box with — boundary condition. The
box B(r), represented by the small white square in the middle, is located at a
distance at least r from the boundary of this box.

Theorem 3.63. Assume that 3 > .(2). Foralle > 0, there exists ¢, = c2(f,€) > 0 such
that
Hrpo@) 21- RS,

uniformly in A € Z? andn € Q.

Therefore, neglecting an event of probability at most ¢, R™¢, we can assume that
one of the events " or ¢, occurs. For definiteness, let us consider the latter case
and let us denote by 7 the corresponding outermost circuit. Observe now that,
conditionally on 4, and x, any function f with supp(f) < B(r) finds itself in a
box (delimited by n) with — boundary condition (see Figure 3.17). Moreover, its
support is at a distance at least r from the boundary of this box. It thus follows from
Theorem 3.62 that its (conditional) expectation is closely approximated by (f >E,0'
This leads [73] to the following generalization of Theorem 3.62.

Theorem 3.64. Assume that 5 > B.(2). There exist constants a = a(A,n, B) and c3 =
c3(B) such that, uniformly in functions f with supp(f) < B(r), one has

KPR g0= (@0 + =) (F)50)|< sl Fllw RE (3.94)

The coefficients @ and 1 — a in (3.94) are given by
a=pp oG 1C),  1-a=py (6716,

that is, by the probabilities that the box B(R) (in which one measures f) finds itself
deep inside a +, resp. —, region (conditionally on the typical event ).
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Again, the statement (3.94) fully vindicates the interpretation of Gibbs states as
describing all possible local behaviors of any finite-volume system, with an accu-
racy improving with the distance to the system’s boundary. This requires however,
in general, that the size of the observation window be chosen small compared to
the square-root of the distance to the boundary. We will explain the reason for this
restriction at the end of the section.

Note that (3.94) also shows that, in the two-dimensional Ising model, the only
possible local behaviors are those corresponding to the + and — phases, since the
approximation is stated in terms of the two Gibbs states “E,O and <'>/;,0' In other
words, looking at local properties of the system, one will see behavior typical of the
+ phase with probably close to «, and of the — phase with probability close to 1 —a.
Actually this can be made a little more precise, as we explain now.

What are the possible Gibbs states? Let us consider a sequence of boundary con-
ditions (1,),>1 and a sequence of boxes A, | Z2. We assume that the correspond-
ing sequence of Gibbs distributions (p']\’; ; ﬁ,O) n=1 converges to some Gibbs state (-).
Then, applying (3.94) with f = g, we conclude that

Tim (00" 5= (@n (@0) o+ (1= @) (00)50)|= 0.

Mn

Since, by assumption, lim,_. {00} As0
M

= (0y), this implies the existence of

a d:ef lim a, = e ———
n—oo <00>ﬁ,0 - <O-O>ﬁ,0

(G0) —(00) g

Applying again (3.94) to arbitrary local functions, we conclude that
¢r=lim OF 5 =a g+ 1-a) (g,

and thus all possible Gibbs states are convex combinations of the Gibbs states (-)E,O
and (-);5'0. This is the Aizenman-Higuchi theorem, originally derived by Aizen-
man and Higuchi [160] directly for infinite-volume states; see also [135] for a self-
contained, somewhat simpler and more general argument.

A more general formulation of the previous derivation will be presented in
Chapter 6, once we have introduced the notion of infinite-volume Gibbs measures.

As we have seen in Section 3.10.7, when d = 3 and f is large enough, there exist
Gibbs states which are not translation invariant. In particular, this implies that the
Aizenman-Higuchi theorem does not extend to this setting. Nevertheless, it can
proved that all translation-invariant Gibbs states of the Ising model on 7% d=3
are convex combinations of (-)EY h and (-)E’ n This result is due to Bodineau [27],
who completed earlier analyses started by Gallavotti and Miracle-Solé [129] and by
Lebowitz [218].

Why this constraint on the size of the observation window? In the case of pure
boundary conditions, it was possible to take an observation window with a radius
proportional to the distance to the boundary. We now explain why one cannot, in
general, improve Theorem 3.64 to larger windows. Let us thus consider an obser-
vation window B(r), with now an arbitrary radius r.
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The reason is to be found in the probability of observing some “pathological”
behavior in our finite system. Namely, we have seen above that, typically, the event
%. is realized. It turns out that, for some choices of the boundary condition 7, the
probability of not observing %, is really of order r/v/R and thus small only when
r < vR.

A simple example consists in considering the box A = B(n) with the Dobrushin
boundary condition n”°°, as introduced in Section 3.10.7. As explained there, in
that case the open Peierls contour has fluctuations of order /7 and its scaling limit
is a Brownian bridge. This implies that the probability that this contour intersects
B(2r) is indeed of order r/+/n; note that, when this occurs, the event %, becomes
impossible.

Remark 3.65. In the uniqueness regime, quantitative estimates are easier to obtain.
Consider an Ising model either at § < .(2) and h = 0, or at h # 0 and arbitrary S,
and let {-) g j, denote the associated (unique) Gibbs state. Then it can be shown [49,
95] that there is again exponential relaxation: there exists a constant ¢4 = c4(8, h)
such that

KO g (Dpnl=clfllce ™,

uniformly in functions f satisfying supp(f) < B(r), r = [R/2]. o

Absence of analytic continuation of the pressure.

From the point of view of complex analysis, the properties of the pressure of the
Ising model that we have obtained raise natural questions, that will turn out to
have physical relevance, as explained in Chapter 4, in particular in the discussion
of Section 4.12.3. Since we are interested in fixing the temperature and studying
the analyticity properties with respect to the magnetic field, in this section, we will
denote the pressure by

heyp(h).

For the sake of concreteness, let us consider only positive fields (by the identity
wp(—h) = wg(h), everything we say here admits an equivalent for negative fields).
Although the pressure was first shown to exist on the real axis, we have seen in
Theorem 3.42 that it can actually be extended to the whole half-plane H* = {Re h >
0} as an analytic function w4 : H* — C. We will also see in Section 5.7.1 how to
obtain the coefficients of the expansion of g(h) in the variable e 2" with the latter
being convergent for all # € H*. Unfortunately, these results do not provide any
information on the behavior of the pressure on the boundary of H*, dH™* CiReh =
0}. In function-theoretic terms, the most natural question is whether ¥p can be
analytically continued outside H*. We will thus distinguish two scenarios.

Scenario 1: Analytic continuation is possible. Analytic continuation means that
there exists a strictly larger domain H' > H* and an analytic map g : H — C,
which coincides with w5 on H, as depicted in Figure 3.18. This scenario is seen,
for example, in the one-dimensional Ising model: the exact solution (3.10) guaran-
tees that ¢4 can be continued analytically through h = 0, at all temperatures. Of
course, since it can be defined as an analytic function on the whole real line, the
analytic continuation 15 obtained when crossing & = 0 is nothing but the usual
pressure: for h <0, ¢5(h) = ys(h) (see Figure 3.4).
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yan Reh

H™ H*

Figure 3.18: In Scenario 1, there exists an interval of the imaginary axis
through which the pressure can be continued analytically.

Another example where analytic continuation is possible is provided by the
Curie-Weiss model. Indeed, we have already seen in Exercise 2.4 that starting from

vy (h) = max{hm — f5" (m},

a more explicit expression can be obtained for the pressure:

w%w(h) -+ logcosh[ﬂm%w(h) +h)+log2.

Although this function is not differentiable at # = 0 when S is large, it possesses an
analytic continuation across h = 0. Namely, remember that mzw(h) is the largest
solution (in m) of the mean-field equation

tanh(Bm+ h) = m. (3.95)

A look at Figure 2.4 shows that the map i — mlcjw(h), well-defined for z > 0, can
obviously be continued analytically through & = 0, to small negative values of A,
see Figure 3.19. The continuation ﬁig‘”(-), for small & < 0, is still a solution of (3.95),
but corresponds only to a local maximum of m — hm — f;w(m), and thus does not
represent the equilibrium value of the magnetization.

As a consequence, the pressure ¥g(h) can also be continued analytically
through h=0, h — @%W(h), as depicted in Figure 3.19.

Remark 3.66. If the analytic continuation can be made to reach the negative real
axis {heR: h <0}, as in Figure 3.19 above, then the analytically continued pres-
sure at such (physically relevant) values of & < 0 can acquire an imaginary part,
and some (non-rigorous) theories predict that this imaginary component should
be related to the lifetime of the corresponding metastable state. See [206]. 3

Scenario 2: Analytic continuation is blocked by the presence of singularities. In
the second scenario, there exist no analytic continuation across the imaginary axis.
This happens when the singularities form a dense subset of the imaginary axis, see
Figure 3.20. In such a case, {Re h = 0} is called a natural boundary for .

Which scenario occurs in the Ising model on Z%, d =22 With the exception of
the (trivial) one-dimensional case, the results concerning the possibility of analyti-
cally continuing the pressure of the Ising model across d H* are largely incomplete.
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Cw h
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h
h

Figure 3.19: Left: the analytic continuation (dotted) of the magnetization of
the Curie-Weiss model, across h = 0, along h — 0. Right: the corresponding
analytic continuation of the pressure. When 8 > f3, the analytic continuation
differs from the values of the true pressure for small h < 0: 73V (h) < @SV (h).

B B

Reh

H+

Figure 3.20: In Scenario 2, {Re h = 0} is a natural boundary of the pressure:
any path crossing the imaginary axis “hits” a singularity, which prevents an-
alytic continuation.

In the supercritical regime f < B.(d), the pressure is differentiable at & = 0 and
analytic continuation is expected to be possible, through any point of the imaginary
axis. (Analyticity at & = 0 for the two-dimensional Ising model at any < S, is
established in [231].) For sufficiently large temperatures, a proof will be provided
in Chapter 5 using the cluster expansion technique (see Exercise 5.8).

In the subcritical regime 8 > f.(d), the only rigorous contribution remains the
study of Isakov [174], who considered the d-dimensional Ising model (d = 2) at low
temperature and studied the high-order derivatives of the pressure at i = 0. Before
stating his result, note that Theorem 3.42 allows one to use Cauchy’s formula to
obtain that, forall hge H™,

dk k! (2)
Al (ho) = — Ve z,
dhk 27 y (z— ho)k+1

(3.96)

where y is a smooth simple closed curve contained in H*, surrounding hy, oriented
counterclockwise. Choosing y as the circle of radius | Re hy|/2 centered at hy, we get

the upper bound

deﬁ

| dhk
The constant C being proportional to 1/|Re hy|, this upper bound provides no in-
formation on the behavior near the imaginary axis.

(ho)‘ < ki1, (3.97)
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k
Isakov showed that, for all k, the kth one-sided derivative at & = 0 8, dd;ﬁf

exists, is finite and equals

(0),

dk dkx
V6 0) = lim =P

dnk holo dhk

(ho),

where the limit A | 0 is taken along the real axis. This implies that the pressure, al-
though not differentiable at / = 0, has right-derivatives of all orders at & = 0. There-
fore, the Taylor series for the pressure at i = 0 exists:

k

1d
ag+arh+ah®+ash®+..., whereakzﬁ d;lpkﬁ
: +

0). (3.98)

But Isakov also obtained the following remarkable result:

Theorem 3.67. (d =2) There exist By < oo and0 < A < B < oo, both depending on f3,
such that, for all = By, as k — oo,

dku/
k _d_ q ﬁ k d
A*klaT < }zlorlr(l)|_dhk (ho)| <B“kla-1. (3.99)

Since % > 1, (3.99) shows that the high-order derivatives at 0 € dH* diverge much
faster than inside H™, as seen in (3.97). This implies in particular that the se-
ries (3.98) diverges for all h # 0, and therefore does not represent the function in
a neighborhood of 0 7. In other words, the pressure has a singularity at & = 0
and there exist no analytic continuation of 1 g through the transition point. We will
study this phenomenon in a simple toy model in Exercise 4.16.

Although this result has only been established at very low temperature, it is ex-
pected to hold for all > B.. Observe that, since e!"+?7kK)9j = ¢} the pressure is
periodic in the imaginary direction, with period 2z. The singularity at / = 0 there-
fore implies the presence of singularities at each of the points 2zkie dH*.

Isakov’s result was later extended to other models (see the references at the end
of Section 4.12.3). But the problem of determining whether there exists some an-
alytic continuation around the singularity at h = 0, across some interval on the
imaginary axis as on Figure 3.18, is still open.

Metastable behavior in finite systems.

As explained in Section 3.10.9, the spontaneous magnetization of the Ising model
at low temperatures cannot be analytically continued from negative values of & to
positive values of k. Of course, this only applies in the thermodynamic limit, since
the magnetization is an analytic function in a finite system. It is thus of interest
to understand what happens, in finite systems, to the — phase when h becomes
positive.

To discuss this issue, let us consider the low-temperature d-dimensional Ising
model in the box B(n) with a magnetic field & and — boundary condition. When
h <0 and g is large enough, typical configurations are given by small perturbations

dl//ﬁ
dn*

SFor k = 1, the one-sided derivative is the same as encountered earlier in the chapter:
k = 2, the kth one-sided derivative is defined by induction.

(0). For
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of the ground state n™: they consist in a large sea of — spins with small islands of +
spins (see Exercises 3.18 and 3.19). The — boundary condition is said to be stable
in B(n). The situation is more interesting when & > 0. To get some insight, let
us consider the two configurations w™,w* € Qé o’ in which all the spins in B(n)
take the value —1, resp. +1. Then, %”B(m;ﬁ'h(w’) —%”B(n);ﬁ,h(wﬂ = -2B|0*B(n)| +
2h|B(n)|. We thus see that w~ and w* have the same energy if and only if

10°B(n)| _ 2dp
Bl  IBmd’

h=p
We would thus expect that, provided that & > 0 satisfies
hIB(m)|V? < 24p, (3.100)

the — boundary condition should remain stable in B(n) even though there is a posi-
tive magnetic field, in the sense that typical low temperature configurations should
be small perturbations of @™, as on the left of Figure 3.21. In contrast, when & sat-
isfies

hIB(n)|Y4 > 2dp, (3.101)

one would expect the + phase to invade the box, with only a narrow layer of —
phase along the boundary of B(n), as on the right of Figure 3.21. In this case, the —
boundary condition is unstable.

Of course, the previous argument is very rough, taking into account only con-
stant configurations inside B(n), and one should expect the above claims to be valid
only for extremely low temperatures. Nevertheless, in a more careful analysis [296],
Schonmann and Shlosman have showed that the above remains qualitatively true
for the two-dimensional Ising model at any 8 > 8.(2): there exists ¢ = ¢() € (0,00)
such that the — boundary condition is stable as long as & < c|B(n)|~1/2, while it
becomes unstable when & > ¢|B(n)|"Y2. In the latter case, the macroscopic shape
of the region occupied by the + phase can be characterized precisely (showing, in
particular, that macroscopic regions remain occupied by the — phase near the four
corners of B(n) as long as h is not too large). In particular, these results show that
the magnetization at the center of the box satisfies, for large n and small | i,

B o |-m if h<c|Bm)|~V2,
(0028 nyp, = +m* ifh>c|Bn)| V2.

In this sense, the negative-# magnetization can be “continued” into the positive-
h region, but only as long as h < c|B(n)|"'2. The fact that the size of the latter
interval vanishes as n — oo explains why the above discussion does not contradict
the absence of analytic continuation in the thermodynamic limit.

Critical phenomena.

As explained in this chapter, a first-order phase transition occurs at each point of
theline {(8,h) € R>o xR : f> B.(d), h =0}, where f.(d) € (0,00) for all d = 2. One of
the manifestations of these first-order phase transitions is the discontinuity of the
magnetization density at 1 = 0:

1}11?3{;71(/3, h) —m(B,—h)} =2m" (B) >0
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Figure 3.21: Typical low-temperature configurations of the two-dimensional
Ising model in a box of sidelength 100 with — boundary condition and mag-
netic field & > 0. Left: For small positive values of & (depending on f and the
size of the box), typical configurations are small perturbations of the ground
state 17, even though the — phase is thermodynamically unstable, the cost
of creating a droplet of + phase being too large. Right: For larger values of
h, the + phase invades the box, while the unstable — phase is restricted to a
layer along the boundary, where it is stabilized by the boundary condition.
Partial information on the size of this layer (in a slightly different geometrical
setting) can be found in [346].

for all B > B.(d). It can be shown [352, 7, 8] (for d = 2, remember (1.51) and Fig-
ure 1.10) that 8+— m* () is decreasing and vanishes continuously as | .. There-
fore, since m*(B) = 0 for all § < B.(d), the magnetization density m(S, h) (and thus
the pressure) cannot be analytic at the point (8.(d),0). The corresponding phase
transition, however, is not of first order anymore: it is said to be continuous and
the point (B.(d),0) is said to be a critical point.

As we had already mentioned in Section 2.5.3, the behavior of a system at a crit-
ical point displays remarkable features. In particular, many quantities of interest
have singular behavior, whose qualitative features depend only on rough proper-
ties of the model, such as its spatial dimensionality, its symmetries and the short-
or long-range nature of its interactions. Models can then be distributed into large
families with the same critical behavior, known as universality classes.

Among the characteristic features that are used to determine the universality
class to which a model belongs, an important role is played by the critical expo-
nents. The definitions of several of the latter have been given for the Curie-Weiss
model in Section 2.5.3 and can be used also for the Ising model (using the corre-
sponding quantities). For the Ising model, we have gathered these exponents in
Table 3.1:
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d=2 d=3 d=4
0 0.110(1) 0

1/8 | 0.3265(3) 1/2
7/4 1.2372(5) 1
15 4.789(2) 3

=R T R

Table 3.1: Some critical exponents of the Ising model. The exponents given
are rigorously only known to hold when d = 2 [259, 352, 59] and when d =
4 [318, 4, 9, 7]. The values given for d = 3 are taken from the review [267];
much more precise estimates are now available [194].

Observe that the exponents become independent of the dimension as soon as
d = 4. The dimension d, d:ef4, is known as the upper critical dimension. Above d,,,
the exponents take the same values as in the Curie-Weiss model (see Section 2.5.3),
in line with the interpretation of the mean-field approximation as the limit of the
model as d — oo (see Section 2.5.4). Such a behavior is expected to be general, but
with a value of d, depending on the universality class.

At a heuristic level, the core reason for this universality can be traced back to the
divergence of the correlation length at the critical point. The latter measures the
range over which spins are strongly correlated. In the Ising model, the correlation
length ¢ is such that

(03005, £ (000, = (o) (o) ~ €IS,

for all i for which |||, is large enough. More precisely,

—k
B < lim ———————,
<(p k=00 10g(T0; T (k1)

where n is a unit-vector in R? and we have written [x] f (Lx(M)],..., lx(d)]) for any
x=(x(1),..., x(d) € RY.

In the Ising model, it is expected that the correlation length is finite (in all di-
rections) for all (B, k) # (B.(d),0). This has been proved when d = 2 [239]; in higher
dimensions, this is only known when either g < 8.(d) [5] or when S is large enough
(we will prove it in Theorem 5.16), while it is known to diverge as 8 1 B.(d) [238].

Under the assumption that there is only one relevant length scale close to the
critical point, the divergence of the correlation length implies the absence of any
characteristic length scale at the critical point: at this point, the system is expected
to be invariant under a change of scale. Based on such ideas, physicists have devel-
oped a non-rigorous, but powerful framework in which this picture can be substan-
tiated and which allows the approximate determination of the critical behavior: the
renormalization group.

Let us briefly describe the idea in a simple case. We define a mapping T:Q — Q

as follows: given w € Q, o' £ T(w) is defined by

paer |+ Y jesiBay@; >0,
i .
-1 lejESi+B(l)wj<0'

In other words, we partition Z¢ into cubic blocks of sidelength 3, and replace the
34 spins in each of these blocks by a single spin, equal to +1 if the magnetization in
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the block is positive, and to —1 otherwise. This transformation is called a majority
transformation.

One can then iterate this transformation. Figure 3.22 shows the first two it-
erations starting from 3 different initial configuration, corresponding to the two-
dimensional Ising model at i = 0 and at three values of f: slightly subcritical (8 <
B.(2)), critical (B = B.(2)) and slightly supercritical (8 > §.(2)). At first sight, it looks
as though the transformation corresponds to decreasing f in the first case, keeping
it critical in the second and increasing it in the third. Of course, the situation cannot
be that simple: the probability distribution describing the transformed configura-
tion clearly does not correspond to an Ising model anymore. Nevertheless, it might
correspond to a model with additional interactions. One could then consider the
action of this transformation in the space of all Hamiltonians. The idea is then the
following: this transformation has two stable fixed points corresponding to infinite
and zero temperatures, which attracts all initial states with 8 < B.(d), respectively
B > B.(d). In addition it has an unstable fixed point corresponding to the criti-
cal point. This can, heuristically, be understood in terms of the correlation length:
since each application of the transformation corresponds roughly to a zoom by a
factor 3, the correlation length is divided by 3 at each step. As the number of it-
erations grows, the correlation length converges to 0, which corresponds to =0
or f = oo, except if it was initially equal to infinity, in which case it remains infi-
nite; this case corresponds to the critical point. An analysis of the behavior of the
transformation close to the unstable fixed point then provides information on the
critical behavior of the original system.

These ideas are compelling but, at least in this naive form, the above proce-
dure is known to be problematic from a mathematical point of view; see [343] for
a detailed discussion or the comments in Section 6.14.2. Nevertheless, more so-
phisticated versions do allow physicists to obtain remarkably accurate estimates
of critical exponents. Moreover, the philosophy of the renormalization group has
played a key role in several rigorous investigations (even outside the realm of criti-
cal phenomena).

From arigorous point of view, the analysis of critical systems is usually done us-
ing alternative approaches, limited to rather specific classes of models and mostly
in two situations: systems above their upper critical dimensions and two-dimen-
sional systems. Since research in these fields is still very actively developing, we will
not discuss them any further. Instead, we list several good sources where these top-
ics are discussed at length; these should be quite accessible if the reader is familiar
with the content of the present book.

A first approach to critical phenomena in lattice spin systems and (Euclidean)
quantum field theory, based on random walk (or random surfaces) representations,
is exposed in considerable detail in the monograph [102] by Ferndndez, Frohlich
and Sokal; it provides a thorough discussion of scaling limits, inequalities for criti-
cal exponents, the validity of mean-field exponents above the upper critical dimen-
sion, etc.

A second approach is described in the books by Brydges [57] and Mastropi-
etro [234]. It is based on a rigorous implementation of a version of the renormal-
ization group. These books cover both the perturbative and nonperturbative renor-
malization group approaches from the functional-integral point of view and cover
a broad spectrum of applications.

A third approach is presented in the book [315] by Slade. The latter provides an
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Figure 3.22: Two iterations of the majority transformation at different tem-
peratures.

introduction to the lace expansion, a powerful tool allowing one to obtain precise
information on the critical behavior of systems above their upper critical dimen-
sion, at least for quantities admitting representation in terms of self-interacting
random paths.

A fourth approach, at the base of many of the recent developments of this field,
is based on the Schramm-Léwner evolution (SLE). This approach to critical phe-
nomena is restricted to two-dimensional systems, but yields extremely detailed and
complete information when it is applicable. An introduction to SLE can be found
in the book [210] and in lecture notes by Werner [349] and Lawler [208]. Combined
with discrete complex analytic methods and specific graphical representations of
spin systems, this approach yields remarkable results, such as the conformal in-
variance of the scaling limit, explicit expression for the critical exponents, etc. Good
references on this topic are the books by Werner [350] and Duminil-Copin [91, 92],
as well as the lecture notes by Duminil-Copin and Smirnov [94].

Exact solution

A remarkable feature of the planar Ising model is that many quantities of interest
(pressure, correlation functions, magnetization, etc.) can be explicitly computed
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when h = 0. The insights yielded by these computations have had an extremely im-
portant impact on the development of the theory of critical phenomena. There ex-
ist today many different approaches. The interested reader can find more informa-
tion on this topic in the books by McCoy and Wu [239], Baxter [17] or Palmer [261],
for example.

Stochastic dynamics.

Another topic we have only barely touched upon is the analysis of the stochastic
dynamics of lattice spin systems. In the latter, one considers Markov chains on
Q, whose invariant measures are given by the corresponding Gibbs measures. We
made use of such a dynamics in Section 3.10.3 in the simplest case of the finite-
volume Ising model. The book [225] by Liggett and the lecture notes [232] by Mar-
tinelli provide good introductions to this topic.
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