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Preface

This is the lecture notes for an Advanced Graduate Course on Statistical
Physics and Spin Glasses given by the author at I'TP in the period of 21 Nov
2006 — 09 Jan 2006. This graduate course was aimed for students who have
some knowledge about statistical mechanics and who are interested in spin
glasses but without any background.

In these lecture notes, I do not attempt to be complete. Many important
topics are not mentioned. For each topic that is mentioned in these notes,
the basic concepts are introduced by working on some specific models.

I thank Dr. Yaogen Shu and Dr. Jianjun Zhou for their valuable helps
in typing out some parts of these notes.
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Chapter 1

Some Basic Concepts of
Statistical Physics

Classical Mechanics: macroscopic objects; few-body systems; energy scale
> thermal energy kgT.

Quantum Mechanics: microscopic objects (~ 107*m or even smaller);
few-body systems; energy scale > thermal energy (usually).

Statistical Mechanics: many-body systems; internal interactions. It aims
at understanding the macroscopic properties of a given many-body sys-
tem in terms of microscopic interactions.

For the benefit of later discussion, here we introduce some basic concepts
of equilibrium statistical physics. The reader is referred to textbooks (e.g.,
[1, 2]) for more rigorous definitions of these concepts.

1.1 Subsystem

A subsystem in a statistical physical system is a part of an isolated sys-
tem (say, the whole universe). It also contains a huge number of particles.
The subsystem can exchange energy or even particles with its surrounding
environment (see Fig. 1.1).

Denote the energy of subsystem as F and its number of particles as N.
Since the subsystem is open, its energy &£ is not a constant; it will fluctuate

7
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arround certain averaged value (£) with time. However, when the system
size N is sufficiently large, it is usually the case that

(€) x N, (1.1)
while the standard deviation of the energy fluctuation is
oe = \/(E2) — (E)2 x N2 . (1.2)

In typical cases, the number of particles in a system is at least of the order
N ~ 10%. In such cases, 0¢/E oc N~/2 — 0. In other words, the total en-
ergy (or more precisely, the energy density) of the subsystem can be regarded
as constant.

The microscopic state of the system is, of cause, not fixed. It will change
with time and form a very complicated trajectory in the phase space of the
subsystem.

Figure 1.1: A macroscopic subsystem that is part of an isolated (closed)
system. The subsystem can exchange energy (and matter) with the remaining
part of the closed system.
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1.2 Ergodicity

Consider a subsystem whose number of particles is fixed. Denote the total
number of possible microscopic configurations of a subsystem as ). Some
of these configurations have energy that are markably deviated from the
mean energy (£) of the subsystem. As we know from the preceding section
that, these microscopic configurations has no contribution to the statistical
physical property of the subsystem. Only those microscopic configurations
with energy density equaling to the subsystem’s mean energy density will
contribute to the subsystem’s macroscopic property. Denote the total number
of such configurations as Q((£)). Usually, Q((£)) < Q.

The ergodicity concept means that, starting from any given intial config-
uration of the subsystem, the subsystem will be able to arrive at each of those
Q((£)) microscopic configurations sooner or later. The subsytem may move
from one microscopic configuration with energy density e = (£)/N to another
microscopic configuration with the same energy density through other inter-
medient configurations of energy density e, or through other configurations
with energy density e’ # e.

1.3 Detailed balance and the microcanonical
distribution

Suppose subsystem is at configuration S,(e) at time ¢. It will jumps to
another configuration Sg(e) at time ¢ + At with probability P,_.3. For a
macroscopic subsystem at equilibrium, it is usually assumed that there is no
net flow in the system. In mathematical terms, this means that

Pa—>,8 = P,G—>a . (13)

Equation (1.3) is the so-called detailed balance condition. Notice microscopic
configurations S, and S have the same energy density as that of the mean
energy density of the subsystem.

With the assumption of ergodicity and detailed balance, it can be proven
that, at equilibrium, a macroscopic subsystem with mean energy density e
will stay at each of its miscropic configurations will equal probability. This
is the so-called microcanonical distribution:

Pme(S(E)) = Q(Ne) for  E/N = (E)/N, (1.4)
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=0 otherwise . (1.5)

In the remaining part of this chapter, for simplicity of discussion, we
assume the energy of the subsystem is always equal to its average value and
denote this value just as £.

1.4 Temperature

The temperature is a measure of the thermal motion intensity of a subsystem.
We can define the temperature T of a macroscopic subsystem by many ways
which are mutually equivalent to each other as long as the number of particles
N in the subsystem is very huge (N > 10%%). Here we give the following
mathematical definition
1 dInQ(&)
p—_— kBi 5
T d&
where £ is the (average) energy of the subsystem as discussed in the preceding
section; and kg = 1.38 x 1072* J/K is Boltzmann’s constant.
We can also define S(€) = kgIn(E) as the entropy of the subsystem
(see also Sec. 1.8). Then Eq. (1.6) can be re-written as T-! = dS(&)/dE.
As a simple example, let us consider the case of very weakly interacting
gas (or ideal gas) which is confined in a d-dimensional cubic box of volume
V. The total number of gas particles is N. The total energy &€ of the ideal
gas subsystem is

(1.6)

N N p?
E=) E =) —, (1.7)
i=1 i

= 2m

where p; is the momentum of a gas particle and m is its mass. The mean
energy of the subsystem is regarded as fixed. Then the total number of
configurations of the subsystem is

aE) = hNN'H/drdpl & - Zpl

1 27T ot
Inserting Eq. (1.8) into Eq. (1.6), we get that
1 dN —1kgp dN — 1 d
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1.5 Boltzmann distribution

Let us in turn consider a subsystem (see Fig. 1.2) of the macroscopic sub-
system that has been discussed in Sec. 1.1-1.4. This sub-subsystem is the
physical system of our real interest (and we just referred to it as the physical
system). This physical system contains a total number of N particles, where
N is also a large number but with N < N/, the size of the subsystem.

Figure 1.2: A physical system (as denoted by the rectangular box) of interest.
This physical system is inside a large macroscopic subsystem which serves as
the thermal bath with constant temperature T

The energy of the whole subsystem is
E(s,S")=E(s) +&(S)+ AE(s,S) . (1.10)

In Eq. (1.10), E' is the internal energy of the physical system, which is a
function of the microscopic configuration s of the physical system only; £’ is
the energy of the remaining part of the subsystem and S&" denotes a micro-
scopic configuration of this remaining part; and AFE is the interfacial energy
between the physical system and the remaining part of the subsystem.
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In the general case, the interfacial energy AFE can be neglected compared
with the internal energy E of the physical system. Then, the probability
that the physical system take the particular configuration s is governed by
the Boltzmann distribution

p(s) o exp(=FE(s)) , (1.11)

where 8 = (kgT)~! is the Boltzmann factor. Here T is the temperature of
the subsystem as defined in Sec. 1.4.

Here we give a heuristic deduction of Eq. (1.11). The reader is advised
to consult a standard textbook (e.g., [1]) for a more rigorous understanding
of this equation.

According to the micro-canonical distribution Eq. (1.4), each configura-
tion of the subsystem with energy &£ is equiprobable. Therefore, the proba-
bility that the physical system be in a microscopic state s is proportional to
the total number of configurations Q(€ — E(s)) of the remaining part of the
subsystem with energy £ — E(s). In other words,

p(s) o« Q& — E(s)) (1.12)
E—E(s)
1 .
_ exp(/ kBT(c‘f)dg) (1.13)
o AR
_ p(/kBT(é>d - / kBT(é)dé’) (1.14)
(s)
_ exp(— 2By (1.15)

kgT

In writing down Eq. (1.13), we have used Eq. (1.6) and the fact that the
subsystem is much larger than the physical system of interest.

A remark: Is the interfacial energy AE in Eq. (1.10) totally un-important
in understanding the macroscopic property of a given physical system? The
answer might be very subtle. If the physical system has a phase transition,
such an interfacial energy might become quite important at the phase tran-
sition point. It may even determine the order of the phase transition.
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1.6 Partition function

The normalization factor of the the Boltzmann distribution Eq. (1.11) is
Z(N,T) = exp(—PE(s)) . (1.16)

Z(N,T) is called the partition function. It is a weighted sum over all the
microscopic configurations of a physical system.

1.7 Free energy

The partition function is connected with the free energy of the physical sys-
tem by the following very important formula

Z(N,T) = exp(—ﬁF(N, T)) — F(N,T)=—kgTInZ(N,T), (1.17)
or, in other words

F(N,T) = —ksT (> e 7)) . (1.18)

Equation (1.18) related the microscopic interactions of the physical system
with its macroscopic properties. The left-hand of Eq. (1.18), F(N,T) is a
macroscopic thermodynamic quantity; on the other hand, the right-hand side
of Eq. (1.18) contains the weighted sum of all the microscopic configurations
of the physical system.

Equation (1.17) can be written in another form as

e—,ﬁ’F — Z Q(E)e—,@E _ Z e—ﬂE—f—an(E)
E

E
- N / deeN(-e+s(@)/ka) (1.19)
where
_E (1.20)
€ = N .

is the energy density of the physical system; and

In Q(Ne)

v (1.21)

s(e) = kp
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is the entropy density of the physical system at given energy energy density
€.

When N — oo (the so-called thermodynamic limit), Eq. (1.19) indicates
that the free energy density is

f(1r) = A;Enoo w = mﬁin[e —Ts(e)] . (1.22)

Equation (1.22) indicates that, at given environmental temperature 7', the
macroscopic property of a physical system is determined mainly by those
macroscopic configurations whose energy density € is at the minimum point
of e — T's(e).

The mean internal energy of the physical system is

s)ePEE) n
(E) =Y E(s)p(s) = 3 E(Z()N - _agﬁz _Fy 52—? o (1.23)

S

1.8 Entropy

The entropy of a physical system is a measure of its disorder at given tem-
perature T'. It can be defined by the following mathematical formula

S(T)=—kg>_ p(s)Inp(s) . (1.24)

In information science, this definition is called the information entropy: it
measures the amount of information needed to fully describe a system.

From Eq. (1.24) it is easy to derive that
S(T)= —— (1.25)

or, equivalently,
F(T)=(F)-TS(T) . (1.26)

In the thermodynamic limit of N — oo, Eq. (1.26) is equivalent to Eq. (1.22).
This is because S(T') = kg In Q((E(T))) in this limit.
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1.9 Fluctuations

The fluctuations of a thermodynamic quantity can be calculated by differen-
tiation of the partition function. For example,

PInZ(N, T oF  O*F
_mZNT) __,0F OF (1.27)

0p? op  0p?

Comparing Eq. (1.27) with Eq. (1.23), we see that the fluctuation of an
extensive quantity (such as the internal energy E) is of the same order as the
mean value of this extensive quantity.

(B%) — (B)?
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Chapter 2

Mean-Field Models of Phase
Transition

Phase transition is a central topic of equilibrium statistical physics. The
existence of a phase transition means the system under study has some sort of
singularity at the phase transition point, i.e., a minute variation in the control
parameter (such as temperature, magnetic field, presure, external force, ect.)
results in a dramatic change in the system’s macroscopic behavior. The most
frequently encountered phase transition in our every day life might be the
liquid—vapor transition of water at 100 °C.

Phase transitions can be divided into two general types: continuous phase
transitions and discontinuous (first-order) phase transitions. In terms of free
energy density, the distinctions between these twe types of phase transitions
are shown schematically in Fig. 2.1 for some mean-field models.

At the vicinity of a continuous phase transition, there is large fluctuations
in the order parameter. On the other hand, metastable states and hysterisis
are usually observed for systems with a dis-continuous phase transition. In
a finite-dimensional system, a metastable state is not thermodynamically
stable. This means that in the height of the free energy barrier between a
metastable state and a state of globule minimum free energy density is finite
even for an infinite system. This can be understood as follows. We denote
the free energy density of an equilibrium state by f, and that of a metastable
state by f + 0f with §f > 0. Initially the system is supposed to be in the
metastable state. Now we perform a perturbation to the system such that,
inside the system a d-dimensional sphere of radius r is in the equilibrium

17
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T>Tc T=Tc T<Tc

NVEN VANV,

/

\J\/\/ \ [\ / \\ fa¥faY /

Figure 2.1: Free energy density value (vertical axis) as a function of the
value of a general order parameter (horizontal axis) at temperatures above,
equaling, or below the phase transition temperature 7.. (Top panel) con-
tinuous phase transition. (Bottom panel) first-order phase transition in an
infinte-dimensional system.

state. The change in the free energy of the system is
—c1r¥0 f 4 cor?5f (2.1)

where ¢; and ¢y are two numerical constants, and 0 f’ is a positive free energy
density due to surface interactions. The first term of Eq. (2.1) comes from
volume effect and the second term of Eq. (2.1) comes from surface effect.
Equation (2.1) indicates that the free energy barrier between the metastable
state and the equilibrium state is of the order const x (§f)~¢"1. This barrier
is finite as long as 6 f > 0. It becomes infinite only at the phase transition
point. (For an infinite-dimensional model system, the free energy barrier
between a metastable state and the true equilibrium state can be infinite,
however. This will become more clear in later models.)

Among continuous phase transitions, the second-order phase transition
is of the most importance. In what follows we study in some detail four
exactly solvable models to illustrate the concepts of first-order and second-
order phase transitions.
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We mention not at all the renormalization group approach to phase tran-
sitions. The interested reader is referred to stardard text books (e.g., [3, 4]).

2.1 Infinite-dimensional Ising model with two-
body interactions

The model Hamiltonian is

H(o) = —% > o0, (2.2)

1<i<j<N

o = {01,09,...,0n} is a spin configuration with o; € {—1,+1}; N is the
total number of vertices in the system; and Jy/N is the coupling constant
between two vertices.

The partition function of the model is

Z(N) = Y e PHO) = =h/23" eN(BIo/2)(3, oi/N)?

N! 2
— B2 (NBIod? /2
L NI+ /NI =0/
1
2
—  ,—BJo/2
) / YN

1 1 1-— 1-— Jog?
ul SNl I n q+ﬁoq ]) (2.3)

2 2 2 2 2

exp (N[—

In Eq. (2.3), the parameter ¢ = Y, 0;/N is the overlap of a spin pattern o
with the spin-all-up pattern.
The free energy density of the system is

1
200 — _ 1i
Ising ]\;LH;ONﬁan(N)
B ) Joq? 1+q, 1+4¢ 1—q. 1—gq
- ﬂlq%[— st T =+ T— =l — | (29

Figure 2.2 shows the value of the expression in the square brackets of Eq. (2.4)
as a function of the overlap ¢. When the temperature 7" > .Jy, the minimal
free energy density of Eq. (2.4) is located at ¢ = 0; the system is in the
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Figure 2.2: The free energy density of the infinite dimensional Ising model
as a function of the overlap ¢ for different temperatures.

paramagnetic phase with no spontaneous magnetization. When 7' < Jy, the
minimal free energy density of Eq. (2.4) is located at ¢ = £qo(7T") # 0; the
system is in the ferromagnetic phase, with spontaneous magnetization. The
paramagnet—ferromagnet phase transition occurs at T' = T, = .J,. This phase
transition is a continuous phase transition, since the order parameter go(7')
deviates from zero continuously as T is decreased below T,.. Actually, at the
vicinity of T' = T, there is the following scaling relation:

0(T) o (T. — T)'/? 0<T.—-T<T) (2.5)

Furthermore, the susceptibility of the system approaches infinity at the tran-
sition point:

X = 0q0 (T, h)

o7 o |T — T, /2 (|T -T.| < T, (2.6)

h=0



2.2. INFINITE DIMENSIONAL ISING MODEL WITH MANY-BODY INTERACTIONS21

2.2 Infinite dimensional Ising model with many-
body interactions

The model Hamiltonian is

J,
H(o) = —Np(ll Y 04,00, ...0u (2.7)

11,8251, Z‘p
The free energy density of this system is

Jog? 14q., 14¢ 1—qg. 1—q
[—p!+T21n2+T21n2]. (2.8)

fEX = min
Ising ™ _124<1

-0.16
>
]
|5
©
>
5-0.18
:
3
e S Rl T=024J 0

0.2~ N R — T=0.275J 0| -
Mo R --T=03J0
| R SR | | |
-0.4 0.2 0 0.2q 0.4 0.6 0.8 1

Figure 2.3: The free energy density of the infinite dimensional Ising model
with three-body interaction as a function of the overlap ¢ for different tem-

peratures.

As an example, let us consider the case of p = 3 (three-body interaction).
Figure 2.3 shows the value of the expression in the square brackets of Eq. (2.8)
as a function of the overlap q. When the temperature 7' > 0.2914.Jy, the
minimal free energy density of Eq. (2.4) is located at ¢ = 0; the system
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is in the paramagnetic phase with no spontaneous magnetization. When
0.2480.Jy < T < 0.2914.Jy, the minimal free energy density is still located
at ¢ = 0; however, a metastable state with ¢ ~ 0.95 appears. When T <
0.2480.Jy, the minimal free energy density is located at ¢ ~ 0.95 and the state
at ¢ >~ 0 becomes metastable. In this parameter regime, the system is in the
ferromagnetic phase with non-zero spontaneous magnetization. This phase
transition is a dis-continuous one, since the order parameter jumps at the
phase transition point 7T, ~ 0.2480.J;.



Chapter 3

The Bethe-Peierls
Approximation and the Cavity
Method

There are in general two types of mean-field methods to study finite-connectivity
Ising model on a regular lattice. One is the Bragg-Williams approximation,
and the other is the Bethe-Peierls approximation [5]. The Bragg-Williams
approximation is discussed thoroughly in textbooks of statistical physics;
on the other hand, the idea of Bethe-Peierls approximation appears to be
less frequently mentioned. Here we describe the basic idea of the Bethe-
Peierls approximation in some detail by working on an exactly solvable finite-
connectivity model.

3.1 Ising model on a random regular graphs

We study the Ising model on a random regular graph G . The graph has N
vertices and M = NK/2 edges which connect pairs of vertices. Each vertex
of graph G is connected by K edges to other vertices of the graph. The
graph is otherwise completely random [6]. Denote E(G) as the edge set of

graph Gg.
Each vertex of the graph has a spin state o; € {—1,+1}. Each spin con-
figuration of the system oy = {01, 09,...,0n} is associated with an energy
H(&N) == _<]0 Z 0,05 , (31)
(4,7)€E(GK)

23
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where Jj is a coupling constant.

At this point, let us define the concept of cavity graphs [7, 8]. For the
present system, a cavity graph of N vertices is also a completely random
graph. Among its N vertices, m (< N) of which have vertex degree K — 1
[see Fig. 3.1 (left)], while all the other vertices have vertex degree K. These
m vertices of degree K — 1 are referred to as the cavity vertices of this cavity
graph.

Figure 3.1: The cavity approach to the Ising model Eq. (3.1) on a random
regular graph of connectivity K = 4. (Left) A part of a cavity graph with
2K cavity vertices. (Middle) Construction of a random regular graph of size
N from a cavity graph with 2K cavity vertices. (Right) Construction of a
random regular graph of size N +2 from a cavity graph of 2K cavity vertices.

At temperature T', the spins on each vertex of the cavity graph certainly
will fluctuate over time. Denote P(o;,,04,,...,0;,) as the joint probability
distribution of the spin values on m cavity vertices o;,, 04,,...,0;  of a cavity
graph. In a random graph, the shortest path length between any two ran-
domly chosen vertices scales with the graph size N logarithmically (~ In N).
As the zeroth-order approximation, we may assume that P(o;,,04,,...,0,)
can be written as the following factorized form

m

P(0i,, 04y, ..., 04,) = [[ Ploi,) = H(pZ(S;Li + ,0;5;1) . (3.2)

s=1 s=1
In Eq. (3.2), P(0y,) = pi-0" +p;_0,} is the marginal distribution of the spin
value oy, of the cavity vertex i,, where p; + p;, = 1. Equation (3.2) is the
Bethe-Peierls approximation. It assumes statistical independence among the
spin states of the cavity vertices.
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To write down a self-consistent equation for the marginal probability
P(0;), we notice that a cavity vertex ¢ in a graph of size N can be ob-
tained by the following way: First, generate a cavity graph of N — 1 vertices
and K — 1 cavity vertices; then, add a new vertex ¢ and connect it to the
K — 1 cavity vertices. Denote 0i as the nearest neighbors of vertex ¢ in the
new graph. The partition function of the cavity vertex ¢ is

4= ¥ P({q})exp(ﬂJOUi 3 aj> (3.3)

0i 0;:j€0I jEeoi
If we insert the factorized form Eq. (3.2) into Eq. (3.3), we obtain that
zi=]] (pjeﬁjo + pj_e_’g‘]O) + 11 (pj'e_ﬂ‘]O + pj_eﬂ‘]‘)) (3.4)
jedi j€di
Then, the probability that vertex ¢ takes the postive spin value is

1 (pj €™ + pj e?7)
pr = 10" . (3.5)
© I (pf et pyenth) + 11 (pf e P + pyefho)
jEO jED

A homogenous fixed-point solution of Eq. (3.5) is given by

(p e + (1 — pt)e o)1
(pdeBh + (1 — pg e B0) 1 4 (phe=Blo 4 (1 — pf, )eBlo) !

Pov = . (36)
We can also perform population dynamics iteration (see, e.g., [9]) to find a
steady state probability distribution of p; over all the (cavity) vertices of a
very large random regular graph. We found that this steady state population
dynamics solution converges to the stable fixed point of Eq. (3.6).

At equilibrium, the probability that a randomly chosen vertex of a ran-
doum regular graph to be in the spin state +1 is then

L (ph, e + (1 — pt,)e P70) "
(p& e + (1 — pt,)eB70) + (pheBlo + (1 — pg,)esho)

p (3.7)

The spontaneous magnetization of the system is (m) = 2p* — 1.

For the case of K = 4, the spontaneous magnetizationn (m) as a function
of temperature 7" is shown in Fig. 3.2, while the insert of Fig. 3.2 shows the
value of p}, as a function of temperature. At high temperatures 7" > 2.886.J,
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the only stable solution of Eq. (3.6) is pf, = 1/2, i.e., the system is in the
paramagnetic phase, without any spontaneous magnetization. As the tem-
perature is lowered to T' < 2.886.J, the order parameter pf deviates from
1/2 gradually. In this later temperature region, the system is in the ferro-
magnetic phase, with non-zero spontaneous magnetization. A paramagnet—
ferromagnet phase transition occurs at the critical temperature T" ~ 2.886.Jy.
This phase transition is continuous (second-order).

1 T

0.8

magnetization
1
12

0.2 0 1

0 1 2
temperature (J_0)

Figure 3.2: Magnetization of the Ising model on a random regular graph
with connectivity K = 4. (Inset) the value of the order parameter pf, as a
function of temperature.

3.1.1 Energy density and entropy density

We now calculate the energy density and entropy density of the Ising model
Eq. (3.1) through the cavity approach [7, 8]. The energy density is denoted
as (K, T), while the entropy density of the system at energy density € is
denoted as X (K €).

Denote a random cavity graph with N vertices and 2K cavity vertices as
Gev(N). According to Fig. 3.1 (middle), a random regular graph G (N) of
N vertices can be obtained from such a cavity graph G, (V). One simply
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forms K pairs of vertices from the 2K cavity vertices of graph G, (V) and
then set up an edge between each formed pair of vertices. Denote the energy
of the cavity graph G, (N) as He(N) and AE; as the difference between
the energy of graph Gk (N) and that of graph G, (N). Then we have the
following equation concerning the average values of these energies

Ne(K, T) = (Hoo(N)) + (ABy) (3.8)
The energy difference AF) is expressed as

AEl = —J() Z 0,05 , (39)

(i,5)€er

where e; denotes the set of newly added edges in going from G (V) to
G (N). To calculate the average of AF;, we consider the subgraph contain-
ing the 2K cavity vertices (i1, 4s, .. .,i25) of the cavity graph G, (V) as well
as the edge set e;. The partition function of this subgraph is

Z2K == A Z P(0i17' .. ,O'iQK)eXp(—ﬂAEl) . (310)

[ FIELED) Oigpe

If we insert the factorized form Eq. (3.2) of P(oy,, ..., 04, ) into Eq. (3.10),
we finally obtain that

Zuc = ] {(p?/)j* +pi py )M + (pf o7 + oy p)e PP (3.11)
(i’j)eel

Consequently, we have

Oln Z
(AE) = — r;ﬁ”f (3.12)
Y (o pf + pipy )e?™ — (plpy + pip))e "

(e (OF 0T+ 7P + (o py + pip] e o

. (3.13)

For the Ising model on the graph G (N), the number of configurations
at energy density € is Q¢ (Ne) = exp(NX(K,€)). Concerning the entropy
density X(K,¢€) of graph G (), we have the following equation [7, §]

exp(Nz(K, e)) — / exp(NECV(e - AEl/N)>Prob(AE1)dAE1 . (3.14)
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where Y., (¢') is the entropy density of the cavity graph G, (N) at energy
density €. In Eq. (3.14), Prob(AE}) is the (un-reweighted) probability that,
after the K edges in the edge set e; are added, the energy increase in the
system is AFE;. The expression for this probability is

PI‘Ob(AEl) == Z H P(JZ)P(UJ)g(AEl +J0 Z JZ‘Jj) .
{oi,05:(3,5)€e1} (4,5)€er (i,9)€e1
(3.15)
From Eq. (3.14), we then obtain that

_ 03¢y (e)

NS(K,e) — NZCV(6)+1n< [ AElProb(AEl)dAE1> (3.16)

= NX.(€) +111</ e‘ﬁAElProb(AEl)dAEl) . (3.17)

In going from Eq. (3.16) to Eq. (3.17), we have used the condition that, when

the energy density € in Eq. (3.16) is equal to the equilibrium energy density

of the system, then

aZCV(€>
Oe

According to Fig. 3.1 (right), a random regular graph G (N + 2) with
N + 2 vertices can be obtained from a cavity graph G, (N) of N vertices
and 2K cavity vertices. This is achieved by adding two new vertices (i =
N + 1, N 4+ 2) and connect each of them to K cavity vertices of G, (V).
Similar to Eq. (3.8), we can write down the following equation concerning
the change in the energy of the system

8= (3.18)

(N + 2)e(K, T) = (Heo(N)) + (AB) | (3.19)
where
AEQ = _JO Z Z 0,05 (320)
t=N+1j€0i

is the energy increase caused by the addition of the two new vertices. The
partition function Zsg o for the subraph involving the two new vertices and
their nearest neighbors can easily be written down. The final result reads

ZoK+2 = ZN4+1ZN+42 (3.21)
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where z; is given by Eq. (3.3). Similar to Eq. (3.13), we find that

81nZ2K+2 8lnzN+1 31nzN+2
AE) = — = — - 3.22
pjeﬂJO—pj’e*ﬂJO

o L B + .B8Jo - —BJo
N+2 > + o8, —e—BJ H(pke +,0k6 )
* jedi Pi €0 TP €70 it

SE— A ’ _
i:%;l kle_!%(pzeﬁjo + ppe ) + kggi(p;efﬁjo + p e7)

+.—BJy_ ,—oBJ0
pi € pj € +,—BJo = ,6Jo
N+2 Z p;re—ﬂJ0+p;eﬁJ0 H (pk € + Pr € )

€01 keoi
+Jo J€ _ _ .
Z%:H klgai(p;? B0 + pre=B0) + 1 (pfeP% + py efo)

| (3.23)

keoi

Combining Egs. (3.8) and (3.19), we obtain the following expression for
the energy density of the system

1 1
e(K,T) = §<AE2) — §<AE1> . (3.24)
Similar to Eq. (3.17), the entropy of the graph G (N +2) is expressed as

(N +2)S(K, €) = NS (€) + 28 +21n(2) + In ( / eﬁAEQPmb(AEg)dAEQ) ,

(3.25)
where
1 N+2 N+2
Prob(AF) = 7 [[ [¥ % Hp(gj)]a(AEguo 3 ZUZUJ).
i=N+1"-0i 0;:j€0i jEDi i=N+1;j€0i

(3.26)
In Eq. (3.25), the term 2In(2) results from the total number of configurations
of the two newly added vertices (i = N + 1, N + 2). Combining Egs. (3.17)
and (3.25), we obtain the following expression for the entropy density of the
system

S(K,e) — 66+1n(2)+%1n( / e—ﬂAE2Pr0b(AE2)dAE2>

—% In ( / e—ﬁAElpmb(AEl)dAEl) . (3.27)

In the above equation, € is the energy density of the system at temperature
T. The free energy density of the system is then

FIK,T) = e(K,T) — TS(K, (K, T)) . (3.28)
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Figure 3.3 shows the equilibrium energy density, entropy density, and
free energy density of a Ising model on a random regular graph of K =
4. At the paramagnet—ferromagnet transition point 7' ~ 2.886.Jy, both the
energy density and the entropy density have a kink; however, the free energy
density and its first-order derivative with respective to temperature are both
continuous. This confirms the conclusion that the paramagnet—ferromagnet
transition is a continous phase transition.

-+ entropy density b
A N ener gy density

— freeenergy density

1 | 1 1 1 1 1
0 1

2
temperature (J_0)

Figure 3.3: Equilibrium entropy density, energy density, and free energy
density for the Ising model Eq. (3.1) on a random regular graph with vertex
degree K = 4. Enegy unit is Jp.

3.2 p-spin interaction Ising model on random
regular graphs

In this section we extend the cavity method of the preceding section to more
general Ising spin models. Consider a Hamiltonian of the following form

H(on) =) Ea, (3.29)

where F, is the energy associated with an elementary interaction a involving
D SPINS 11,12, ...,y

Ea = —(]00'2'10'2‘2 .. 'Uip = _JO H g; . (330)

i€0a
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In Eq. (3.30), the symbol Oa denotes the set of spins that are directly in-
volved in the elementary interaction a. The model as defined by Egs. (3.29)
and (3.30) can be represented by a factor graph [10] as shown in Fig. 3.4:
Each spin of the model system is mapped to a variable node (i, 7, k, .. .), and
each interaction is mapped to a function node (a,b,c,...). An edge (a,i)
connecting a function node a and a variable node i is created if and only if
the spin o; participates in the interaction a. The set of nearest neighbors of
a variable node 7 is denoted as 0:.

Figure 3.4: Cavity approach to the Ising model with random three-body
interactions (p = 3) and variable node connectivity K = 3. Circles represent
variable nodes and squares represent function nodes. The figure shows the
neighborhood of variable node 1.

In this section, we focus on completely random regular factor graphs in
which each variable node has K connections and each function node has p
connections. To study the statistical physical properties of the p-spin inter-
action Ising model on such a random regular factor graph, we can introduce
the concept of cavity factor graphs [7, 8]. A cavity factor graph GE%V; (N, m)
is a factor graph with NV variable nodes and (KN —m)/p function nodes: (1)
among its NV variable nodes, m of them have vertex degree K —1, while all the
others have vertex degree K; (2) each function node is connected to p vari-
able nodes; and (3) the graph is randomly connected under the constraints
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Figure 3.5: Magnetization of an three-body interaction Ising model on a
random regular factor graph with connectivity K = 4. (Inset) the value of
the order parameter pZ as a function of temperature.

(1) and (2). The m variable nodes of degree K — 1 in graph G(Igvp) (N, m) are
referred to as the m cavity vertices of this cavity factor graph.

To calculate the alighnment probability p; that a cavity vertex is in the
spin positive state, we can first generate a cavity factor graph G(Igvp) (N —
1L, (p—1)(K—1)) of (p—1)(K —1) cavity vertices, then we add variable node
1 and connect it to these old cavity vertices through K — 1 function nodes.
An iteration equation for p; can be obtained. For the case of p = 3, the final
fixed-point equation for p; is

K-1
(1= 2051 = pa))e™ + 25,1 = p)e")

K—1°
% ((1 = 2p& (1= p&))er + 2p& (1 = pc*v)e“%)
o==%1
(3.31)
The probability p* for a randomly chosen spin of the model to be positive is
then

K
(1= 2051 = pa))e + 25,1 = p)e)
pt = . (3.32)

K
UZﬂ((l — 2p8, (1 = pd,))ePo + 2p% (1 — p;rv)e—awo>
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Figure 3.6: Equilibrium entropy density, energy density, and free energy
density for the ferromagnetic phase (solid lines) and paramagnetic phase
(dashed lines) of the three-body interaction Ising model on a random regular
factor graph of K = 4. Energy and temperature both are in units of Jj.

For the case of p = 3 and K = 4, Fig. 3.5 shows the behavior of the order
parameter p. as well as that of the spontaneous magnetization (m) = 2p™—1.
Equation (3.31) has a fixed-point solution of pf, = 1/2. This solution is
locally stable in the whole temperature regime of 7" > 0; it corresponds
to the paramagnetic phase of zero spontaneous magnetization. When the
temperature 7" is less than 1.63.Jy, another stable solution of Eq. (3.31) with
pd > 0.9 appears. This later solution corresponds to the ferromagnetic
phase. At T' < 1.63Jy, whether the system is in the paramagnetic phase or
in the ferromagnetic phase is not known at the moment. We must compare
the free energy densities of these two phases to find the true phase transition
point. The paramagnet—ferromagnet phase transition of the present system
is discontinuous (first-order).

To calculate the energy density and entropy density from the cavity ap-
proach, we can first generate a cavity factor graph Gg?’g(N ,p(p — DK) of
with p(p — 1)K cavity vertices. A factor graph G ,(/N) can be generated
from this cavity factor graph by adding (p — 1)K new function nodes and
then connecting each of these new function nodes to p cavity vertices. On the
other hand, a factor graph G ,(IN +p) can also be generated from the cavity

factor graph Gg?fp)(N ,p(p — 1)K) by adding p new variable nodes as well as
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pK new function nodes. The final equilibrium expressions of the enenrgy,
entropy, and free energy density are a little bit lengthy, therefore, we do not
write down the explicit expressions here. For the case of K = 4 and p = 3,
the energy, entropy, and free energy densities are calculated numerically and
shown in Fig. 3.6. From this figure we know that, in the tempreature regime
of 1.2066Jy < T' < 1.63.Jy, the free energy density of the ferromagnetic phase
is higher than that of the paramagnetic phase. This means that the ferro-
magnetic phase is only a metastable phase in this temperature regime. An
equilibrium paramagnet—ferromagnet phase transition occurs at temperature
T ~ 1.2066.Jy. Below this temperature, the ferromagnetic phase is the true
equilibrium phase, while the paramagnetic phase is only a metastable phase.

3.3 Going beyond the Bethe-Peierls approx-
imation
To go beyond the Bethe-Peierls approximation, one should consider the cor-

relations among the cavity vertices, which are caused by loops. For recent
development along this line of research, see [11, 12].



Chapter 4

Structural Phase Transitions in
Macromolecule Systems

As an application of statistical mechanics, in this section we study structural
phase transitions in single macromolecules. Three examples will be given,
namely the denaturation transition of double-stranded DNA, melting of RNA
secondary structures, and the collapse transition of two-dimensional flexible
and semiflexible polymers.

4.1 Denaturation of double-stranded DN A

DNA is the genetic material of most life forms on the earth. It is a double-
stranded polymer made of four nucleotide bases A, T, G, and C (see Fig. 4.1).
The two strands are bound together by the formation of hydrogen-bonded
base-pairs A-T and G-C. The double-stranded structure is further stabilized
by base-pair stacking interactions, which are short-ranged potentials between
two adjacent base-pairs [13, 14]. Compared to a covalent bond, a hydrogen
bond is very weak. The energy needed to break a hydrogen bond is compara-
ble to thermal energy at room temperature of 7' ~ 300 K. Experimentally, it
has been known for many years that when a solution of DNA macromolecules
is heated to about 80 °C, the base-pairs in the DNA double-helix break up
cooperatively and the two DNA strands dissociate from each other to form
two separated random coils. This phenomenon is referred to as DNA denat-
uration [13]. (The two strands of a DNA can also be separated by external
stretch [15], but we will not discuss this issue here.)

35
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Figure 4.1: local structure of double-stranded DNA.

Here we introduce the Poland-Scheraga model of DNA thermal denatu-
ration [16, 17]. In this model, each base-pair exists either in a base-paired
state or in an un-paired open state. A segment of DNA that contains only
paired base-pairs is called a double-helical segment, and a segment that is
composed completely of opened base-pairs is referred to as a denatured coil
segment. DNA could be regarded as a linear chain of double-helical seg-
ments and denatured segments, with these two types of segments occur in
alternative order (see Fig. 4.2, left panel). When two DNA segments come
close together each other, there are excluded volume interactions. Excluded
volume interactions also exist between nucleotide bases in a single denatured
DNA segment. At first, let us discard any excluded volume effect and focus
only on the base-pairing and base-pair stacking interactions. Without loss of
generality, we assume the first and the last pair of bases of DNA are always
in the paired state. Our purpose is to calculate the free energy density of the
system in the limit of infinite long chain length.

Denote the partition function of a DNA double-helical segment of of ny
(n, > 1) base-pairs by Zy(ny), and that of a denatured coil segment of
ne (ne > 1) base-pairs as Z.(n.). The whole DNA polymer may in the
double-helix configuration, or there may be many double-helix segments and
denaturation bubbles (see Fig. 4.2, left panel). The total partition function
of a DNA of N base-pairs is obtained by summarizing the contributions from
all possible configurations [18]:
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Figure 4.2: DNA denaturation transition. Left panel shows DNA thermal
denaturation. Right panel corresponds to force-induced DNA unzipping.

(4.1)

The generating function of Eq. (4.1) is

G(z) = NX;IZ(N)ZN = 1= Gih(;))G ok (4.2)

In Eq. (4.2), Gn(z) and G.(z) are, respectively, the generation function of the
partition function of a double-helical segment and a denatured coil segment:

Gh(Z) = ii:l Zh(nh)z"h, (43)
Ge(z) = f::l Ze(ne)z" . (4.4)

For a helical segment of ny, base-pairs, the free energy is —nyep, — (n, — 1)
due to base-pairing (e,) and base-pair stacking (). Therefore

zePev
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The partition function Z.(n.) is calculated as follows. A single-stranded
DNA segment can be modeled as a freely-jointed chain of bond length b ~ 1.7
nm, with each bond corresponding to about three nucleotide bases. A DNA
denaturation bubble of n. base-pairs therefore corresponds to a freely-jointed
chain of 2(n.+1)/3 bonds, with the additional constraint that the two ends of
the chain should be separated no more than distance a apart, where a ~ 0.3
nm is the base-pairing interaction range. Then

nc+1 2(nc+1 /

Zo(ne) = Qe+ / dR H / dt;/47]6(R — b Z t)) (4.6)

IR|<a

~ (2/37T)(a/b)392(nc+1)/3/pQ(Slﬂ)Q(nC—H)/gdp
0 p
= (6/m)Y2(a/b)*Q*FV/3(2(n, 4 1)/3)7" (for me> 14.7)
enhsc

~ C()/n—z . (48)
In the above equations, {2 denotes the total number of microscopic config-
urations of a bond, and s, is the entropy of a single free nucleotide base;
the exponent v = 3 The scaling of the partition function of a denaturation
bubble with bubble size, Z.(n.) oc n73/2, is completely caused by entropic
constraint of chain closure. Combining Eq. (4.4) and Eq. (4.8), one observes
that the point z = z. = e~*¢ is the smallest positive singular point of G.(2).
At this point, G.(z) is finite but G.(z.) = dG./dz|,. is divergent.

Based on Eq. (4.5) and Eq. (4.8), Eq. (4.2) is re-written as

Zeﬁeb

G(z) = (4.9)

1 — Z@ﬁ(ebJrGa) — Zcoeﬁeb Zn -1 % )
The free energy density of the system ¢(7) is related to the partition function
by Z(N) = exp(—=NpBg(T)). Then according to Eq. (4.2), the free energy
density g(7T') is related to the smallest positive sigular point of G(z) through

g(T) = kgT1Inz , (4.10)

where 2 is the smallest positive singular point of function G(z).
((z) has two singular points: one is at z = exp(—seou) and the other is
at the point where 1/G(z) = 0. At low temperatures, the free energy of the
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whole system is determined by the second singular point; the system is in the
double-helical phase. As temperature is increased, the second singular point
approaches the first one, marking the transition from a native DNA into a
denatured DNA. The transition is second-order, because at the transition
point the free energy density is continuous and its first-order derivative with
respect to temperature is also continuous [16, 18].

4.1.1 Excluded-volume effect

The above-mentioned model predicts a second-order DNA denaturation tran-
sition. However, on the experimental side it is generally believed that DNA
denaturation is a first-order phase transition. Therefore, something very
significant is still missing in the Poland-Scheraga model.

How will the phase-diagram of DNA denaturation be changed if excluded-
volume effect is taken into account? From our preceding discussion, it is
obvious that the value of v in Eq. (4.8) could influence the order of the
denaturation transition. If v > 2 the transition will be first-order, according
to Lifson’s general argument [18].

Many analytical and computational efforts have been made to include
excluded-volume effect in the Poland-Scheraga model. In 1966, Fisher [19]
suggested a modified Poland-Scheraga model to include the excluded-volume
effect between the two strands of each denaturation bubble. He found that
~v ~ 1.75 by this modification, so the transition is still second-order. Later
on, many theoretical and Monte Carlo simultion investigations (reviewed in
[20]) suggested that, when excluded volume effect is fully considered, the
DNA denaturation transition should become first-order. For example, Kafri,
Mukamel and Peliti [21] in their theoretical work has taken into account
the excluded volume effect between a denaturation bubble and the remained
part of the whole polymer chain. They found that this excluded volume
effect makes the scaling exponent v in Eq. (4.8) to exceed 2.0.

4.2 Secondary structure formation in RNA

In biological bodies RNA usually exists as a single-stranded biopolymer.
Similar as DNA, it is also formed by four types of nucleotide bases, G, C, A,
and U (Uracil). Two types of canonical Watson-Crick base-pairs, A-U and
G-C, can be formed. The non-Watson-Crick base-pairing pattern G-U is also
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Figure 4.3: A schematic representation of a RNA secondary structure.

quite common in RNA structures. Here we investigate the stability of RNA
secondary structures. By the secondary structure we mean the following
picture: The position of each nucleotide base along RNA chain with respect
to the 5'-end of RNA is specified by an integer index i. Suppose in a RNA
secondary structure, nucleotide base at position ¢ and position j (with j > )
form a base-pair denoted as pair (i,7), and nucleotide base at position k
and position [ (I > k) forms another base-pair (k,[). Then it is required
that base-pairs (i, j) and (k,[) are either independent, with j < k, or nested,
with i < k <1 < j (see Fig. 4.3). In an actual RNA configuration, some
base-pairs may violate these conditions. These base-pairs are classified into
the higher-order tertiary structure of RNA. For RNA the main contribution
to the free energy is from its secondary structures. Energy contributions
from RNA tertiary structures could be regarded as perturbations to the free
energy of the system. This separation of energy scales makes the study of
RNA secondary structure of particular interest.

When a RNA folds back onto itself and nucleotide bases form base-pairs,
many double-helical segments appear. For a RNA made of random sequences,
because the correlation along the RNA chain is very weak, each such double-

[EN
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helical segment in general is very short (of several base-pairs). Such short
double-helica segments are very easy to be destroyed. Therefore, secondary
structures of a random-sequence RNA are transient, with typical life-time
of the order of microseconds. The polymer could easily fluctuate from one
secondary structure to another when the environmental temperature is not
too low. Entropy plays an important role here.

When one end of the RNA is fixed and the other end is pulled with an
external force, it may be energetically unfavorable for the polymer to fold
back and form double-helical segments. At some critical force, there is a
so-called globule—coil structural transition, where the polymer is stretched
considerably straight. As a first step to understand the elastic property of a
random-sequence RNA, one can average over the sequence randomness and
regard RNA as an effective chain with homogeneous sequence [22]. The RNA
chain is modeled as n 4+ 1 beads connected sequentially by n rigid rods of
fixed length b. Denote the end-to-end distance vector of such a rigid rod as
r, then the distribution of r is

= o(jr| —b) . 4.11
plr) = 0] = b) (111)
In the absence of external force, the partition function of a RNA segment
(1,n) is denoted as Zy(1,n;r), where r is the end-to-end distance vector of
the RNA segment. When only secondary structures are considered, one can

write down the following recursive equation for Zy(1, n;r:

Zo(1,n;r) = /drlerZO(l,n — 1;1r1)p(re)d(r — ry —ro)
3

+ O(a —|r|)(e’® —1) 1:[ /driu(rl)Zo(Q, n— 1;r0)p(rs)o(r — 1)

i=1

n—2 4
+ 3 [Tl (- e+ x4 raf) (e — 1)
m=2 i=1

X Zo(L,m — ;1) p(ra) Zo(m +1,n — 15 es)pu(re)d(r — > ;) ,(4.12)

i=1

where O(x) is the Heaviside step function; €, is the base-pairing energy.

In the homogeneous chain approximation, the partition function Zy (i, j; r)
depends only on the length j — i + 1 of the RNA chain, i.e., Zy(i,j;r) =
Zo(j —i+1;r). The boundary condition is Zy(1;r) = p(r). Under the action
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of an external force f, the partition function of a RNA chain with n bonds is
Z(n;f) = /erO(n;r)eﬁf'r . (4.13)

Based on Eq. (4.12), one can write down the following recursive equations
for Z(n;r):

Z(1;f) = p(f) (4.14)
Z(2;8) = Z(LH)a) , (4.15)

26:0) = 2000 + St [ apv(E PR /0 /) (1.16)

Znif) = Zin— 1;f)ﬂ(f)+6[z;bT;31 [ dpe(t. )i (~ip/ )20 — % —ip/)

n—3 ePev
3 Zmi) st [ Apv(Ep) i/ — m — 2 kAP
where b Gbt
a(f) = /dr,u(r)eﬁf'r = Smﬁbﬁf : (4.18)
and
v(f,p) = /dr@(a — |r|)effrripT (4.19)

The generation function of the partition function Z(n;f) is then

G(z; f)

i 2"Z(n;f) (4.20)

2eﬁ
(

From Eq. (4.21) one can write down the following equation for G(z;f):

zp(f)w(z; f)

_ *—1 o . .
= (1+GGED) (w0 + 25 [ dpv(E P (-15)G0: ~G A

G(z:f) = 7 TR (4.22)
where
e z el 1 o, .P . .b
w(z;f) =1+ N /dpv(f, p)ii (—13)(}(27 —13) : (4.23)



4.2. SECONDARY STRUCTURE FORMATION IN RNA 43

f —~ f

Figure 4.4: Stretching RNA by an external force. A given configuration of a
RNA chain can be divided into three parts: two stretched coil segments at
both ends, and a complicated globular domain in the middle.

According to the discussion in the previous subsection, we know that the
free energy density of the system corresponds to the smallest positive singular
point of the generation function G(z;f). At given temperature T', when the
external force is less than some threshold value f.(T), the polymer is in a
globular phase, with the configuration of RNA fluctuating frequently between
many transient secondary structures. The average extension of the polymer
is zero. When the force is larger than f.(T"), the polymer is in the stretched
coil phase, with few base-pairing interactions. A careful analysis based on
Eq. (4.22) and Eq. (4.23) has lead to the conclusion that the force-induced
globule—coil transition of RNA is a second-order phase transition process [22].
One can also calculate the elongation of the RNA polymer along the force
direction. Here we did not repeat such an analysis but tries to understand the
reason for the second-order phase transition from an alternative approach.

The RNA configuration could be divided into three parts: two stretched
coil segments at the ends and a (complicated) globular segment in the middle
(see Fig. 4.4). The partition function of a coil segment of n. bonds has a very
simple scaling form of Z.(n, f) ~ e "#%) where g.(f) is the free energy
density of a stretched coil segment under the action of an external force f.
The partition function Z,(n,) of a globular segment has the following scaling
form:

_3
Zy(ng) ~ ng 2e "% (4.24)
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where g, is the free energy density of the RNA chain in the globular state.
Most importantly, we notice the scaling exponent v = 3/2 in Eq. (4.24).
Since this scaling exponent is in the range of 1 < v < 2, we know from the
Lifson argument [18] that the globule—coil transition must be a second-order
phase transition. The scaling exponent v = 3/2 is caused by the formation
of loops in the RNA globular structure [23]. We now give an analytical
deduction of Eq. (4.24).

Assume each base of a RNA chain can take only two possible states: in
the coil state or form a base-pair with another monomer. In the absence of
external force, the partition function of a RNA chain with n bonds can be
expressed by the following recursive equation

n—3
Zy(n) = Zy+ " Zy(n — 2) + Y Zy(1)e"* Zy(n — 1 — 2) | (4.25)

=1

with Z,(0) = 1. The generation function of Zg(n) is

z) = f:j Zy(n)z" . (4.26)

Combining Eq. (4.25) and Eq. (4.26) leads to the following expression

1

(1—2—2qz* — \/(1 —2)2 —4q2?) (4.27)

where ¢ = 7. The scaling form of the partition function (n > 1) could
then be obtained:

1 /G
Zy(n) = %fzi—sj)dz
VL= (1+2y9)2][1 + (23 — 1)7]
B Arqi ]{ Znt3 dz
2 /L i+ rcl
- Arqi (n+3 S
= const X u —23/\2/_ : (4.28)

where k = 2\*? — - Therefore, the scaling form Eq. (4.24) is valid.
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4.3 Collapse transition of surface—confined poly-
mers

To be added in later versions of these notes.
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Chapter 5

A Brief Introduction to Spin
Glasses

In the 1960s it was observed that, at sufficiently low temperatures, some
diluted spin systems (Fig. 5.1, middle panel) will be in one of many frozen
disordered states.

The average magnetization of such a system is found to be zero, that is

1 X 1 X
S = — =0, 5.1
m N;m N;(M (5.1)
where

is the mean magnetization of vertex ¢. Since m = 0, the system as a whole
has no spontaneous magnetization. This is markedly different from what is
expected for an ordinary spin system (see the left panel of Fig. 5.1). How-
ever, at low temperatures, the system is not in a paramagnetic phase. The
magnetic susceptibility of the system shows a cusp as shown in Fig. 5.1 (right
panel). According to the linear response theorem as discussed in Sec. 1.9,
the magnetic susceptibility is related to the spin value fluctuations by
_ Om; _ (o) —(o))* _1-—m]

=" 5.3
Oh; 1n;=o kgT ksT (5:3)

Xi

If the system were in a paramagnetic phase, then y; should scales as y; ~
T—!. The cusp in the magnetic susceptibility indicating that something very
interesting was happening.

47



48 CHAPTER 5. A BRIEF INTRODUCTION TO SPIN GLASSES
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Figure 5.1: (Left) phase diagram of a ferromagnetic system. (Middle)
schematic viewing of a randomly diluted spin system. (Right) magnetic
susceptibility of a randomly diluted spin system.

The cusp in the magnetic susceptibility can be understood if one assumes
that

m; = 0 for T > T, , (5.4)
# 0 for T < T, ,

where T, is certain characteristic temperature (the spin glass transition tem-
perature). In other words, at low temperatures, the spins of the system may
be partially frozen to a disordered pattern with no net whole magnetization.

Theoretical investigations on spin glasses began with the article of Ed-
wards and Anderson in 1975. Early efforts on this branch of statistical physics
were reviewed in [24, 25, 26]. In this part of this chapter, we only briefly men-
tion some basic concepts and inherent difficulties of this field.

5.1 Disorder and frustration

Consider the following model Hamiltonian due to Edwards and Anderson

H==3 Jjoio;, (5.5)
(4,9

where the spin spin coupling J;; is not a constant but is a quenched random
variable with mean zero (for example, J;; = +.Jy with equal probability).
Given a sample, the couplings J;; are then fixed and can not change with
time.
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Quenched disorder leads to frustration in a looped system. Frustration
means that, it is impossible to satisfy all the “constraints” simultaneously.
Figure 5.2 gives a very simple example.

I
+1 +1

S O |
+1

+1 +1

Figure 5.2: Quenched disorder leads to frustration.

5.2 FErgodicity breaking and pure states

n A(&)e—ﬂHJ(&) n
(A=) > —"———=> walA)a, (5.6)
a=1gGca Z a=1
where
—BH;(5)
— C?zéjae J _ Za (5.7)
Wo = 7 = :

In the case of ergodicity breaking, the definition of the partition function
by Eq. (1.16) with the summation over all the microscopic configuration s of
the system has no physical meaning.
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Figure 5.3: Ergodicity breaking and proliferation of pure states.

5.3 Self-averaging

At given set of quenched coupling constants J;;, the free energy is

Fy=—kpTlogy e P15 (5.8)
{5}
and the entropy is
Sy =—kp)_ ps(3)logp;(5) . (5.9)

The self-averaging property means that, for a typical realization of the
couplings J;;,

F, o= F=[F,, (5.10)
S, = S=[S],. (5.11)

where
[AJ]JE/DJPrOb(J)AJ. (5.12)

To calculate the average over the logarithm in Eq. (5.8), one may use the
replica trick:

In 2], = lim M , (5.13)

n

F: s As(o)e _ﬁH"(U)]

= hm doy .. /dan{ 1) exp(—pHjy(o1) — ... — fHy(on))



Chapter 6

The p-Spin Spherical Model
and the Replica Method

The infinite-connectivity p-spin spherical model (reviewed in [27]) is defined
as follows:

Hy=~— Z Ji1~~~ip0i10i2 - Oy (61)

11 <...<ip

where the ‘spin’ state variable o; is real-valued in the range —oco < 0; < 4-00.
There is the following constraint that

Zaf =N. (6.2)

In Eq. (6.1), the coupling constants J;, . ,;, are quenched random variables.
They are independently and identically distributed according to

Sy
P i1 - ) ) 3
rob(.J;,..q,) o exp( T2 N (6.3)

We are interested in obtaining the mean free energy of the system F' as
defined in Eq. (5.10) as a function of temperature 7.

6.1 The annealed approximation

F=[nZz], . (6.4)

The annealed approximation consists in replacing [In Z,], with In[Z;] ;.

o1
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7 = [ZJ]J
- / D.JProb(J) S exp(8Y Jiy i 0 .. 0) (6.5)
B WWN?ﬂ
— / daexp(4Np1 (iz_;ai)
lo|=vN -
2 72
= exp(N%SN(Nl/Q), (6.6)
where N2 N1}/
Se(Nv2) = 2 (6.7)

[(N/2)

is the surface area of a N-dimensional sphere of radius N/2.
The free energy as estimated by the annealed approximation is then

Fomess = —kgTlnZ (6.8)
= N[—J—g — TS0 (6.9)
kgT ’
where
Soo = kgw = kg ln27e . (6.10)

At high temperatures, disorder is irrelevant. The annealed free energy
density is actually identical to the free energy density of this model system.
At low temperatures, however, quenched disorder becomes relevant. In the
later case, the annealed free energy density gives only a lower bound to the
true free energy density.

6.2 The replica method

Now use the replica trick to calculate the free energy density of the system.

7 — lim 24"

n—0 n

(6.11)

To perform the limit of n — 0, we first obtain the expression for Z" for each
integer n; then we assume that this expression can be analytically extended
to non-integer n values!
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Since )
B Hy()
zn —/d /d = (6.12)
its average over the quenched disorder is
Zn p!(ﬂJo)Q N e« a
Z" = Z H eXp|: 4Np_1 (Z Uilaiz T O-ip>2:|
{51,52.--6n} 11<i2<--<ip a=1
$ gg?
J)2 o & 0505
I e 3) 9 =M
{&1,52-5"} a=1p=1
DD ISy
= 6 Qaa — A7 2,04091) X
{51,52..5n} a=1 Ni:l !
T [ dQusb(Qus - —za
a<fB
ﬂJ 1 "
exp[ 0 5 Z et D Qiﬁ)} : (6.13)
a=1 a<fB

We can use the Fourier expansion of Dirac’s delta function
x) = / dAe™ (6.14)

and re-write Eq. (6.14) into another form

7" = /H/d)\a@H/d)\aaH/an@H/da [ oy x

exp [N 40 iAapQas —ZZ)\aga o, ]
ap ap
- [ [oL] / d)\aaaﬂﬁ / anﬁexp(—NS@,A)), (6.15)

where

(Q )\ Z Q Z Z)\aﬁQaﬁ —|— 111 Det(l/\a/g) (616)

aB
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The free energy density is then

_ C fim i
Of im_ lim —
1
— Slr+ lim hm—ln[/D)\ag/DQ 5e~NS@N | (6.17)
The maximal point at fixed () values is determined by

95(Q, \)

— 2idas = [Q s - 1
a)\a@ 0 — Z)\a@ [Q ]ag (6 8)

Inserting Eq. (6.18) into Eq. (6.17) we finally obtain that

(o) ZQ + L 1n DetQ
f=—-T5sx — kgT lim : (6.19)

n—0 n

where the elements of the matrix () satisfies

PBRY ot (@), = 0. (6.20)

6.3 The replica symmetric solution

As a first attempt to solve Eq. (6.20), let us assume the following form for
the overlap matrix Q:

I 9@ @ -
qo I @ - q

Q=@ @ 1 - q (6.21)
9 G - q 1

Then it is easy to verify that the inverse matrix of ) is

-1 1 o 4q0
(@ as = 12 QOég (1 —=q)(1+(n—1)q) (6.22)

In the limit of n — 0, Eq. (6.20) reduces to

%(ﬁJo)qugl “O—qr _qoqo)2 =0. (6.23)
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The free energy density Eq. (6.19) for this replica-symmetric solution is

2 2 _ _
f= —Tsoo—kBT@MBT((ﬂ'f) qg—ln“Q qo)—q°(12 qo)). (6.24)

For the special case of p = 2 (two-body interaction), Eq. (6.23) predicts
a continuous spin glass phase transition with

o = 0 T>TY (6.25)
- 1— i T<T? 7
TS e
where the spin glass transition temperature 7. s(gQ) = Jo/ks.
For the general case of p > 2, the spin glass phase transition is discon-

tinuous. As an example, let us consider the case of p = 4. In this case,
Eq. (6.23) predicts that

o = 0 T>TY, (6.26)
4
= 12+ /1 -T/TY /2 T<TY
where Ts(g) = 2732 ] /ks.
Below the spin glass transition temperature, the replica-symmetric so-
lution of the p-spin spherical model is found to be unstable [28, 29]. The
physical picture behind this replica-symmetric solution is wrong. To see

this, in the next section we will discuss more about the physical meaning of
the overlap matrix Q).

6.4 Relation between replica symmetry break-
ing and ergodicity breaking

I DNCEE S M IERCANG (6.27)
= %z}z%:wawﬁ<0'j>a<0'j>ﬁ (628)
- ZwawﬁQa,ﬁ’ (629)
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= / dq) _ wawsd(d — das)q (6.30)
af
- /dqmq . (6.31)

In the above listed equations, the overline indicates averaging over all the
realizations of the quenched disorder. The parameter w,, means the statistical
weight of pure state « [see Eq. (5.7)];

o5 = 3 S (0s)alor)s (632

=1

is the overlap between two pure states in a given realization of the quenched
disorder; and

P(g) = Y _wawpd(q — Gas) (6.33)
af
is the overlap distribution of g,4 averaged over all the realizations of quenched
disorder.
Similarly, for higher order moments, we find that

A 1 N N
g™ — > .. Z (03,04, )2 (6.34)

Z Z Wawp(Tiy - 03 )al0i - - 04 ) 3 (6.35)

wawﬁ 011 <Uik>a<0i1>ﬁ cee <0ik>ﬂ (636)

wawﬁé(q — Gap)dls = / dqP(q)q" . (6.37)

In going from Eq. (6.35) to Eq. (6.36) we have used the so-called clustering
property of a pure state, i.e.,

(Ciy - 0i)a = (Ti))a - (Ti,)a (6.38)

for a set of randomly chosen vertices {iy,..., it} [25, 27].
Equations (6.31) and (6.37) means that, the overlap distribution P(q)
can be obtained if we know the value of ¢*) for each k = 1,2,...,00. On the
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hand, the moments ¢®) can be calculated through the replica method. For
example,

1N
¢V = Nz /da ole~ ﬂHJ(Ul)/da oleFHs(0?) (6.39)

= lim N /d ./d&'na o exp(— Z H;(@*))  (6.40)

n—~0

= /'DQ ge_NS(Q )‘(Q)) Q2 = lim —— Z Qap - 6 41

-0 —
n— nn 1a>ﬁ

In Eq. (6.41), Qap is the fixed point solution of Eq. (6.20). The higher order
moments can also be expressed in terms of the order parameters (). The
explicit expression is

q(k) = Q12 = lim ———~ Z Q (6.42)

—0 —_
n— nn 1a>ﬁ

Based on Eq. (6.42) and Eq. (6.37), we finally obtain the following ex-
pression that

Plg) = lim ——2— " 6(q— Qup) - (6.43)

The average probability that two pure states of the system have
overlap ¢ is equal to the fracture of non-diagonal elements of the
overlap matrix () equal to q.

The replica-symmetric solution of the previous section has

P(q) =0(q = qo) , (6.44)

Since the overlap ditribution W also includes the overlap of a pure state
with itself. If this distribution is of the form Eq. (6.44), then the underlying
picture must be that, the system contains only one single pure state, i.e.,
ergodicity is not broken. At low temperatures this picuture is in-correct.
When ergodicity is broken, W must have several peaks, and therefore, the
off-diagonal elements of the overlap matrix ) must not all be equal.
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6.5 First-order replica symmetry breaking so-
lution

As the simplest replica-symmetry-breaking solution, we assume that the off-
diagonal elements of matrix ) can take on two different values ¢y and ¢;.
And we assume the following form for matrxi Q:

I ¢ - @
a 1 - ¢
“ . « o « o P qO
¢ oq 1
1 ¢ - @
a 1 - q
Q: P PR PR P
@ o oq 1
1 ¢ - @
o a1 - @
i @ - @ 1]

(6.45)
In each row of matrxi (), there are m — 1 elements with value ¢; and n—m el-
ements with value gg. The physical picture behind Eq. (6.45) is schematically
shown in Fig. 6.1.

high temperature low temperature

Figure 6.1: First-order replica-symmetry-breaking.
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The overlap distribution is then

ST n(n —m)o(q —qo) +n(m —1)0(q — q1)

P(g) = lim Y p—
= mo(qg—qo)+(1—m)é(qg—aq1) . (6.46)

In the limit of n — 0, the parameter m should be interpreted as a probability,
with 0 <m < 1.
For this solution, we have

Det(Q) = (1_(]1)”_%[1_QI+m(QI_QO)]ﬁ_l[an—}‘m(m—qO)+1—q1] . (6.47)

The free energy density is

f = TS, — Jo —J—g(m—l)p—l— ngp
- " UknT  dkpT DT e 0
1 1 krT
—ékBT(l — E) In(l —q;) — ;;m In[1 —¢1 +m(q1 — qo)]
1
~kgT E (6.48)

2 Il—qg+mlp —q)

The order parameters qq, ¢;, and m can be calculated by requiring the first-
order derivative of the free energy density f with respective to these param-
eters be zero. Then we find that gg = 0. The other two order parameters are
determined by the following coupled equaions

I—q 1 q1

1oy, 1 B
1,y o 1 -

For p = 4, the solution of Egs. (6.49) and Eq. (6.50) are shown in Fig. 6.2.

For the p-spin spherical model, it turns out that the first-order replica-
symmetry-breaking solution is stable. Therefore, higher order replica-symmetry-
breaking scheme is not needed. This is a special property of the sperical
model. In general, full replica-symmetry-breaking is needed to describe the
low-temperature behavior of a given spin glass system.
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Figure 6.2: The order parameter ¢, and m for the p = 4-spin spherical model.



Chapter 7

The cavity Approach to
Finite-Connectivity Spin
Glasses

to be added soon.
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Chapter 8

Spin (Glass Physics and
Optimization Problems

Examples of non-deterministic polynomial complete (NP-complete) problems
BJE

3-satisfiability. A Boolean formula involving N variables and M clauses of
length 3:

(x1 Nz Nag) U (TT N NT3) U (21 N T3 N T3)
vertex covering. Covering a graph with at most m markers.
graph coloring. Coloring a graph with at most p colors.
Discussions on the application of statistical physics of spin glasses to hard

combinatorial optimization problems (see, e.g., [31, 7, 8, 32, 33, 34, 9, 35, 36])
will be added in a later version of these lecture notes.
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