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Preface

These notes are for my students and for me. For my students, be-
cause studying Physics may be an hard task and a reference text
where all the arguments are collected and discussed along the same
lines as they were presented in the class may help, and for me basi-
cally for the same reasons, since preparing Physics lessons may be
an hard task as well.

The ambition of these notes is not to replace books, to which I
invite anyone to make reference as often as possible, nor to be rig-
orous neither exhaustive, but to provide a basic, friendly (as far as
possible :-) ), self-contained and familiar text to help against any dif-
ficulty. They are thought as a work in progress, to be improved and
extended day by day on the basis of everyday’s teaching experience.
In preparing them I started from the excellent notes ”Elementary
course in Statistical Mechanics” by my former Ph.D. supervisor and
dear friend Antonio Coniglio to which I am profoundly indebted.
The idea is to gradually adapt this original text to my personal way
of teaching and to the ever changing needs of University courses. In
doing that, everyone’s help will be greatly appreciated, particularly
from the students.

Federico Corberi



Chapter 1

Overview of
Thermodynamics

1.1 Preliminaries

Thermodynamics is the study of macroscopic systems independent
of their microscopic constituents. Statistical Mechanics is the study
of macroscopic systems starting from the knowledge of their micro-
scopic constituents - e.g., atoms and molecules - and the way in which
they obey laws of physics such as those of classical mechanics and
quantum mechanics. The scope of Statistical Mechanics is therefore
to build bridge between the microscopic and the macroscopic world.

As quantum mechanics reproduces classical mechanics in the limit
in which the Planck constant approaches zero and special relativity
contains classical mechanics in the limit in which the velocity com-
pared to the speed of light is negligible, similarly Statistical Mechan-
ics encompasses Thermodynamics in the case of the thermodynamic
limit, where the number of particles N and the volume V of the
system both tend to infinity while the ratio p = N/V remains finite.

In Thermodynamics, the state of a system is defined by fixing
some (hopefully few) macroscopic variables (which will be denoted
as control variables or parameters) in such a way that two states
characterized by the same variables are macroscopically indistin-
guishable. A relation among the state variables is called an equation
of state. Since the number of microscopic variables needed to de-
scribe a system is at least of the order of its constituents, which,
roughly speaking, is of the order of the Avogadro number, a natural
question is: why fixing a relatively small number of macroscopic con-
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trol variables should be sufficient to make all the microscopic state
macroscopically equivalent? Nowadays an answer to this question
can only be given for equilibrium states. A thermodynamic system
is in equilibrium if the thermodynamic variables do not change over
time (i.e. there is time-translation invariance, the system is station-
ary) and, in addition, there are no fluxes (of matter, energy or other)
across the sample. Examples of stationary systems which are not in
equilibrium states are: systems in contact with two thermal baths at
different temperatures, a metallic ring where an electrical current is
induced, a river which is regularly flowing etc... In all this systems a
flux is present. Equilibrium states should not be confused with long-
lived stationary metastable states, like supercooled liquid or gases
or superheated liquids. This states have a finite lifetime and hence,
strictly speaking, cannot be thought of as stationary (however, in
some cases, this can be considered as temporary realizations of equi-
librium states). According to the principles of Statistical Mechanics,
to systems in equilibrium a very restricted number of macroscopic
control variables can be associated (e.g., for a mole of a perfect gas,
the pressure and the temperature, or alternatively the volume and
the temperature etc...). This property, however, does not hold for a
non-equilibrium state whose description, in general, cannot be given
in terms of a small number of macroscopic variables (at least, this

. | 1 i1 \

2\
<>

1+2

Figure 1.1: Left: The two separated systems 1 and 2. Right: The combined
system 1+2. The magenta area is the interaction region.

Thermodynamic variables can be either intensive or extensive.
The former do not depend on the dimension of the system. Typical
examples are temperature and pressure. The temperature of the
boiling water does not depend on the amount of water we put in
the pot. Analogously the vapor pressure is not influenced by the
amount of vapor. Extensive variables, instead, are linear functions
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(are proportional) of the dimension of the system, as expressed by
the volume V' or the number of particles N. As an paradigm let us
focus on the internal energy U. Let us consider two identical isolated
systems of volume V', denoted as 1 and 2, with energy U; and Us, as
in Fig. 1.1. Imagine now to bring the two parts in close contact so
as to form a new system that will be denoted as 1+ 2. Which is its
internal energy Uy, 57 Clearly one has

Uito = Ui + Uz + Ui, (1.1)

where Uy, is the interaction energy between the components (par-
ticles, molecules, atoms etc...) of system 1 and those of 2. If inter-
actions are short ranged, so that they become negligible for inter-
particle distances larger than some threshold A, then U, will be
roughly proportional to the number N4p of couples AB of interact-
ing particles such that A belongs to 1 and B to 2. There are n; ~ S-\
particles in a slab of system 1 of width A around the contact surface
S between 1 and 2. Each of them interact with all the particles in a
volume V; = By\? around it, where d is the Euclidean dimension and
By is geometric constant (in an isotropic case it is the volume of a
unitary radius sphere in d dimension, e.g. (4/3)7 in d = 3). Clearly,
not all the particles contained in V; contribute to N4p since they do
not necessarily belong to system 2, however it is clear (can you prove
it?) that the number of those belonging to 2 is also proportional to
M. Hence Uiy o< Nag < nq - A4 = S - \¥T! Reasoning in the same
way one also has that U; = U, o< V - A9, In the thermodynamic
limit V' — oo faster than S and hence Uj,; can be neglected in Eq.
(1.1) (is it true also in an infinite-dimensional space with d = c0?).
This shows that U is an extensive quantity. Notice that the same
argument does not apply in system with long-range interactions. In
the limiting case when every particle interact with all the others
(usually denoted as mean-field limit) one has U; = Uy o< V2 while
Uiy o< (2V)% Hence Uy o # U + Us and the additivity property is
spoiled. For this reason, if nothing will be explicitly stated, in the
following we will always refer to short-range systems.

An isolated system that is not in equilibrium and is not main-
tained out of equilibrium by some external agent (like, for instance,
by injecting energy into the system as in all the previous examples
of non-equilibrium stationary states) transforms or evolves over time
until equilibrium is reached. Hence equilibrium is generally a limit
state, an attractor. In nature, the typical relaxation process towards
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equilibrium is irreversible, since the system does not spontaneously
evolve in the reverse direction. A transformation can be made (quasi)
reversible if some external control parameter (e.g. 7" or V') is varied
in a very smooth way. For instance, we can gently cool a gas by
putting it in contact with a large thermostat whose temperature is
decreased sufficiently slow. In this case the transformation is called
reversible if (a) the non-equilibrium trajectory of the system can be
approximated as a succession of equilibrium states and (b) it is such
that the system passes through the same states when the variation
of external parameters change sign (is reversed in time). Notice that
(a) and (b) are deeply related, since only for equilibrium states the
value of few external parameters fully determine the state of the sys-
tem. In an irreversible transformation (i.e. any transformation that
is not reversible) non-equilibrium states are assumed whose control
cannot be obtained by means of few thermodynamic variables.

1.2 Laws of Thermodynamics

1.2.1 Zeroth Law of Thermodynamics

Two systems are in thermal contact if they do not exchange matter
but exchange energy without doing work on each other. If they are
in thermal contact and in equilibrium they are said to be in thermal
equilibrium. The zeroth law of Thermodynamics states that if two
systems are in thermal equilibrium with a third system, then they are
also in thermal equilibrium with each other. When two systems are
in thermal equilibrium, we say they have the same temperature. To
define precisely the temperature of a system A we use a particular
system, called a thermometer, that has a property such that one
of its macroscopic parameters (e.g., volume) is sensitive when it is
brought into thermal contact with another system with which it is
not in thermal equilibrium. Once we put the thermometer in contact
with system A, the macroscopic parameter will assume a particular
value. This value is defined operatively as the temperature of system
A. We will see in Sec. 1.4 a different (assiomatic) definition of the
temperature.
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1.2.2 First Law of Thermodynamics

The first law of Thermodynamics deals with the conservation of en-
ergy. In classical mechanics, the work AW done on a system of n
objects of coordinates 7; ... 7, is given by

AW =" F; - AF (1.2)

where F, is the force acting on object i and Ar; the displacement
caused by the force. This expression is written in terms of (many)
microscopic variables. If Pj’l = PSn, where P is the external pres-
sure exherted on a gas, S the surface of the system exposed to
that pressure and n the unit vector perpendicular to S, one has
AW = —P-AV. This provides an expression for the work in terms of
(few) thermodynamic (i.e. macroscopic) variables. In general, other
thermodynamic forces can do work on the system. For example, a
chemical potential ;1 can cause a certain amount AN of particles to
leave (or enter) the system. In this case one has AW = u - AN.
In general, the work can be written as the product of an intensive
variable f (e.g. P or p) times the variation of an extensive one X.
f and X are said to be conjugate. If there are several forces f; the
thermodynamic work can be expressed as

AW =) fiAX;. (1.3)

In a thermodynamic transformation in which there is no work done
on the system, the amount of energy AQ) exchanged by the system
with a reservoir due to a difference in temperature AT, is called
heat. The thermal capacity is defined by

0Q _ . AQ

CE(S_T:A:IFIEOAT'

(1.4)

The specific heat is the thermal capacity of a sample of unitary mass.
In a generic thermodynamic transformation, the first law of Ther-
modynamics states that

AU = AQ — AW (1.5)

where AU is the energy increment of the system, which depends only
on the initial state and the final state.



CHAPTER 1. 7

Figure 1.2: A thermodynamic transformation from a state A to another B.

For an infinitesimal transformation Eq. (1.5) becomes
dU = 6Q — oW, (1.6)
where 6¢) and W are infinitesimal amounts of heat and work or,
using Eq. (1.3)
dU =06Q = > fiAX;. (1.7)

The content of the first law is that dU is an exact differential, while
dQ) and dW are not. By integrating (1.6) from an initial state A to
a final state B, we have

Up—Us=Q—-W (1.8)

where () is the total heat absorbed by the system, W the work
done on the system, and U a function of the state of the system, so
Up — Uy, is independent of the path between states A and B. Thus
while () and W depend on the particular transformation, @ — W
depends only on the initial and final state. Thus for two distinct
transformations 1 and 2, which transform the system from state A
to state B (Fig. 1.2),

Q1 — W1 = Qo — Wy, (1.9)

where (); and (), are the heat absorbed by the system during trans-
formations 1 and 2, and W; and W, are the work done by the system
on the external world during the the transformations 1 and 2.

1.2.3 Second law of Thermodynamics

The second law of Thermodynamics imposes some limitations on the
possible transformations in which the energy is conserved. There are
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many equivalent formulations of the second law of Thermodynamics.
The equivalent formulations of Clausius and Kelvin are based on

comion experience.

Clausius Formulation

Figure 1.3: Rudolf Julius Emanuel Clausius (Koéslin, 02/01/1822 - Bonn,
24/08/1888)

It is impossible to realize a thermodynamic transformation in
which heat is transferred spontaneously from a low-temperature sys-
tem to a high-temperature one (Fig. 2) without work being done on
the system.

Kelvin Formulation

Figure 1.4: Lord William Thomson, I barone Kelvin (Belfast, 26/06/1824 -
Largs, 17/12/1907)

It is impossible to realize a thermodynamic transformation whose
unique result is to absorb heat from only one reservoir and transform
it entirely into work. Namely, it is impossible to realize an engine
that is able to transform heat into work using only one reservoir at
temperature T (Fig. 3). If this were possible, we could extract heat
from the ocean and transform it entirely in useful work.
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Consequences

From these statements it is possible to derive important conse-
quences concerning the efficiency of an engine. Kelvin’s statement
implies that to produce work an engine needs to operate at least
between two reservoir (Fig. 4). If @y is the heat absorbed from
the reservoir at temperature T and ()5 the heat absorbed from the
reservoir at temperature 75, in one cycle from the first law AU = 0.
Therefore

Q11— Q=W (1.10)
The efficiency of any engine can be defined as
Q1 — Q2
= —. 1.11
1 0, (1.11)

It is possible to show that the efficiency of a reversible engine 7),.,
is always greater than the efficiency 7n of any other engine working
between the same temperatures

Trev > 7). (1.12)

As a corollary of (1.12), it follows that two reversible engines which
work between two reservoirs respectively at the same temperatures
Ty and T5 have the same efficiency. It follows that 7)., is a universal
function of T} and T, (Fig. 4b). To find this universal function, we
calculate the efficiency of one particular engine, called the Carnot
Engine, which is an ideal reversible engine made of a cylinder filled
with an ideal gas. The engine performs a cyclic transformation made
of two isothermal and two adiabatic transformations (Fig. 1.5). Each
point in the P — V plane represents an equilibrium state. ab is the
isotherm at temperature 77 during which the system absorbs an
amount of heat Q1. cd is the isotherm at temperature Ty (75 < T7)
in which the system rejects an amount of heat ()5. bc and ad are
adiabatic. Due to the simplicity of the cycle, the efficiency 7., can
be calculated and is found to be given by

T T,
T,

Nrev = (113)
Therefore all reversible engines working between temperatures 73
and Ty have an efficiency given by (1.13). Using inequality (1.12)
and definition (1.11), it follows that any engine working between two
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temperatures 77 and 75 satisfies the inequality

— T —T
Q1 — Qo < 2’ (1.14)
Q@1 T
namely
Q2
— - =<0 1.15
o2 (1.15)
the equality being valid for a reversible engine.
P .
\
By \ 'y \
£ d \\"‘ -»:
i % s 11
P - b 12
VaW¥a LA o = W

Figure 1.5: Left: Nicolas Léonard Sadi Carnot (Parigi, 01/06/1796 - Parigi,
24/08/1832). Right: The Carnot cycle.

The relation (1.15) can be extended to an engine that works with
many reservoirs. Let AQ); be the quantity of heat that the system
exchanges with reservoir i at temperature T;. Provided AQ; > 0, if
the heat is absorbed and AQ; < 0 if the heat is rejected, relation
(1.15) becomes

AQ;
<0. 1.16
> < (1.16)
In the ideal limit in which the number of reservoirs becomes infinite
and the heat exchanged with a reservoir is infinitesimal, relation

(1.16) becomes
f% <o. (1.17)

Namely, in any cyclic transformation in which the engine exchanges
an infinitesimal amount of heat d() with a reservoir at temperature
T, relation (1.17) holds. The equality holds for reversible cyclic
transformations.
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1.3 Entropy

In a reversible transformation the integral through any cycle is zero,
so the integral must be an exact differential. Therefore we can define

0Q
s =— 1.18
T ’ ( )
where §() is the heat exchanged in a reversible transformation with
a reservoir at temperature 7' . The function S whose differential
is given by (1.18) is called the entropy, and it depends only on the

thermodynamic state. From (1.18) we have

B 5Q
SA_SB:/ T (1.19)

A

(rev)

where the integral is defined along any reversible transformation.
The function S is defined up to a constant. By chosing an arbitrary
fixed state O to which we attribute zero entropy Sp = 0, the entropy
of a state A can be defined as

A 5@
5:/0 T (1.20)

(rev)

In this definition we assume that any state A can be reached by a
reversible transformation which starts in O. However this is not in
general the case. The problem can be circumvented by using the
third law of Thermodynamics, which states that any state at 7'=0
has the same entropy. Therefore for any state A, we can chose a
suitable state O at T = 0 to which can be attributed zero entropy
such that A can be reached by a reversible transformation which
starts at O. Let us now illustrate some properties of the entropy.
Let us consider an irreversible transformation which transforms the
system from a state A to a state B. We can always imagine another
reversible transformation that brings the system from B to A. Let
us apply relation (1.17) to the entire cycle

FE= [ % [ T m

(irr) (rev)
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It follows from (1.19) that

B (5@
v < —
/A T <o

(irr)

(1.22)

If the irreversible transformation from A to B is adiabatic, namely,
without exchange of heat with external reservoirs, then 6Q = 0.
Hence

Sp— 54> 0. (1.23)

If a system evolves naturally for one state to another without ex-
changing heat with the external world, the entropy of the system
increases until it reaches a maximum value, which corresponds to
a state of equilibrium (Fig. 7). Equation (1.22) and its corollary
(1.23) are a direct consequence of the second law of Thermodynam-
ics as stated by Clausius and Kelvin. An adiabatic system evolves
naturally towards states with higher entropy, and this is another
equivalent way to express the second principle:

Entropy (Assiomatic) Formulation

There exists an extensive function S of the thermodynamic con-
trol variables, called Entropy, such that, given two generic thermo-
dynamic states A and B, B is adiabatically accessible from A ony
if

Sp > Sa, (1.24)

where the equality holds for a reversible transformation.

Consequences

Equation (1.23) has a dramatic consequence: it implies there ex-
ists a time arrow, since time must flow in the direction in which
entropy increases. In an isolated system the entropy must always
increase, so natural phenomena are irreversible. According to the
second law of Thermodynamics, if a system evolves naturally from
state A to state B, it cannot spontaneously evolve from B to A. Our
everyday experience fully confirms this result. Two systems that
come into contact initially at different temperatures will evolve to-
wards a state at an intermediate temperature after which heat no
longer flows from one to the other. The inverse process in which
the two systems begin at a uniform temperature and then move to
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a state in which they have different temperatures is never realized.
Any event such as the explosion of a bomb or an out-of-control fire
dramatically confirms the validity of the second law of Thermody-
namics. At first sight, the second law of Thermodynamics seems to
contradict the microscopic laws of dynamics. These laws, both clas-
sical and quantum- mechanical, are invariant under time reversal,
implying that if a phenomenon occurs in nature, the phenomenon
obtained by reversing the time in principle can also occur. How can
the microscopic laws of dynamics be reconciled with the macroscopic
laws of Thermodynamics? Later we will consider this question within
the framework of Statistical Mechanics, when a probabilistic inter-
pretation of the concept of entropy will clarify many of the questions
associated with the second law of Thermodynamics.

1.4 Temperature

Let us stipulate to describe the state of a system by its energy U
and by a set {X;} of other extensive thermodynamic variables. then
we have S = S(U,{X;}) and

ds = % -dU + of; -dX; (1.25)
{Xs} i UAX 2}
Using the first law (1.7) we arrive at
oS oS oS
ds = == -5Q+Z[ — f] -dX; (1.26)
ou {X:} i 0X; UA{ X2} ou {Xi}

Let us now consider an adiabatic and reversible transformation, i.e.

Q) = dS = 0. Eq. (1.26) becomes

o5 08
OXilpx,y  OU

{Xi}

Since this is a relation among state variables it must not depend on
the particular transformation we have used to derive it. Making the
position
oS
ou

= —, (1.28)
{Xi} T
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where T is presently a generic symbol (in a while it will be recognized
to be the temperature), so that

a8 ;
%> _ _% (1.29)
HUAX 2}
Plugging these definitions into Eq. (1.25) we arrive at
dE =TdS + ) f;-dX; (1.30)

which one recognizes as the first principle, provided that T is the
temperature. Hence Eq. (1.28) is the (assiomatic) definition of the
temperature.

1.5 Thermal Equilibrium

Let us consider two systems denoted 1 and 2 which are put in contact
(like on the right panel of Fig. 1.1). Assume that the contact surface
between 1 and 2 allows heat flows between the two system. The
system 14-2 is initially in equilibrium, hence no net heat flows are
present and the entropy Sio = S; + Sy (we assume additivity) is at
its maximum. At some time, by some apparatus, we slightly perturb
the system by forcing an infinitesimal amount of heat to flow from
1 to 2, while all the other thermodynamic variables X; are kept
constant. The whole sample 142 is adiabatically isolated from the
universe, hence the energy Uy, o = U; + U, is conserved 6U; 5 = 0.
This implies

oUy = —6Us. (1.31)

Since the system was at equilibrium 57,5 was at its maximum and
this implies 0510 = 0 (i.e. entropy variations occur at second or-
der but these are negligible since the perturbation is infinitesimal).
Hence we can write

0 =054 =05, + 069, = (1.32)
05, 05, 1
or | (X0l + G2 (XU = (T1 Tz) 5Uy

This implies
T, =1, (1.33)
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We have derived in this way the condition of thermal equilibrium in
an assiomatic way. Notice the procedure by which we have derived
this result: We have perturbed the system around the equilibrium
condition thus deducing in this way informations on the equilibrium
state itself by the response of the system to the perturbation. This is
a first example (we wil find many others in the following) of response
theory.

1.6 Heat flows

Let us consider the same situation of the previous Sec. 1.5 but now
the two sub-systems 1 and 2 are not initially in equilibrium because
Ty # T,. The system is then left to relax towards equilibrium. In
this case the total entropy S;,o must increase during the process.
Then we have

0 < 65140 = 68, + 65, = (1.34)
a5, 95, 11
Dol exnr v+ 222 ix ot = (= — =) sU
a0, | Vb0l + G X} -0l (T1 T2) !

Then, if T5 > T7 it must be U; > 0. This shows that some heat has
flown from 2 to 1. If 75 < T} the heat flows in the opposite direction.
Hence we arrived to establish that heat flow from the hotter systems
to the colder.

1.7 Thermal Capacity

The definition (thermcap) does not relate the thermal capacity to
state functions. In order to do that let us write
6Q
_0Q _ 7 _ 95
dT dT or’
This expression is somewhat vague because, since S is a function
of more than one variable (for instance it may depend on U, {X,}),
it does not specify how the derivative on the r.h.s. is taken. In
particular we can introduce

0S
C; =T (—) , (1.36)
') (1

C (1.35)
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the thermal capacity at constant generalized force, or

oS
Cy=T <—) , (1.37)
I ) 1xy

the thermal capacity at constant generalized displacement. Typical
examples are C'p and C'y, the thermal capacities at constant pressure
or volume, respectively.

1.8 Thermodynamic Potentials

Let us now consider, for simplicity, the case in which there is only
one generalized displacement which is the volume of the system X; =
V. The conjugate intensive variable is the pressure P. From FEgs.
(1.17,1.18), recalling that 6W = PdV, the first law of Thermody-
namics for an infinitesimal reversible transformation of a fixed num-
ber of particles can be written

dU =TdS — PdV. (1.38)

Since from (1.38) U = U(S,V) is a function of S and V' and dU is a
perfect differential, it follows that

<g_g) _T (g_g) __p (1.39)
\%4 S

Because the derivative of the energy with respect to S gives 7', .S and
T are called conjugate variables. Similarly, V' and — P are conjugate
variables. Sometimes it is convenient to consider a thermodynamic
potential function of T instead of its conjugate S. Indeed from a
practical point of view it is impossible to use S as a control pa-
rameter, while 7" can be easily controlled by putting the system in
contact with a large thermostat (a thermal bath, or reservoir). Ac-
cordingly, we introduce the Helmholtz potential A, obtained from U
by subtracting the product of the conjugate variables T'S

F=U-TS (1.40)
By differentiating dF' = dU — T'dS — SdT and from (1.38), we find
dF = —PdV — SdT (1.41)
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We note that the free energy is a function of V and 7', F = F(V,T),

and that OF 5F
— =-S5 — | =-P 1.42
(7). (&), 2
Similarly, we can define the enthalpy
H(S,P)=U+ PV (1.43)
By differentiating (1.43) and taking (1.38) into account we find
dH =TdS + VdP, (1.44)
from which . .
— | =T — ) =V 1.45
(55). (57), A

Finally, in the practical case of a system contained in a floppy con-
tainer and in contact with a reservoir it may be useful to consider
a quantity whose natural variables are P and T'. This is the Gibbs
free energy

G(T,P)=F + PV. (1.46)
By differentiating (1.46) and taking (1.41) into account we find
dG = VdP — SdT, (1.47)
with 50 90
) =V - = — 1.4
(50, (o7), 7 A

Relations (1.39), (1.42), (1.45) and (1.48) can be reproduced using
the Born diagram:

V F T
U G (1.49)
S H P

The functions U , I/, G and H are located on the square edges
between their natural variables. The derivative with respect to one
variable with the other fixed can be found following the diagonal. If
the direction is opposite to the arrow, one uses a minus sign, e.g.,

(g—i)v ~ 8. (1.50)

Be careful, however, that it is possible to exchange only conjugate
variables, but not any other. For instance we cannot have a descrip-
tion in terms of P,V or S,T.
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1.9 Legendre Transformations

Figure 1.6: Adrien-Marie Legendre (Parigi, 18/09/1752 - Parigi, 10/01/1833)

The operation that we have done to substitute one variable with
its conjugate is called the Legendre transform. In general, if f(x) is
a function of x with the differential

df

df = ud ith = — 1.51
If = udx wi u= o, (1.51)

the Legendre transform of f is
g=f—zu, (1.52)
where x and u are conjugate variables. By differentiating (1.52)
dg = df — xdu — udr = —zxdu, (1.53)

which shows that g is a function solely of u. To obtain explicitly
g(u), one must infer x = x(u) from the second part of (1.51), and
substitute in (1.52). the Legendre transformation can be generalized
to functions of more than one variable. If f(zq,xs,...,2,) is such a
function one has

_9f

If Z w;dx wi u ol (1.54)
=1 {1']751}
The Legendre transform with respect to x,y1,...,x, is

g=f- Z Ui T; (1.55)

i=r+1
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By differentiating one has

dg = df — Z [uidz; + x;du;| = Z[uldxl — Z xidu;.  (1.56)
i=r+1 i=1 i=r+1
Thus g = g(x1,22, ..., Zp, Ups1,...,Uuy,). Clearly, one can go back

from g to f, since the two functions contain the same informations.
Geometrically, the Legendre transformation descrive f through the
envelope of its tangents (up to an arbitrary constant).

1.10 Grand Potential

Thus far, we have considered the number of particles N to be fixed.
If in a transformation the number of particles also changes, then
the mechanical work in the first law of Thermodynamics contains an
extra term, —udN, where p is the chemical potential that represents
the work done to add one more particle to the system. The first law
of Thermodynamics (1.38) is then written

dU = TdS — PdV + pudN. (1.57)

If there are more species of particle, a term p;dN; needs to be added
for each species. If, in addition, there are forms of work other than
mechanical work PdV | then additional terms will appear in (1.57).
From (1.57) it follows that U = U(S,V,N) is a function of the
variables S, V, N and that

oU oU oU
(%)W =h (W)&N =" <a—zv)s,v e

(1.58)

Since U is an extensive function of the extensive variables S, V, N |
it follows that

UMS, AV, AN) = \U(S,V,N), (1.59)

where A is a scale factor. Since A is arbitrary, we can differentiate
with respect to A. Setting A = 1, we obtain

oU oU oU
= | — — — N. 1.
v (65>V,NS+(aV>S,NV+<aN)S,V (1.60)

Taking (1.58) into account,
U =TS — PV + uN, (1.61)
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from which we obtain an expression for the Gibbs potential (1.46)
G=U-TS+ PV =uN. (1.62)
It is also useful to consider the grand potential
& =F — uN, (1.63)

which is a Legendre transform of the Helmholtz potential. From
(1.63) and (1.39), we have

®=—PV. (1.64)

1.11 Variational principles and Thermodynamic
Potentials

The second law expresses the fact that the entropy of an isolated sys-
tem is a maximum at equilibrium. For an isolated systems, therefore,
the quantity —S (the minus sign in the definition of S has historical
reasons) plays the role of a potential energy in a mechanical system,
thus justifying the name of thermodynamic potential. We show now
that also the other thermodynamic potential may interpreted anal-
ogously. Consider the two subsystems of Sec. 1.5, but now let us
assume that subsystem 2 is much larger than subsystem 1. System
2 can therefore be considered as a reservoir Fig. 7) at a fixed tem-
perature T (we drop the index 5). From (??) and using the fact

that Py .
2 —
() -1 1
we have 59 55 .
tot 1
= — —=0. 1.
(32) =G50 (166

This equation corresponds to minimize the free energy of subsystem
1
F=U, —TS(Uy). (1.67)

The maximum of the total entropy corresponds then to the minimum
of the free energy of subsystem 1 and, restricting the attention to
this system, F' plays the role of a thermodynamic potential. Similar
arguments can be developed for systems kept in a floppy envelope,
i.e. at constant T, P, N, showing that, in this case, the potential GG
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is minimized, and for all the other potentials introduced before. We
arrive therefore at the following variational principles

d(=5)|pvn =0

dF|\rvny >0

dGlrpy > 0 (1.68)
dH|spn >0

dQ|T7V,p, Z 07

where the equalities hold for a reversible transformation.

1.12 Maxwell Relations

Figure 1.7: James Clerk Maxwell (Edimburgo, 13/06/1831 - Cambridge,
05/11/1879)

Suppose we want to express the quantity

oS

= (1.69)

TN

Notice that we are considering here S as a function of T, V, N, which
however are not its natural variables but, instead, those of F. In
order to obtain a Maxwell relation one has to start from the natural
potential F' and to derive it twice, with respect to V', as in the
original quantity (1.73), and in addition with respect to the variable
(T') which is conjugate to the one (S) we are deriving in (1.73).
Indeed, in doing that, one recover expression (1.73) (possibly with a
minus sign)

0 OF

ov oT

oS

- (1.70)

V,N T,N
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Proceeding in the reverse order one has

9 oF _or
T OV T

(1.71)

T,N V,N

Enforcing the equality of the mixed derivatives, one arrives to the
Maxwell relation

95\ _or (1.72)
oV TN oT VN
As a second example let us consider
951 (1.73)
oP TN

(P,T,N) are the natural variables of G, that we must then derive
twice with respect to P and T. Proceeding as before we have

0 0G 0S
il - _ = 1.74
oP oT PN oP 7, N’ ( )
and 9 G ov
———— = — ) 1.75
oT oP TN or PN ( )
We then arrive to a second Maxwell relation
oS ov
— = - — ) 1.76
oP TN oT PN ( )
Other Maxwell relations are, for instance,
orT oP
— = — — ) 1.77
oV SN oS VN ( )
and oV oT
— = - — ) 1.78
a8 PN op S,N ( )



Chapter 2

Random walk: An
introduction to Statistical
Mechanics

2.1 Preliminaries

Most of the systems we observe in nature - e.g. gases, liquids, solids,
electromagnetic radiations (photons) - are made of a very large num-
ber of particles. The study of such systems is difficult. Even when
the interactions among particles are rather simple, the huge number
of particles involved generates a complexity that can produce quite
unexpected behaviors. Examples include the sudden transition of a
liquid into a solid, the formation of patterns such as those found in
snow flakes, or the fascinating and extremely complex organization
which occurs in biological systems.

Macroscopic systems began to be studied from a phenomenologi-
cal point of view in the last century. The laws that were discovered
belong to the realm of Thermodynamics, as we mentioned in the pre-
vious chapter. However, in the second half of the last century, due to
the development of atomic theory, macroscopic systems began to be
studied from a microscopic point of view. It was such an approach
that gave rise to the field of Statistical Mechanics. Therefore, al-
though both Thermodynamics and Statistical Mechanics study the
same macroscopic systems, their approaches differ.

Thermodynamics studies macroscopic systems from a macroscopic
point of view, considering macroscopic parameters that characterize
the system such as pressure, volume, and temperature without ques-

23



CHAPTER 2. RANDOM WALK: AN INTRODUCTION TO STATISTICAL MECHANICS24

tioning whether or not the system is made of particles (e.g., atoms or
molecules). On the other hand, Statistical Mechanics studies macro-
scopic systems from a microscopic point of view, i.e., it examines how
systems made up of particles - atoms or molecules - exhibit behav-
iors governed by the laws of classical or quantum mechanics; its goal
is to predict the macroscopic behavior of the system in terms of the
system’s microscopic molecular dynamics. Unlike Thermodynamics,
Statistical Mechanics also studies fluctuations from equilibrium val-
ues. These fluctuations vanish in the thermodynamic limit where the
number of particles N and the volume V both tend to infinity while
the ratio p = N/V remains finite. In such limit Statistical Mechanics
reproduces the laws of Thermodynamics. So Statistical Mechanics
not only contains Thermodynamics as a particular limit, but also
provides a microscopic basis and therefore a deeper understanding
of the laws of Thermodynamics.

How then do we study a macroscopic system made of about an
Avogadro (10%*) number of particles? In principle, by assuming
some reasonable interactions among the particles, we could study
the equation of motion of a single particle and follow its evolution.
But such a task for a huge number of particles is impossible. Sup-
pose one attempted, in a single toss of a coin, to use the laws of
classical mechanics to predict the evolution of the coin movement
and thereby the final outcome. Even if one could take into account
all the interactions with the hand and with the air, one would need
to know exactly the initial conditions. These events are extremely
sensitive to initial conditions. Any infinitesimal change in the initial
conditions will be amplified dramatically, giving rise to a completely
different trajectory (a property called chaos).

One must resort to new concepts based on a probabilistic ap-
proach. A detailed knowledge of the system gained by attempting
to predict the exact evolution of all single particles is renounced. In-
stead of predicting the exact evolution of all individual particles, the
probabilistic approach is concerned only with the probability that
a given event occurs. Therefore the aim is to predict a distribution
probability for all microscopic events. Such a prediction is made as-
siomatically. From the probabilistic distributions one can evaluate
average quantities and the fluctuations around such averages.

In the case of a coin, which has no apparent asymmetry, it is
natural to assume that the probability that one of the two events
(e.g., heads) will occur is 1/2. This prediction obviously cannot be
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verified experimentally in a single event (i.e., one toss). How does
the theory compare with experiments? The experiments must be the
result of an average of many realizations. One needs to toss many
coins or a single coin many times. The frequency of heads is given
by

wy = — (2.1)

where N is the number of coins with an outcome of heads and N the
total number of coins. This frequence is an experimental quantity
that can be measured. In the limit N — oo, the result will approach
1/2 if the theory is correct.

2.2 A non-equilibrium example: Unbounded Ran-
dom Walk

In this section we will develop the basic ideas of Statistical Mechan-
ics. (In a later chapter we will present a more detailed and precise
formulation.) To do this, we consider in detail the example of dif-
fusing particles in a viscous medium. To fix the idea, consider a
single molecule diffusing in air. The exact approach would be to
solve the dynamical equations for the molecules of the entire system
of {molecules + air}. The statistical mechanical approach is proba-
bilistic, namely it aims to calculate the probability for each possible
trajectory of the particle.

The essential ideas emerge if we first simplify the problem: we
discretize space and time and consider the motion in one dimension
(Fig. 7). Assume the particle begins at the origin and, at each
interval of time 7, takes a step of length ag (lattice constant) to the
right with probability p or to the left with probability ¢ =1 —p. In
practice, each step corresponds to a collision with air particles, and
after each collision the molecule has lost completely any memory it
might have of its past history (in this case the process is called a
Markov process, and is said to be Markovian). The effect of the air
is taken into account in a probabilistic way. If there is symmetry
between left and right, we choose p = ¢ = 1/2. Otherwise, if there is
a drift which makes the right or the left more favorable, p # 1/2. We
consider the general case with p being a parameter. The problem is
called a random walk, or the drunkard’s walk. We will also use the
imagine of randomly moving ants.
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Eventually we want to be able to determine the probability that a
given ant that begins at time ¢ = 0 at the origin will be at a distance
x = magp at time t = N7 (i.e. after N steps), where m is an integer.
Consider first the following example

pgrrrf% = pppq
p(rrér) = ppqp

2.2
p(rérr) = pqpp (2:2)
p(lrrr) = qppp,

where, e.g., p(rrrf) is the probability that the ant will take three
steps to the right (r) and one to the left (¢). Each of the four
sequences has the same probability of occurring, p3q, so the proba-
bility P4(3) that the ant will make a walk of four steps in which three
steps are to the right and one is to the left is the sum of the four
probabilities (since the events are mutually exclusive) P;(3) = 4p3q.
Sequences like those in Eqs. (2.2), i.e. rrrl etc..., are the most
complete description of the system in that the microscopic displace-
ments of the walker at each step is provided. Quantities like rrr/¢
can be then denoted as micro-variables. Next to this description one
can introduce a less detailed one by considering the variables n; and
ng, namely the steps the particle moves to the right or to the left,
respectively. These are coarse, or macro-variables since their value
alone is not sufficient to describe all the microscopic evolution of the
system. For example all the microscopic sequences (2.2) have the
same values n; = 3,no = 1 of the coarse variables nq, ns.

In general, the probability that a walker moves n; steps to the
right and ny = N — ny steps to the left is given by the binomial
distribution

Py(n1) = Cn(m)p™q", (2.3)

where
N = ny + N9, (24)

and the binomial coefficient

C(ny) = < N ) L (2.5)

n ni!l (N —nq)!

is the degeneracy, i.e., the number of independent walks in which n;
steps are right (see Appendix A). The displacement m is related to
ny and ny by

m=n; — no. (2.6)
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First we calculate the mean displacement

(m) = (n1) = (na). (2.7)

To calculate (n;) , we must add up all the mutually indepen-
dent ways of taking n; steps to the right, each with the appropriate
weight, i.e.,

(ny) = Z ni1Pn(ny) = Z ni1Cn(ny)p™tq™. (2.8)

n1=0 n1=0

To evaluate (2.8), we introduce the generating function (or, borrow-
ing a terminology from equilibrium Statistical Maechanics, partition
function)

N
Z(x,y) = Z Cn(ny)x™y"™. (2.9)
n1=0
From (2.9) we get
07 a -~
y=a y=q

which coincides with (n;) . Using the binomial expansion (see Ap-
pendix A), the sum in (2.9) is simply

Z(x,y) = (x +y)", (2.11)
07 v
3 [ = Nz(z +y) }x:p = Np (2.12)
Yy=4q Yy=4q
Therefore
(n1) = Np. (2.13)
We calculate (ny) in exactly the same way,
0z
<n2>:y6_y g=p — V4 (2.14)
Yy=4q

Substituting (2.13) and (2.14) into (2.7), we find the mean value for
m after N steps,

(m) =N(p—q). (2.15)
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In addition to the mean (m) , it is important to calculate the
fluctuation about the mean,

((Am)?) = ((m — (m))* = (m?) — (m)”. (2.16)
From (2.6), ny = (m + N)/2 and
((Am)?) = 4((nf) — (n1)?). (2.17)
To calculate (n?), we again use the generating function approach
(n}) = [m% (x%—f)] r=p (2.18)
y =

Straightforward calculation gives
(nf) = Np+ N(N —1)p* = (Np)* + Npg = (n1)* + Npg  (2.19)

Finally, from (2.16)
((Am)?) = 4Npq. (2.20)

The width of the range over which m is distributed, i.e., the root
mean square displacement, is given by the square root of the fluctu-

ation
w = [(Am?)]Y? = \/4pgN. (2.21)

What is the meaning of the mean value (m) and its root mean
square w? If we consider many walkers, each performing random
walks, then the average displacement of all the walkers coincides
with the mean. But if we ask what should be a typical displacement
m* of one walker chosen at random, then m* satisfies the following
relation

(m) —w <m* < (m) + w. (2.22)
Equation (2.22) places different bound on m* depending if p = ¢ or
p # q. If p=gq, then (m) = 0 from (2.15), and —w < m* < w.
However if p # ¢, (m) ~ N while w ~ v/N, so for large N it is
(m) ~m* < (m). Hence

« J VN p=gq
m { N piq’ (2.23)

If we interpret the random walker as a particle diffusing on a
lattice with lattice constant ag , then the displacement after N col-
lisions separated by a time interval 7 is (m)ag , where t = N7 is the
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time. Hence the typical displacement after a time ¢ is, from (2.23),

" VDt p=gq
maow{ Vi ptq (2.24)

where D = a2/7 is the diffusion constant and V' = (p — q)ao/7 is
the drift velocity. Eq. (2.24) was one of the main results of one of
the famous 1905 papers by A. Einstein. This equation shows that
the typical displacement of particles increases indefinitely with time.
The system therefore does never become stationary and equilibrium
is never reached. The (unbounded) random walk is indeed a proto-
typical example of non-equilibrium statistical-mechanical problem.
Since the evolution of the particle is fully described by its position
at each time instant, while n; only informs on the position after N
steps, Eq. (2.3) provides the probability of occurrence of what we
have called (in a somewhat broad sense) a coarse, or macro-variable,
namely a quantity to which many more fundamental and detailed
micro-variables contribute (see for instance the four possible ways
of obtaining n; = 3 with N = 4 expressed by Egs. (2.2), and is
therefore not the most complete possible information on the system.
Notice that this probability depends on time (i.e. on N), since the
system is not stationary. The determination of Py(n;) has been
possible because, due to the simplicity of the considered model, the
probability of the detailed, or micro-variables - i.e. those in Egs.
(2.2) - are explicitly known. Its computation is only doable for very
few (simple) statistical model while it remains, in general, unknown.
The situation is different for equilibrium system, where, as we will
see, a general receipt exists.

2.2.1 Gaussian Approximation

We next show that the distribution (2.3) in the limit of very large
N can be well approximated by a Gaussian distribution. To this
end, we consider Py(n;) for large N as a continuous function of the
continuous variable n;, and then we expand In Py(n;) around its
maximum value n; = ny

2
In Py(n1) = In PN(m)% Fhnbylm) | _ay2e . (2.95)

2
onj —
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where we omit the first derivative term since

Jln PN(nl)
8711

=0. (2.26)

ni=ni

[gnoring higher order terms, we immediately find the Gaussian dis-
tribution

Py(ny) = Py(my)e~(1/2Am=m)? (2.27)
with 52 1n Py(my)
nryn
1 ni=ni

We must now compute 77 , A and show that higher order terms in
(2.25) can be neglected.
From expressions (2.3) and (2.5) it follows that

In Py(ny) =In N!—In(N —ny)! —In(ng)! + nylnp+ (N —ny) Ing.
(2.29)
Stirling’s approximation for large n (Appendix C) states that

Inn! ~nlnn —n. (2.30)

Rewriting (2.29) in this approximation, and requiring that its first
derivative be zero, we find that the value m; is given by

ni = Np, (2.31)

which shows that 7, is the exact average value (ny) of (2.8). The
second derivative is given by

82 In PN(nl)
o |, (Npg)™, (2.32)
and, in general, the k' derivative by
OFIn P, 1
Pholyfm)) 1 (2.33)

Hence, for large N, higher order terms in (2.25) can be neglected
for large N (because of the higher negative power of N in the terms
(2.33) with respect to the one in (2.32)). More precisely, by com-
paring the quadratic term in Eq. (2.25) with the following one, one
concludes that the Gaussian approximation (2.27) is valid, provided
that

|n1 — M| < Npg. (2.34)
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On the other hand, if

(ny —m1)?

> 1, 2.35
Npa (2.35)

Py (nq1) and its Gaussian approximation are much smaller than Py (7).
Therefore when (2.34) starts to be unsatisfied, namely |ny — 7| ~
Npq, Eq. (2.35) is satisfied, provided that

Npg > 1. (2.36)

Therefore condition (2.36) assures that the Gaussian approximation
is valid in the entire region where Py(n) is not negligible. Close
top =1 or p =0 when (2.36) is no more satisfied, and a different
approximation is more appropriate, leading to the Poisson distribu-
tion. Clearly, if the interest is focused in the region in which Py(n4)
is very small, meaning that a prediction on very rare fluctuations is
required, the Gaussian approximation (or the Poisson one if p = 1 or
p = 0) breaks down and a more sophisticated theory, the so-called
large deviation theory must be introduced.

Finally, the value of Py(71) can be obtained by using the con-
straint that the sum over all probabilities is unity

i Py(ny) = 1. (2.37)

n1=0

Utsing (2.27) and (2.32) and using the variable 2 = *L2* one arrives
a

N N-m)VN
> Py(n)=Py@)VN Y erw-Az=1  (2.38)
n1=0 z=—m1/vVN

where Az = 1/4/N and in the sum the (non integer) variable x runs
from —71/v/N to (N —71)/v/N in steps of amplitude Az. In the
limit of large N, for p # ¢ (i.e. W # 0), x runs over the whole
interval from x = —oco to x = oo, Ax — 0 and the sum can be
replaced by an integral, hence

> Py(n) ~ P(m)\/ﬁ/_oo ey = 1. (2.39)

n1=0
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(For p = ¢q (m; = 0) one can proceed analogously but the integral
runs only on positive values of x.) Evaluating the Gaussian integral,
from (2.39) we have

1
V27 Npq

Finally from (2.27), (2.32), and (2.40) the distribution Py(n;) is
given by

Pn (7)) = (2.40)

B 1 (n1 — ﬁ1)2
Pn(ny) = \/Tquexp {—qu} : (2.41)

which is a Gaussian distribution centered around m; = p/N of width
w = {((n; —m1)?)Y/?2 = \/Npq. Expressing (2.41) in terms of the
displacement m = 2n; — N , we obtain the probability Py (m) =
(1/2)Py((m + N)/2) that after N steps the net displacement is m

— 1 1 1 —_\9
Py(m) = 5\/Tquexp [_8]\7—]0(1<m —m) } : (2.42)

which is also a Gaussian, with a different mean
m=N(p—q), (2.43)
and twice the width,
{((Am)?) = 4Npq. (2.44)

Note that these results agree with (2.15) and (2.20).

The generalization of the random walk to higher dimensions can
be carried out using the same approach. The Gaussian distribution
will appear often in Statistical Mechanics. A given distribution f(x)
can have a Gaussian form based on the following general require-
ments: (i) f(x) has a maximum for z = xy ; (ii) In f(z) can be
Taylor expanded around xg

In f(z) =In f(x) + % 8lan—xf2(x) (x —20)* + ... (2.45)

T=x0

and higher order terms can be neglected. Under such requirements
one finds

@) = flaenp |~ 3N = aul| (2.46)
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with A given by

A= <$1nf(x)) ) (2.47)
An example is
fz) = [g(x)]", (2.48)
with
g(x) = we /. (2.49)

Hence g(x) has a maximum around xy and can be expanded around
xo. This example also shows that by expanding not In f(x) but
rather f(z) itself around x( , one would not allow the truncation of
the expansion in the limit of N large.

2.3 An equilibrium example: Random Walkers
in a Box

Consider an adiabatic box with /N non-interacting particles which
we ideally divide into two equal parts. Each particle performs a
three-dimensional random walk analogous to the one considered in
Sec. 2.2, except that now the walkers are restricted inside the box
(we can imagine that they are reflected back on the boundaries).
If we prepare the system with all the particles on one part of the
box by compressing them by means of a moving wall, and then we
remove the wall a non-equilibrium process will take place where the
gas of particles freely expand in order to occupy all the available
space, until equilibrium is reached. Imagine to take W consecutive
pictures in a time interval 7 . Each picture represents a microscopic
configuration at a certain time. The microscopic (detailed) variables
necessary to describe the system are the positions ¢; (i = 1,..., N)
of all the particles and their momenta p; at each instant of time. A
macroscopic (coarse) variable associated with the system is the aver-
age number of particles (n;) in the left half of the box. This quantity
depends on time except when equilibrium is reached. If we want to
make a prediction of such a value, the approach of classical mechan-
ics would be to solve the equation of motion, given the interaction
potential among the particles and their initial conditions, positions
and velocities. Once the coordinates of the particles are calculated
as functions of time, one would have to value the number of particles
in the left part of the box. As we have seen in the previous sections
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Statistical Mechanics takes a probabilistic approach to this problem.
The techniques of Sec. 2.2 needs to be upgraded however, because
the reflections on the walls must be taken into account. This results
in a more complicated problem. However, if we are only interested
in the equilibrium state, the problem can be further simplified, as
we discuss below.

Assuming the crude random walk model of the previous Section,
we do not need to specify the velocity of the particles since any of
them moves a quantity ap in a time interval 7, so that there is a
unique velocity. A microstate is the state of the system at some
time as detailedly described by all the necessary microvariables. In
the present case, therefore, microstates can be labelled by the mi-
crovariables {¢;}. Since particles are independent, the probability
of the microstate Py({¢;}) factorizes into the product of the single
particle probability Py ({g:}) = III¥, P;(¢;). Since particles are iden-
tical all the P; must have the same functional form, and they do not
depend on time due to the stationarity of equilibrium. Moreover,
because space is homogeneous in this model, the P;’s cannot depend
on space either, so that P;(¢g;) oc V=1, where V' is the volume of the
system. One arrives then to the conclusion that all the microstates
have the same probability. This is general property of isolated sys-
tems, denoted as equi-probability a priori, as we will see in the next
sections.

Next, we want to compute the probability P(n;), namely the
probability that the macrovariable n; assumes a certain value (no-
tice that we improperly use the same symbol P also for this, differ-
ent, probability). One can also use the terminology of macrostate,
or macroscopic configuration, to denote the set of microstates which
share the same value of n;. As in the random walk problem of Sec.
2.2, the first step is to assume a form for the probability p that a
given particle will be on the left side of the box (hence ¢ =1 —p
is the probability of being on the right side). In equilibrium p must
not depend on time and the left-right symmetry leads to p = 1/2.
Assuming the particles are distinguishable, a given configuration is
characterized by indicating which particle is on the left and which is
on the right. For example, 1 particle has 2 possible configurations,
while 2 particles have 4 possible configurations (see Fig. XX). Since
the particles are weakly interacting, we can assume that the proba-
bility for a configuration of two particles is the product of the prob-
ability of the configurations of a single particle. Each microscopic
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configuration has therefore the same probability of being realized:
1/4. The probability that one particle will be on the left and the
other on the right is
1 1
1,1)=2-—- ==, 2.50

Since 2 is the number of configurations that realizes that event, it
represents its degeneracy.

In general the probability of finding n, particles on the left and
ny = N — ny on the right is given (see Appendix A) by

Pr(m) = ( i\i >p”1q”2 (2.51)

( T]LVI > = ﬁlm), (2.52)

is the degeneracy, i.e., the number of microscopic configurations that
realize the event that n; particles are on the left and no = N —nq on
the right. Eq. (2.51) is formally identical to the probability (2.3) of
the non-equilibrium case. However N is now the number of particles,
instead of time, and the distribution is time-independent, as it must
be for a stationary state.

The probabilities p and ¢ have been chosen insofar to be p = ¢ =
1/2, but if the box is divided into two unequal volumes V; and V5 ,

then
2 Rz
Vit TTvitw

The important concept to be stressed here is degeneracy. For exam-
ple, in the case of p = ¢ = 1/2, although each microscopic configura-
tion has the same weight, what makes a macroscopic configuration
more or less probable is the number of configurations required to
realize the macrostate. As we will see, this something related to
the entropy, and the evolution of the system toward the macroscopic
equilibrium state with maximum degeneracy corresponds in this case
to the entropy increase in a non-reversible transformation (Sec. 1.3).
As we have shown in the previous section, for large values of N , the
probability distribution becomes

1 1
2n Npq b 2Npq

where

P (2.53)

Py(n1) = (ny —m)? (2.54)
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with m; = Np = N/2.
The fluctuation of particles is v N , which means that the typical
number of particles n; , on the left of the box, is given by

N N
§—W§n1§5+¢ﬁ. (2.55)

Let us introduce the intensive quantity
m
N Y
where z is the fraction of particles on the left of the box. From (2.55)
1 VN 1 VN
— << -+ —. 2.57
27N =TSN (2:57)
For N — oo, the only possible value is x = 1/2.
To study the fluctuations of x about the average value x = 1/2
when N is finite, we define Py (z)dz as the probability of finding a
fraction between x and = + dz. To calculate Py(z), we first relate

Pw(z) to Py(ny) of (2.54),
Pn(n1)dn, = Py (z)dz, (2.58)

x (2.56)

where, from (2.56),
dn; = Ndzx. (2.59)

From (2.53), (2.54), and (2.58) we find for the equivolume case,

p=q=1/2,
Py(z) = _ﬁ/zea:p [—QN (x - —) ] . (2.60)

Distribution (2.60) in the intensive variable x has a width propor-
tional to N~/2 and an amplitude proportional to N'/? and, in the
limit N — oo, tends to a delta function peaked around its mean
value x = 1/2. This means that although every microscopic con-
figuration is allowed and has the same probability, the macroscopic
configuration corresponding to x = 1/2 is almost surely realized
by those microscopic configurations that are dominant in the limit
N — o0. Thus it occurs with probability 1 and all other macroscopic
states corresponding to x # 1/2 have zero probability of occurring.

The examples of this Chapter teach us that it is possible to predict
macroscopic properties of a system without following the motions of
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all the single particles. The approach is based on a probabilistic de-
scription and on some reasonable assumptions about a priori prob-
ability. In equilibrium cases, the average quantities calculated must
be compared with time average measurements on the system. In the
large N limit, the distribution Py (x) tends to a Gaussian around
the mean value, which also corresponds to the most probable one.
The state characterized by this most probable value is extremely
degenerate, i.e., the limit N — oo coincides with the totality of mi-
croscopic configurations. All the other macroscopic states have zero
probability of occurring.

In the next chapter, we will formalize these examples in a coherent
conceptual framework, as we will address the fundamental postulates
of statistical mechanics.



Chapter 3

The Postulates of Statistical
Mechanics

3.1 Motion in I'-Space

As already stated above, Statistical Mechanics studies macroscopic
systems by examining their microscopic elements, elements that, ac-
cording to specific cases, obey the laws of classical or quantum me-
chanics. Using the laws of quantum mechanics, one must find the
solution — given the wave function 1 at ¢ = 0 — to the time-dependent
Schrédinger equation

oy

ih—- =My, (3.1)

where H is the Hamiltonian of the system and ¢ is the wave function,
the spatial coordinates of the particles.
In classical mechanics, a microscopic state of a 3-dimensional sys-

tem is characterized by the coordinates q = {q1,...,¢n} and its
conjugate momenta p = {py,...,psn}. The evolution of the system
is found solving the Hamiltonian equations
. i=1,...,3N. 3.2
For fixed initial conditions
¢i(to) = i ,
’ i=1,...,3N, 3.3
{ pi(to) = pio (33)

there is only one solution

qlt) = {q(t)...¢sn(t)}
{ p(t) = {pi(t) ... pan ()} (3.4)

38
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which gives deterministically the 6N coordinates in both the future
and the past.

Whatever the description is (classical or quantum) there is a num-
ber N of order N (the number of microscopic constituents) of vari-
ables, or quantum numbers, which depend on time. The evolution
of such variables can be described as the motion of a representative
point (see Fig. ...) in the F-dimensional space (F = 6N for a clas-
sical system described by Egs. (3.2)) of the microstates, denoted as
I" space (also phase-space for classical systems). More precisely, the
representative point moves on the subspace (or iper-surface) which is
compatible with the values of the control parameters. For instance,
for an isolated systems only the microstates with an assigned energy
are accessible. Since I' is F dimensional, by fixing a small num-
ber of control parameters the allowed I' space remains of very high
dimensionality.

Practically, the motion of the representative point in I' cannot be
determined for the following reasons

e Since N is of the order of the Avogadro number (~ 10?*) the
number of coupled equations in (3.2) is by far impossible to be
managed even by the most powerful computer.

e Even if some thecnique to solve all these coupled equations
would exist, we would need the initial conditions of all the F
variables, which is impossible to measure. Not only this, ev-
ery inaccuracy in the determination of such initial values would
make any prediction invalid due to the chaotic nature (extreme
sensitivity to initial conditions) of the equations.

Statistical Mechanics provides a way out of this discouraging sce-
nario, by resorting to s probabilistic approach. The following con-
siderations suggest its predictive power:

e Despite the incredible complication of the governing equations
of classical or quantum mechanics, at least in equilibrium the
very small number of thermodynamic control parameter needed
to describe a macroscopic state suggests that some statistical
regularity of a collective type underlys the problem.

e Despite the statistical description is only probabilistic, so that
only averages can be obtained, the effect of fluctuations turn
out to be very so small, due to the incredibly large value of IV,
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to render Statistical Mechanics practically exact. For example,
by considering only 1072 moles of a perfect gas in contact to
a reservoir at room temperature, it is possible to compute the
relative fluctuations of its internal energy U. One has a number
as small as 0U/U ~ 107, In an instantaneous measurement
the probability of finding a relative deviation from the average
of order 107¢ is of order 103101

3.2 Measuring is averaging

Any macroscopic variable A is a function of the 6 N coordinate A =
Alq(t), [p(t)]. Since any instrument has a finite measurement time ¢
any measure of the macroscopic variable A corresponds to doing an
average A, over a suitable interval of time ¢

&mzZ:%AAmw@@w. (3.5)

For example, the pressure is obtained by using an apparatus which
does not measure the instantaneous value of the force exerted by
the particles on the unit surface, but a time average over a time
interval 7 that depends on the apparatus. Analogously, to measure
the temperature, a thermometer gives the average value of the kinetic
energy. Thermodynamic systems in equilibrium are chaotic in the
sense that the evolution at some time ¢t + 7, where ¢ is a generic
instant and 7 a short time interval denoted as correlation time, does
not keep memory (in not correlated with) the microstate assumed at
the earlier time . Then Eq. (3.5) amount to say that an average over
t/7 independent instantaneous measurements is done. This, however,
is not the only source of averaging hidden in a usual measure. Indeed
any instrument has a finite measuring t¢ip, of a certain size (volume)
©. Then, if A(F) is the (instantaneous) local value of the observable
A at position 7, the value read on the instrument is

A== [ Ala®).p(0)ar (3.6)
Thermodynamic systems in equilibrium have usually a short coher-
ence length €. Simililarly to 7, but in the realm of space instead of
time, & is the typical distance over which the behavior of the system
becomes independent. Then Eq. (3.6) amount to say that an average
over /&% independent local measurements is done.
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3.3 Statistical Ensembles

In principle, to find the theoretical outcome of a given measurement,
one should be able to solve the equation of motion and then calculate
the integral (3.5), which we have already discussed to be impossible.
How, then, does one calculate A? We must renounce any notion
involving the coordinates of the system at each instant of time and
substitute the time average with another average called the ensemble
average, which we will see gives (under certain hypotheses) the same
value of the time average but in a much simpler way.

Consider an isolated system of N classical particles described by
Egs. (3.2) with certain control parameters (e.g. a fixed energy E
and a volume V). Consider an ensemble made of N copies macro-
scopically identical to the given system, i.e., with the same values of
the control parameters. At any given instant of time ¢, , each system
will be in a given configuration {q, p}*) in which & labels the sys-
tems of the ensemble & = 1,2,..., V. Any macroscopic dynamical
variable will assume a value Ay = A(qg, px) in the system k. The
ensemble average is given by

1 N
(A)ens = N Z Ay, (3.7)
k=1
).

with A extremely large (N — oo

To characterize the ensemble and calculate the ensemble average,
we must give the distribution of the systems over all microscopic
configurations described by the coordinates

{a,p}={a- . -an,p1-- - pan} (3.8)
Since this cohordinates represent a point in I', the microstates of the
N systems of the ensemble can be represented by N points in phase
space.
The distribution that characterizes the ensemble is described by
a function p(q, p) defined in phase space such that

dN = p(q, p)dqdp, (3.9)

where dN is the number of systems characterized by a microscopic
state represented in phase space in the elementary volume dqdp.
The ensemble average is given by

(A)ens = J Alp,a)p(p, a)dadp
w [ p(p,a)dadp

: (3.10)
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where
/p(q, p)dadp = N. (3.11)

As we will see, the form of p is done assiomatically.

3.4 Liouville Theorem

Figure 3.1: Joseph Liouville (Saint-Omer, 24/03/1809 - Parigi, 08/09/1882)

The distribution of points in phase space at time t; is character-
ized by the distribution p(q,p) = p(q, p, o). As time evolves, each
point in phase space moves according to the Hamiltonian equations.
If this fundamental postulate describes a system in equilibrium, then
the distribution (3.24) at time ¢y, must equal the distribution at any
time t. At time ¢, the points will in principle be described by a new
function p(q, p,t). However, we will show that such a distribution is
time-independent as a consequence of Liouville’s Theorem, namely

p(q,p,to) = p(q, p, ). (3.12)

This result will support the validity of the postulate of the equal a
priori probability that applies to equilibrium systems.

The purpose of the Liouville Theorem is to give the evolution
equation for p(q,p;t). Since the number of points represents the
number of systems N |, this number is conserved. Therefore we can
write a continuity equation

. - 9
V-J+—=0, 3.13
+ 5 (3.13)
where p is the density of points, J = pt the flux, and v = ¥(q, p)
the velocity of the point (q,p) in phase-space. The components of
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the phase-space velocity are

Therefore
3N
S o 0 0
V-J = li) + 25— (pDi
; <8qi(PQ)+ op; PP ))
3N . .
. Op dg; . Op Opi
;[qaqﬁp@qﬁp@ﬁp@pi (3.15)
From the Hamiltonian equations (3.2),
94 oH Op; oH
= d = — 3.16
dq;  9q;0p; o opi Ipidq;’ ( )
and (3.15) becomes
3N
= o . Op OH . Op OH 1
VI = i+ S
; [q 9q; pa%api opi papia%
3N
. O0p . 8p}
= Gin— TDi ; 3.17
Z-Zl [ dq; Ipi ( )
Finally, from (3.13) and (3.17),
Op  ~=[.9p . dp
a7 i i = 0. 3.18
aﬁ; “og P op; (3.18)
The Lh.s. is readily recognized to be %?, hence
dp
— = 0. 3.19
7 (3.19)

This is the Liouville theorem, which states that the representative
points move in I'-space as an incompressible fluid. Notice that no
assumptions on the state of the system (e.g. if in equilibtium or not)
has been done. From (3.2) we can write (3.18) in the equivalent form

I ~~(Op M Ip U
ot B = 2
ot i ; <8qi Op;  Op; 0g; 0, (3.20)

where the sum is called the Poisson bracket {p, H}.
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3.5 Ergodic Hypothesis

In order to proceed we must stipulate to substitute time averages
with ensemble averages (further averaging over space does not change
the discussion that follows and we forget it now). In order to simplify
the discussion let us for the moment assume that the instrument is
very slow, i.e. ¢ — oco. In this case the difference between the aver-
ages (3.5) and (3.10) is that the average in the latter runs over all the
possible states (compatible with the control parameters), while in the
former only on those actually reached by the dynamical trajectory
of the representative point in I'. Assuming that the two averages
coincides is equivalent to introduce the so called ergodic hypothesis,
which states that the trajectory of the given system must, in the
course of time, visit in a uniform way all the accessible phase space.

There have been many efforts to prove the ergodic hypothesis
but results are limited to very few (and somewhat physically trivial)
cases.

The role of a finite ¢ is even harder to be controlled theoretically.
It is an empirical fact that, due to the smallness of 7 (and of &),
any experimental measurement de facto realizes an average over a
sufficiently large number of independent instances to be assimilated
to a situation with ¢ = oco.

3.6 Guessing the correct ensemble

We now must choose an ensemble which has the property that (for
an ergodic system) the ensemble average of any dynamical quantity
coincides with the time average of the given system. To do so, we
must make an intuitive choice and compare its consequences with
experimental data. This intuitive approach can only be done for
systems in equilibrium. For non-equilibrium systems a theory does
not yet exists.

3.6.1 A Suggestion from Monsieur Liouville

Liuville’s theorem can suggest us how to guess the correct form of p
for a system of N particles whose control parameters are U and V.
If p(q, p,t) must describe an equilibrium distribution, then

o _

= 21
Lo, (321)
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so p(q,p,t) = p(q,p). From Liouville’s theorem (3.15) it follows

3N
. Op . Op|
Z {qz 20 +pi 8]%} =0, (3.22)

i=1

and therefore p(p, q) must be necessarily a constant of motion. Then
a possiblity is that p is a function only of constant of motion, like
energy or momentum. Making the further assumption that p is
chosen to be a function solely of the energy, i.e., p(p, q) = p[H(p,q)],
and that the distribution must be equal to zero in the region of phase
space not allowed, it follows

const. if £ <H(p,q) <E+J/E

pIH(p,q)] = { 0 otherwise, (3.23)

Note that we have allowed the energy to lie in a small range JF
rather to be strictly fixed. This has some mathematical advantages
and, moreover, conforms to real situations since it is impossible to
completely isolate a system from the universe. Let us stress that a
necessary consequence of (3.21) and Liouville’s theorem is only that
p(q,p) must be a constant of motion, while the particular choice
that p(q,p) is a function of only the energy and not of all the other
constant of motion, is an assumption.

3.6.2 Equal a Priori Probability and the Microcanonical
Ensemble

An alternative route to infer the properties of the equilibrium en-
semble for a system with fixed energy in [E, E + 0E] and volume
V', is to make the hypothesis that the probability measure p is dis-
tributed uniformly over the allowed configurations. This hypothesis
is known as the postulate of equal a priori probability and is ex-
pressed by saying that p(q,p) is constant in the accessible phase
space, i.e., the phase space corresponding to those microstates with
a number of particles N confined to a volume V' and with energy
E <H(p,q) < E+ JE, namely

const. in the region of allowed phase-space
p(q,p) = { s P P (3.24)

— 10 otherwise.

Clearly this is the same probability measure of Eq. (3.23). Let us
anticipate that it is not necessary to fix 6 F since we will show that
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the calculations based on distribution (3.24) do not depend on the
value of F in the limit N — oo.

The postulate of equal a priori probability is based on the intuitive
idea that all microscopic configurations are equivalent. The rationale
for this hypothesis is that, since the energy is fixed, there is no reason
to privilege some configurations by giving them a different weight.
In the same way there is no reason to give a different weight to the
toss of a coin or to the configurations of the particles in the box
considered in the previous chapter.

There is no general proof for this hypothesis. We therefore assume
it as a postulate, a working hypotesis, and then confront all the
consequences with the experiments. As long as the agreenment with
the experiments is correct we accept the postulate. On the contrary
in absence of agreement we should be ready to question the postulate
(see, e.g., the book Grandi, Foundation of Statistical Mechanics for
further insights).

If the given system is not in equilibrium, we cannot make the
assumption (3.24). For example, in the case of the particles in a
box, if we prepare the system at ¢t = ¢, in which all particles are on
the left side of the box, not all configurations have the same weight.
In fact, the system in this case will evolve and a macroscopic quantity
such as the fraction of particles in the left side of the box will change
in time until it reaches its equilibrium value.

3.6.3 Consistency with the Liouville Theorem

Since the partial differential equation (3.18) contains only the first
derivative with respect to time, a solution that satisfies (3.18) and
coincides at t = t; with the initial condition p(q, p;to) = p(q,p) is
the only solution. The distribution p(q, p;t) = const. with respect
to both the variable {q,p} and the time ¢ is a solution of (3.18)
and coincides at t = ¢, with the initial condition p(q, p;to) = const.
Therefore a uniform distribution in phase space at time t, will remain
uniform for all ¢,

pla, p;t) = p(a, p; to). (3.25)

Hence the hypothesis that the equal a priori distribution describes
a system in equilibrium is consistent with Liouville’s theorem. Let
us notice, however, that this does not guarantees the equal a priori
distribution to be the correct one. Indeed, we will see that such a dis-
tribution is not suited for an ensemble where the control parameters
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are not U, V, N.



Chapter 4

The Connection with
Thermodynamics

4.1 Degeneracy

In the previous chapter we have stressed that Statistical Mechanics is
based on a probabilistic approach. The basic postulate of Statistical
Mechanics states that, given a system with fixed external parameters
N, U,V there is an equal probability of finding the system in any of
its microscopic states. If the number of microscopic states allowed is
very limited (e.g., one), we know exactly in what microscopic state
the system is, while if it is large, our ignorance of which microscopic
state the system is in is also large. Some explicit realizations of this
fact have been discussed in Sec. 2. We shall see that this degeneracy
of states plays a fundamental role in Statistical Mechanics, and is a
new concept not contained in classical or quantum mechanics.

Before we explore the meaning of this degeneracy, we offer first
an idea of how this quantity behaves as a function of the number of
degrees of freedom F . We define Q(FE) as the number of states be-
tween F and E+0FE. Notice that we have assumed that microstates
are countable. This is not the case for a classical system as, for in-
stance, a gas, whose microstates are labelled by a set of continuous
variables (positions and momenta of each molecule). An extension
to the case of systems described in terms of continuous variables will
be given in Sec. 4.5. If ¢(F) is the number of states between the
ground state Ey and F

_ 99
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Q(E) SE (4.1)
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Let us consider a box of size L and N particles so weakly interacting
that we can consider them to be free. We calculate ¢(FE) using
quantum mechanics. Each particle has a quantized energy

P,
€E=——Nn 4.2
5 T3 (4.2)
where n? = n? + n2 + nZ and ny,ny,n3 = 0,1,2... are quantum

numbers referring to the three degrees of freedom of a free particle.
For a single degree of freedom, the number of states between n and
n + dn is proportional to ndn (a rough way to understand this is
the following: if the n; were continuous variables this number would
have been the area 2mndn of the region between the two circles of
radii n and n+ 0n.) Therefore, the number of states ¢(e) between 0
and € grows as n < /€, and

p(€) ~ Ve (4.3)

For each degree of freedom there is a factor as in (4.3). Therefore,
for an F = 3N degrees of freedom,

F/2
oE) ~ ol ~ (7 (4.4
with E = Fe.

More generally, for a system of interacting particles we may expect
AE) ~ (B — Eo)*, (4.5)

where we have introduced the possibility that the ground state has
a finite energy Ey and « is of the order of unity. From (4.1) we have

QE) = af(E — Ey)*'0F, (4.6)
and, since aF > 1 one has
Q(E) ~ (B - E)™, (4.7)

so Q(F) has the same behavior as ¢(F). Since we are interested in
the order of magnitude and «f is of the order of F |, we write

QE) ~ (E - Ey)”. (4.8)

Thus we see that {2 is a rapidly increasing function of the energy
difference from the ground state energy.
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4.2 Statistical Definition of the Temperature

Let us explore the properties of this function. Consider the systems
1 and 2 of the right panel of Fig. 1.1 separated initially by a barrier
that does not allow the exchange of energy. If E) and E® are
the energies of system 1 and 2, the total number of configurations
allowed for the combined system 1+ 2 is

Qi+ = QW (EM)Q@ (E®), (4.9)

(the index , reminds that in this initial configuration there is the
barrier (later it will be removed)) where QM (E®) is the number
of configurations relative to system 1 compatible with energy E()
and similarly for Q@ (E®). Since QW (EW) and Q@ (E®) are the
degeneracies of the two subsystems, Eq. (4.9) follows from the fact
that for each macroscopic state corresponding to an energy E() there
are Q) (E®) states corresponding to an energy E(?).

What happens if the barrier between 1 and 2 is removed so that
the two systems can exchange energy (for simplicity let us assume
that they cannot exchange particles, i.e. we consider solids. One can
trivially extend the following arguments to the case when also par-
ticles can be exchanged), keeping fixed all the external parameters
(so that no work is done on the two systems)? In this new situation,
all configurations that were allowed before are still allowed, but now
that systems 1 and 2 can exchange energy, the full system 1+ 2 can
also be in microscopic states that correspond to configurations in
which the energy of 1 and 2 could be different from before, provided
the total energy is kept constant. If we call Q('*?) the number of
states accessible to the total system after removing the barrier, then

Q0+ > 1+2), (4.10)

Immediately after removing the barrier the system is not equally
distributed in all of the Q%2 states but will only occupy a fraction
QO /Q0+2) - If the system is not distributed in all its possible
states, it is not in equilibrium because its distribution is not the one
(3.24) of the microcanonic ensemble. We will see when we studying
non-equilibrium Statistical Mechanics that a system which is not
uniformly distributed in its microscopic accessible states will evolve
towards an equilibrium macroscopic state in which all microscopic
states are equally probable.
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Once the system has reached equilibrium, what is the value of
the average energy of system 1 at equilibrium? What is the energy
probability distribution P(E™))?

Assuming additivity

EMD — g L @) (4.11)

the number of configurations accessible to the combined system 1+ 2
is
QUF(EU) = "W (EM)QP(ED). (4.12)

EM)

Here QW (EM) and Q@ (E®)) are the number of configurations ac-
cessible to subsystems 1 and 2 when they have energies £V and
E®,

If system 1 + 2 has reached equilibrium in isolation for the equal
a priori probability postulate, it has the same probability of being in
one of the accessible microscopic states. Therefore the probability
PU+2)(EM) that system 1+2 is in a macroscopic state such that the
subsystem 1 is in a state of energy E() and 2 in a state of energy
E® is given by the number of configurations Q1+2)( E) which realize
this event, divided by the total number of accessible configurations,

QW (EM)Q@ (E@)

PUA(EW) = Q)

(4.13)

Since PU+2(EW) is the product of a rapidly increasing function
QOED) ~ (EO — EM7P] and a rapidly decreasing function
[Q@(EO+D — EW) ~ (B(+2) — pO) — Eé 7@ of EO, P(EW) has
an extremely pronounced maximum around a value E 1

We will later see that this distribution becomes a Gaussian ex-

tremely peaked around the maximum value EY if the degrees of
freedom of the two subsystems F) and F® are both large. There-

fore the B coincides with the average energy, which for the pos-
tulate of Statistical Mechanics also coincides with the value of the
measurement.

To find this value E(I), we therefore must find the maximum of
the probability P!*2 (E®) or, more conveniently, of In P+ (EW),
To this end, we consider the equation

O0In PO+ (EW)
OEM

= 0. (4.14)

EQL=F
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Using the fact that 0E® /OEM = —1 (due to Eq. (4.11)), (4.14)
leads to

o1 Q) (EW) IR )
8E(1) EO—F - aE(2) E(Q):E(Q) '
Let us define I Q(E)
n
By= """ 4.16
8(B) = 2 (4.16)

The relation that determines the value E' for which PO+ (EO)
has a maximum and that expresses the equilibrium condition is

BO(EW) = g (), (4.17)

Since €2 is a number and 5 has the dimensions of an inverse of the
energy. We can introduce a parameter 7' (which we will see coincide
with the absolute temperature), through the relation

B~ = kT, (4.18)

where k is the Boltzmann constant. We next show that § has the
properties of an inverse temperature.

e (i) It is an intensive variable.

e (ii) It regulates the thermal fluxes, namely:

j)Two systems separately in equilibrium characterized by the
same value of § will be in equilibrium if put in thermal contact
(namely they can exchange energy without doing work, i.e.,
with all the parameters fixed).

jj)Two systems separately in equilibrium and characterized by
different values of 8 , will not be in equilibrium if put in ther-
mal contact. In this case heat flows from the one with smaller
£ to the one with larger 8. This can be understood as fol-
lows: Suppose that, starting from equilibrium SV = 5 we
increase Y by a small amount 65" > 0 and decrease 3 by
§8® < 0 by transferring a small heat 6 ") (positive or nega-
tive we don’t know at the moment) from 2 to 1. Next to Eq.
(4.14) the condition of In P(*?) being maximum requires also

9% In PO+2)(E(M) . (1 (2)
% 7<O,thatls% 7—% 7<0
(E) EO_F EN g 98V |p)_F

Since this relation must hold for any kind of system (different
materials, different sizes of the two sub-systems etc...) this im-
plies that §EM is positive, namely heat is transferred from 2

(3 smaller) to 1 (8% larger).
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4.2.1 Form of P(EW)

We now show that P(*2(EM) becomes a Gaussian distribution
when the degrees of freedom FM) and F® are large. We expand
In P+2)(EM) around the maximum (as we did in Chapter 3 for the
distribution of particles in a box)

1 9?In PUF2(EW)

EO-EVy4.
2 OEML)? )EEu) ( '+

In PU2(EW) = 1n p+(EM) 4

(4.19)
Neglecting higher order terms we have
P+ gy = pas2) By o [—A(Em . E“’ﬂ . (4.20)
where ) (142 (D)
1 /0°InP E
A= (22 2( ) (4.21)
2 6E(1) E(l):E(l)

is positive since E is a maximum for PU+2)(E). For simplicity we
set to zero the ground energies Eél) = Eéz) =0, so

FO F@

Q(l)(E(l)) ~ (E(l)) : Q(2)(E(2)) ~ (E(Q)) ) (4.22)
Hence from (4.13)
1 1) 2
E E

If both systems are macroscopic, we can for simplicity consider the
case FU =~ F® ~ F. Then

FYV~EY~E  and A~F! (4.24)

and the width of the Gaussian w = 1/v/A ~ /F, hence

1
v (4.25)

E VF
Thus the relative fluctuation approaches zero for F very large, and
the n™ order derivative of P goes as F/E ~ F'". Therefore,
using the argument of Chapter 2, we can neglect all the terms in the
expansion (4.19) with powers larger than 2.
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4.3 Definition of Entropy in Statistical Mechan-
ics

In the previous section we have already observed that, after removing
the constraint represented by the separation wall between the subsys-
tems 1 and 2 the total number of allowed configurations increases and
therefore In ) increases. The increase of In ) is completely general
for any isolated system which is let to evolve naturally by removing
a (internal) constraint. This suggests that this quantity might be
related to the entropy.
We now demonstrate that the function .S, defined as

S=knQ, (4.26)

coincides with the entropy defined in Thermodynamics.

Let us consider a system characterized by an energy E in equilib-
rium. Let us now imagine to add an infinitesimal amount of energy
JE from the outer world without doing work on the system (for in-
stance by putting it in contact for a short time with a hotter object,
and then isulating it again). Then we wait enough for the system to
equilibrate again. In this process the number of states will change
by an amount
JIn

oF
Taking into account that the transfer of energy 6 £ = () is by defini-
tion the amount of heat exchanged (since all the external parameters
— i.e., particle numbers, volume, etc. — are kept constant), we have
from (4.16)
0Q

d(InQ) = T (4.28)
Since d(In?) is an exact differential (because it is the variation of
the number of microscopic states), it follows that 8 = 1/kT is the
integral factor that makes §() an exact differential (it is possible to
show that the integral factor is unique, apart from a multiplicative
constant). Moreover, from the second law of Thermodynamics we
know that

0Q

T
where dS is an exact differential and defines the entropy. Therefore
the quantity 7' that appears in (4.28) coincides with the absolute

d(In Q) =

SE. (4.27)

ds = (4.29)
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temperature 1" which appears in (4.29) (we will see that the multi-
plicative constant is equal to unity) and, from (4.28) and (4.29), we
have

dS = kd(In ), (4.30)

This differential relation defines the entropy apart from a multiplica-
tive constant. In order to fix it we postulate that at zero temperature
there is no degeneracy (2 = 1). Then by integrating (4.30) from a
state at zero temperature to any other macroscopic state, we obtain
the desired result (4.26). In this way by assuming 2 = 1 at zero
temperature we have given a physical interpretation to the third law
of Thermodynamics, which states that S — 0 as T" — 0.

4.4 Definition of other quantities (pressure, chem-
ical potential etc...) in Statistical Mechan-
ics.

We have shown that kd(In€?) coincides with the differential entropy
dS defined in Thermodynamics when the system exchanges an in-
finitesimal amount of energy with a reservoir, while all the other
parameters are kept fixed. We now show that this identification also
holds when in an infinitesimal transformation the external parame-
ters also change. Let us consider for simplicity that only one external
parameter changes from X to X +dX (X, for example, could be the
volume of the system). We denote by Q(F, X) the number of states
between E and F + 0FE. When the parameter X changes from X to
X +dX, the generic state r with energy FE, belonging to the interval
between E and E + 0E will change from E, to E, + (0FE,/0X)dX.
As a consequence there will be a number of states that will enter
into the interval (E, E 4+ 0E) and some that will go out. This shift
of states will therefore result in a change of Q(FE, X). To evaluate
quantitatively such a change it is convenient to write

Q(EvX):Zg(Er(X)_E>7 (431)

1 if 0<E,(X)—E</E

0 otherwise, (4.32)

o(5,x) - B) = {
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Taking the derivative of (4.31) with respect to X we obtain:

0N(E, X) 0g(z,) OF,
utilel Sk Rk A A 4.
0X Z OE 0X (4.33)
Here we have used the relations
dg dg 0z, OE,
S = 4.34
0z, oF’ 0X 0X (4.34)
with z, = E,.(X) — E. From (4.33), it follows that
OQE,X) 0 - [(+0Q(E,X) of
8—X_8_E[Q(E’X) ]_(fﬁ—E+Q(E’X)8_E ;
- (4.35)
where f is the average value of —0F /09X
_ 8Er
F=—(0E/0X) = BT X Zg E) o5 (4.36)
[Indeed using Leibenitz rule ( oL = —L92F+ second term), the first

term on the r.h.s. of the equation above, plugged into the second
term on r.h.s. of Eq. (4.35) cancels the first term, and what referred
above as second term gives the result.]

Hence, from Eq. (4.36), —fdX is the internal variation of the
energy, due to the change from X to X +dX of the control parameter
X and therefore

fdX =W, (4.37)

is the work 4V done by the system on the external world. For this
reason f is the generalized force introduced in Sec. 1.2.2.
From (4.35), dividing by Q(E, X),

0lnQ 731119 af
0X OE ' OF’

For large values of the degree of freedom F, evaluating the order of
magnitude of the two terms on the right side of (4.38) gives

—0In() —.7:
Fo~ T (4.39)

where we have used (4.8); moreover,

of T

OF E’

(4.38)

(4.40)
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In conclusion, in the limit of extremely large F,

0lnQ
0X

In the particular case in which X is the volume V', then

= 3f. (4.41)

fdV = oW, (4.42)

therefore f = P is the pressure.
If X is the number of particles N, then

fdAN = 6W, (4.43)

and B

=y (4.44)
is the chemical potential. If there are X,(a = 1...k) different pa-
rameters, (4.41) can be generalized

OlnQ(E, X,) —
_— = . 4.4
aXa ﬁfa ( 5)
In conclusion, from In {2 we can calculate both the temperature
0lnQ(E, X)
—_— = 4.46
and the generalized force
OlnQ(FE, X) —
—— = (f. 4.4
S BT (447)

If X is the volume, we can find the equilibrium condition for two
systems that can exchange heat and volume. Using the same argu-
ments as before (4.40), the equilibrium conditions are obtained by
maximizing the probability. Namely, by imposing that both deriva-
tives of the probability with respect to F and X must be zero, we
obtain

O =5 and  FU =7 (4.48)

where ?(1) and ?(2) are the pressures of the two systems.

If the system can also exchange particles, then X and zX®
denote the numbers of particles, while 7(1) and ?(2) denote the corre-
sponding chemical potentials. In general, the equilibrium conditions
for two systems which can exchange heat and any parameter X, is
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given by (V) = 52 and ?S) = f((f). These conditions will be studied
in more detail for the particular case in which X = N is the number
of particles (see Chapter 8).

Finally we consider a transformation from one equilibrium state

characterized by (E, X) to another equilibrium state characterized
by (E+0E, X +§X). We have

0ln 0ln

dInQ(F,z) = 95 dE + E3% dX = pdE + ffdX, (4.49)
from which
dE = B_ld(ln Q) — TdX = kgTd(InQ)) — de, (4.50)

where dFE is the variation of total energy and fdX the mechanical
work done. Thus 371d(In Q) is by definition the heat exchanged 6Q,

and
0Q
T
In conclusion, we find that dS = kd(In Q) for a general transforma-
tion.

We are now in a position to better understand the physical mean-
ing of the second law of Thermodynamics. The increase of the en-
tropy in any process that evolves spontaneously corresponds to the
fact that the system evolves toward macroscopic states which are
most probable. How do we explain the dichotomy between micro-
scopic reversibility and macroscopic irreversibility? The laws of clas-
sical mechanics are invariant under time reversal. This means that if
we start from a microscopic state and let it evolve in time, the laws
of mechanics tell us that, if we reverse the velocities of all particles,
the system will go back into the initial configuration following the
same phase space trajectory in the opposite direction. For example,
two liquids initially at different temperatures when put in thermal
contact will reach an homogeneous state at some intermediate tem-
perature. If we reverse the velocities of all the particles, the system
will evolve towards the initial state in which one subsystem is at a
temperature different from the other. Why do we never observe that
a liquid separates into a warmer region and a colder region? In prin-
ciple, this process is allowed by the laws of mechanics but, in order
for it to occur, the system must be in a very special configuration,
one that has the property of evolving towards a state characterized

kd(In Q) = (4.51)
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by two regions at different temperatures. The number of such config-
urations is extremely small compared to the total number of allowed
configurations. Therefore the probability that one of these partic-
ular configurations occurs is infinitesimally small for a macroscopic
system.

4.5 Continuous variables

The definition of entropy given previously is based on the number
of configurations accessible to the system for a fixed value of the
energy E, the number of particles N , and the volume V. Although
this definition makes perfect sense for a quantum mechanical system
in which the states are discrete, for a classical system described in
terms of continuous variables this definition needs to be modified
since the states are not discrete and the number of states accessible
is always infinite. This problem can be circumvented by dividing the
phase space in cells of volume

wy' = (8qdp)*™ (4.52)

The cell can be chosen small enough that, loosely speaking, all points
in the cell are representative of microstates which do not differ much
from each other. If AI' is the volume of phase space accessible to
the system, the number of accessible cells is given by Q = AT'/w
and the entropy for classical systems can be defined as

S =kln A—]l\: (4.53)
wWo

With this definition, all the properties obtained in the case of discrete
states are valid also here. The only question now is the choice of wy.
This choice will affect the entropy only by a constant. Later, in
chapter 6 we will discuss in detail how to choose wy (we anticipate
wo = h® where h is the Planck constant) using a technique that
compares the entropy of a classical ideal gas with that of a quantum
ideal gas.



Chapter 5

Systems with finite
energetic levels

5.1 Two level systems

Let us consider a system of N identical non-interacting constituents
(we can think to particles here, but they can be different entities like
for instance magnetic moments — see Sec. 5.2), for each of which two
energetic states, denoted as 0 and 1, are only possible. Without loss
of generality we can fix the energy of the two levels to be ey = 0 and
e; = €. Then the Hamiltonian is

N
HzeZni:eM (5.1)
i=1

where ¢ is an index which labels particles, n; = 0,1 is the single
particle occupation number of the excited state (n; = 0 if the i-th
particle occupy the lowest energy level and n; = 1 if it is in the
high energy state). In the microcanonical ensemble the system is
supposed to be isolated, the energy does not fluctuate and is given

by Eq. (5.1).
The number 2 of microstates equals
N!
UE,N) = ————— 5.2

namely the number of ways to accomodate N particles into two boxes
(permutations of N objects allowing repetitions). Notice that Eq.
(5.2) implies that we have assumed the identical particles indistin-
guishable, namely we do not count as different two states which only

60
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differ by the exchange of the particles inside the two levels. We will
return on this important point in Sec. 6.3.
Using Stirling’s approximation, for the entropy one finds

S(E,N)=kInQ~k[NInN—MInM—(N—M)In(N—M)] (5.3)

Notice that the entropy is extensive, as it should (indeed S/N is a
function of the intensive variable N/M only). It is easy to check
that this would not have been the case if the identical particles were
considered distinguishable.

We are now in the position to compute, using the relations of
Chapter 4, the temperature of the system

0S5  9SOM  k
O0E  OMOE ¢
where m = (n;) = M/N is the average occupation number of the
excited level (which does not depend on i since the particles are
identical). Inverting this relation one finds
1
T epe

g In(m™"'—-1), (5.4)

(5.5)

This shows that in the limit of low temperatures 7" — 0 all the par-
ticles tend to occupy the lower energy level, while in the opposite
situation T" — oo the two energy levels are randomly occupied. This
shows that the high temperature limit corresponds to the most dis-
ordered state (the two states have equal occupancy probability), not
to the most energetic one, as one could naively believe.

5.1.1 Negative temperatures

The behavior of S and 3 as a function of m are shown in Fig. 5.1.
The first observation is that the entropy has a maximum at m =
1/2. This implies that the temperature becomes negative when the
occupation number is larger than 1/2. This particular behavior is
typical of systems exhibiting a bounded set of energy levels. Usually
for a system like a gas or liquid, the energy levels are unbounded,
and S is a monotonic function of the energy. In this case, when
T becomes sufficiently large, the system tends to be in states with
high energy in order to make the entropy large. A peculiarity of
the system with limited level energy, is that the entropy cannot
increase indefinitely upon increasing the energy, since there is only
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m

Figure 5.1: Entropy and inverse temperature of a two-level system.

one microstate corresponding to the maximum energy. Hence S must
have a maximum for a certain value of the energy (in this case for
E = eN/2), and above that value it decreases with F, producing a
negative temperature.

A system with negative temperature in contact with a normal sys-
tem with positive temperature will transfer energy until it reaches
an equilibrium temperature. Since the normal system has always a
positive temperature whatever the energy is, the final equilibrium
temperature will always be positive. Negative temperature corre-
sponds therefore to superhot systems, that only special systems can
achieve.

Negative temperatures can be produced in the laboratory for in-
stance when dealing with magnetic systems, how we will see in the
next section.

5.2 Paramagnetism

The experiment of Stern and Gerlach showed that electrons have an
intrinsic angular momentum called spin, which can be interpreted
as due to the rotation of the electron around itself, and a magnetic
dipole associated with the spin. In general, an atom has spin.

A material that has the property of possessing a magnetic moment
proportional to an applied external field H is called a paramagnet. A
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simple model for a paramagnet is made of N magnetic atoms in fixed
positions. Let us assume that each atom has a magnetic moment ji;.

If the system is in an external field H and the magnetic moments
of one atom do not interact with those of other atoms, then the
Hamiltonian can be written as

N N
H=-> j;-H=-HY p, (5.6)
=1 i=1

where we have chosen the axis z along the direction of the field H,
and ugz) is the projection of fi; along the z direction.

According to quantum mechanics, for spin 1/2 particles the com-
ponent of the magnetic moment along the field can assume only the
two values 1\” = +419 where we have put g = tust.

For convenience, let us introduce a spin variable that can assume

two values S; = 1. The Hamiltonian (5.6) can then be written as

N
H= —MOHZ Si. (5.7)
i=1

where S = +1 corresponds respectively to the spin up or down.
Transforming the spin variables S; = 1 to n; = 0,1 by means of

the Hamiltonian reads
N
M =2u0H Y n; — 2NpoH. (5.9)
i=1

With the position € = 2p0H = € the Hamiltonian is identical (apart
from an irrelevant additive constant —2N g H) to that of Eq. (5.1).
All the statistical mechanical tratment of Sec. 5 can therefore be
repeated.

An experimental way to prepare a system with negative temper-
ature is to apply a field to a crystal whose atoms possess a magnetic
moment. By reversing the field, the system will be in an energy state

n general, spin is a vector S whose magnitude is given by 1/S(S + 1)A. The component
of the spin along the z direction is given by S, = Ams. The magnetic moment associated
with the spin is proportional to S with a proportionality constant g, i = —g§; Wz = LBMs,
where pp denotes the Bohr magneton and mg is a discrete quantum number which assumes
the value —S, —S+1,...,S. The value of S can be integer (bosons) or half integer (fermions).
For S =1/2, ms = £1/2.
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very large, corresponding to negative temperature. However, even if
the system is isolated from the environment, the spins variable can
release energy to the cristal lattice and hence they cannot be truely
considered as isolated. Therefore, usually after a relaxation time,
the spins will release energy to the lattice until a uniform tempera-
ture is reached. For this reason, a state with negative temperature
does not live long and hence are rarely seen outside the laboratory.



Chapter 6

Ideal gases

6.1 Classical Ideal Gas

We calculate now the entropy for a classical ideal gas made of N
monatomic particles of mass m in a volume V' . The Hamiltonian

can be written as
3N

Hipg) =Y 5o (6.1)

If we consider molecules belonging to an energy shell of size 0 F/, than
the accessible volume AT of phase space is

Al = /dqldQQ Ce dQ3N/ dpldpg Ce dpgN. (62)
E<H(p,q)<E+E

The integral over the variable ¢ is over the volume occupied by the
particles and gives a factor VY . The integral over the variable p
can be computed by calculating first the accessible volume in phase
space for all the states 0 < H(p,q) < E

I'= VN/ dpl Ce dp3N, (63)
0<H(p,q)<E
and then differentiate to get
dl’
Al'= —0F. 6.4
75 (6.4)

Given the form of the Hamiltonian (6.1), the integral over the
momentum in (6.2) is given by the hypervolume in momentum space
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such that
Yook (6.5)

For a fixed value of E, Eq. (6.5) describes a hypersphere of radius
R(E) in a 3N coordinate space, with

R(E) = (2mE)Y2. (6.6)

The volume of such a hypersphere is proportional to R*Y. Therefore

/ dqidqs . .. dgsn / dpidps . . . dpsy = ByR*, (6.7)
E<H(p,q)<E+OE

where By is the unit sphere volume, which depends only on N and

not on R
3N/2

T T(BN/2+1)

In the following, for simplicity, we will assume that 3N/2 is an inte-
ger. Then the I function reduces to the usual factorial and

By (6.8)

T3N/2
By = VT (6.9)
Thus . AN
o= (w—o) By (2mE)*N/2, (6.10)

Differentiating with respect to E, we find

AT 3 /V\Y N6E 3 T NOE
= 2 () ByOmENZ _Z - 77 11
WY T2 <w0) n(2mE) E 2u) E (6.11)

Taking the logarithm of (6.11), and using Stirling’s approximation
for By (6.9), we find for Q = AT /w)’

V [(drmE\>?
wWo 3N
where we neglect terms of order of In N such as In(NJE/E). In fact,
E is of the order of N while § F is, at most, of the order of the energy
E, and therefore, at most, of the order of N.

Note that if N is very large — of the order of 10** for macroscopic
systems — then In N/N ~ 1072 and terms of In N are completely

SN, (6.12)

In2=NIn +2
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negligible compared to N. For this reason, from Eqgs. (6.10) and
(6.11), In AT" and InT" are practically identical. Namely, the volume
of a hypersphere coincides with the volume of the infinitesimal shell
when the number of space dimensions approaches infinity.

The entropy can be readily obtained from Eq. (6.12) by the re-
lation S = kIn . Notice that this quantity is not extensive (there
is an extra V' in the In). This implies that our theory is yet incom-
plete (we anticipate that the question is how to distinguish among
identical particles). We will discuss how this problem can be solved
in the next section 6.3 by considering an appropriate correction to
the theory. For the moment let us find the relations between E, T, P
and V which, how it will be clear in Sec. 6.3, are not spoiled by that
correction.

Using the equations relating the absolute temperature and the
pressure derived in Chapter 4,

JIn§)
= 1
5= (6.13)
and 9100
n
P= 6.14
we obtain from Eq. (6.12)
E= gNkT (6.15)
and
PV = NET. (6.16)

Relation (6.16) shows that the temperature 7' = 1/kf defined through
(6.13) coincides with the absolute temperature of the ideal gas. Eq.

(6.15) is a manifestation of the so called equipartition theorem, stat-

ing that each independent quadratic variable in the Hamiltonian

provides an average energy (1/2)kT. We will prove this theorem in

Sec. 7.7.

6.2 Quantum Ideal Gas

Now we consider the energy spectrum for a system of particles that
obey quantum mechanics. We treat the system quasi-classically in
the sense that we consider only the quantization of the energy. The
full quantum treatment will be presented later.
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The energy spectrum of a particle in a 3-dimensional box of vol-
ume V = L3 is

h*r? 1
=5 ﬁ(nf +n3 +n3), (6.17)
where ni,no,n3 = 0,1,2,.... For a system of N particles,
P2 1 & 9
i=1

As in the classical case, we calculate the number of states corre-
sponding to an energy between 0 and E. The states correspond to
the set of integers {n;} for which

) 2/3
0<S <V p e 6.19
h

namely, all the points with integer coordinates inside a hypersphere
of radius R. The number of points coincides with the volume of such
a region if we consider the n;’s as continuous coordinates. The dis-
crepany is anyway negligible in the limit of very large N. To calculate
the volume of such region one needs to calculate the the volume of the
hypersphere of radius R in 3N dimensions, devided by 23V (this is
because the single particle quantum numbers nq, ny, n3 in Eq. (6.17)
can only be positive. This is exactly the same problem as in the
classical case with the replacement Regssic = Rguant = V13 /(27h)
(but in the classical case there was an extra volume coming from the
integration over the positions).

In conclusion repeating the calculation along the same lines as
done in the classical case, we obtain for the number of configurations
2 with energy between E and F+ ¢ FE the same result of the classical
case but with the value of the elementary cell given explicitly as

wo = h3. Tt follows that
V [4rmE\>*?
h3 3N

The receipt to fix wy, that we have derived in a specific example,
is completely general. Let us observe that we have to resort to the
quantum properties of the system to fix wy. Indeed, its physical
origin is related to Heisenberg’s uncertainty principle: we cannot
resolve states within a precision of order AgAp ~ h/2.

3
+ 5. (6.20)

InQ2=NIn
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6.3 Identical particles

From the expressions (6.12) and (6.20) of S/k = In 2, we note that
the entropy does not have the property of being an extensive quan-
tity, namely, if we double volume V | energy E, and number of
particles N | the entropy should also double. To generalize, if we
make the transformations

VoAV E—SAE N AN (6.21)

the entropy should transform: S — AS. The lack of this property
is due to the presence of the volume alone in the log term (6.12),
unlike the energy which appears divided by N.

6.3.1 Gibbs paradox

Another (related) unsatisfying feature of the theory comes about, as
pointed out originally by Gibbs, when one considers a system of two
gases in a, adiabatic container as the one in Fig. 1.1 (right panel).
Here the two subsystem have volumes V) and V5 and are filled with
N; and N, molecules of the two perfect gases, respectively. The two
subsystems are initially separated by an internal wall, i.e. the two
gas are unmixed, and at some instant of time the wall is removed
and the two gases mix. According to Eq. (6.12) before removing the
wall the entropy is given by

3
Sunmiw - k (Nl lll al‘/l + N2 111 a2‘/2 + §N> 5 (622)

3/2
where N = Ny + Ny and a; = wio (%) and similarly for as.

After removing the wall, the system attains a new equilibrium state
with entropy

Smiac =k (Nl lna1V—|—N2 lnaQV—{—gN) s (623)
where V' = Vi + V5. The mixing entropy is therefore
% %
AS=k([NyIn—+ NyIn— 0 6.24
( 1 Il‘/l + INg H%) > ( )

If the two gases are different this result is perfectly natural and
states that the entropy of mixing is the thermodynamic force which
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drives the mixing process (the two gases mix because in doing so the
entropy increases). However, if 1 and 2 contained initially the same
gas this result is a disaster. Indeed this would imply that the entropy
of a system (without the wall) containing a certain gas depends on
whether it was initially prepared into two separate boxes or not. In
other words a thermodynamic quantity (S) would depend on the
history of the system, and hence it would not be a state variable.

6.3.2 Solution of the paradox

This paradox was resolved by Gibbs who introduced an ad hoc hy-
pothesis — which, although intuitive, does not find justification with
classical mechanics. The idea is that two states which are obtained
by exchanging the coordinates of two particles should not be con-
sidered as two distinct states, since the particles should be indistin-
guishable. Assuming that each state of single particle is occupied by
no more than one particle, the number of configurations calculated
before has overestimated the number of states by a factor of N! —
the number of permutations of N particles.
The correct number of states 2., is then given by

Q
m.
This is usually denoted as the correct Boltzmann counting. By using

the expression for €2 (6.12) and applying Stirling’s approximation,
one finds

Quorr = (6.25)

+ gkN, (6.26)

S =kInQ. = NIn

Vv drmE\ */?
h3N 3N

which now has the correct additive property, since the volume V' now
is divided by N. This is the so called Sackur-Tetrode expression of
the ideal gas entropy. Note that this extra factor N does not affect
the calculation for the equation of state and the temperature since
these calculations arise from derivatives of the entropy with respect
to E and V by Egs. (6.13) and (6.14). The correct Boltzmann
counting tame also the mixing paradox. Indeed, keeping it into
account one has, instead of Eq. (6.23)

5
Sunmiz = k | N1In(ayv1) + NoIn(agvy) + 5]\7 , (6.27)
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where v; = V; /Ny is the specific volume (and similarly for vy). Notice
that, if the two gases are identical, in the sense that they have the
same energy and volume per particle, then

1 [4rmE\>"?
p— p— = —_— 6.28
h=a=a wo( 3N ) (6.28)

(see definition (6.27) of a1, a2) and
vy =vy =v =V/N, (6.29)
and Eq. (6.27) can be written as

unmaix

glea [N In(av) + gN} : (6.30)
After the mixing, instead of Eq. (6.27) one finds
i Vv % 5
vafia]ccf) =k {Nl In (alﬁl) + Nz In (%Fz) + §N} ; (6.31)

if the two gases are different, and

Sl — [Nl In (al%) + NyIn (a%) + gN] =k {N In(av) + gN} ,
(6.32)
with @ = a; = as (because, being equal, the two gases after mixing
must have the same energy per particle, see definition (6.27) of a; )
and v = V/N,
if they are equal. Hence one finds

ASYUID = | Ny In Y + Ny In Yoo (6.33)
Vi Va
when the two gases are different and
ASED =0 (6.34)

if they are equal. The paradox is then resolved.

In conclusion, to treat a classical system one must introduce two
ad hoc requirements: (i) the elementary cell wy in phase space must
be chosen wy = h3; (ii) the particles must be considered indis-
tinguishable. These two requirements have no proper justification
within classical mechanics. We will show later that a proper quan-
tum mechanical treatment of a system of N particles in the classical
limit of high temperature and low density reproduce the classical
result, corrected by these two ad hoc requirements.



Chapter 7

Canonical Ensemble

7.1 The Ensemble Distribution

In Chapter 3, we considered an isolated system and we postulated
that, at equilibrium, such a system is described by an ensemble that
is uniformly distributed over all microstates (microcanonical ensem-
ble), i.e., we postulated that the system at equilibrium can be found
in each of its many allowed configurations with equal probability.
Most often we deal with systems that are in contact with a heat
reservoir at constant temperature. What is the probability that we
will find such a system in one of its allowed configurations?

To be more specific, consider a system A in thermal contact with a
system A’ where A’ is much larger than A, and assume the systems A
and A’ have reached equilibrium. We consider the case in which the
interaction between systems A and A’ is so small that we can consider
the states of system A independent of system A’. We also consider
here the case of discrete states. The extension to the classical case
appears in the next section of this chapter. We address the question:
If r is a particular microstate of A corresponding to an energy FE,. ,
what is the probability P, of finding A in such a microstate?

Although A can exchange energy with A’ | system A + A’ is iso-
lated. Since the system is in equilibrium, we can apply to such an
isolated system the postulate of equal a priori probability. There-
fore P, is proportional to the number of configurations relative to
system A + A’ , in which subsystem A is in the configuration r
and subsystem A’ is in any of its configurations r’ compatible with
configuration r. Since system A + A’ is isolated, the total energy is
fixed, so the sum of the energy of A and A’ must always equal the

72
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total energy Fi; . Hence the configurations ' of A’ compatible with
r are those corresponding to an energy E’ such that E' + E, = E;.

Since A and A’ are weakly interacting and by definition there is
only one microstate r, the number of states Q44 4/(r, {7'}) such that
A is in state r and A’ in any of the possible states ' is

Qapa(r, {r'}) =1-Qu(E), (7.1)

where Q4/({r'}) is the number of ' states. P, is the ratio between
the number of states Q4. 4/(r,{r'}) compatible with r and the to-
tal number of possible states Q%" ,, of the composite system A+A’.

Using Eq. (7.1) one has

Qu (B
PT = iogf ) :
QA—‘,—A’

(7.2)

Since we are considering the case where A and A’ can only exchange
energy (the number of particles and the volume of A and A" are kept
fixed), states r can only differ by their energy. Hence we can write

o QA’(E/) _ QA’(Etot - Er)

P = (7.3)

tot tot
Q%4 ar Q%4 ar

If we take the logarithm of P, in (7.3) and expand around E, = 0,

we find
Oln Qa (E")

mp =C— (Zeats) E 4+ ... 4
np=o- (2 )EE ¥ (7.4

where C' is a constant that does not depend on r. Since E, is
very small compared to FEy,, higher order terms can be neglected

(In fact: Qu(E') ~ B = 0 () ~ = ) From (7.4)

E'=Fiot tot
P = Loom (7.5)
T Z ) N
where 010 (E)
n /
8= (—82, ) : (7.6)
E'=Fiot

is the inverse temperature of system A’ when its energy is £/ = F;;.
Since system A’ is much larger than system A, the energy of A" —
when in equilibrium with A — practically coincides with energy F.
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The normalization factor Z is obtained by imposing > P, =1,
so from (7.5)
Z =Y et (7.7)

The exponential factor e #Fr is called the Boltzmann factor and Z
is called the partition function. An ensemble of equivalent systems
all in contact with a reservoir at a given temperature 7' that is dis-
tributed over all microstates according to distribution (7.5) is called
a canonical ensemble.

7.2 The partition function

We now analyze the properties of the partition function. The average
value of the energy (FE) is given by

e~ PEr
(E)y=> EP.=)_ Er —— (7.8)

Therefore, from (7.7),

oz 197
~~o5 = 795~ ‘B (7.9)

Similarly, the mean square fluctuation is defined as

2, BE, BB\
(AE?) = (E?) — (E)? = Z ET _ (Z Er ~ ) . (7.10)

T

Therefore, )
FInZ _ HE) o e
55 o8 = (E°) — (E)~. (7.11)
Moreover, from § = (kT)~!
OE) _ _, m0(E)
5 - —kT 5T (7.12)

Since the variation of the energy is done at fixed external parameters,
it is due only to the exchange of heat and not to any mechanical
work. Therefore, from Eq. (1.5) of Chapter 1, Cy , the specific heat
at constant volume, is

Cy =L (7.13)
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From (7.9)(7.13) we have
kT?*Cy = (E?) — (E)*. (7.14)

Equation (7.14) is one of many relations classified as fluctuation-
dissipation relations. It connects the spontaneous fluctuations of
the energy in equilibrium to the variations of the energy induced by
an infinitesimal change of the temperature. The Cy term denotes
the response (change of energy) of the system to the change of the
external temperature. Relation (7.14) implies that if a system ex-
hibits large fluctuations in energy, i.e., the system can spontaneously
change its energy value around the average value, then the average
value of the energy is very sensitive to external changes in tempera-
ture.

From the partition function Z it is also possible to obtain the
generalized forces (see Chapter 4) defined as

OE,

I=-2.9x

P, (7.15)

where X is an external parameter such that the work done by the
system due to a change d.X is given by

SW = f6X. (7.16)
On the other hand, one has
8 ln Z
—BEr _
Z o Z e -8 Z (7.17)
Comparing with Eq. (7.15) we see that
— 1 oz
) 7.18

In the particular case in which X is the volume V, f is the pressure

p, (7.18) becomes

10lnZz

P=3"av

(7.19)

7.3 Energy Distribution

The distribution probability (7.5) gives the probability that a sys-
tem in contact with a reservoir at temperature 7' is in a particular
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configuration r characterized by an energy FE,. What is the proba-
bility that such a system will be in a configuration characterized by
an energy between E and F + dE?7 P(FE) is given by the sum over
the probabilities of each event that has an energy between E and
E+0F, .
Q(E)e
P(E)= ), B=—17—, (7.20)

E<E.<E+0E

where (F) is the number of configurations with energies between
E and F+0F.
We can write (7.20) as

o~ F(E)/kT
P(FE) = — (7.21)
where
F(E)=E-TS(E), (7.22)
and
S(E)=kInQ(E). (7.23)

We can follow the same procedure we used in Chapter 4 and ex-
pand In P(E) around its maximum value E. This is equivalent to
expanding F'(F) around its minimum,

(E-E)?*+..., (7.24)

where E is the value that minimizes F(E), i.e.,

OF(E) = 0. (7.25)
0E |z
Hence, from (7.22),
0S(E) 1
5| " T (7.26)

where T is the temperature of the reservoir. As discussed in Chapter
4, the value FE that maximizes the probability corresponds to the
value of the energy at equilibrium. Equation (7.26) states that at
equilibrium the entropy of system A satisfies the thermodynamical
relation. Using (7.23), we can express the second derivative of F'(E)
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in (7.22). Since T is the temperature of the reservoir and does not
depend on E, we have

(aaFE(E ))E:E - (aaS—;E))EZE (7.27)
and
5, Grie), =t (5,
(7.28)

where T'(F) is the temperature of system A when it is in equilibrium
with the reservoir at temperature 1. Therefore

T(E)=T ; (aggj))EE = Civ (7.29)

where C'y is the specific heat at constant volume. Therefore from
(7.28) and (7.29), (7.27) gives

PF 1

Finally, using the argument of Chapter 4, for very large N (the
thermodynamic limit of system A) we can neglect higher order terms
in (7.24), and, from (7.21) and (7.30),

P(E) = A exp|—(E — E)?/(2kT?*Cy)), (7.31)

where the factor A = e PV T /7 does not depend on E. We find
that the distribution P(FE) is a Gaussian centered around the average
value £ = (E) with variance (E?) — (E)2 = kT?Cy in agreement
with Eq. (7.14). We note that the equilibrium is reached for £ = F
where P(FE) is maximum. This value in turn corresponds to the
value which minimizes F(E),

F(E) = E —TS(E), (7.32)

namely, for a system in thermal contact with a reservoir at constant
temperature T , the equilibrium is reached for that value of the
energy that minimizes the free energy function defined in Thermo-
dynamics, Eq. (7.32).

The free energy contains two terms: energy and entropy. In the
high-temperature limit, the energy term can be neglected, and the
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minimum of free energy corresponds to maximizing the entropy. In
the opposite limit of small temperatures, the entropy term can be
neglected and the minimum of the free energy coincides with the min-
imum of the energy. For intermediate temperatures, for the system
to reach equilibrium, it must reach a compromise between entropy
and energy.

The width of the Gaussian (7.31) (i.e., the root mean square en-
ergy fluctuation) divided by the average value gives, since E = (E)

(B VO 1
(B) B "N

where we have taken into account that C'y, and F are proportional to
the number of particles N. From (7.33), it follows that the relative
fluctuation goes to zero in the thermodynamic limit. As explained in
Chapter 2, this implies that the distribution of the energy per par-
ticle e = E//N in the thermodynamic limit tends to a delta function
peaked around its mean value (e). Hence, for a system at equilib-
rium with a reservoir at temperature 7', in the thermodynamic limit
there is only one macroscopic state that is realized corresponding to
equilibrium. All other macroscopic states corresponding to other
values of the energy have zero probability of being realized in the
N — oo limit.

Thus we have found that in the thermodynamic limit the canon-
ical ensemble coincides with the microcanonical ensemble. In fact,
in the thermodynamic limit only one energy density is allowed, so
the system behaves as if the energy were fixed — as it is in the mi-
crocanonical ensemble. In fact, for a fixed value of the energy, the
probability distribution is constant in the canonical ensemble. Hence
all calculations performed in the canonical and microcanonical en-
sembles in the thermodynamic limit will give the same result. This
equivalence will be exemplified later when we return to the case of
the ideal gas. Although the microcanonical ensemble is equivalent
to the canonical ensemble in the thermodynamic limit, fluctuations
around the average energy may be important for a finite system.
The choice of the ensemble will depend on whether the system is
isolated or in contact with a reservoir.

(7.33)
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7.4 Free Energy

From the partition function Z, we have calculated the average energy
(E) with its fluctuation (E?) — (E)2, and the generalized force f. We
now show that in the thermodynamic limit the free energy defined
thermodynamically coincides with the quantity

F=-kThhZ (7.34)

where Z is the partition function (7.7). First we note that
Z=Y e =3"QE)e =) g(E)ePE, (7.35)
T E E

where g(E)0E = Q(E) is the number of states between £ and E+dE
and the sum is over all the energy intervals JE£. In the thermody-
namic limit

Ing(F)=InQE), (7.36)

since In(AF) is at most of the order of In N, and is negligible com-
pared with In{2 ~ N . Since in (7.35) the energy interval § £ is small
compared to E, we can substitute an integral for the sum

7 = / e PFEIE. (7.37)

where F(E) = E-TS(F). Using the Gaussian approximation (7.31)
for P(E), we find

7 = e PFE) / T e (B-BR /Ty g g (7.38)
0

The Gaussian integral is evaluated in Appendix, so

[e.e] 5 T
— QT d — _ .
/_oo ¢ v \/;’ (7.39)

it follows from (7.38) that

—kTInZ = F(E) — kT'In\/27kT2Cy . (7.40)

In the limit of infinite NV , the last term in (7.40) can be neglected
since Cy is of the order of N, so

—kTInZ =E —TS. (7.41)
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Another way to obtain the same result is by differentiating In Z

olnZz 0lnZ
dx +

d(lnZ) = e a5

dg, (7.42)

where z is an external parameter (such as V). From (7.38) and

(7.40)

d(ln Z) = Bfdr—FEdS = BOW —d(BE)+BdE = B(6W+dE)—d(BE),
(7.43)
where 0W is the work done by the system from Eq. (7.16), and dE
the variation of the internal energy. Therefore 6W +0FE = 0@, where
0(@) is the heat absorbed by the system.
In conclusion, from (7.43)

d(In Z + BE) = B6Q = dS, (7.44)
and on integrating, we find
—kT'mZ =E —TS. (7.45)

Comparing (7.45) with (7.32) shows that F' = —kT' In Z is the free
energy.

From (7.45) we can derive a useful expression for the entropy in
the canonical ensemble. Substituting (7.8) into (7.45), we find

S=> P, (%mmz), (7.46)

where we have used ), P, = 1. From (7.5) follows

== —kInP, —klnZ. (7.47)
Hence substituting (7.47) into (7.46), the expression for the entropy
in the canonical ensemble can be written in the form

S=-kY P.InP,=—k(nP,). (7.48)

The form of Eq. (7.48) is familiar in information theory. If P;
denotes the probability of finding the system in a given state s, then
(7.48) is a measure of the information content of that system.

For example, if we know the system to be in a given state sq,
then ps, = 1 for s = 5o and p; = 0 for s # sp. In this case (7.48)



CHAPTER 7. CANONICAL ENSEMBLE 81

S = —k)_, P;In P, assumes its minimum value S = 0 corresponding
to maximum information. If we know nothing about the system,
then Py = 1/ where Q is the number of states. In this case

S =knQ (7.49)

assumes its maximum value, corresponding to minimum information.
Note that definition (7.48) applies also to the microcanonical en-

semble where P; = 1/Q and the entropy (7.48) gives (7.49), which
is the expression used in the microcanonical ensemble.

7.5 First Law of Thermodynamics

Let us write the variation of energy for a reversible transformation

E=) E.P (7.50)

so that o
dE =) E,dP,+» P.dE,. (7.51)

This relation expresses the first law of Thermodynamics. The second
term on the right hand side is the work done by the external world
acting on the system and is due to changes of levels while the distri-
bution is the same. Using Eq. (7.47) and the property > dP, =0,
since due to the normalization ) P, = 1, the first term can be
written as

> E,dP, = —kTd (Z P.In PT> — —TdS, (7.52)

and represents the heat absorbed (the transfer of energy not due to
mechanical work). This term induces a change of energy caused by
the change of distribution of the level population while the levels are
kept fixed.

In conclusion, in an infinitesimal transformation the work done
increases the internal energy by shifting the energy levels and leaving
the distribution unchanged. On the contrary, the heat absorbed
increases the internal energy by changing the distribution probability
P,. It is this second contribution that leads to the change of entropy,
which is in fact linked only to the distribution probability P,.
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7.6 Canonical Distribution for Classical Systems

In the previous section, the canonical distribution was obtained for a
system with discretized energy levels. We want to find the canonical
distribution for a system of N classical particles. The question is
what is the probability to find a system in contact with a reservoir
at temperature T', whose generalized coordinates {q,p} are in the
volume range (q, ¢+dq) and (p, p+dp). Each configuration {¢, p} has
a weight p(q,p) = exp(—FH(q,p)) where H(q, p) is the Hamiltonian
of the system. The number of configurations in such a phase space
volume is dgdp/N!h*N. Hence the probability of finding a system in
a configuration in the range (¢,q + dq) and (p,p + dp) is given by

e_ﬁH(Q»p) dqdp
Z  NIp3N’

Here Z is the partition function, which can be obtained using the
normalization condition [ P(q,p)dgdp =1,

P(q,p)dgdp = (7.53)

1
7 = 5w / e PHap) (7.54)

and we include the Gibbs correction factor 1/N! due to the indistin-
guishability of the particles.

The ensemble average of any quantity A(g,p) in the canonical
ensemble is given by

[ Alg, p)ePHeP)dqdp

{A4) T e (7.55)
7.7 Emergy Equipartition Theorem
Consider a classical system of N particles with Hamiltonian
3N o
Hap) = g+ Vo o)+ 3 U@ (750
Here V(q1,...,qy) is the interaction potential among the particles

and U(g;) is an external potential acting on a single particle, which
could represent the box in which the particles are confined if U(g;) =
0 when the coordinates ¢; falls within the box and oo when ¢; is at
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the borders of the box. We shall prove the following general theorem,

oH

where z; indicates any of the the generalized coordinates ¢; or p;,
and 0;; is the Kronecker delta which is 1 if 7 = j and zero otherwise.
The proof will be given in the canonical ensemble; a similar proof
can be given also in the microcanonical ensemble, but it is more
cumbersome.

If the average is taken over the canonical ensemble, then

[ OH )\ —BH
SN Sz (&Ca‘) c (7.58)
Zaxj fe—ﬁﬂdw ’ '

where for simplicity we have put

dw = dxy . .. dxgy. (7.59)
Note that — 9%
Y 7.60
) "
so (7.58) can be written as
e PH
o\ _ 1Jm (aaxj ) o (7.61)
xl@a:j B [ePrdw '

Integrating the numerator by parts, we find

—BH maz )
—l T (&;) dw = —l {/ [:Eie_mq $inm dw; — / %e_ﬁHdw} )
8l’j ﬁ T aZEj
(7.62)
where Xy, and p,q, are the extremum values of the coordinate z;
and dw; = dw/dx; = dx;...dxj_1dzjyq ... drey. The first term is
Z€ero

[wie 1] =0, (7.63)

J
since the Hamiltonian evaluated at its extrema is co. In fact, if z;
is one component of the momentum, the extrema of the momenta
are —oo and +oo and the first term in the Hamiltonian (7.56) di-
verges. On the other hand, if x; is one of the spatial coordinates,
then the external potential U(g;) becomes infinite at the extrema of
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the box. Therefore only the second term in (7.62) is nonzero, and
(7.61) becomes

OH. kT [ g—ze_ﬁﬁdw
<xi8:z:j> - [ePHdw
Since Ox;/0x; = 0;; from (7.64) follows the relation (7.61), which
proves the theorem.

Next we demonstrate an interesting consequence of this theorem.
From the Hamiltonian (7.56),

(7.64)

2
pig—H ey (7.65)

Di m

From (7.61) for x; = z; = p;,

<pig—H> = KT. (7.66)

)

Therefore from (7.65) and (7.66),
2
- 1
<p—l> = k. (7.67)

2m

Equation (7.67) expresses the fact that due to thermal motion any
kinetic degree of freedom possesses on average a kinetic energy equal
to kKT/2. Since there are 3N momentum coordinates, the average
total kinetic energy is

3N 2 3
L) = - NkT :
Z<2m> SNk (7.68)

=1

Relations (7.67) and (7.68) are quite general and hold for almost any
potential and hence for many systems in nature. Moreover, (7.68) of-
fers an interesting interpretation of the thermodynamic temperature
that is associated with the kinetic energy of the particles.

If the Hamiltonian contains also quasi-static terms in the ¢ coor-
dinates, like for N harmonic oscillators, then the Hamiltonian can

be written as
3N

M= (ap] +biq}). (7.69)
i=1
it easy to show that
H = 3NET, (7.70)
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so the total energy is comprised of two terms, 3NkT'/2 from the 3N
coordinatesp; and 3NkT'/2 from the 3N coordinates g;.

7.8 Maxwell-Boltzmann Distribution

To study the momentum distribution f(p) of a single particle in a
given system at fixed temperature 7" we use the canonical ensem-
ble. Here f(p)dp is the probability of finding a given particle with
momentum p in the range (p;, p; + dp;). i = 1,2,3 labels the com-
ponents of the momentum. This distribution can be evaluated by
integrating over the ¢ and p coordinates of all the particles and the
q coordinates of the given particle

f e*BHd3N73pd3Nq

f(p) = fe*ﬂHd3di3Nq (7.71)
For a general Hamiltonian of the form
3N
H:X£Z+V@“”%m’ (7.72)
i=1
the integral in (7.71) can be performed, and we find
e—Bp?/(2m)
1) = G (7.73)

The prefactor in the denominator ensures the normalization

l/ﬂ@fpzl (7.74)

Expression (7.73) for f(p) is the Maxwell-Boltzmann distribution
and is rather general.

Using p? = Zi:wp? Eq. (7.73) can be cast as f(p) = fsing(p1) -
fsing(D2) + fsing(p3), where the single component distribution reads

sin i) = Y/ .75
f g(p ) (QkafT)l/g ( )
Hence the average kinetic energy for each component is given by
(p?) 1
—r = —kT 7.76
2m 2 (7.76)

which is another way of obtaining one of the consequences, (7.67),
of the energy equipartition theorem.
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7.9 Effusion

7.10 Ideal Gas in the Canonical Ensemble

Let us calculate the free energy for a system of N classical non-
interacting particles of mass m. Since V' = 0, from (7.72) the Hamil-
tonian is the sum of all the kinetic energies of each particle

H=S L (7.77)

The partition function is, from (7.54),

1 p? 3Ng 3N
7 = W/exp <—ﬁ;%> N3N p, (7.78)

The integral over the 3N ¢ variables is made over the volume V' of
the box gives a factor Vv | while the integral over the momenta can

be factorized
VN ) 3N
2= V eﬁpi/(Qm)dp’} | (779)

Since the Hamiltonian contains no terms coupling the 6N position
and momentum coordinates, the partition function can be written

as 1
7 = ﬁZ{V : (7.80)

1% 2 ’
7 =33 { / e_ﬁpi/(zm)dpi} : (7.81)

is the partition function of a single particle which can easily be car-
ried out

where

v
7, = ﬁ(mekT)B/Z. (7.82)
Hence from (7.80),
VN1
Z = m—Nm(%ka)?’N/?. (7.83)

Using Stirling’s approximation (Appendix C), we find for large N

{2 ()] e

F=—-kT'lnZ = NkT




CHAPTER 7. CANONICAL ENSEMBLE 87

From (7.19)
OF  NET
= = 7.85
P=—gu = (7.85)
which gives the equation of state of the ideal gas
pV = NET. (7.86)
From (7.9) the average energy is given by,
oz 3
Ey=— = —-NkT 7.87
() = -2 = S, (7.87)

in agreement with the equipartition theorem (7.68).
The entropy S can be obtained using the relation 1.50, namely

OF  O(~kTlnZ) KT OZ 3
= - = kInZ o = kInZ + Nk
(7.88)

where F' is given by (7.84). In order to compare with the result
obtained in the microcanonical ensemble one must express 1" in Eq.
(7.87) in term of (E), which can be easily done using Eq. (7.87).
Doing that, one readily obtains the Sackur-Tetrode expression, Eq.
(6.26).

S:

7.11 Harmonic Oscillators

A system of N decoupled harmonic oscillators can also be studied
using the canonical ensemble.

7.11.1 Classic treatment

Let us consider a collection of d-dimensional harmonic oscillators.
The Hamiltonian of the i-th oscillator is

2

1 .
H; = §mw2qi2 + 2]9—;” (7.89)

The total for N Hamiltonian oscillators is

N
H=> M. (7.90)
=1
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As in the case of the ideal gas, the Hamiltonian does not couple any
of the 2N coordinates. Hence it is sufficient to calculate the partition
function of a single harmonic oscillator,

1 1 2.2 2 1
A —B(gmwar) g7 / —Bp1/(2m) 15 — 7.91
The partition function of the total number of harmonic oscillators is
thus

7 =7 = (Bhw)™ ™, (7.92)

In this case, there is no need to introduce the factor N!. The particles
are localized; hence they are distinguishable and there is no volume
dependence V¥ in the partition function. As a simple rule, every
time there is such volume dependence it is necessary to introduce
the N! factor so that In(VY/N!) &~ N(In ¥ — 1) will be an extensive
quantity.

It is straightforward to find expressions for F, E, and S. Thus
from the relation F' = —kT In Z,

hw
F = NdkTIn — .
dkT In T (7.93)

from E = —01n Z/0p, B
E = NdkT, (7.94)

and from S = (E — F)/T,
kT
S = Ndk (ln 7o T 1) . (7.95)

Note that the energy agrees with the equipartition theorem.

A system of N harmonic oscillators can be considered as a model
for a solid. In this case, the energy is given by Eq. (7.93) and the
specific heat at constant volume is Cy = Ndk. This is known as
the law of Dulong and Petit, and is satisfied for a large range of
temperature. At low temperature, experimentally it breaks down.
This difficulty is avoided in the quantum mechanical treatment.

7.11.2 Quantum mechanical treatment

The eigenvalues of the i-th harmonic oscillator are given by

d
€n, = (nZ + 5) hw (7.96)
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k)

where n; = ngl) + 4 nl(d) and ng =0,1,2,....

Z = ZeiﬁE — Z efﬁ(€n1+---+€n1\7) — Z e*,BGnl - Z efﬁEnN — Z]]_V
{n*}) {ni*) {n{y
(7.97)
where Z; is the partition function of a single harmonic oscillator,

Zl — Z B—Benl _ e—ﬁdhw/Q Z e—ﬂﬁwnl _

{n{" {n{"
d

—Bdhw/2

__—Bdhw/2 —prwni? | _ €

S S e hens ~ Gy (799)
{(n{"}

The average energy is then given by

0lnZz dhw dhw
E)=—- =N .
) =="55 [ SR (7.99)
and the specific heat d(F)/dT is
[ Ndk(Bhw)?e=P™ for T —0
Cv = { Ndk for T — o0 (7.100)

Note that as T" — oo , (7.99) and (7.100) are consistent with the
classical result (7.94).

7.12 Paramagnetism

Consider again the system of Sec. 5.2, described by the Hamiltonian
(5.7)

N
H=—uHY S, (7.101)

i=1
where the sum is over all NV spins. The partition function is therefore
given by

7 = Zexp[—ﬁ?—[(sb 0N = Zexp[ﬁuoHZ Si],  (7.102)
{Si} {5} i
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where the sum is over the configurations of spins S; = +1,5; =
+1,...,Sy = £1. From (7.102), we have

7 ZeﬁuoniS': (7.103)
{si}

— § eProHS E eProHS2 | E eProHSN

{S1==+1} {Sy==%1} {Sy=+1}

Hence N
Z =7y = (eProll 4 e Prot)™ (7.104)

where Z; is the partition function of one single particle.
The magnetization is defined by

M = o <i51> = [t i(S) = Nm (7.105)

where m is the magnetization of a single spin. This quantity can be
computed as follows. In general, given a Hamiltonian which contains
a term x.X,

H=Hy—zX, (7.106)

where x is a variable, X is an external field, and H, is independent
of z, the following relation holds:

olnZ
(X) = M (7.107)

In our case, x = H and X = poS, and m is obtained directly from
the partition function (7.104) by taking the derivative with respect
to SH. One has

eBroH _ o—BroH

eBuoH 4 e—=BuoH

m = 1o(S) = po = o tanh(BuoH). (7.108)

Figure 7.1 shows the magnetization as a function of the field vari-
able puoH. For h > KT, the magnetization asymptotically reaches
its saturation value m = . Physically, this means that for a fixed
temperature for values of the field such that puoH > kT, the ther-
mal energy is much less than the magnetic energy and almost all
the spins are aligned with the magnetic field. For uoH < kT, the
hyperbolic tangent can be approximated with the first term of its
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Taylor expansion, and the magnetization is linear in H —i.e., for H
small enough that pugH < kT, the thermal energy is large enough
that not all the spins are aligned to the field. The smaller the field,
the fewer is the number of spins that are aligned, on average, with
the field.

miy,
7
|

05 -

Figure 7.1: The magnetization m/uy of a paramagnet (Eq. (7.108)) is plotted
against puoH for different values of 8 (see key).

Another quantity of interest is the magnetic isothermal suscepti-
bility, which is defined as

o (g—]‘;)T. (7.109)

To better understand the meaning, we rewrite (6.110) in the follow-
ing way:

xr0H = oM. (7.110)
Therefore yr is a response function, measuring the response of the
magnetization to an infinitesimal increase in field. The larger is xr,

the more susceptible is the system to a variation of the external field.
The susceptibility at H = 0 can be easily computed from (7.108),

_ (oM
XT = 6HT

Note that as T' decreases, x increases and diverges as T" — 0. In
fact, from Fig. 7.1 we see that the slope of M at H = 0 increases as

_ vl

= . 111
T (7.111)

H=0
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T decreases. Thus as T" — 0, the system passes from M =0 to Nu
when the field changes by a small amount.



Chapter 8

Grand Canonical Ensemble

8.1 Introduction

The grand canonical ensemble applies to those systems that can ex-
change both energy and particles. To find the probability distribu-
tion that characterizes the grand canonical ensemble, we proceed in
the same manner as we did in the previous chapter for the canonical
ensemble. We first study the equilibrium conditions for the systems
A and A’ in thermal contact, and find that they can exchange both
energy and number of particles. For this purpose, we ask what is the
probability P(E, N) that the system A has energy E and number
of particles N and system A’ has energy E’ and number of particles
N’ under the conditions that for both systems the total energy

B =E+FE (8.1)
and number of particles
Niot = N+ N’ (8.2)

must be constant and equal to the total energy FE,, and Ny, for
the isolated system A 4+ A’. Under the assumption that the two
systems are in equilibrium, the probability P(FE, N) is given by the
total number of configurations for the system A + A’ such that
the subsystem A is in a macroscopic state of energy £ and number
of particles N and the subsystem A’ is in a macroscopic state of
energy E' and number of particles N’ | divided by the total number
of accessible configurations €, for the system A + A’. Under the
assumption that the two subsystems A and A’ are weakly interacting,

93
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P(E, N) is given by

Q(E, N)XY(E',N')
Qtot

where Q(FE, N) is the number of configurations for the system A to
be in a macroscopic state characterized by an energy lying between
E and E+§F and number of particles N . Similarly, Q'(E’, N’) is the
number of configurations for the system A’ to be in a macroscopic
state characterized by an energy lying between E’ and E’' + dE’" and
number of particles N’.

The probability distribution (8.3) arises from the equal a priori
probability postulate, which applies to the total system A + A" which
is assumed to be in equilibrium and isolated.

The value of E and N which corresponds to the maximum prob-
ability will coincide with the average energy and number of particles
since P(FE,N) for N and N’ very large is extremely sharply peaked
around the values E and N. Since P(E, N) is the equilibrium dis-
tribution, F and N are the mean values for the system A when in
equilibrium.

The conditions that E and N must satisfy are therefore the con-
ditions for the system A to be in equilibrium with the system A’.
These conditions are found by requiring that P(E, N) is a maximum
— or, equivalently, that In P(E, N) is a maximum,

P(E,N) = (8.3)

dln P(E, N
—8<E ) N =0, (8.4)
and 91n P(E, N)
| =0 (8.5)
Condition (8.4) gives, from (8.3),
OlmQE,N)| _ OlmQ(E,N') (3.6)
OF N OF' N

The relation (8.6), found already for the canonical ensemble, requires
that the temperatures of systems A and A’ coincide,

B(E,N)=p'(E,N"), (8.7)
where we recall OB, N)
n Y
B(E,N) = — 5 . (8.8)
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On the other hand, the condition (8.5) gives

OlnQ(E,N) _ Oln Y (E', N') ' (8.9)
ON 5 ON'’ e
which requires that
Bu(E,N) = g1 (E" N'), (8.10)
where p is the chemical potential, given by
Bu(E,N) = w o (8.11)
Condition (8.7), = /', implies that
W(E,N) =/ (E',N') (8.12)

Relations (8.7) and (8.12) are the conditions for systems A and
A’ to be in equilibrium.

Next, making the hypothesis that system A’ is much larger than
A, so that A’ can be considered to be a reservoir of energy and par-
ticles, we can calculate the grand canonical probability distribution
P, that at equilibrium system A in contact with reservoir A’ is in
a particular configuration r characterized by energy F, and number
of particles N,. Following the same arguments as for the canonical
ensemble (Chapter 7), we find

Qu({r'})
b= Ofot g (8.13)
A+A
where
Etot - ET + E;d/ (814)
and
Ntot - Nr + N:,/ (815)

For E, < E;; and N, < Ny , we can expand In P, around
E.=0and N, =0,

InP.=C—-p8E.+ i8N, +..., (8.16)

where
ﬁ/ . 8ln QA/({T/})
N oOF' N’ = Ny
E = Etot

(8.17)
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and
_ 8ln QA/({T’/})

_ILL/B/ aN/ N’ _ Ntot . (818)

Since system A’ is a reservoir, at equilibrium the number of particles
N’ and the energy E’ will essentially coincide with Ny, and Ej.
This implies that 8’ and y’ are the inverse temperature and chemical
potential of system A’ when it is in equilibrium with system A.
Therefore due to conditions (8.7) and (8.12), they coincide with the
inverse temperature and chemical potential of system A — i.e.,

B=p and w=p. (8.19)

Following the arguments of Chapter 7 for the canonical distribu-
tion, we can neglect higher order terms in (8.13) and write
e_ﬂEr'i‘B/"/Nr
P=— 8.20
Z (3.20)
where Z is a normalization constant called the grand canonical par-
tition function. Imposing > P, =1, we find

Z=) e Pl (8.21)

where the sum is now taken over all the states r independently of
the number of particles they are characterized by. Notice that the
grand-partition function can equivalently be written as

!/
Z=) My e (8.22)
N r

where the the first sum runs over all possible values of N and the
second sum runs over all microscopic states r such that N, = N
(indeed one immediately recognizes that Y, > = ).

Now Z can be written as

> Nz, (8.23)
N

where
!

Zy =Y e PP (8.24)

r



CHAPTER 8. GRAND CANONICAL ENSEMBLE 97

is the partition function of the canonical ensemble for N particles.
The grand canonical partition function has the properties that

Ooln Z B zr NrefBET+ﬂ“NT B
(3(@))5 B Z = (N), (8.25)

and

(g(;—j)ﬁ k7 (F0) = v (2= (AN, (s20)

here 2,—BEr+BuN,
Y —BEr+8p
Nie v

2
(N?) = Z e : (8.27)
Thus the grand canonical partition function (8.23) can be used to
calculate fluctuations. Equation (8.26) relates the fluctuation of the
number of particles to the derivative of (N)/Ou. This last quan-
tity is not easily accessible experimentally. Therefore it is better to
express it in terms of pressure P and volume V. We will show that

DINY\ (N [oV
(o) ()., o
From (8.26) and (8.28),
((AN)?) 1 [oV
—<N)2 = _kTW (a_P) N,T. (8.29)
from which
(BpP) _ KT (0)\ _ KT
o (ar) oy o
Here p = (N)/V, ((6p)?) is the density fluctuation and xr = (%)NT

is the so called isothermal compressibility.

Equation (8.30) relates the compressibility to the density fluc-
tuation. This is one of the fluctuation-dissipation relations, which
we have already introduced in the canonical ensemble. The com-
pressibility represents the response function. Physically it gives the
density variation due to an infinitessimal variation of the external
pressure. Relation (8.30) says that the larger the equilibrium density
fluctuation is the larger will be the variation of the density induced
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by the change of the external pressure. We will now offer a proof of
relation (8.28).
Differentiating the thermodynamic relation G = N, we obtain

dG = pdN + Ndj. (8.31)
From (1.62) and (1.57) we also have
dG = pudN — SdT + VdP. (8.32)
Combining (8.31) and (8.32)

Ndp = —=SdT + VdP, (8.33)
which gives
dp = vdP — sdT, (8.34)
in which we have introduced the intensive variables v = V/N and
s = S/N. From (8.34)
o

Using the mathematical relation (Appendix)

@), e

(@), (), oo

in which v can change either by changing V' and keeping N fixed or
by keeping V fixed and changing N . Therefore the left-hand side
of (8.37) can be written as

o\  N?[ou
(%)T v (a—N)T,V' (8:38)

oP N2 [ 0u
(), ), o

Since the left-hand side of (8.39) can be written as

oP oP
) = —— A4
U(av)T V<8V>T,N’ (540

it follows that

Therefore
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then (8.39) becomes

N2% [ 0ou oP
Ta (a_N>T,v =V (W>T,N’ (8.41)

ON N2 /oV
(%)T,V e (a—p)T,N’ (8.42)

which coincides with (8.28) if one considers that the Thermodynam-
ics variable N = (N).

and

8.2 Particle Number Distribution and the Grand
Thermodynamic Potential

The grand partition function Z of system A in contact with a reser-
voir is, from (8.23),

Z - Z PHN=BEN.B) (8.43)
N

where

F(N,B) = —kTIn Z(N, B) (8.44)

is the free energy of system A and Z(N, () is its partition function.
We want to show that in the thermodynamic limit, —k7 In Z is the
grand potential & = —PV of (1.64).

We first will show that the particle number distribution Py is
extremely peaked around its most probable value N , and becomes
a delta function in the thermodynamic limit

o—Bl-uN+F(N,5)]

Py = = . (8.45)

We can expand In Py around its maximum value N or, equivalently,
expand the exponent —uN + F(N, 3) around its minimum

—uN+F(N,3) = —MN+F(N,5)+1 (02F) (N=N)*+....
2 N=N

ON?
(8.46)

The condition for the minimum gives
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which gives the thermodynamic relation between free energy and
chemical potential. The second derivative of F' gives

(Sjvi)NN - (%) e (8.48)

Therefore the particle number probability distribution is

Py = = e~ (N-N)?/24% (8.49)
where, from (8.42), the particle number fluctuation is
—2
N[OV
A= — | — ) 8.50
V2 (aP >T,N ( )
Now A? is proportional to volume V in the thermodynamic limit,
A 1

—_— X . 51

R (&0
Therefore the probability distribution becomes a delta function in
the density variable p = N/V, when N — oo and V' — oo. Hence, in
the thermodynamic limit, the only macroscopic state that is realized
is the one with density p = p, and the grand canonical ensemble
becomes equivalent to the canonical ensemble.

Finally, the grand partition function is

2= explf(¥ ~ FON, )] S exp | -5V - 7| (832

from which we find
In Z = BN — F(N, 8) (8.53)

when we have neglected the term In" ; exp[—(N — N)?/2A?] which
is of order O(In N). Finally, recalling that

F(N,§)=E — TS, (8.54)
and that o
G=uN=F—-TS+PV, (8.55)
we find from (8.53),
kT Z = —PV, (8.56)

which is the desired relation.

8.3 Adsorbiment



Chapter 9

Alternative approach:
Entropy Maximization

9.1 Boltzmann entropy

In Chapter 7, we obtained the canonical ensemble for a system in
contact with a reservoir. We now offer a rather different formula-
tion, based more on the idea of a statistical ensemble. We will also
be able to reformulate the equal a priori probability postulate of
Statistical Mechanics in a more general form, which may help gain
better understanding of the fundamentals of Statistical Mechanics.

Consider a macroscopic isolated system comprised of N subsys-
tems. Each subsystem is macroscopically equivalent to all the others,
they may or may not exchange energy and particles with all the oth-
ers (we will distinguish these cases in the following), which act as a
reservoir for that particular subsystem. The only constraint is that
the total energy F;,; and number of particles N, is constant. This is
the ensemble that we will see can be used to describe the statistical
properties of any given subsystem A.

Under the hypothesis that the A subsystems interact weakly with
one another, we can characterize the microscopic state by an index r,
an associated energy F,., and a number of particles IV,. We ask how
the system distributes at a given time over the available microscopic
configurations. If n, is the number of subsystems in the microstate

r, then we must have
> n, =N, (9.1)

101
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Z Ernr = Etot = NUE, (92)
T

and
> 1N, = N = NN, (9.3)

The first condition implies that the total number of subsystems N
is fixed, the second and third conditions imply that the total en-
ergy N'E and the total number of particles N'N are fixed. Every
distribution n, which satisfies (9.1), (9.2) and (9.3) represents a pos-
sible macroscopic state of the entire system. Each distribution or
macrostate can be realized in many ways. The number of configura-
tions that realize a given distribution n, is given by the combinatoric
factor A

nylng! . on

W{n,} =

(9.4)

Indeed this is the number of ways to arrange N objects (represented
as blue balls in Fig. 9.1) into urns (represented as green boxes)
labeled by an index r each of which can only accomodate n, balls.
In order to do that we start to put one ball, that we can chose in N
ways into the first urn, than we put the second, that can be chosen in
N —1 ways in the urn and so on. When the first urn is full we move
to the second and so on. This operation can be done in N ways,
which appairs at the numerator in Eq. (9.4). However configurations
where the n; balls in the first urn are arranged in a different order
must not be counted as different, and the same for the other urns.
This accounts for the denominator in Eq. (9.4).

Since the total system is isolated at equilibrium, each microscopic
configuration is equally probable. Therefore the probability to find
a given distribution {n,} is proportional to W{n, }. Using Stirling’s
approximation in (9.4) and the condition (9.1), we find

mW{n,} = NInN = > “n,Inn,, (9.5)

or, in terms of the normalized distribution p, = n, /N,

InW{n,} = NInN — an Inn, = _NZPT Inp,. (9.6)

Notice that, since W is the number of configurations associated with
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e e

1 2 3 r

Figure 9.1: Explanation of the combinatorial factor of Eq. (9.4).

the distribution p,, the quantity S = N ~"'kInW given by

S = —Zpr In p, (9.7)

is by definition the entropy (per system) corresponding to that dis-
tribution. Eq. (9.7) is the celebrated Boltzmann (or, sometimes,
Gibbs, or Shannon) entropy formula.

Figure 9.2: Ludwig Boltzmann (Vienna, 20/02/1844 - Duino, 05/09/1906).



CHAPTER 9. ALTERNATIVE APPROACH: ENTROPY MAXIMIZATION104

9.2 Entropy maximization

The most probable distribution {n*} is the distribution that max-
imizes W{n,.} — or, equivalently, the distribution that maximizes
InW{n,}, the entropy, subject to the conditions (9.1), (9.2) and
(9.3).

9.2.1 Microcanonical Ensemble

In this case each system has the same (non-fluctuating) energy E, =
E and particle number N, = N. Hence the three conditions (9.1),
(9.2) and (9.3) are equivalent. Using the method of Lagrange mul-
tipliers (Appendix D), we calculate the maximum of

In Weonse{n.} = mW{n,} — « (Z N, — N> (9.8)

where « is the single Lagrange parameters that will be fixed to satisfy
the three equivalent conditions (9.1), (9.2) and (9.3).

Substituting (9.5) into (9.8) and maximizing with respect to the
quantity ng, using Eq. (9.5) we have

%:—lnns—l—a:& (9.9)
from which for the solution n} we find
nt = C, (9.10)
where the constant C' = e~ (1% can be fixed by requiring condition
(9.1),
C= %/, (9.11)

where 0 = >~ 1 is the number of microstates. Hence, for the nor-
malized variable p, one has

= 12
pr Q? (9 )

namely the same distribution obtained for an insulated system by
means of the postulate of equal probability.
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9.2.2 Canonical Ensemble

In this case each system has the same (non-fluctuating) particle num-
ber N, = N. Hence the two conditions (9.1) and (9.3) are equiva-
lent. Using again the method of Lagrange multipliers, we calculate
the maximum of

In Weonst{n,} = mW{n, }—« (Z n, — N) —f (Z E.n, — NE) ,

(9.13)
where a and (8 are the two Lagrange parameters that will be fixed
to satisfy conditions (9.1) and (9.2).

Substituting (9.5) into (9.13) and maximizing with respect to the
quantity ns, we have

a]' cons
%:—mns—pa—ws:o, (9.14)
from which we find
nt = Ce PP, (9.15)
The constant C' = e~ can be fixed by requiring condition (9.1),
C N (9.16)

e

Hence, introducing the normalized variable

ny

we finally find
" e_BET‘
Pr = 5~ om (9.18)

where 3 is fixed by requiring the condition (9.2). This is the same
distribution obtained previously in a canonical setting starting from
the equal a priori postulate for the insulated system.
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9.2.3 Grand Canonical Ensemble

Using again the method of the Lagrange multipliers, we must calcu-
late the maximum of

InWeonst{n,} = InW{n,} —a (Z n, — N) (9.19)

- 8 (ZEn —NU) —y (Z N,n, —NN) .

Proceeding as before one readily arrives at

_BESJFBUNT
e

where  and p are fixed by requiring the condition (9.2) and (9.3).
Again, this is the canonical distribution that we obtained starting
from the postulate of equal a priori probability for the microcanon-
ical system.

9.2.4 Entropy maximization postulate

The formalism above has been developed starting from the equal a
priori postulate. However it indicates an alternative way of deriving
the ensemble distributions without assuming the equal a priory pos-
tulate. Indeed from the results of Secs. 9.2.1, 9.2.2, 9.2.3 it is clear
that the basic postulate of Statistical Mechanics can be replaced by
the following one: the ensemble distribution relative to a system in
equilibrium, 1s given by that distribution that maximizes the entropy
(9.6). However, this is correct only after showing that the distribu-
tions obtained are unique, which will be shown in the next section.

9.3 Unicity of the distribution

We next show that the most probable distribution {n’} found in
Secs. 9.2.1, 9.2.2, 9.2.3, in the NN — oo limit of the number of
systems in the ensemble, is the only distribution that is realized. To
this end, we expand (9.13) around the value n},

L1 P In Weonst{n,} .
In Wconst{n'r} =1In Wconst{nr}—i_é Z < ang )nr:n* (nr_nr)2+~ NN

' (9.21)
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The first derivative is zero, while the second derivative is given by

P I Weonse 0*InW 1

= = ——. .22
on? on? n, (9:22)
Moreover, due to the conditions (9.1) and (9.2), In Wepnse{n,} =
InW{n,}. Therefore from (9.21) and (9.22), we find a Gaussian
distribution

Wi} = Wingyers [-3 SR o)

*
n’l“

*
T

with average value (n,) = n
fluctuations)

and width (a measure of the rms

Anz = [((n, —n2))]? = /nx. (9.24)

Therefore, considering that n: ~ N, we have in the N’ — oo limit

An’ 1

L~ —— — 0. 9.25
n "IN (9:29)
Or, proceeding similarly to what done in 2.3, considering the in-
tensive quantity associated to n,, namely the probability p, with
probability W{p,} one has

(9.26)

W{p:} = Wip;} ep [—% > M} ,

pr
Hence we find that the probability W ({p,}) to find a distribution

{p-} is extremely peaked around the distribution p* and becomes a
delta function in the limit N' — oo.



Chapter 10

Strongly Interacting
Systems and Critical
Phenomena

10.1 Generalities

Thus far we have considered systems of non-interacting (or weakly in-
teracting) particles, or constituents, degrees etc..., or systems which
are interacting but where the interaction can be eliminated by a
suitable transformation introducing the so called normal modes. We
have seen many prototypical examples, as e.g. paramagnets, per-
fect gases (classical or quantum), phonon gases, or the black body
radiation. In these cases all the thermodynamic functions can be
deduced from the knowledge of the energy levels of the single con-
stituents and are generally continuous quantities, with the notable
exception of the boson gas case.

In truely interacting systems the interaction terms cannot be elim-
inated by means of any known transformation and cannot be con-
sidered in any case negligible or small. Typical examples of systems
where this happens are materials close to a phase transition, as for
instance condensing gases or melting solids, phase-separating mix-
tures and solutions, magnetic materials, alloys undergoing an order-
disorder transition etc... In all these cases the single particle energy
levels are not sufficient to determine the Thermodynamics, since a
cooperative behavior sets in which often produces singularities in the
thermodynamic functions as phase-transitions are approached. As a
consequence, the mathematical description of these systems is very

108
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complicated and one usually resorts to extremely simplified models
where the form and the range of the interactions, the nature of lat-
tice, the properties of the constituents etc... are oversimplified. This
simplification procedure is nevertheless meaningful because univer-
sal properties, namely properties which only rely on the collective
behavior of the system and not on specific details, naturally emerge
when interactions and correlations are strong. Nevertheless, even
these oversimplified models are hardly tractable and new techniques
are needed to tame the mathematical difficulties.

10.2 Gas-Liquid-Solid transition

A paradigmatic example of phenomena that exhibit sharp changes as
a function of thermodynamic variables is the sudden density change
that occurs when a vapor, like water vapor, turns into liquid, or
when liquid water turns into ice (when pressure is kept constant as
the temperature steadily drops). In order to visualize these transi-
tion lines, we construct a phase diagram (Fig. 10.1), starting with
the equation of state, which indicates that, at equilibrium, the pres-
sure P , the volume V', and the temperature 7' of a one-component
homogeneous system satisfies the functional relation f(P,V,T) = 0.
This equation of state defines a surface in a three-dimensional space
with coordinates P, V', and T". Projecting the equation onto a plane
P, T (left side of Fig. 10.1) gives rise to three regions, which corre-
spond to the solid, liquid, and gas phases. The solid and gas phases
are in equilibrium along the sublimation curve, the solid and liquid
along the melting curve, and the gas and liquid along the vapor-
pressure curve. The point of intersection of these three lines — where
the three phases coexist — is called the triple point. By crossing one
of the lines, the system exhibits a sudden density change going from
one phase to another.

Note that while the solid-liquid equilibrium line never ends, the
liquid-gas equilibrium line ends at a given point — called the critical
point — whose coordinates P., V., and T, are called critical pressure,
critical volume, and critical temperature. This means that it is pos-
sible to change the liquid into a gas continuously by going around
the critical point.

In the following, we will study the behavior of the system close
to the critical point. To achieve this aim, we consider the projection
onto the plane P,V (right part of Fig. 10.1). At a sufficiently high
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Figure 10.1: p — T phase-diagram (left) and p — V phase diagram (right).

temperature, we expect the fluid to follow the equation of state for
ideal gases, PV = NkgT , which, for any fixed T, is characterized
by an hyperbola. As the temperature decreases, the effect of the
attractive interaction is felt and the curve shows a departure from
the hyperbola until, for " = T, , the curve exhibits an inflection point
at V =1V, . For T below T, there is a phase separation between the
gas and the liquid. For any value of the pressure all the volume
values between the values V, and V}, are possible, corresponding to
the coexistence of the gas and the liquid of densities pg = N/V, and
pr = N/Vj, in various proportions. As function of T', pg and py, (or
V, and V) define a curve that joins at p. (or V.). The entire curve
is called the coexistence curve.

The difference M = p;, —p¢ is a measure of the difference between
the two phases and is call the order parameter. As T' — T, from
below, the order parameter tends toward zero,

prL — pa — 0 as T— T, (10.1)

so the two phases become indistinguishable. Phenomenologically, we
discover that for 7' = T, the curve at p. has a flex. This implies that
the compressibility

0
X7 = <3_§’>T oo as T T (10.2)
as T approaches T, from above. Below T, we must define the com-

pressibility along the coexistence curve in the liquid and gas phases.
Phenomenologically, we discover that both these compressibilities
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diverge as T" — T,.. The divergence of yr at T, implies that in the
vicinity of the critical point the response of the system to a small
change in pressure is extremely large. It is this extremely nonlinear
behavior that characterizes a critical point.

From the fluctuation-dissipation relation (8.30) we can relate the
density fluctuation to the compressibility,

(0*) —(p)* _ kT
2 N

(10.3)

The divergence of the compressibility at the critical point implies
an extremely large density fluctuation in the vicinity of the critical
point. The presence of large density fluctuation gives rise to a spec-
tacular macroscopic phenomenon called critical opalescence. Con-
sider a gas contained in a baker at fixed density p. . For T" > T,
the system is homogeneous and looks transparent to visible light. As
T ~ T,, the system becomes opalescent. Below T, the two phases
separate, the liquid at the bottom and the gas at the top. Criti-
cal opalescence occurs because, close to T, the system is dominated
by large density fluctuations. These fluctuations can be viewed as
droplets of the high density phase. When the linear size of those
droplets is comparable with the wavelength of the light, the light
is scattered in all directions, giving rise to a phenomenon visible to
the naked eye. As we will discuss at the end of this section the in-
tensity of the light scattered can be related to the density-density
correlation function g(¥ — '), defined as

9(Z = 2') = ([p(Z) = (p(@)][p(&") — (p(&))]) (10.4)

where p(7) is the particle density at position Z, so that [ p(Z)dZ = p.
The brackets stand for the average over all the configurations in the
grand canonical ensemble. Usually the particles interact via a two-
body potential that depends only on the distance between them.
Consequently, in the thermodynamic limit (when surface effects are
negligible), the system is translationally invariant: (p(Z)) does not
depend on the position & and (p(Z)) = (p) (the average density).
For the same reason g(# — ) depends only on the distance between
7 between ¥ and . Most systems are isotropic, implying that g
depends only on the modulus r of 7.

The density-density pair correlation function measures the corre-
lation between the density fluctuation at ¥ and 2. In the T — oo



CHAPTER 10. STRONGLY INTERACTING SYSTEMS AND CRITICAL PHENOMENA112

limit where the effect of interactions is negligible, the system be-
haves as a collection of independent particles. Therefore the density
at point @ is independent of the density at point z’, namely

9(r) = ((p(@) — () (@) — (1)) == (p(F) — () {p(@) — (o)) = 0.

(10.5)
For lower temperatures one cannot neglect interparticle interactions
and the factorization in (10.5) is not allowed. The more g(r) differs
from zero, the larger the correlation between the density fluctuations
at 7 and /. The distance ¢ within which ¢(r) differs from zero
represents the linear dimension of the droplet (fluctuation). More
precisely, £ can be defined as

€2 = Jg(r)rdr (10.6)

- [ g(r)dr’

where the integral extends over the entire volume of the system.

We show now that [ g(r)dr is related to the density fluctuation
and therefore diverges as T' — T.. In fact, recalling that ¥ = ¥ — 7’
one has

V/g(r)df _ Udf/} [/dfg(r)} _ {/da?’] [/dfgm}
(| [ @) | [ azon)) - v

= V") — {p)’]. (10.7)
Therefore, in view of (10.3),

/ o(r)dF = keT{p)xr. (10.8)

Since xr diverges, [ g(7)dr also diverges. This is due to the diver-
gence of £. Indeed it is usually found that for large r

677'/5

g(r) ~ o (10.9)
where p is a critical exponent usually denoted d — 2 + 7, implying
that (i) away from the critical point £ is finite and the correlation
decays exponentially and (ii) at the critical point £ = oo and the
correlation decays as a power law. Physically this means that al-

though a perturbation decays exponentially in a normal system, at
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criticality it propagates over all the system and then decays very
smoothly, i.e., algebraically — much less than an exponential. It is
this long-range correlation that gives to a cooperative behavior that
paves the way toward a new phase.

Not only xr diverges at the critical point. Indeed it is found
experimentally that the specific heat at constant volume C'y also ex-
hibits a divergence, although much weaker than the compressibility.
Since the specific heat is proportional to the energy fluctuation, the
divergence of Cy implies that closer to the critical point also the
energy fluctuations are very large, although smaller than the density
fluctuations.

Let us now explain what anticipated above, namely the relation
between the scattering of light and the correlation function g(r).
The standard theory of scattering relates the scattered intensity of
a monoatomic beam to the Fourier transform of g(7),

3(q) = /g(qf)eiﬁdﬁ (10.10)

More precisely if k is the wave vector of a monocromatic beam
incident on a homogeneous fluid and k' is the wave vector of the
diffracted beam (see Fig. xxx), the intensity of the scattered beam
I(q) is proportional to g(¢) where ¢ = k — k' . Therefore, on taking

the Fourier transform of 1(§) one gets g(7).
The forward scattering intensity /(0) gives a quantity propor-

tional to y and the width of I(q) gives a term proportional to 72,

-2 f [(CDQQCZ@'

ST

(10.11)

10.3 The Van Der Waals Theory

The Van der Waals equation is an equation of state for a fluid com-
posed of particles that have a non-zero volume and a pairwise at-
tractive inter-particle force (such as the Van der Waals force). It
was derived in 1873 by Johannes Diderik Van der Waals, who re-
ceived the Nobel prize in 1910 for ”his work on the equation of state
for gases and liquids”. The equation is based on a modification of
the ideal gas law and approximates the behavior of real fluids, tak-
ing into account the nonzero size of molecules and the attraction
between them.
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Consider first a gas which is composed of N non-interacting point
particles that satisfy the ideal gas law

nRT

V )
where n the number of moles of the gas. Next assume that all
particles are hard spheres of the same finite radius r (the Van der
Waals radius). The effect of the finite volume of the particles is to
decrease the available void space in which the particles are free to
move. We must replace V' by V' — nb, where b is called the excluded
volume (per mole). The corrected equation becomes

nRT
V —nb’

p= (10.12)

p= (10.13)
which is called Clausius equation. For hard spheres b is four times
the proper volume 4773/3 of a molecule, but empirical values for b
are usually lower than that due to the fact that molecules interact
via a soft potential.

Next, we introduce a pairwise attractive force between the parti-
cles. Van der Waals assumed that, not withstanding the existence
of this force, the density of the fluid is homogeneous. Further he as-
sumed that the range of the attractive force is so small that the great
majority of the particles do not feel that the container is of finite size.
Given the homogeneity of the fluid, the bulk of the particles do not
experience a net force pulling them to the right or to the left. This
is different for the particles in surface layers directly adjacent to the
walls. They feel a net force from the bulk particles pulling them into
the container, because this force is not compensated by particles on
the side where the wall is (another assumption here is that there
is no interaction between walls and particles, which is not true as
can be seen from the phenomenon of droplet formation; most types
of liquid show adhesion). This net force decreases the force exerted
onto the wall by the particles in the surface layer. The net force
on a surface particle, pulling it into the container, is proportional
to the number density p = N/V. The number of particles in the
surface layers is (again assuming homogeneity) also proportional to
the density. In total, the force on the walls is decreased by a factor
proportional to the square of the density, and the same applies to
the pressure on the walls p — p — a(n/V)?, where a is a constant.
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Hence one arrives to the Van der Waals equation

n n? nRT
G— = .
Ve VR

Notice that for p — 0 it reduces to the perfect gas state equation.

(10.14)

Figure 10.2: Johannes Diderik Van der Waals (Leida, 23/11/1837 - Amsterdam,
08,/03,/1923)

The Van der Waals equation (10.14) is plotted in Fig. 10.3. For
high temperatures p is a monotonously decreasing function of the
volume. At a particular temperature T, - the critical temperature -
an inflection point appairs at a certain volume V.. The isothermal
compressibility x7 = (0p/0p)n1 = —(N/V?)(0V/Op) N diverges in
this point. In order to determine the critical point one has to solve

the system
2
Pe + ac_f = ‘2137,;65
0 _
WV lpover, =0 (10.15)
82p — O

2
ov Pe, Ve, Te

which yields

V. = 3nb (10.16)

P
V=1 (10.17)



CHAPTER 10. STRONGLY INTERACTING SYSTEMS AND CRITICAL PHENOMENA116

the Van der Waals equation (10.14) can be written in the universal
form

(ﬁ + %) (3v—1) =T, (10.18)

which is a parameter-free form obeyed by all the substances which
are well described by the Van der Waals theory. This is called the
law of corresponding states. It is interesting to note that also most of
the substances which are not described by the Van der Waals theory
obey a law of corresponding states, namely the relation between
thermodynamic quantities is the same when the former are expressed
in terms of reduced variables.

P
a
a{— £
4
v I \Z}VGB 2

Figure 10.3: The Van der Waals equation in a pV diagram. The downward
parabola is the coexistence region. In this area the Van der Waals curve is the
dashed-blue one (the horizontal green line is the Maxwell construction, which is
detailed in the right panel).

Below the critical temperature the Van der Waals isotherms os-
cillate. The red part of the isotherm between the points d and e in
the right panel of Fig. 10.3 is unphysical, since yr < 0 while Eq.
(10.3) states that it must be y7 > 0 (notice that, instead the regions
ad and ec of the curve do not violate any fundamental principle and,
in fact, this states correspond to metastable states - the superheated
liquid and the undercooled vapor). This happens because in the re-
gion below the downward parabola in Fig. 10.3 the fluid is no longer
homogeneous since, as it is well known, a liquid and the vapor co-
exist. In this region the pressure does not depend on the volume
and equals the vapor pressure Py,. Hence the oscillating part of the
Van der Waals curve must be replaced by an horizontal line, the one
from a to ¢ in the right panel of Fig. 10.3. The height where this
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line must be placed, i.e. the vapor pressure py, can be inferred by
an argument due to Maxwell, the so called Mazwell construction. In
an isothermal process the variation of the Helmoltz free energy is
dF = pdV. Since the free energy is a state function its variation
in going from a state a to a state ¢ must not depend on the path.
Hence, going along the Van der Waals isotherm adbec in Fig. 10.3
or along the straight line ac the quantity [ pdV must be the same.
In other words the areas adba and bceb must be equal. The Maxwell
argument (at least as it is expressed here) is not correct, since the
Van der Waals isotherm in the coexistence region does not describe
the equilibrium states of the fluid. However its conclusion is correct,
as it can be proven by refining the argument.

10.4 Ferromagnetic Transition

Other systems exhibit a phenomenology very similar to the liquid-
gas transition. As we have seen in Sec. 7.12 a paramagnetic system
has a macroscopic magnetization under the influence of an external
magnetic field. According to the results of Sec. 7.12, when this
external field approaches zero, the magnetization per particle m also
goes to zero. However, there are other materials, called ferromagnets
which even when there is no external magnetic field present, below
a critical temperature T, (called the Curie temperature), exhibit a
spontaneous magnetization.

The equation of state f(H, m,T) = 0 defines a surface in a space
of coordinates H,m,T. Projecting onto the plane H,T we obtain
the phase diagram (Fig. 10.4, left panel) that shows the existence
of a coexistence line for H = 0, T' < T, separating the phase of pos-
itive magnetization and negative magnetization. As in the liquid-
gas system, the line ends at the critical point, with coordinates
H = 0,7 = T.. Projecting onto the (H,m) plane (Fig. 10.4, right
panel), we have m as a function of H for a fixed temperature 7.
For high temperatures the system behaves as a non-interacting spin
system. From Eq. (7.108) of Chapter 7 we expect m = tanh(SuoH),
which for small H is a straight line passing through the origin. As
the temperature decreases, the interaction among the spins becomes
relevant and there is a deviation from the straight line until 7' =T,
and the curve shows flexibility. Below T, one observes a disconti-
nuity in the magnetization at H = 0, corresponding to a first-order
phase transition. As in the liquid-gas transition, we define an order
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parameter m that for H = 0 goes to zero as the critical temperature
is approached from below, while the susceptibility xr = (0m/0H)
and the specific heat at constant H, C'y diverge at the critical point.

H p =
T<Te

’ ’ Te solid / "t

‘ T>Te

—
53
=Y

Figure 10.4: Left: H — T phase-diagram which is analogous to the p — T dia-
gram in a liquid-vapor transition (also shown). Right: m — H phase diagram
(analogous to the p — V diagram in Fig. 10.1).

The fluctuation dissipation relation yz oc (m?) — (m)? can be
derived along the same lines as for Eq. (8.30). According to this
relation the divergence of the susceptibility implies large fluctua-
tions in the magnetization. The presence of large fluctuations in
the magnetization gives rise to a phenomenon very similar to criti-
cal opalescence near the liquid-gas transition. This phenomenon is
not manifested sending a beam of light on the sample, but instead
sending a beam of neutrons. Since the neutrons possess a magnetic
moment, they interact with the spins. When the wavelength associ-
ated with the neutrons become of the same order as the size of the
fluctuations the neutrons are scattered. The analog of the droplets
here are the magnetic domains of up and down spins. The intensity
of the neutron scattering is proportional to the Fourier transform of
the spin-spin pair correlation function, which is defined as

g5 = ((Si = (S))(S; = (S))), (10.19)

where S, is the value of the spin at site . The phenomenology here
is closely related to that of the liquid-gas transition: The correlation
length, roughly the size of the droplets, diverges as the critical point
is approached. In analogy with (10.7), it follows from (10.19) that

Z gij = (M?) — (M)?, (10.20)

where M = > S, is the total magnetization.
Although the liquid-gas transition and the ferromagnet-paramagnet
transition differ from each other in nature, they can nevertheless be
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described in the same way, and the same is true for other systems
near their respective critical points, as we will be discuss in Sec. 10.7.
The behavior of a system close to its critical point can be charac-
terized by an order parameter m — 0, a susceptibility x — 00, a
specific heat C' — oo, and a correlation length & — oo as the critical
point is approached. The order parameter is a measure of the or-
dered phase or, equivalently, the difference between the ordered and
the disordered phase. The susceptibility is a measure of the response
(variation) of the order parameter to an infinitesimal perturbation
of the field that is coupled to the order parameter. The divergence
of the susceptibility is a manifestation of a high nonlinear response
to a small perturbation. At the same time, due to the fluctuation
dissipation relations, it is also a manifestation of large fluctuations
whose size £ diverges at the critical point — which, in turn, leads to
a power law behavior in the pair correlation function.

10.5 Critical Exponents

In the previous section we have seen that as a critical point is ap-
proached the order parameter goes to zero, and the susceptibility
of specific heat and the correlation length diverge. These behaviors
can be characterized quantitatively using critical exponents. For
example, we generally assume that the magnetization goes to zero
as

m = At’(1 4+ Bt + Ct22 4. ..), (10.21)

where "
t=|——% 10.22
‘ TC ) ( )
which represents the distance from the critical point. The critical
exponents 3, A1, Ay, ... are positive numbers and the critical am-

plitudes A, B,C, ... are constants. The dots represent higher order
terms in t. Very close to the critical point (¢ < 1) the term in paren-
thesis can be well approximated by 1 and the magnetization behaves
asymptotically as

m ~ At". (10.23)

More generally, if a function f(¢) vanishes or diverges in ¢t = 0, we
define the critical exponent A as
In f(t)
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Equation (10.25) implies that, close to t = 0, f(t) can be well-
approximated by f(t) ~ At*. If A > 0, f(¢) vanishes, while if A < 0,
f(t) diverges. For a function of the form in Eq. (10.21), the critical
exponent, defined using definition (10.25), coincides with £.

Other quantities, such as xr , Cy, and &, diverge for " — T/~ and
as T — T.. In principle, one can introduce for each quantity two
exponents, one for T'— T, and the other for ' — T.F. Experimental
data and model calculations are consistent with the same divergences
from above and below T,.. Therefore close to the critical point we
write simply

M ~ Atﬁ, X ~ Bit_’y, CV ~ Dit_a, f ~ Eit_y, (1025)

where (3,7, «, and v are critical exponents (because they characterize
the critical behavior close to the critical point), B, D, and E are
amplitudes, and + stands for 7" > T, and T" < T,. Finally, right
at T,, since the spontaneous magnetization vanishes one must have
limg_,o M = 0, which allows us to introduce the exponent § as

M ~ Hbs. (10.26)
Again at T,, after Eq. (10.9) for large values of r one has,

1
9(r) ~ o (10.27)

where d is the dimensionality of the system and 7 is another critical
exponent.

Critical exponents are useful because they characterize critical
behavior and can easily be compared among different systems (unlike
entire functions, which are difficult to compare). Critical exponents
also show themselves to be universal in that they allow all systems
to be classified into a small number of universality classes, each class
characterized by its distinct set of critical exponents. The attention
focused on these critical exponents has been very important in the
study of critical phenomena. They are, in fact, the key quantities
by means of which any theory in critical phenomena is tested.

10.5.1 Critical exponents in the Van der Waals theory

Re-writing Eq. (10.18) in terms of the variables m = p—1, v = V-1
and t = T — 1, which describe the distance from the critical point
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m=wv=1=0 one has
8(t+1) 3
= — — 1. 10.28
T B0t 2 (v+1)2 ( )

Along the critical isotherm t = 0 it is

30’ (10.29)
= :
(Bv+2)(v+1)2
from which, in the vicinity of the critical point (v — 0) one has
m=-3v3/2 or

v ~ /0 (10.30)

which is the analog of Eq. (10.26) in the liquid-gas transition, and
d=3.
Moreover, along the critical isocore (v = 0)

Op ] Pe [% ] Pe
e = | 2L —a (10.31)
|:8VTv:O Ve LoV g Ve
2
and hence xr = —4&; %—Z . [N/(6p.V.)|tL, or

X~ 177 (10.32)

which is the analog of the second equation in (10.25), and vy = 1.

Now we look at the region with ¢ negative and small. From the
shape of the Van der Waals isotherm in Fig. 10.3 we see that, fixing
p appropriately there are three solutions for v. Indeed Eq. (10.28)
is cubic in the variable v, as it can be seen writing it as

3V (1 +7) +8(r — t)v* + (7w — 16t)v + 2(m — 4t) = 0. (10.33)

As T' — T one solution tends to v = 0, and the remaining two
become symmetric around v = 0. This means that in Eq. (10.33)
the term of order v must disappear upon approaching criticality,
i.e. m ~ 4t. With this result we write Eq. (10.33) as

03 (1 + 4t) + 8tv? + 4tv = 0. (10.34)
Neglecting the higher order terms in ¢ term 4t for t — 0 the two

symmetric solutions are v ~ +2(—t)!/2 and so
v~ |t)P (10.35)

which is the analog of the first equation in (10.25), with § = 1/2.
One can also show that the third equation in (10.25) is found with
a = 0.
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10.6 Ising Model

From a theoretical point of view, the phenomenology of critical phe-
nomena can be explained by starting with a realistic Hamiltonian,
calculating all the quantities (using the appropriate ensemble), and
comparing the results with experimental data. A realistic Hamilto-
nian is often very complicated to work with, however, and at a first
level one simply wants to understand the mechanisms that drive the
critical phenomenon. A simplified model, one that contains the es-
sential ingredients for reproducing the phenomenon but leaves out
the inessential, is needed. In this section we will study such a model,
the Ising model, as it is applied to the paramagnet-ferromagnet tran-
sition.

The Ising model was introduced by Ising and Lenz as a simplified
model for describing the transition between paramagnetic and ferro-
magnetic phases (characterized by the presence of magnetism below
some critical temperature T,, even for H — 0). We recall that a
paramagnetic system of N spins localized on the sites of a lattice
and interacting with an external field H, is well described by the
Hamiltonian

N
i=1

where S5; = £1 are the components of the spin ¢ along the direc-
tion of the field. It was shown in Sec. 7.12 that the magnetization
per spin m = pugtan(BuoH), and therefore approaches zero or any
temperature 7" as H — 0. Hamiltonian (10.36) neglects all the in-
teractions among the spins. In the ferromagnetic Ising model, an
interaction term H;,; is added to Hamiltonian (10.36), i.e.,

Hine = —J Y _ SiS;, (10.37)
(i)

where J > 0 is the strength of the interaction and the sum extends
over all nearest neighbors on a lattice. To understand the effect of the

interaction, consider two neighbor spins, e.g., 1 and 2: —J515; = —J
if the two spins are parallel S; = Sy = %1, otherwise —J 515 = +.J
if the two spins are antiparallel S; = —S; = £1. We see that,

in terms of energy, the spins tend to be parallel. For example, for
T = 0 the system choses the configurations with minimum energy.
For H = 0 these configurations are given by all spins up or all spins
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down. This consideration shows how the interaction term (10.37)
may favor the alignment of the spins and therefore may induce the
phenomenon of spontaneous magnetization. As usual, thermody-
namic properties can be extracted, in the canonical ensemble, from
the partition function,

Z=Y exp|BHY Si+BJY S:S;|. (10.38)
(5.} i (ig)

where the sum is over all spin configurations, and for simplicity we
have chosen o = 1.

10.7 Other phase-transitions described by the
Ising model
One of the features of the Ising model is that it is extremely versatile,

e.g., it can be mapped onto other models which are suited to describe
phase-transition in apparently very different systems.

10.7.1 Lattice-Gas

The lattice gas model is a simple model that describes the liquid-gas
transition. One begins with a Hamiltonian for a simple fluid of the
form

3N 5
b S o
H=> o+ > U(IF = 7)), (10.39)
i=1 1<J

where the particles interact via a two-body potential. In the grand
canonical ensemble, the grand partition function is

Z=>) "Nz, (10.40)
N

where Zy is the partition function with N particles fixed. By inte-
grating the momentum variables in Zy and considering that

A= / e PP 1Cml g5 — (2rmkT)>?, (10.41)
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we can write

where pierr = p+ kT In .

Now we consider a simplification of (10.42) by assuming that the
particle coordinates {7;} can take only discrete values corresponding
to the cells of a lattice. Morever, in analogy with the behavior of the
Van der Waals potential for simple fluids (Fig. xx), the interparticle
interaction is taken as a hard core plus an interactive potential,

oo if 7 =7
U(r; — ;) = ¢ —e if 7; and 7 are nearest neighbors . (10.43)
0  otherwise

Each configuration in real space is given by {n;}, where n, = 1
or zero indicating whether a cell is occupied by a particle or not.
Because of the hard core repulsion, two particles cannot occupy the
same cell. This approximation is called the lattice-gas. The energy
of a given configuration can be written —e ) | (i) il and the integral
in (10.41) is therefore replaced by

L /exp [ BZU ] dry. . dFN:Z*eXp Beanj
i<j {ni} (ig)

(10.44)

The sum is over all configurations and the asterisk indicates that the

configuration must satisfy the condition) ,n; = N, so >y Z?m} =

> (i} The correct Boltzmann counting 1/N! is disappeared in go-

ing to the representation in terms of the n;’s since cells cannot be

overcounted (they are distinguishable because the sub-indexes i, j
are now their positions).

Thus from (10.42) and (10.44) the lattice-gas grand-partition func-

tion follows

Zia = Zexp Blteyy an + Beanj , (10.45)
{n:}

where the sum is over all possible configurations of particles.
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To make the connection with the Ising partition function, we
note that the Ising variables can be expressed in terms of lattice gas

variables

where n; = 0,1 for S; = +1,—1. If we use (10.46) in (10.38), the
Ising partition function Z; becomes

J H
Zr (k:_T’ k_T) = {Xz}exp ,Buefoni +66§ninj +Wol,
n; ) ]

(10.47)

where
Heff = 2H —2Jz (1048)

€ 4J
Wy = B(JNz/2— HN),

and z is the coordination number, namely the number of nearest-
neighbor sites to a given site (be careful not to sum the interactions
twice!)

From (10.47) we see that the Ising and lattice gas models are
equivalent,

J H € leff\ wo
| = — 10.4
Z1 (kT’kT) Zra <kT’ kT)e ’ (10.49)

where , €, pcrr, and W, are related to J and H through (10.49).

10.7.2 Antiferromagnets

An antiferromagnet is a material where the interactions among spins
favor anti-alignement. Experimentally one observes a phase-transition
at a critical temperature T,. For T' > T, spins are disordered, while
below T, there is a prevalence of anti-aligned neighboring spins. An
antiferromagnet can be described by an Ising-like model with an
interaction term H;,; as in Eq. (10.37) but with J < 0. Let us con-
sider the one-dimensional case to start with. Introducing the new
spin variable o; = (—1)S; one has

Hint = _JZSZSH-I = —JZ —0i0i4+1 = —|J| Zgigi+1' (1050)
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Then in term of the new variables the Hamiltonian can be written
exactly as for a ferromagnet, namely with positive coupling constant.
This implies that, with H = 0, the thermodynamic properties of an
antiferromagnet are the same as those of a ferromagnet (notice how-
ever that in the presence of an external field the mapping between
the two models cannot be done). A similar argument can be done in
d > 1 if the lattice can be devided into two separated sub-lattices A
and B such that two nearest neighbor spins always belong to differ-
ent sub-lattices. In this case the transformation is o; = £.5;, where
the symbol + applies to the spins belonging to the sub-lattice A and
- in the other case. In d = 1 the two sub-lattices reduce to even or
odd i. Such sub-lattices can be found e.g. in d = 2 for a square
lattice but not for a triangular one.

10.7.3 Binary Mixtures

A binary mixture is a composite substance made of two kind of
constituents, denoted as A and B. Experimentally one finds that a
critical temperature T, exists such that for T° > T, the mixed state
is stable while the two substances demix below T,. If one imagines
particles to jump on the sites of a lattice, these substances can be
modeled by an Ising-like model where S; = 41 corresponds to an A
particle and S; = —1 to a B particle. Assuming that interactions may
occur only between neighboring sites we denote with €44, €gp,and
€ap their strengths. An Ising Hamiltonian

H=—J3 58— uHY S+ gNk (10.51)
(@) i

can be introduced, where z is the coordination number of the lattice,
N is the total number of lattice sites, and the last term, where k is
a constant, does not influence the properties of the system being an
additive constant to the energy.

In order to find the correspondence between J, ugH,k and €4,
€BB, €4ap let us consider the following three situations: 1) all the
spins are up, 2) all the spins are down, and 3) all the neighboring
spins are anti-aligned (when the lattice allows it). The total energies
of these states are, respectively,

Nze AA NzJ

z
= — — NugH + =N 10.52
5 5 Lo —|—2 k (10.52)




CHAPTER 10. STRONGLY INTERACTING SYSTEMS AND CRITICAL PHENOMENA127

for state 1,

N N
ZQEBB =— 22‘] 4 NpoH + gNk (10.53)

for state 2, and
Nzeag NzJ =z
= —Nk 10.54
5 5 + 5 (10.54)
for state 3. Egs. (10.52,10.53,10.54) allows one to map the energy
of the system into the Ising form (10.51).

10.8 Broken Symmetry

The Hamiltonian of the Ising model in a zero field is given by (10.37),
and is invariant if we change S; — S! = —S;, H{S;} = H{S!}. The

average total magnetization m per spin is given by

1
m= NZmi, (10.55)
with |
mi = > Sie . (10.56)
{si}
Since the sum is over all values of the spin variables, we can change
variables S] = —S; and sum over all spin variables S} . From (10.56)

and using the symmetry of the Hamiltonian

1 / 1
mp= - Z Sle=PHST — —7 Z S;e S — _m,. (10.57)
{si} {si}

In conclusion, m; = —m,; implies m; = 0. This result is not due to
the simplicity of the Ising model, but is quite general, being valid for
any realistic Hamiltonian that does not have a preferred axis of sym-
metry. This seems to contradict the fact that in many materials we
observe a spontaneous magnetization below a critical temperature.

More generally, any realistic Hamiltonian system is usually in-
variant under many symmetry operations such as translations or
rotations. We would therefore expect on the basis of pure symmetry
arguments that the thermodynamic state should also be invariant
under the same symmetry operation. This is in contradiction with
everyday experience where we observe for example solid materials
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that are not invariant under translation. Indeed, many thermody-
namic states we observe do not possess some of the symmetries that
characterize the microscopic Hamiltonian that describes the system.
When this happens, it is usually said that the system exhibits a
spontaneously broken symmetry.

Coming back to the Ising model, in order to find a value m # 0
we must necessarily break the symmetry by introducing a field H in
the Hamiltonian. Even if this does not seem to correspond to a case
of spontaneous symmetry breaking, let us consider the issue more
carefully and calculate the magnetization m(H,T, N). By taking
H — 0 first and then N — oo the result will be always zero, i.e.

lim lim m(H,T,N) = 0. (10.58)
N—oo H—0
This follows from the fact that, for finite N, m(H, N) is an analytic
function, since in Eq. (10.56) it is given by a sum of a finite number
of analytic functions. Therefore, by definition, the limit H — 0 is
equal to the function calculated at H = 0, i.e.,
lim m(H, T, N) =m(0,T, N) =0, (10.59)
H—0
where the second equality follows from the previous symmetry ar-
gument. On the other hand, by taking first the limit N — oo, the
magnetization may be non-analytic below some temperature. There-
fore the second limit H — 0 does not necessarily coincide with the
value calculated at H = 0 and it may happen that
}}H}o ]\}I_I}(IDO m(H,T,N) #0 (10.60)
We then say that there is a spontaneously broken symmetry if this
happens for some range of the temperature.

Now let us see in more detail the mechanism giving rise to the
spontaneous symmetry braking (10.60). We still consider the Ising
model, but all the considerations and their validity are rather gen-
eral. Given the Ising Hamiltonian for IV spins, let us calculate the
probability distribution P(m, H,T, N) that at temperature 7" and
external field H, the system has a magnetization M = Nm, i.e.,

1 m 1
P(m7 H7 T: N) = _Z( )eilBH = EeﬁHMi/BFO(W%T’N)? (1061)
{S:}
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where the Z(m) means that the sum is over all configurations such
that 32, S; = M and

exp[—BFy(m, T, N)| = Z(m) exp | BT 85| - (10.62)
{51} (i)

The partition function can be written as

Z = exp[BHM — 3Fy(m, T, N)). (10.63)

Following the standard procedure in the canonical ensemble, the sum
in Eq. (10.63) is dominated by the maximum of HM — Fy(m, T, N)
which satisfies the equation H = (9fy/0Om)r N, where we have in-
troduces the free energy density fy = Fy/N. This value is a maxi-
mum for the probability (10.61) and a minimum for the free energy
F(m,H,T,N)= Fy(m,T,N)— HM.

T>T,

fo(m,T)

T<T,

|
0

m

Figure 10.5: Free energy fo(m,T) of the Ising model as a function of the mag-
netization (per spin) m.

Consider first the case H = 0. Due to the symmetry fo(m,T) =
fo(=m,T), for high temperatures we expect a minimum in the free
energy at m = m = 0 and a maximum for the probability. For very
low temperatures T" — 0, the free energy is dominated by the en-
ergy that has two minima, one at +m and one at —m with, in the
T = 0 case, m = 1. Therefore we also expect two minima in the free
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energy (Fig. 10.5) for temperature below some critical temperature
T.. Note that, in this case H = 0, the distribution is symmetric and
the mean value of the magnetization is still zero. However the two
distributions in the high and low temperature regimes are signifi-
cantly different. In particular, since the exponent in Eq. (10.61) is
an extensive quantity (proportional to N), in the limit N — oo, the
probability distribution P(m,7T, N) in the magnetization per spin
m, tends to the sum of two delta functions for T" < T

1

Nlim P(m,T,N) = 5[5(m —m(T))+o(m+m(T))], (10.64)
and to a single delta function for T' > T'c
A}im P(m,T,N) = §(m). (10.65)

When we add a magnetic field, the free energy f(m,H,T) =
fo(m, T) — Hm for high temperatures has a minimum for positive
values of m, while for low temperatures the free energy has two
minima, the one at positive m being the lower. Correspondingly, the
probability distribution has two maxima, one higher than the other.
In the limit N — oo, the distribution gives a ¢ function that peaks
around a value of m(H, T') for high T', while for low 7" (no matter how
small H is) the distribution approaches a § function peaked around
the largest maximum and the other relative maximum is suppressed
(for sake of clarity we postpone the demonstration of this to the last
part of this section). For high T' the magnetization approaches zero
as H — 0, while for low 7" the magnetization approaches m(0,7") >
0, corresponding to one of the maxima of the distribution at H = 0.

Thus the symmetry of the paramagnetic phase is broken (i) be-
cause of the development of two maxima in the probability distribu-
tion P(m,T, N), and (ii) because even a very small field gives rise
to only one ¢ function in the limit N — oo.

On the other hand, if N is fixed in the limit H — 0% , the
distribution does not become an exact ¢ function. It always contains
a secondary maximum that, although very small for large values of
H, becomes comparable to the primary maximum when H is of the
order of 1/N. Therefore in the limit H — 0 the same two-peaked
distribution as the one found for H = 0 is produced.

This discussion might imply that symmetries can be broken only
in infinite systems. In reality, a macroscopic system with N ~ 1023
particles, albeit large, is always finite. So how do we provide a
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realistic explanation for the broken symmetry found in systems that
display spontaneous magnetization?

Suppose we take the limit H — 0 for N ~ 10%* fixed. The
distribution develops two peaks centered at —m and +m; however
the system is trapped for a long time in a state corresponding to
a magnetization m. If we evaluate the time 7 in which the system
is trapped, we realize that the system, to pass from the state with
magnetization m to the state with magnetization —m, must pass
through configurations of the phase space that are highly improba-
ble. The dynamical process to go from one configuration to the other
occurs via nucleation of a droplet. The droplet is a compact region
(say a sphere) of dimension R made of overturned spins. The cost
in energy is proportional to the surface of the sphere R4~! and the
probability that such event can occur is p ~ e~R'"" The transition
occurs when the droplet radius becomes of the order of the system
size, R ~ N'? where d is the space dimension. This implies that
the transition probability is p ~ exp[—N@=1/4] and the time for the
transition occurrence 7 ~ p~! ~ exp[N@ Y/ sec. For N ~ 10%,
this time is of the order of 7 ~ exp[10'] sec., which is much larger
than the age of the universe.

Thus for measuring time scales that are negligible compared to 7,
the system exhibits a breakdown of ergodicity; not all phase space
is uniformly visited, and the system exhibits a spontaneous magne-
tization m. Only for unrealistic measurements on time scales larger
than 7 will the system exhibit equal probabilities between states —m
and +m and the net magnetization be zero.

In conclusion, for realistic time scales, the system behaves as if
T = oo and as if N = oo, enabling the spontaneous broken symme-
try to be understood in terms of the partial breaking of ergodicity.
Therefore the ensemble average, which usually gives zero, does not
coincide with the time average, which gives m.

For completeness, we now show what we postponed above, namely
that in the limit N — oo the distribution P(m, H, T, N) gives rise to
a 0 function peaked in the highest maximum. Dropping the explicit
dependence on the variables H and 7', Eq. (10.61) reads

e~ NBf(m)
Here we have substituted an integral for the sum. If f(m) has only
one minimum at m (high T ) we can expand f(m) around such a
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minimum

expl—NB(m)] = exp [—Nﬂf(m) — SNBAm —mP|. (1067)

A=— (%)m. (10.68)

Therefore, from (10.66),

where

o~ (1/2)NBA(m—m)?

P(m,N) = == (10.69)

which in the limit N — oo tends to a ¢ function peaked around 7.
If f(m) has two minima at m; and my with f(ms) > f(m;) we can
expand around the two minima and write

exp[-NBf(m)] = exp {_Nﬂf(ml) - %5)\1(7” - m1)2 +

+ exp {—Nﬁf(mg) - gﬁ)\g(m - mg)ﬂ : (10.70)

0*f
= ‘ (8m>mm

Using (10.70), we can evaluate the integral

“NBIm) gy = | mNBfm) [T =NBf(ma) (10,72
/e m Nﬁ)\le + Nﬁ)\Ze ( )

Since f(my) < f(ma), in the limit N — oo the second term can
be neglected. From (10.66), (10.70) and (10.72)

with

=12 (10.71)

VT

NSl N Bt (10.73)

P(m, N) = Nﬁ)\l <6_(1/2)N/3/\1(m—m1)2+

In the limit N — oo, the second term can be neglected and the
distribution tends to a ¢ function centered at m;.
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10.9 Fluctuation-Dissipation theorem

We are now interested in the behavior of the correlation function
g9(r) = (SiS;) — (Si)(S;)- (10.74)

Due to space homogeneity and isotropy this quantity depends only
on the distance r between i and j. We also introduce the (local)
susceptibility
0(S;
x(r) = 5< H>
J 1H=0

describing the effect of a magnetic field H; = H present only on site
j on the magnetization of a spin in i.

The two quantities g and x are not independent. In order to see
this, let us compute the latter in a canonical setting, as

(10.75)

J

) = 5_HZfl Z Siefﬂ[HO*HSﬂ ’ (10.76)

x(r

where H, is the Hamiltonian in the absence of H; (for instance, but
not necessarily, the one in Eq. (10.37)). One has

X(r)=Z72B |2 8iSe Mo =" 5iem Moy - g e Mo
{Sk} {Sk} {Sk}
(10.77)
Hence one arrives at
x(r) = Bg(r) (10.78)
This fundamental relation is the Fluctuation-Dissipation theorem. It
relates the response of the system to an external parameter, or per-
turbation, to the correlations which are present in the system when
the perturbation is not present (notice, in fact, that the averages in
Eq. (10.77) are taken with respect to the Hamiltonian Hy).

One might ask which is the relation between the (local) suscepti-
bility introduced in Eq. (10.75) and the one (x = 0m/0H, with H
a constant magnetic field) considered before. In order to see this we
can repeat the calculation done before, which now reads

J

= EZ—1 > S Ao Sl (10.79)

{Sk} H=0

X
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Proceeding analogously one obtains

x=>_9(r)=3(k=0), (10.80)

where g(k), the so called structure factor is the Fourier transform
of g(r). This is the Fluctuation-Dissipation theorem for the global
quantities. Notice that Eq. (10.80) implies also that

X = Zx(r). (10.81)

In other words, if an uniform field H is applied on all the sites of the
system, the global response of the system is the sum of all the local
responses.

10.10 Mean-Field Theories

Mean-field theories offer a very simple and powerful theory of phase
transitions requiring minimal assumptions.

10.10.1 Landau’s Theory

We have shown how the partition function can be written for an
Ising model,

Z = / e ANJ(mHT) gy (10.82)

where f(m, H,T) = fo(m,T)— Hm is the free energy density, which
has the symmetry property fo(m,T) = fo(—m,T). The partition
function of any system that has the same symmetry properties can
be written in the form (10.82), so what follows is rather general.
The idea is that close to the critical point the magnetization is
small. This allows us, if we assume that the free energy is analytic,

to develop the free energy f for small values of m and to stop at the
4-th order,

flm,H,T) = f(0,H,T) + a(T)m? + b(T)m* — Hm,  (10.83)

where we have used the fact that, since f(m,T) is even in m, only
even powers enter into the expansion. a(7") and b(T") are the coeffi-
cients of the expansion and are functions of the temperature. If we
assume that a(7T") becomes zero for some temperature 7' = T, (which
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we will see corresponds to the critical temperature) and that a(7)
and b(T") are analytic close to T,., we can write the lowest order in
T -1,

a(T)=ao(T —T.) , b(T)= by, (10.84)

with ag and by constants that we assume to be positive. Inserting
these values in (10.83), and plotting the free energy f as a function
of m, we find one minimum for 7" > T, and two minima for 7" < T,
as in Fig. 10.5. The minimum of the free energy gives the average
value of m. From (10.83), equating the first derivative to zero gives

m[2ao(T — T,) + 4bym?| = H, (10.85)

which represents the equation of state relating H,m, and T. For
H =0, (10.85) gives

0 if T > T,
Ty £ AT -T) T <T. - (10.86)

Llag
2bo
There is also a solution m = 0 for T" < T, but it corresponds to a
maximum. Therefore the magnetization approaches zero at T, the
critical temperature, with a critical exponent 5 = 1/2.

The susceptibility xr = (O0m/0H)r can also be calculated from
the equation of state (10.85)

H
X;l = 8— — 20,0(T — Tc) =+ 1260m2, (1087)
om )

where m is also obtained from the equation of state. In the particular
case H = 0, substituting the solution (10.86) for m one has

[ 2ao(T-T)' T >T,
XT{[ -1

8ao(T,—T) ™ T>T, ° (10.88)

which predicts a critical exponent 7 = 1. Note that the critical
exponents above and below T, are equal. Further, we see that the
critical amplitudes (see Eq. (10.25) By =4B_.

The specific heat C'y can easily be calculated from the free energy
as Cy = OE/OT = —B7'0*F/0T?. The result for H = 0 gives a
jump Cy(TF) — Cy(To) = kT.a2/(2by) with exponents a = o/ = 0.
Finally, Eq. (10.85) provides m(T,, H) oc H'/3, and hence ¢ = 3.

In conclusion, Landau’s theory is a rather general theory based
on symmetry considerations and on the assumption of analyticity
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in the order parameter of the free energy. It does not start from
a specific Hamiltonian, so the parameters ag , by , and T, are not
obtained within the theory and will depend on the particular system
under consideration. On the other hand, the exponents of this par-
ticular model are universal and independent provided that the free
energy is expanded to fourth order in the order parameter. Although
we assume the free energy to be analytic in the order parameter, it
does lead to quantities e.g. magnetization, susceptibility, and spe-
cific heat that are not analytic in 7. We will see that the critical
exponents of the Landau theory are not quite in agreement with
most experimental data. The reason is that the basic assumption
of the analyticity of the free energy, although it gives qualitatively
the known experimental results, is not quite correct. This warns us
that it is important in every physical problem to assume analyticity
in the right quantities. To find the right results we have to search
for analyticity in other quantities. We will do this later, within the
framework of the renormalization group, a theory that goes beyond
mean-field calculation.

10.10.2 Weiss Theory

The Weiss approximation is a theory that predicts the same critical
exponents as those found in Landau’s theory of critical phenomena.
However, it starts with a microscopic Hamiltonian and calculates the
free energy and other quantities of interest by introducing an approx-
imation in which each spin feels the effect of the others through a
mean field, whose strength is calculated self-consistently. The Weiss
approach is similar in spirit to the Hartree-Fock theory in solid state
physics in which a system of NV interacting electrons is approximated
by N independent electrons, each in a self- consistent field due to
the presence of the other N — 1 electrons.
We apply the Weiss theory to the Ising model in a field

(i) i i

The quantity
Hi=H+JY S (10.90)
(4)i

where (j); denote the nearest neighbors of 4, is the so called molecular
field, or Weiss field, and represents the effective field felt by 5;. By
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adding and and subtracting to each spin the average magnetization
m = (S;), which does not depend on i due to space homogeneity
(because the Hamiltonian is invariant under (discrete) translations)
the Hamiltonian (10.89) can be cast as

Jm2N
H=— effZSi+ mrs

—J) (S;—m)(S; —m), (10.91)
(i)

where z is the coordination number, i.e. the number of nearest-

neighbor spins of spin ¢, and

Heff = H + JZTTL. (1092)

The key idea of the Weiss theory is to neglect the fluctuations of the
variable S;. Then, dropping the last term in Eq. (10.91) one has the
mean-field approximation

Jm2N
HEHeffZ— effZSiJr m2 & (10.93)

Notice that H.;y = (H;). Then the mean-field approximation has
replaced the original Hamiltonian (10.89) of N interacting spins by
a new Hamiltonian #H.rs (10.93) of N independent spins interacting
with an effective external field H ;¢ that depends on m, which must
be self-consistently calculated. Since the last term is a constant it
does not influence the computation of average quantities (it cancels
out). Hence the problem is formally identical to the one considered
in Sec. 7.12, and we can borrow the result obtained there

m = tanh(BH.ss) = tanh[f(Jzm + H)]. (10.94)

For H = 0 this is a transcendental equation that can be solved
graphically by plotting the left-hand side and right-hand side as a
function of m for each value of 5. The intersection of the two curves
gives the solution. The first term y = m is a straight line with a
slope 1. The second curve y = tanh(SJzm) has at the origin a slope

Ay

| =87 (10.95)

m=0

If the slope is fJz < 1 (high temperature), m = 0 is the only
solution. When the slope is fJz > 1 (low temperature), solutions
can be m = 0 and m = 4+m. The solution m = 0 corresponds
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to a maximum in the free energy and is unstable. The other two
correspond to minima at m = 4+m, where m goes to zero at the
value 5.Jz = 1, corresponding to the critical temperature

kpT, = J=. (10.96)

The partition function is

N N
Z7VL2 Z’VVL2
7 = eiﬁJ2 Z eﬁHeffSi] = |:2 67,8]2 COSh(BHeff> ,
Si

(10.97)

from which the free energy (per spin) f = —kgTN~'In Z reads

2

f= JZQm — kpT In [cosh(BJzm)] — kpT In2. (10.98)

We want now to establish a relation with the Landau’s theory. In
order to do this, we consider the region with small m and expand the
free energy up to fourth order in m (we neglect the last irrelevant
constant term on the r.h.s. of Eq. (10.98))

2 1 1
foe ‘]Z;” — kpTln [1 + 5 (BTzm)? + Z(wzm)‘*}
Jzm? 1 , 1 , 171 ) 2
~ —— kgT 5(6sz) + a(ﬂsz) ~ 5 (5(6sz) )
J kpT
= 51— BJz)m? + (BT zm)’, (10.99)
or
f=ao(T = T.)m* + bym* (10.100)
with ; . )4
z z
— d b= —L 10.101
“w=Zor, ™ 0T 12(kpT)? (10.101)

Eq. (10.100) is the same expression found in Landau’s theory for the
free energy density, but now the coefficients are explicitly known.
Consistent with Landau’s theory, a(T) is zero at T, = Jz/kg. The
critical exponents are therefore the same as in the Landau theory.
Needless to say, these exponent could be easily derived within the
present theory (without mapping it on Landau’s theory). For in-
stance [ is easily derived from Eq. (10.94) by expanding tanhz to
order 23

m o~ [fJzm — %(ﬁsz)?’ (10.102)
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yielding

(10.103)

and hence = 1/2. In the presence of the external field, expanding
again Eq. (10.94) one has

1
mzﬁhm+5ﬂ—§whm+ﬁﬂﬁ (10.104)
At T =T, this equation reads
1 )
m~m+ .H — g(m—i—ﬂcH)5 (10.105)

where we have used Eq. (10.96). Let us make the ansatz (to be
verified shortly by consistency) that m oc H'/% with 6 > 1. Then
we can neglect the term proportional to H in the cubic term on the
r.h.s. of Eq. (10.104), thus obtaining

1
m:wn+ﬁJJ—§m? (10.106)

leading immediately to 6 = 3. Upon deriving Eq. (10.104) with
respect to H and letting H = 0, for the spin susceptibility one has

X = BJzx + B — (BJzm)*(BJzx + B). (10.107)
For T' > T,, letting m = 0 one has
T-T.\"
XZQ( TC) (10.108)

yielding v = 1. The same result applies also for 7" < T,. Indeed
one sees that in this case the last term in Eq. (10.107) contributes
only with a constant as 7" — T, and does not change the exponent
~. Finally, in order to determine the specific heat exponent let us
evaluate the energy (E) = _ag}jz_ Using Eq. (10.97) for In Z one
has

Jzm? om om Jzm?
(E) = 5 +ﬂsz%—Jztanh(ﬁsz) (m + 5%) = -
(10.109)

Considering the specific heat C' = N7'0F /0T, from Eq. (10.109),
letting m = A_(T. — T') below T, one finds

C 0 et (10.110)
~ 2 A2 .
L T<T.
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Hence the specific heat has a jump but not a singularity, and a = 0.

We show now that the mean-field theory becomes exact for a sys-
tem where the interaction is not restricted to the neighbours but any
spin interact equally with all the others with strength J/N (normal-
ization with N amounts to a redefinition of J when interaction is
limited to neighbouring spins but is necessary to keep the global in-
teraction strength finite when the interaction range goes to infinity).
In this case Eq. (10.89) applies with

J
H,:H+N;Sj (10.111)
JF1

where, at variance with Eq. (10.90), the sum is extended to all the
spins except the one in 2. The molecular field in this case can be
written as

J
Hi:H+N<ZSj—SZ-> = H+J(m—S;/N)~H+ Jm,
J

(10.112)
where the last equality holds in the thermodynamic limit in which
N — oo. This is the form (10.92) of H.s; used in the mean-field
approach. This shows that mean-field is exact for systems with an
interaction strength that does not decay with distance. It can be
shown that mean-field is also appropriate for systems where interac-
tions decay sufficiently slowly (i.e. algebraically with a sufficiently
small negative exponent) with distance.

There are many way to improve the Weiss mean-field result for a
system with a finite interaction range. One way is to consider a cell
made of one spin interacting with its z neighbors and an external
field acting on the z neighbors as a result of the interaction due to
all other spins. Increasingly better approximations can be obtained
by taking larger and larger cells, within which the problem can be
solved exactly and treating the remaining spins as a self-consistent
field. In the limit of an infinite cell, one can expect to have solved
the problem exactly. For a finite cell, even though such quantities as
magnetization and susceptibility approach the correct results over a
large temperature range, in the vicinity of the critical point there is
always a mean-field behavior characterized by Landau’s exponents.

Correct critical exponents are not found because solving the prob-
lem exactly in a finite cell implies summing up a finite number of
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degrees of freedom, which in turn implies analyticity in the free en-
ergy and thus in Landau’s critical exponents. In other words, at
temperatures away from the critical point the correlation length is
finite. The system is made of cells with a size of the order of ¢ that
do not interact with each other. Therefore if we sum over a finite
number of degrees of freedom inside a cell, we will get correct results.
As T'— T, however, the correlation length becomes infinite and any
approximation involving the sum over a finite number of degrees of
freedom cannot give the correct critical exponents.

10.10.3 Bragg-Williams Theory
10.10.4 The Van der Waals Theory as a mean field theory

The partition function of a real gas is

v}
2(T, V. N) Z/dﬁl---dﬁzve‘ﬁzim/dﬂ...die—BZijV(m),

(10.113)
where 7;; = |F; — 7| is the distance between particles ¢ and j. As
it is the partition function (10.113) cannot be evaluated (in general)
because of the interaction term V. Then, in order to proceed, we
introduce a mean field approximation by saying that each particle ¢
feels an effective potential U(7;) due to the presence of all the other
particles. We also assume that U(7;) has the simple form

Sy N ) oo r <o
Ur) =U(r;) = { G<0 r>r, (10.114)
namely there is an hard-core repulsion for small distances r < rgy
and a costant attraction otherways. We also make the reasonable
assumption that w is proportional to the density u = —cp, where ¢
is a positive constant, which we can write as

77/2

U=—a—— 10.115

where n is the number of moles and a = ¢cN3, N being the Avogadro
number. Plugging the form (10.114) into Eq. (10.113) one has

N
Z(T,V,N) = [)\ /dﬁ-eﬁU(”)} : (10.116)
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where A is the value of the momentum integration which does not
depend on V. Using Eq. (10.114) one has

Z(T,V,N) = A\ (V = V.)e P ", (10.117)

where V, = fr_ ., driis the excluded volume. This quantity is propor-
tional to the number of particles, V, = C'N, where C' is a constant,
SO we can write

V. = bn, (10.118)
where b = C'N4. Computing the pressure asp = — g—g = ksT E%LVZ -
one has NI )

B an
= N —— 10.119
V—nb V2’ ( )

which is the Van der Waals Equation (10.14) (recall that Nkp =
nR). This shows that the Van der Waals approach is a mean-field
theory.

10.10.5 Correlation functions

Landau’s theory describe the system directly in term of the macro-
variable m and therefore, in the form of Sec. 10.10.1, it does not
allow one to study correlations which are produced by the fluctua-
tions of the micro-variables S;. We then try to upgrade the theory
by writing a Landau free energy of the form

F(T.H) = [ a7 [a(T)6() + 6T)6 ~ HE6() +eT)FoF]

(10.120)
where ¢(7) is a field with the meaning of the magnetization at po-
sition 7, ie. [drg(r) = m. By assuming ¢(F) = m = const.,

Eq. (10.120) reduces to the Landau’s free energy introduced in Sec.
10.10.1. Eq. (10.120), therefore, represents a generalization to the
case in which there is a spatially varying magnetization. Notice that,
in this case, the last term represent the lowest order term compatible
with the required symmetry for ¢ — —¢ for H = 0 in a gradient
expansion. As explained in Sec. 10.10.1, to lowest order one assumes
a(T) = ao(T —1T.), b(T) = by and, analogously, ¢(T") = ¢o. It can be
shown that the free energy (10.120) provides the correct description
of the critical properties (e.g. it gives the correct critical exponents).
However this theory is not analytically solvable.
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We now minimize the free energy
SF(T,H)

oo = 2a(D)9(E) + 4bo¢ (@) — H(T) — 2c0V*9(%) = 0.

(10.121)
To obtain the last term we have used

0 7|V 2= r Y, r) - Y r—7
a¢(f)/dr|V¢(F)| —2/d V(i) - Vo(Z—7) (10.122)
= —2/d7_”[6-6¢(7?)]-(5(f—77’)+ [6gb(f‘)]5(f_f‘) o

and neglected the border term which is located at infinity (if this
is not sufficiently clear one can try to do the computation first in
one dimension, and, as a second step, to perform the computation
in arbitrary dimension by introducing the components). In order to
obtain the susceptibility of Eq. (10.75) we derive Eq. (10.121) with
respect to H(y) obtaining

2a(T)x(r) + 12000 (Z)x (1) — 0(F) — 2¢oV3x(r) =0 (10.123)

Since this equation cannot be solved, in order to be able to proceed,
we resort to a mean-field-like approximation in which we substitute
$*(Z) with (¢*(Z)) = S, which does not depend on space due to
homogeneity. Going to Fourier space one arrives at

[2a(T) + 12bS + 2cok*]X (k) = 1. (10.124)
Hence, using the Fluctuation-Dissipation theorem (10.78) one has

KT &

g(k) = S e 1 (10.125)
where )
¢ = 20 [2a(T) + 12b5] 2. (10.126)

Since this quantity has the dimension of a length and there are
no other lengths present in expression (10.125), £ is the coherence
length. Indeed we will show below that C(r) decays over a typical
distance r ~ £. Using the form (10.84) of a(7") one has

£ =& (%y (10.127)
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with the critical exponent v = 1/2 and

1/2
(z%) . T>T.
§o = 1/2 (10.128)
(s27)" . T<T

Eq. (10.125) is known as the Ornstein-Zernike form of the correla-
tion. It states that
G(k) ~ k= (10.129)

for k& > 1, with the critical exponent n = 0. Transforming Eq.
(10.129) back to real space one obtains

kT T
= =2y [ 10.1
g(r) 2607“ (f) , (10.130)

where, in d = 3, it is
Y(z) xe”. (10.131)

This shows that ¢ is the typical length over which C'(r) decays.

10.10.6 Ornstein-Zernike Theory

The mean-field version that we have treated thus far has allowed the
calculation of such quantities as order parameter, susceptibility, and
specific heat. These quantities do not depend on coordinates. Now
we want to apply a mean-field theory to the pair-correlation function
originally proposed by Ornstein and Zernike. As in Landau’s theory,
we start with a generic system and assume that some quantity we
define has analyticity.

To fix the ideas, we consider the density-density pair correlation
function g(7) for a fluid, but the procedure will also be valid for spin
systems. Remember that g(7) measures the correlation between two
points at a distance 7, i.e., it quantifies the effect that one density
fluctuation at a given point has on the density fluctuation at another
point separated by a distance 7. The range within which the effect
is felt, i.e., the range within which ¢(#) = 0, is called the correla-
tion length & and has been precisely defined in Eq. (10.6). Thus,
near the critical point, g(7) develops long-range correlation. In fact,
[ g(7)dF, which is proportional to the compressibility, diverges at
the critical point. Therefore if we consider the Fourier transform,

G(k) = [g(r)eFTdr, for k = 0, §(0) = [g(7)dF diverges at T..
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-

Therefore g(k) is not an analytic function at 7'= T, and k = 0. We

-

can never develop a theory that assumes g(k) is an analytic func-
tion, and thus this cannot help us to find the desired divergence,
even qualitatively.

We introduce another quantity, the direct pair correlation func-
tion, which is defined by

o(F) = O(F) + / O — g (7). (10.132)
Taking the Fourier transform of (10.132), we have
g(k) = C(k) + C(k)g(k), (10.133)
from which .
Gy = 9% (10.134)
1+ g(k)

So given the pair correlation function 5(/2), the direct pair correlation
function C'(k) is uniquely defined by (10.134). From (10.133) we can

also express g(k) as a function of C(k),

= C(k)
g(k) = 7 ST (10.135)

From (10.135) we note that if C(0) at T, equals 1, §(0) diverges and
k = 0. Therefore C(k) can be a well-behaved function at 7' = T,

-

even if g(k) is not.

Before we proceed to the evaluation of @’(E), we give a physical
interpretation to the direct pair correlation function C(7). From
(10.132) we can perturbatively solve the integral equation as

g(7) = C’(F)+/ C(mo(*—ﬁ)dfﬁ/ C(r)C(r=r)C(F=ra)dradri+. ...

(10.136)
Graphically, this series can be expressed as ...

The first term C(7) can be interpreted as the contribution to g(7)
from the direct correlation, and the second term as the contribution
to g(r) from the product of two direct correlations, i.e., the two
points 0, r are correlated by a direct correlation that propagates
from 0 to an intermediate point 7, and from 7} to 75, and so on.
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Thus although C(7) is short-range, this propagation mechanism can
give rise to long-range correlations. B

We now proceed as in the Landau theory and expand C(k) as a
power of k? (since g(7) is a function of the modulus of |7], the first
term is in k?). Assume that we are at fixed density p = p. and
T > T.. Our concern is the behavior at large r, so we stop at the
first order in k2,

C(k,T)=C(0,T)+ B(T)k* + ..., (10.137)

From (10.135) it follows at 7, that C/(0,7,) = 1. We assume analyt-
icity near T, so

C0,T)=14+A(T—-T.) and  B(T)=DB, (10.138)

For simplicity, we have assumed 7" to be above the critical temper-
ature along the line where the order parameter is 0 (p;, = pg = pe
for a fluid); we could otherwise include a dependence on the order
parameter M which would contribute a term proportional to M? in
(10.138).

In conclusion, from (10.135), (10.137), and (10.138) we can write
to the lowest order in k% and T — T,

- D
gk T) = —— 10.139
g( ? ) 572 + k27 ( )
where
T—-T.
D =-B;, 2 =¢2 = and &% = T, AgD.
’ (10.140)
For k = 0, we have
1
9(0,7T) = ———. 10.141
g( ? ) AO(T _ Tc> ( )

Since (0, T') is the square of the density fluctuation, it must be pos-
itive. Therefore Ay > 0. From (10.141) we also find the compress-
ibility diverges with an exponent v = 1, as found in the Landau
theory.

Since the only divergence of 'gV(E, T)isat k = 0, By also is negative.
The form of (10.139), which is called a Lorentzian, is valid near
T = T, and when k is small. By performing a Fourier transform



CHAPTER 10. STRONGLY INTERACTING SYSTEMS AND CRITICAL PHENOMENA147

(10.139), we obtain ¢(r) for large values of r

—r/¢
e
9(r) &< G (10.142)

where d is the space dimension.
From (10.142), it follows that £ coincides with the correlation
length of (10.141), for which

£~ & (T;CTC)_ , (10.143)

with an exponent v = 1/2. For T' > T, therefore, the pair correla-
tion function for large r decays exponentially while at T, it decays

algebraically,
1

with v = 0.

As stated earlier, the Ornstein-Zernike theory does not begin with
a particular model. It only assumes the analyticity of C (E, T') near
T =T, and k = 0. As in the Landau theory, T, and the amplitudes
of the divergences are not determined, and will depend on the par-
ticular model considered. The critical exponents are universal and
will be valid for any model that satisfies the analyticity requirement
for C (E, T). To perform an explicit calculation including 7, and the
amplitudes, we can calculate C(E, T). This can be done starting
from definition (10.134). By doing a series expansion in f3, to the
first order, it is possible to show (see Problem) that

C(k) = W—Q (10.145)
where
V(k) = / V(7)™ dr, (10.146)

and V(7) is the interacting potential. This result is also valid for the
Ising model or lattice gas model, except that the discrete sum must
be used instead of the integral over all lattice sites in (10.146). The
critical temperature is therefore given by condition (10.139)

=1. (10.147)
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In the case of the Ising model V(0) = z.J, which gives the Weiss
result kg7, = zJ. Other quantitites such as £ can be obtained by
calculating (10.146) to the order k2.

10.10.7 Summary on mean-field critical exponents

In conclusion, the mean-field theory predicts for fluids and magnets
the following behaviors and critical exponents:

M~ €° B=1/2 Order parameter

X ~ €7 vy=1 Compressibility or susceptibility
Cr~e™ a =0 | Spec. heat at const. volume or field
g(r) ~ e 8 fpd=2 1y =) Pair correlation function
E~e? v=1/2 Correlation length

M ~ H'Y? 0=1/3 Order parameter at 7,

Note the unphysical prediction that for d = 1 and d = 2 the pair
correlation function will not decay, and for d = 1 will increase with
distance. This defect arises from the fact that the mean-field theory
is based on an assumption of analyticity, which is not necessarily
correct.

10.10.8 Mean-field breakdown: The Ginzburg criterion

As we have already pointed out, mean field theories provides in many
cases a qualitatively correct description of phase-transitions but their
quantitative predictions are wrong. It is known, for instance, that
the mean-field critical exponents do not agree with the real critical
ones observed in experiments or in the few exactly soluble cases (See
Sec. 10.11 and table 10.1 specifically). This happens because the
mean-field does not take into account appropriately the ever growing
fluctuations that set in the system, as testified by the divergence of
the susceptibility, as the critical point is approached. Consequently,
the mean field picture is expected to get worst approaching 7. Inter-
estingly, the breakdown of mean field can be consistently predicted
within the mean-field theory, as we show below.

Translating the discussion above into a formula, we can assume
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that, below T, the following inequality

< > (8= (5) ><<<ZS> : (10.148)

iEVg iGVg

must hold in order for mean field to be valid. Eq. (10.148) indeed
states that mean field is correct when the spin fluctuations are much
smaller than the spin average. Notice that we have restricted the
calculation inside a correlated volume V; because, since correlations
are felt only up to distances £, the system can be thought as made

of many independent subsystems of volume V. We can re-write the
r.h.s. of Eq. (10.148) as

< D (Si—(Si)) >= <ZZ(SZ-—<&->><SJ-— <Sj>>

1€Ve 1€Ve jeVe
= > g =) g (10.149)
1j€Ve 1€Ve .
r<é

where in the last sum we sum only up to r ~ ¢. Using Landau’s
theory (Eq. (10.130)) one has

IR :/Vg df/r<£dfg(r)

1€Ve N
r<é
kT r kT
= Vi— drlr|~42y [ =) = A;——¢™2 (10.150
f260 r<g rl § dQCof  ( )

where in the last passage we have transformed the integration vari-
able into /¢ and the result of the integration is contained in the
d-dependent constant A,. Plugging this result into Eq. (10.148)
and writing the r.h.s. using again Landau’s theory as

2
<Z Si> - BﬁdeGQ(Z;), (10.151)

where B, is the volume of a system of unitary size in dimension d,
upon expressing all the quantities in terms of & (Eq.(10.128)), one
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arrives at

T (IT=TN\T i
(5—0) :(T) > 65, (10.152)

where Cy = AzkTby/(2B3ayT.) is a constant. This equation is known
as the Ginzburg criterion. Although we have shown it for T' < T,
one can arrive to a similar result also for T > T,.. This equation
shows that for d > 4 the mean field theory is basically correct as
T, is approached, while it fails for d < 4. The special dimension
d. = 4, above which mean field breaks down, is called the upper
critical dimension and is a general concept when dealing with phase-
transition in general (not only those described by the Ising model).
Eq. (10.152) informs us also on how far from 7. one must be in order
to have the mean field being basically correct. Notice that mean field
is more accurate in systems with a large bare correlation &, such as
systems with long-range interactions, superconductors etc...)

10.11 Exactly Solvable Models

10.11.1 The One-Dimensional Ising Model

The one-dimensional Ising model is exactly soluble. In the zero field
it has Hamiltonian

N
=1

where now we consider periodic boundary conditions Sy.; = 57.
The partition function can be written as

N
z =Y []e*5, (10.154)

{si} i=1
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where K = 3J. Using the identity eX®S+1 = cosh(KS;S;;1) +
sinh(K S;S;11) we have

N
Z = Z H COSh(KSZ'SiJrl)[l + tanh(KSZSlH)]
{si} i=1

N
= [cosh K|V Z H[l + 5;5;+1 tanh K|
{5:) =1

(10.155)

= Jeosh K]V |} 1+ ) SiSipitanh K + > ) 88,1958, tanh® K + ... ]|,

{Si} i i

where we have used the fact that 5;5;.1 = +1 and the parity of the
hyperbolic functions. Since the sum is over all values of spins, all
the terms except the first (i.e. 1) are zero; therefore

7 = 2Vcosh KV. (10.156)
The free energy density is

InZ
F(K) = _anT = —kT(In2 + In cosh K). (10.157)

The extension to the presence of a magnetic field H gives (see prob-
lem)

fK,h) = =B {K + In{cosh h + [sinh® h + e *]/2}} | (10.158)

where h = fH. The magnetization can be easily calculated by taking
the derivative of the free energy with respect to H (see problem).
The result shows that the magnetization is always zero for any finite
temperture except at T' = 0.

We now calculate the pair correlation function

Since the magnetization (s;) = 0, we do not need to subtract the
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term (S;)(S5;), and

1
9i; = E%SiSjeKZ[SlSZ+1 (10160)

N
1
= —lcosh KINY 88 T](1 + SeSeqr tanh K)
{5} =1

1
= —lcosh KINY S8+ ) SeSp tanh K
{S:} ¢

+ D) 9SS mSmen tanh® K+,

£ m
1 o
= E[cosh K1Y (tanh K)li=712V

The final result can be obtained by observing that for ¢ = j one has
SiS; = 1 and only the first (the 1) term survives after summing over
the spin configurations, similarly to what done in Eq. (10.155). For
j =1+ 1 the only surviving term is the second with ¢ = i, namely
5257 (tanh K = tanh K. For j = 1 + 2 there the second term
survives with £ = i and m = i + 1, namely S?S2 5%, tanh* K =
tanh® K and so on for any distance |i — j|.
From (10.158) we finally obtain

gij = [tanh K191 (10.161)
which can be written in the form
gij = exp [_gﬂ , (10.162)
where r;; = a|i — j|, with a being the lattice spacing and
a
= 10.163
¢ | In tanh K|’ ( )

which shows that as T" — oo the correlation reduces to zero, while
as T' — 0, the correlation length diverges as

a 2J
= — — . 10.164
¢~ 5o | 7] (10.164)
Although the one-dimensional Ising model does not show any spon-
taneous magnetization at finite temperatures, 7' = 0 can be treated
as a critical point where the correlation length diverges. In 2 and 3
dimensions, there is a transition at finite 7.
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10.11.2 Onsager solution in d = 2

An exact solution of the Ising model was provided by Onsager in 1944
for the 2-dimensional case in zero external field. He showed that in
the thermodynamic limit, the free energy has a non-analyticity at the
temperature T' = T, = 2.269.J/kB. At this temperature, the specific
heat diverges logarthmically, while the spontaneous magnetization
behaves as (T —T,)? with 8 = 1/8. The other exponents are y = 7/4,
v=1and n=1/4.

10.11.3 Spherical model
10.12 Ciritical exponents in d = 3

Although there is no exact solution in three dimensions, the critical
exponents can be estimated numerically by means of high-temperature
or low- temperature series expansion, or by Monte Carlo calculations.
We find that the critical exponents for d = 3 are close to, but still
different from the mean-field results (see Table I).

| B 7« v "
2d | 1/8 7/4 0 1 1/4
3d | 0313 125 0125 064 0.04
MF | 1/2 1 0 1/2 0

Table 10.1: Critical exponents.

What about the critical exponents obtained from experimental
data? As might have been anticipated from the lattice gas model,
most critical exponents for both ferromagnets and fluids are numer-
ically close to those of the 3-dimensional Ising model. From Table
10.1 we see that the critical exponents are highly dependent upon
system dimension. In d = 1 there is not even a phase transition at
finite temperatures.

10.13 Paths degeneracy

How can we understand the absence of phase transition in d = 17
The pair correlation function between two points at a distance of n
lattice spacing is

[tanh J]" = exp[—nIn | tanh(5.J])|]. (10.165)
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Because the correlation decays by a factor tanh(/5.J) at each step, the
pair correlation decays exponentially. Examples include the decay
of a radioactive element and the decay of light or sound as it travels
through a medium.

In higher dimensions there is more than one path connecting two
points. We can make a rough estimate of the pair correlation func-
tion. Roughly the number of paths made of n steps between two
points increases as a power of n, ie., A" = e""* with A > 1.
On each path the correlation decays exponentially, but the num-
ber of paths increases exponentially. But summing over all the
paths, we obtain roughly the pair correlation g, after n steps, i.e,
gn = [Mtanh(BJ)]".

When these two effects compensate, the correlation length be-
comes infinite. Therefore the critical temperature is given by

) =1 (10.166)

Atanh
(kBTc
The pair correlation function between two points separated by a
distance 7 is related to g, by 4g(F)r¢~tdr = g(n)dn. If we assume
that the relation between r and n is

n’ =r, (10.167)
we obtain
T v 1
g(F) = exp [— (E) ] T (10.168)
with
2v—1
n= , (10.169)
v
and )
£ = ~(T-T,)™". (10.170)

[In A tan(B8J)]"

Therefore v corresponds to the correlation length exponent. Finally
we can speculate that the paths along which correlations propagate
are nonintersecting random walks, the so-called self-avoiding walks
(SAWSs). The exponent v, which relates the number of steps n and
the end-to-end distance r, can be known to a good approximation
using a formula derived by Flory, i.e.,

_{ 3/(d+2) ifd<4

=9 172 itd>4 (10.171)
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which in fact is exact for any d except d = 3. We note that the above
argument becomes exact in one dimension and in higher dimensions.
In this case A = z, and in the higher dimensions z is large, thus from
(10.166) T. is large and, if we expand the hyperbolic tangent to first
order,
zJ
kBTc B

From (10.169) and (10.171) we see that when d > 4, v = 1/2 and
n = 0. This argument suggests that there exists an upper critical
dimensionality d. = 4 such that for d > d. the critical exponents
do not change with the dimensionality and become identical to the
mean-field exponents. This result in fact is true and can be derived
within the renormalization group approach.

1. (10.172)

10.14 Scaling Laws and Universality

Until the beginning of the 1970s the mean-field theory was the only
theory available for the study of critical phenomena, and there was
no way to improve the theory to give better results for critical ex-
ponents. However, based on general thermodynamical properties, it
was possible to prove some general relations among critical expo-
nents. There are many examples, e.g.,

a+20+~v>2 and dv>2-—a. (10.173)

It was remarkable to note that these relations were always satisfied as
equalities as can be seen in Table I. Even the mean-field exponents
satisfy the first relation as an equality. In fact, all the relations
that do not involve the dimensionality d are also satisfied as an
equality by the mean-field exponents. These relations are called
scaling relations. The relations that involve the dimensionality d are
called hyperscaling relations.

In addition to the scaling, a second property, universality, was
observed. As clearly stated by Kadanoff, this is based on the em-
pirical fact that all systems can be divided into groups, each group
being characterized by the same critical exponents. The reason for
such universal behavior was based on the following arguments: A
system near the critical point is dominated by large scale fluctua-
tions, the linear size being essentially the correlation length £. At
these large scales, the details of the interactions are not important
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in determining the critical exponents, i.e., the critical exponents do
not depend on the details of the interactions. For example, an Ising
model with nearest-neighbor interactions and next-nearest-neighbor
interactions will be characterized by the same exponents as the Ising
model with only nearest-neighbor interactions.

The universality classes are therefore only characterized by global
properties, i.e.,

(1) the dimensionality,

(2) the Hamiltonian symmetries, and

(3) the behavior of the interactions for large distances.

Apparently all systems in nature can be divided into a compara-
tively small number of universality classes characterized by the above
global properties. Systems belonging to the same universality class
have not only the same critical exponents but also the same scaled
equation of state.

10.14.1 Homogeneity

Before proceeding on the scaling laws it is useful a short mathemat-
ical digression on homogeneous function. By definition, a function
f(z) is said homogeneous if

ftz) = g(t) f(x), (10.174)

where t is a parameter, that in the following will be denoted as rescal-
ing parameter, and g a generic function. A function f(x,zs,..., x,)
of n variables is homogeneous if

fltxy, trg, ... txy) = g(t) f(ar, 2o, ..., 2p). (10.175)
A generalized homogeneous function is such that
[t a7 eg, .t ) = g(t) f(x1, 29, .. xn). (10.176)

As we will see soon, scaling relations among critical exponents are a
direct consequence of the fact near the critical point thermodynamic
function are (generalized) homogeneous functions of their arguments.

10.14.2 Scaling

Let us go back to Landau’s theory (in the homogeneous case of Sec.
10.10.1). Introducing the quantity

m* = <‘“(T)|)é, (10.177)

bo
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the equation of state (10.85) can be cast as

H 3
== QSign(t)% 4 (Z‘) , (10.178)
where t = (T — T,)/T,, and H* = bym**. Hence, in each sector
T>T.and T < T, H = H/H* is a function only of the variable
M =m/m*

H = HE(M), (10.179)

with HE = +2M+4M3. This implies that the equation of state does
not really involves three independent variables (namely m, H, T') but
only two independent ones H, M. The procedure we have followed
above to re-write the equation of state is in spirit analogous to the
law of corresponding states previously introduced regarding the Van
der Waals theory of the liquid-gas transition. The form (10.179) is
expected to be universal while all the system-dependent features are
hidden into the relations connecting H to H through H*, M to m
through m*. Writing Eq. (10.179) as

H(t,m) = |t|3H* <|:'|%1> (10.180)
2

we see that H(T,m) seen as a function of m is a homogeneous func-

tion where ¢ plays the role of the rescaling parameter.

Similar considerations can be done for other thermodynamic quan-
tities. Let us start with the free energy, that we chose in the Landau
form (10.83) (we set the irrelevant constant f(0, H,T) = 0 for sim-
plicity). This can be re-written as

f(m, H,T)
f*
with f* = bym**. Inverting the relation (10.179) to express M in
terms of ‘H we arrive at

= sign(t)M? + M* — HM, (10.181)

H
ft, H) = |t|PF* <|t\3> (10.182)
2
with F* oc sign(t) M2(H) + M*(H) — HM(H).
The homogeneity property expressed by Eqgs. (10.180, 10.182) is
referred to as scaling, since the number of independent variables is
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reduced by considering rescaled quantities as H, M. Notice that all
the rescaling quantities m*, H*, f* can be expressed as powers of the
reduced temperature ¢.

According to Eq. (10.130) the correlation function at H = 0 can
be cast in a scaling form as follows

g(r, T) = [t|@2g (ﬁ%) , (10.183)

where G = (r/&€)~@=2Y (r/€). The physical meaning of Eq. (10.183)
is that one can map two systems at different temperatures 77 and
T, by measuring (or rescaling) lengths in units of £(7"), and also
by measuring the local magnetization, so to say, in units of m* =
£(T)~4=2) (since C is the product of two local magnetizations). This
means that as T, is approached the local magnetization gets weaker
and weaker. This shows that the scaling property is equivalent to
the statement that the physics can be described in terms of a single
dominant length £(7") in the vicinity of 7, (this is not true if we are
far from 7).

So far we have considered the mean field theory. To proceed
further we make the hypothesis that the scaling property (10.182)
holds also beyond mean field, where in general

f(t, H) = [t *F=* (WL‘“B) : (10.184)

where o and (3 are two unknown exponents (but we will soon recog-
nize that they are the specific heat and magnetization exponents, so
we anticipate the use of their symbols). For the correlation function
we generalize the form (10.183) by assuming

_pgja-zevg (T H
g(r,T,H) = |t| g (|t|”’ |t‘2°‘6) , (10.185)
where we have considered also the case with H # 0 and we the
scaling of H with ¢ is the same as in Eq. (10.184).

Notice that the free energy, from which all the thermodynamic
properties can be obtained, is a function of only two exponents.
This implies, as we will see shortly, that all the critical exponents
introduced before are not independent and can be expressed in terms
of a and . In order identify o and 3, let us start with the specific
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heat in zero field

o - y0E|  _ _yna0omzp 900
T | 4y, OT 98 |y OT 08 |y
O T 0
M|y T2 OlP [y
= —%(2 —a)(1 —a)lt|"*F=(0), (10.186)

which shows that, as anticipated, « is the specific heat exponent.
For the magnetization one has

of . H
T .H)=— —=| =—[tPF* . 10.187
m(T ) == 55— () (s
Evaluating at H = 0 one finds
m(T, H) = —[t|° F*'(0), (10.188)

which allows to recognize [ as the usual magnetization exponent.

Up to this point we have only identified the exponents contained
in the scaling ansatz (10.184). Now we show that from this ansatz
one can derive a number of scaling relations among critical expo-
nents. To start with, let us compute the susceptibility from Eqg.
(10.187) as

_Om

_ — _|¢|2Bre—2 10.189
om|,_ =l (0). (10.189)

x(T)

from which we obtain the relation
vy=2—a—20. (10.190)

Now we consider the magnetization at 7., in order to determine the
exponent d. From Eq. (10.187), in order to have a finite result when

: : : _B
t — 0 it must necessarily be lim, o F*'(2) ~ 27===5. Hence one

finds m(T., H) x H 275713, and hence another scaling relation
B=2—-—a-—p. (10.191)

The zero field susceptibility is

X = ﬁ/dfg(r, T,H =0) o [t|7Z ", (10.192)
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from which
v=(2—n)r. (10.193)

Finally, assuming that below 7, the correlator gg;s.(r, T, H) = (S;S;)
takes the same form as ¢ in Eq. (10.185), since lim, oo Jaisc =
(Si)(S;) = m?, due to the statistical independence of the spins over
lengths 7 > &, we obtain m? = [t|(@=2*""G(00), from which the last
scaling relation

v(d—2+1n) =28 (10.194)

descends. This latter is an hyperscaling relation, since it contains
spatial dimensionality, and is obeyed by mean field only letting d =
d. = 4. In conclusion, there are six critical exponents and four
scaling relations among them (Egs. (10.190,10.191,10.193,10.194)),
and hence only two exponents are independent.

10.15 The Renormalization Group

10.15.1 General scheme

The basic idea is that at the critical point, where & = oo, there is no
finite characteristic length. Therefore if we examine the system at
two different length scales we will see statistically the same picture.
For example, if we could observe the critical opalescence of a fluid at
its critical point with a microscope we would see a system made of
droplets of all sizes, and each droplet would contain smaller droplets
exhibiting an identical structure. If we could change the length scale
at which we observe the system by zooming in and observing the
detail of a single droplet, we would see the same picture: a self-
similar stucture made up of smaller droplets inside of larger droplets
and all droplets exhibiting the same configuration. The idea of self-
similar system, a system in which a tiny piece of the system has the
same structure as the entire system, is the basis for the concept of
scaling invariance. The divergence of the coherence length as T' — T,
and the scale-invariant configuration of the system is shown in Fig.
10.6 where the equilibrium configurations of the two-dimensional
Ising model at different temperatures are numerically generated with
a computer. At high temperature (T' = 2T,) the correlation length
is small. Close to T, large clusters begin to develop and, right at T,
there are clusters of any size (up to the largest one, i.e. the system
size).
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1.05T¢

g 7.

Figure 10.6: Equilibrium configurations of the d = 2 Ising model on a square
lattice obtained by Montecarlo simulations. Black and white regions represent
up and down spins. In the the three panels the temperature is (from top to
bottom) T'=2T,, T'=1.05T, and T = T..

Let us see how the idea of scale-invariance idea can be imple-
mented to make predictions. To fix the ideas, we consider the Ising
model in a zero external field. Close to T, the correlation length £ is
very large. We divide the original system of spins into subsystems
of linear dimension ¢ with a < ¢ < £&. Within each cell the spins
are within a distance no greater than the correlation length and are
therefore highly correlated. We can imagine that they will all be-
have coherently and that the cell can be roughly in two states: one in
which up-spins are in the majority and one in which down-spins are
in the majority. We can introduce a block variable s, that assumes
two values, up and down, corresponding to these two states. The
majority rule introduced here must not be intended in a strict sense
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but only as a physically-motivated guideline to understand the ba-
sic passages. The correct procedure to introduce the block variables
is that of summation over internal degrees of freedom, that will be
discussed in Sec. 10.15.2. In order to proceed we further suppose
that if the original spin Hamiltonian has the form

—BH =K SiS;i+h)_ S (10.195)
(i5) i
with K = J/kgT and h = H/kgT, the system of cells can be de-

scribed by a Hamiltonian H' with the same form as the original spin
systems, apart from a constant Wy (K, h),

—ﬁH/:K/ZSQS/B"’h/ZSa"'WO(K) h)7 (10196)
(aB) o

where the sum is over all nearest-neighbor cells, and K’ and b’ are the
renormalized coupling constant and the magnetic field, respectively.
Let us denote with (K, h) and with £(K’, h’) the value of a certain
length (we use this letter since we will be interested in the coherence
length) before and after the block transformation. Since the distance
between two renormalized spins s,, sg is ¢ times smaller than the
distance between two original spins S; € a, S; € 8 one must have

§(K,h)
¢

We first consider the case in which h = A’ = 0. The renormalized
coupling constant depends on K and /, i.e.,

f(Kl, h,) =

(10.197)

K' = f(K.0). (10.198)
Letting K = K, in Eq. (10.198), using Eq. (10.197) one has

E[f (K., 0)] = w;c) = 0. (10.199)

Since &[f (K., {)] = £[K.], it follows that

(K, l) = K. (10.200)

Recalling the recurrence equation (10.198) this shows the important
fact that that K = K, is a fixed point in the transformation of
the coupling constant, and under rescaling it does not change. This
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is clearly seen in Fig. 10.7: at T" = T, there an infinite coherence
length, as shown in panel a) (in the present system of finite size £ is as
large as the system size). After repeated block transformations the
block variable configurations is represented in the following panels.
It is clearly seen that £ remains as large as the whole system.

[C]

Figure 10.7: In the upper panel a configuration of the d = 2 Ising model at
T = T, is shown. Panels b,c,d,e represent the effect of repeated block-spin
transformations applied to such configuration.

Since K’ was the result of a summation over a finite number of
degrees of freedom, we can assume that f(K, /) is analytic and thus
can expand (10.198) to the first order near the critical point

of (K, 0)

' = — — 10.201
w=ros R0 ek oo
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where we have used Eq. (10.200). Alternatively, introducing the
distances from criticality ¢ = (K — K.)/K, and € = (K' — K.)/ KL,
this equation can be cast as

€ =a(l)e, (10.202)

where a(¢) = [0f(K,()/0K]k-k,. Eq. (10.201) implies that if the
system is not exactly at criticality (i.e. K # K,.) it will move further
away from K, either towards 7" = oo (if the original coupling con-
stant is K < K,.) or towards 7' =0 (if K > K_). This is clearly seen
in Figs. (10.8, 10.9). Here one clearly see that after repeated block
transformations one moves either towards a typical T' = oo config-
uration (i.e. & = 0 and zero magnetization), or towards a typical
configuration at T'=0 (i.e. £ =0 and m = 1).

-
e

(@ ' @

Figure 10.8: As in Fig. 10.7 but at T = 1.227..

Suppose now to rescale the spin system by a factor ¢;, so that
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from the above equation ¢ = a(¢;)e and then to rescale again the
cells by a factor ¢y, arriving finally at €’ = a(l2)e’ = a(ly)a(ly)e. We
require that the transformation from e to €’ obeys group properties
i.e. the same result for ¢’ must be obtained if we directly tranform
the system scaling by a factor ¢1¢5. One can easily check that, using
a naive majority rule (namely s, will take the value of the majority of
spins in the cell) to determine the value of s,, the group property is
obeyed in the cases which are expected to be most relevant (namely
those in which there are not very large fluctuations between the
distribution of spins inside the cells). From the group property it
follows that €’ = a(¢14)e, and hence

a(lyly) = a(ly)a(ls). (10.203)
This functional form has the only solution
a(l) = (*. (10.204)
Therefore (10.202) becomes
¢ = (%, (10.205)

where € is the scaling field and x the scaling exponent given by (from
Eq. (10.205))
r=1Ina(f)/In. (10.206)

We relate now x to the correlation exponent v. Close to K., &
shows the usual divergence £(e) = {pe. From (10.197) and (10.205)
it follows

E(e) =LE(l%e) =& L (7)™, (10.207)
and hence

= = 10.208
= (10.208)

Similarly, in the presence of a small field, the renormalized field
is

h = (P, (10.209)

10.15.2 Summing over internal degrees of freedom

We now relate the free energy of the system of spins to the system
of cells. In doing that we will provide a more precise procedure
to define the block variables which amounts to a summation of it
internal degrees of freedom.



CHAPTER 10. STRONGLY INTERACTING SYSTEMS AND CRITICAL PHENOMENA166

(e)

Figure 10.9: As in Fig. 10.7 but at T"= 0.997,.

The partition function for the spin system Zy (K, h) can be writ-
ten

Zn(K, h) = Ze_ﬂﬂ = Z Z e P = Z e = Zni (K B)eVolsh),
{si} {sa} intgrnal {sa}
(10.210)
where we have partitioned the sum over the spin variables into the
sum over the internal degree of freedom of the cells th?ml (this

[e%
means a restricted summation over all the configurations of spins .S;

inside cell o which provide a value s, of the block variable) and the
sum over the degree of freedom of the cells > . N’ = (=N is the
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number of cells. We have used also the relation
Y e = (10.211)

internal
o

which is the way to define H' and, in the last passage, the invariance
of the form of the Hamiltonian (10.196). From Eq. (10.210) we have

IHZN(K, h) IHZN/(K,,h/) N’ Wo(K7h)
—k‘BTT = _kBTTW - kBTT
(10.212)

Taking the limit N — oo, we obtain the relation between the free
energy for spin f(K, h) and the free energy per cell f(K', h')

fK,h) = f(K' 1)+ B(K, h), (10.213)

where B(K,T) = kgTWy(K,T)/N. We can assume that B(K,h)
is not singular at the critical point since B(K,h) was the result of
a summation over a finite number of degrees of freedom. Therefore
if we define fn4(€, h) as the singular part of f(K,h), from (10.213)
we have
foing(€, h) = (A F (¢, 0 P). (10.214)
This relation (10.214) shows that the (singular part of) the free en-
ergy is a generalized homogeneous function (see Sec. 10.14.1).
We now examine the consequences of (10.214). Since (10.214) is

valid for any ¢, for any € we can chose an ¢ such that /*¢ = 1. From
(10.214) immediately follows

fsing(e,h) = €7 (i) : (10.215)

ey/x

where p(z) = F(1, z) is a function of only one variable. Taking into

account that
0% f
Cyg ~ —_— ~ T 10.216

H ( 8t2 )ho ) ( )

e ()
oh ), _,

0% f .
X~ (w)hzo’” ’

from (10.215), it follows
d d
—a =2 B=-
T T
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(in the first of these relations we have only kept the leading diver-
gence as t — 0). These relations show that all critical exponents can
be expressed in terms of two independent quantities x and y. As a
consequence, «, (3, and v are not independent, and it is easy to see
that they satisfy the relation

a+28+y=2, (10.218)

which is the Rushbrooke relation with an equality sign. Note that
from (10.208) and the first of Egs. (10.217) it also follows that

dv =2 — a, (10.219)

which reproduces the second scaling relation.

The scaling hypothesis not only predicts relations among critical
exponents, but also predicts a kind of data collapse. From (10.215)
we can calculate the magnetization m = dg/0h, we find

m = ¢/ (he ¥/7) (10.220)

If we plot m as a function of € for each value of h we will find that
the data are all scattered in the m-¢ plane. If however we plot m /e”
as a function of h/e¥/* we will see that for all values of h the data
will follow only one curve. This phenomenon is called data collapse
and is a consequence of the form (10.215) of the free energy. This
property is also useful in calculating critical exponents. In fact, we
can find § and z/y until we obtain the best data collapse.

The scaling approach followed in the previous section was histor-
ically developed mainly by Leo Kadanoff to obtain the generalized
form for free energy. Although the approach contained the basis
for further development, no progress was made until 1972 when K.
Wilson derived his renormalization group theory. In the phenomeno-
logical scaling approach, the cell variables are introduced but they
are not precisely defined. To allow the explicit calculation of scal-
ing transformation (10.220) and consequently of the critical expo-
nent through relation (10.205) it was needed an implementation of
(10.211), i.e., it was necessary to define the cell variables and the
internal degree of freedom in terms of the spin variables . Then us-
ing (10.211) we can calculate the renormalization coupling constant.
To illustrate how the renormalization group works, we consider in
the next section a very simple case, theld Ising model, where the
renormalization transformation can be carried over exactly.
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10.15.3 Ising model in one dimension

Let us start by recalling that the exact solution of the model (Sec.
10.11.1) shows that for H = 0 the correlation length diverges as

£ ~ 2/ (k5T), (10.221)

as 1" approaches absolute zero, which can therefore be considered a
critical point. However it must be stressed that a zero-temperature
critical point is quite different from the usual one at finite T, because
the system is (fully) magnetized at T = 0, at variance with what
happens at T, > 0. This implies for instance that the exponent
[ cannot be defined. From Eq. (10.221) it is clear that also the
exponent v cannot be defined in the usual way. However, introducing
u = e 2//(k8T) _ g quantity that goes to zero as T'— T, = 0 playing
the role of a distance from the critical point, analogously to t =
(T —T,)/Tc is systems with T, > 0, one can write

E~u, (10.222)

with v = 1.
The partition function for the 1d Ising model in a zero field can

be written
7 — Z eK(5152+5253+5354+.--) (10223)

{si}
which can also be written as
Z= > ) KESrns)K(Ssivsss) (10.224)
S1,S3,... S2,54,...

We consider the system divided into cells of size ¢/ = 2 made of spins
(1,2)(3,4)(5,6).... For convenience we consider the first spin in
each cell (namely those on sites 1,3,5...) the cell variable and spin
2,4,6 the internal variable. In (10.224) the second sum is over the
internal degree of freedom of the cell. After summation of the inter-
nal degrees of freedom the spins on odd sites become block variables
which we denote with s; instead of the original symbol .S;. Therefore,
using (10.211), the renormalized Hamiltonian is given by

6K(5152+525'3)6K(5’3S4+S4S5) e — 6}{’[5153+5385+S557+...+(N/2)W0
E )

52,54,...
(10.225)
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where K’ and W, can be easily calculated from

Z oK (S15245283) _ K's1s3+Wo (10.226)
Sp==£1

From (10.226) we have

K (S1+83) | —K(S1+83) _ K's1ss+Wo (10.227)

By fixing first S} = sy = S3 = s3 = +1 and then S; = s; = =53 =
—s3 = £1, we obtain two equations,

e = 2(u +ut) (10.228)

and 5
= , 10.229
T +u~! ( )
where, for convenience, we have used the variable u = e 25; v/ =
e 2K Here u = 0 corresponds to T = 0 and v = 1 to T = oo.

Our goal is to find the critical point and the critical exponent. From
the previous section we know that the critical point is a fixed point.
The fixed points are those that are invariant under the rescaling
transformation (10.229). These are given by solving

. 2

w= (10.230)
Equation (10.230) can be solved graphically by locating the inter-
section of u/(u) given by (10.229) and v’ = w. From Fig. 10.10 and
Eq. (10.230) we see that there are two fixed points: u* =0 (T = 0)
and u* =1 (T = o). From the previous section, we know that the
critical point is a fixed point. But not all fixed points correspond to
critical points. What is the meaning of the other fixed points?

In general, we must have at a fixed point for (10.227)

) = ).

This equation is satisfied when &(u*) = oo or £(u*) = 0. The first
case corresponds to a critical point, the second case usually occurs
at T'= 0 or T" = oo where the correlation length is zero. This second
fixed point is called a trivial fixed point. How do we distinguish a
trivial fixed point from a critical point?

(10.231)



CHAPTER 10. STRONGLY INTERACTING SYSTEMS AND CRITICAL PHENOMENA171

15~ -

L /1\ i _l E
N 45 u'=2/(u+u’) |

Figure 10.10: Graphical solution of Eq. (10.230) for d = 1. The dashed magenta
line is the recurrence map.

Following the argument of the previous section, expanding the
renormalized coupling constant near the fixed point

u —u* = al)(u—u*), (10.232)

we can associate the scaling exponent z = In a/ In £ with the behavior
of the correlation length at the fixed point, since x = 1/v (see Eq.
(10.208)). If x > 0, the correlation length diverges as & ~ (u —
u*)_l/ ¥. If, on the other hand, = is negative then the correlation
length vanishes at the fixed point. Since ¢* = a = (Ou'/Ou)y=y+, T is
positive or negative depending whether the slope at the fixed point
a = (0u'/Ou)y—y~ is larger or smaller than 1. When the slope a > 1
the fixed point is also called unstable; when a < 1 it is called stable.
This terminology become clear if we consider the evolution w,, of an

initial point ug close to the fixed point under n successive iteration.
From (10.232) we find

Up — u* = a"(ug — u”). (10.233)

If a > 1 (unstable fixed point), after many iterations u, moves away
from the fixed point. If a < 1 (stable fixed point), u, — u*, i.e.,
Uy is attracted by the fixed point. In conclusion we can say that an
unstable fixed point corresponds to a critical point, while a stable
fixed point corresponds to a trivial fixed point. In the 1d Ising
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model we can easily recognize that the fixed point v* = 0 (7" = 0)
is unstable since (Ou’/0u)y—,~ > 1 and therefore corresponds to the
critical point, while u* = 1 (T" = o) is unstable, corresponding to
T = oco. From the figure, it is easy also to pictorially recognize the
stable from the unstable fixed point by representing the successive
interaction and seeing how they are attracted or repelled by the two
fixed points.
Finally, expanding near u* = 0 (critical point), we find

u' = 2u, (10.234)

therefore a = 2. Taking into account that the rescaling factor ¢ = 2,
recalling Eq. (10.206) we find the critical exponent v given by

In¢
e

y_
Ina

(10.235)

Therefore the correlation length close to uw = 0 (7" = 0) behaves as
£~ eV ~ul = e2/keT (10.236)

which coincides with the analytic result obtained from the exact
solution. Notice that in the 1d case € is not the usual quantity
(K — K.)/K. but instead u — u, = e 2 — ¢72Ke,

10.15.4 Ising model in two dimensions

In the one-dimensional model, the renormalization procedure has
generated a new Hamiltonian for the cells identical in form to the
original spin Hamiltonian apart from a constant. This usually is
not the case. If we try the same procedure in two dimensions, we
immediately realize that the renormalization procedure produces in
general a new Hamiltonian which does not coincide with the previ-
ous one. In fact the new hamiltonian contains not only the original
nearest neighbour spin interaction but many more interaction terms
such as next nearest neighbour spin interactions, four spin interac-
tions and so on. We therefore must resort to some approximation so
that the original Hamiltonian generates itself under renormalization.
A simple procedure introduced by Migdal and developed by Kadanoff
is based on some approximation that manages to reproduce the orig-
inal nearest neighbor Ising Hamiltonian for any dimension. We
will apply the Migdal-Kadanoff renormalization group to the two-
dimensional case. This procedure is done in two steps. In the
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first step after dividing the sytem in cells of linear dimension [ = 2
(dashed violet line in Fig. 10.11), one removes all the interactions
coming out from the central spin A and adds these interactions to
the other interactions in the cell. This is done uniformly in the entire
lattice. It is easy to check that, in this way, the interactions along
the perimeter of the cells are doubled. For instance, by stipulating to
add the vertical bonds of spin A to the vertical ones of B by moving
them to the right, and similarly we move the horizontal bonds of A
upwards, half of the perimeter bonds are doubled. The remaining
half (down and left edges of the box) are doubled due to the same
procedure performed on the neighbouring cells. In conclusion, the
bond-moving procedure ends up with an interaction 2K along the
perimeter of the cell, while the central spins in the A positions now
do not interact with any other spins and can be ignored.

After this first step the B spins interact with two neighbor spins
only as in the one-dimensional chain. The second step then consists
in applying the same decimation procedure of the one-dimensional
case to the B spins. The final result is that spins of type A and B
are removed and the surviving spins in position C interact with a
new renormalized interaction K’. Thus the entire renormalization
procedure consists in renormalizing K into K’, having rescaled the
system by a factor £ = 2.

The calculation corresponding to the second step follows precisely
the decimation procedure done in one dimension. The only differ-
ence now is that the intermediate interaction is 2K. The recursion
relation is therefore as in Eq. (10.229) with the replacement u — u?,
ie.

-2 10.237)
YT (10.

Fig. 10.12 shows the presence of 3 fixed points

1) w =0  (T=0) (10.238)
2) ut =1 (T = 0)
3) ur = U, (T =T.).

The first two fixed points are stable. The third one u. = 0.54... is
unstable. The critical exponent is
In2

UV =
In a.

~ 1.33, (10.239)
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Figure 10.11: The Migdal-Kadanoff decimation procedure.

where )
du

_@u:

It is easy to see from the figures that if we renormalize the system
starting from an initial value u,, the coupling constant remains the
same (scale invariant). If the initial value ug > u. (Ty > T.), under
renormalization the system approaches the stable fixed point u* =1
(T' = 00). On the other hand, starting from uy < u.(T" < T¢.). The
coupling constant under renormalization approaches u =0 (7" = 0).
How do we understand physically this process? If ' > T in the orig-
inal spin system two nearest-neighbor spins interact with a coupling
interaction J. Under renormalization the cells interact via a new cou-
pling interaction that is smaller than J, since u = exp(—23J) — 1
and hence J — 0. When under repeated renormalization the cell is
of the order or larger than &, two nearest neighbor cells are practi-
cally independent and the renormalized interaction is almost zero.
This explains why eventually the coupling constant tends towards
zero. Similarly, if we start below T, the majority of spins are up and
at a coarse grained level if the majority of the spins in the cell are

a, . (10.240)

Uc
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Figure 10.12: Graphical solution of Eq. (10.237) for d = 2. The dashed magenta
line is the recurrence map.

up, the cell is in the up configuration so that in proportion a larger
fraction of cells is up compared to the fraction of up spins. This
induces coupling interactions among the cells larger than the inter-
actions among the spins. As we continue renormalizing, the cells
eventually reach the correlation length and almost all the cells look
perfectly ordered, consequently the coupling interaction approaches
infinity, consistently with v = exp(—25.J) — 0.

10.15.5 Universality

In the approximation involved in the Migdal-Kadanoff approach to
the Ising model it is not possible to show how the renormalization
group can explain the universal behavior of a group of systems. In
a more elaborated renormalization group approach, other parame-
ters of the Hamiltonian, other than K may be involved. For instance
one could consider the model in the presence of an external magnetic
field. Or one might deal with an Ising model with a nearest-neighbor
coupling interaction K; plus a next-nearest-neighbor coupling inter-
action K5. By mapping the original system onto a new one with a
renormalized Hamiltonian with the same form as coupling constants
K, and K, the recursion relation will have the form

K = fi(Ky, Ky, () (10.241)
Ké = f2(K1,K2;€)-
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The fixed points are now points in a larger space. Let us suppose K7
and K are the unstable fixed points. Expanding (10.241) around
the fixed point leads to

6,1 = a11€1 + a12€2 (10242)
6/2 = Q91€1 + G99€9.
(10.243)

in which ¢; = (K; — K})/K; and

af; .
K2 - K;

which can be put in a matricial form

/
( “ ) - ( i i ) ( ‘1 ) : (10.245)
€9 21  G22 €2
We can chose a linear combination of €; and ey

Uy = C11€1 + C12€2
Uy = 021€1+C22€2, (10246)

which diagonalizes the matrix in Eq. (10.245), namely such that
Ull = /\1U1 = Ewlul (10247)

U/2 = )\Q’LLQ = ng'U,Q,

<52)2<A01 A02><Z;) (10.248)

Here u; and uy are the scaling fields and x; and x5 the scaling ex-
ponents.

The fixed point is u; = us = 0, which in the plane of the original
coupling constants €1, €5 is a certain point (see Fig. 10.13). Sitting
exactly on the fixed point one is not displaced by the renormalization
group iterations. But what happens to a point slightly away from
the fixed point? This depends on the sign of the exponents x1, zs.
If ; > 0 the corresponding scaling field u; is said to be relevant.
It is irrelevant if x; < 0, and marginal if z = 0. A case in which
both are relevant is, for instance, the case in which ¢; is the coupling
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Figure 10.13: Trajectories of the renormalization group transformation.

constant K and €, the magnetic field. In this case a point that is
not initially exactly on the fixed point will move further away from
it. As a particular case of a renormalization group trajectory in the
presence of two relevant parameters, let us consider the situation
where the representative point is on the curve defined as u; = 0,
ie., c11€61 + cioes = 0, but with uy # 0. Under renormalization one
remains on the manyfold u; = 0 but us will go away from us = 0, so
that the fixed point u; = 0, us = 0 will be escaped. The situation is
represented by the orange arrow in Fig. 10.13. In this case one can
have the critical state only for u; = us = 0. Indeed we know that
this is what happens when the scaling fields are the coupling constant
and the magnetic field: criticality is obtained only for H = 0. Let
us consider now the case in which x; > 0 but z9 < 0. In this case
if one is on the so called critical surface defined as u; = 0, i.e.,
c11€1 + 1262 = 0, under renormalization uy will approach zero (green
arrow in the figure). Therefore any point on the critical surface
will approach the fixed point u; = 0, us = 0. This shows that the
presence of the parameter associated to us does not produce any
effect - it is irrelevant - since under renormalizations it goes to zero
in any case. We can readily obtain this result by considering the
correlation length near the fixed point

() = 5(“1—/‘2) (10.249)
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which, from (10.248) can be written
(0 uy, 072 us) = E(uq, us). (10.250)
Letting ¢*'u; = 1 we have
E(un, ug) = uy e (ugul ), (10.251)

where ¥(s) = £(1,s), and we have taken into account that xs < 0.
From (10.251) it follows that, as u; — 0, & diverges as

€ = p(0)uy ™ = gouy T, (10.252)

with § = ¥(0), and an universal exponent v = 1/ which does not
depend on the initial value of uy. This shows how renormalization
theory can predict the universal behavior of an entire family of model
systems. All the irrelevant parameters flow to zero under renormal-
ization and do not change the critical exponents. Models which
differ only by irrelevant parameters belong to the same universal-
ity class. As an example, if we introduce next-nearest neighbourgh
interactions in the Ising model with a coupling constant .J,,, this
parameter turns out to be irrelevant.

10.15.6 Renormalization in momentum shell.

Performing the renormalization procedure in k-space on a model
with an Hamiltonian in the form (10.120) (notice that in the mean
field approach of Sec. 10.10.5 this form was considered already as the
free energy), for H = 0 and near d = 4 one arrives at the following
recurrences

3
_ 2 2 2
o= Cr+12¢(0° — 1)u — 2_7r2€ Inlru,
v = (1+elnl)u— %1116142, (10.253)

where € = 4—d, cis a constant, r is proportional to the distance T"—
Ty r from the mean field critical temperature and u is proportional
to the quantity b appearing in Eq. (10.120). Eq. (10.253) has two
fixed points, one with

r*=u"=0, (10.254)
denoted as the Gaussian fixed point, and the other with
2472 27
=T = (10.255)

9 9
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the Heisenberg fixed point. Notice that at the Gaussian fixed point
it is dr’/dr|,—o.u=0 = ¢* > 1, meaning that along the r direction (the
temperature) the fixed point is repulsive. Analogously, regarding
u, at the Gaussian fixed point one has du'/dul,—gu—0 = 1 + €ln /.
Hence for d > 4 the Gaussian fixed point is attractive along v and
it is repulsive below d = 4. Computing the critical exponents one
discovers that those of the Gaussian fixed point are the mean field
exponents. Hence for d > 4, if one starts with a theory with u # 0
and sets the temperature to the mean field critical value Ty the
renormalization group transformation leads to the Gaussian fixed
point with v = 0, and the mean field behavior is found. Conversely,
if d < 4 the recurrence relations (10.253) lead to a renormalized
Hamiltonian at the Heisenberg fixed point. Computing the critical
exponents, to lower order in € one finds

V:l—kie,a:ée,B:%—le,yzl—i—le,(S:?H—e,n:O.

2 12 6 6
(10.256)



Chapter 11

Dynamics

Thus far we have only considered systems that are at equilibrium.
In this case Statistical Mechanics approaches the problem without
describing the dynamics of the system. However, also in equilibrium,
one could be interested to study how the kinetics occurs. Further-
more, if one wants to generalize the equilibrium distribution given
by the microcanonical, canonical, and grand canonical ensembles to
describe systems out of equilibrium one is forced to provide a dy-
namical description.

11.1 Hydrodynamic approach

We first consider the simple case of a drop of ink diffusing in water.
As already stated, we do not consider the trajectory of each single
ink particle resulting from the microscopic dynamic equation of the
ink particles and the water, but instead consider a probabilistic de-
scription. To illustrate the idea, we use a simple approach based on
the random walk model. This model, which has been developed in
Chapter 2, predicts a Gaussian distribution for the probability that
given the particle at the origin at time t = 0 it is at a distance r
from the origin at time ¢ [see Eq. (2.42)]. The same result can be
obtained using the hydrodynamic approach which is based on Fick’s
law

J(F,t) = —DVp(7,1). (11.1)

This law relates phenomenologically the flux of particles J(7,t) at
position 7 and time t to the gradient of the particle density p(7, 1)
via a constant D, which is called the diffusion coefficient. Physically

180
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Eq. (11.1) means that if the density is not uniform, particles will
move from a region of high density toward a region of low density.

To write an equation for the density, we consider the continuity
equation that relates the density to the flux,

-J+—=—=0. 11.2
V-t (11.2)
From (11.1) and (11.2) the diffusion equation follows,
dp _ 2 (=

Equation (11.3) can be solved under the initial condition that all the
ink particles at ¢ = 0 are at the origin. In this case the solution has
radial symmetry and is given by

r

p(T‘,t) = Wexp <—m) y (114)
where

N = /p(f',t)df' (11.5)

is the number of particles. Note that for t = 0, Eq. (11.4) gives a
delta function, reproducing the initial conditions. Notice also that
Eq. (11.4) is three dimensional analogous to Eq. (2.42) with the
position D = 2pq/T.

11.2 The Langevin equation

Another approach to studying the diffusion of a particle in a medium
is to write the equation of motion of the diffusing particle, assuming
that the forces due to the particles of the medium can be replaced by
a stochastic force F'(t). In this approach, which is due to Langevin,
the equation of motion can be written as
dv =

mo = F(t), (11.6)
where m and v are the mass and velocity of the diffusion particle,
respectively.
_ Next it is assumed that the force can be composed of two parts:
Fi(t) and Fy(t). The first is a deterministic force. It contains a term,
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due to the viscosity, proportional to the velocity of the particle plus
any external force, if present. For the moment we will consider the
case where external forces are absent and hence F; = —(1/B)7,
where B is the mobility coefficient. The second, ﬁg, is a random
force that has the property of having a zero time average over short
intervals of time, namely

with
(Fa(t)) =0, (11.8)

where the (...) stands for a time average or, equivalently, an en-
semble average. For convenience we will only consider the ensemble
average. Notice that Eq. (11.8) does not fully describe the statisti-
cal properties of Fy which will be deduced in Sec. 11.2.1. Since Eq.
(11.7) contains a random force it is a stochastic differential equation.

By taking the ensemble average over (11.7) and considering the
property (11.8), the following equation is obtained for the average

velocity (V) a0 0

ny _ W 11.
m— 5 (11.9)

from which
() = e T, (11.10)

with 7 = mB. Equation (11.10) tells us that the average velocity of
a particle with initial velocity ¥y goes to zero with a relaxation time
T, loosely speaking. After a time 7, due to the collisions with other
particles, the particle loses the memory of its initial velocity. Note
that (i) the larger the mass m of the particle, the longer it takes to
lose its initial velocity and the larger is 7; (ii) the larger the mobility
coefficient, the less resistance opposes the fluid and the larger is 7.

From Eq, (11.7) we can derive an equation for (r?). Taking the
scalar product of both member of (11.7) with r, we obtain

oo i (11.11)

r.e — =
dt T m

Using the identities

dr? d

= E(f‘. F) =27 - ¥ (11.12)
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and 2 p .
r U
= 2— (7 0) = W%+ 27 —. 11.13
e U 7 (11.13)
From (11.11) it follows
2?2 1d 27 - F
—+ =P =2 : 11.14
ar e T T T (1L14)
Taking the ensemble average from (11.14), we have
ar* 1d,, )
-= =2 11.15
o2 = 202), (11.15)

where we have used the properties that (7- Fy) = 7 (Fy) = 0. To
solve (11.15), we need to know (v?) . We will calculate this quantity
later for any value of t. However, for long times in which the particle
has reached equilibrium with the system, we can use the theorem of
equipartition of the kinetic energy, namely

I 5 3
= = —kT. 11.1
m(e) = ok (11.16)
Substituting (11.16) in (11.15),
d(r*) 1d _ GKT

Z 2 y? 11.1
dt? * Tdt () m ( 7)
The solution of (11.7) under the initial condition that (r?) = 0 and
d(r?)/dt = 0 is given by (see Appendix F)

(r?) = BkT 2 {f —(1- e—f/f)} : (11.18)

m T
In the limit ¢ < 7, using the expansion e™* =1 — z + (22/2) + ...
from (11.18) we have
3kT
(r?) = —+#* = (v*)t? (11.19)
m

while for t > 7
(r*) = 6kT Bt. (11.20)

Equation (11.19) tells us that for time much less than the char-
acteristic time 7, the particle moves as if it were free from colli-
sions with a velocity equal to the thermal velocity (11.16). Equation
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(11.20) gives a time-dependence identical to the one obtained in the
random walk or hydrodynamic approach. In fact, from (11.4) and
(B.4),

1
)=+ / o7, £)r2dF = 6D, (11.21)

which, compared with (11.20), gives a relation between the diffusion
coefficient D and the mobility B,

kTB =D, (11.22)

which is known as Einstein’s relation.

Figure 11.1: Paul Langevin (Paris 23/01/1872 - 19/12/1946) and Albert Einstein
(Ulma, 14/03/1879 - Princeton, 18/04/1955).

11.2.1 Statistical properties of the noise

In this section we deduce the statistical properties of the noise and, as
a byproduct, we compute the time behavior of (v?) (in the previous
section it was evaluated only in the long time regime).
Let us write the Langevin equation in the form
dv U
— =——+a(t 11.23
P =Ty aw (11.23)
where d(t) = ﬁg(t) /m. The general solution of this equation (see
Appendix E) is

t
7 =0(0)e " VT / a(ty)et/dt,. (11.24)
0
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Taking the square one has
t t
V2(t) = v}0)e T p T / / eFTRITG(t)) - d(ty)dtydty +
o Jo

t
2e 2T {17(0) / etl/Tﬁ(tl)dtl}, (11.25)
0

and, after averaging

(W2 (1)) = (v*(0))e 2T 4 727 /0 /0 e/ (G(1y) - d(ty))dtydt,

(11.26)
since the last term in (11.25) gives zero contribution because @ is not
correlated with @(0) and (@(t)) = 0.

To proceed further, we must know the quantity K (¢1,t2) = (a(t;)-
d(t2)), which appears in the integrand. This quantity is a measure
of the correlation of d(t) at time ¢; with itself at time ;. For this
reason it is called the auto-correlation function of @(t). In a regime
in which the fluid is stationary, any two-time function depends only
on the time difference s = t; — t5, hence

K (b, ts) = K(s) = (1) - d(t2)). (11.27)

Next we assume that

K(s) = Ci(s). (11.28)
This assumption is physically justified by noting that the values
of d(t;) and d(t; + s) for large enough s are highly uncorrelated.

Because the force F is randomly fluctuating in time, for s larger
than a characteristic s*,

K(s) = (@(t) - d(t + ) = (@(t) - (@t + ). (11.29)

Since (d(t1)) = 0, it follows that K(s) = 0. Due to the molecular
agitation, we can expect s* to be extremely small. Therefore all
calculations can be made by assuming that the autocorrelation is a
delta function as in Eq. (11.28).

In conclusion, we assume that the force j28 appearing in the
Langevin equation has zero mean and a delta correlation. Using
(11.28), we can easily evaluate the integral in (11.26), giving

(W2(t)) = v2(0)e 27 4 Cg (1—e /7). (11.30)
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This is the desired expression, which still contains the quantity C,
which is unknown. However, by taking the limit ¢ — oo we find

(W3(1)) = cg, (11.31)

and using the equipartition theorem we obtain

T T
o= O _ Gk

= —. 11.32
™m  Bm? (11.32)
Consequently,
- - 6kT

This relation shows that the higher the strength of the fluctuating
force, the higher the viscosity B~!, showing that these two quantites
have the same orgin in the collisions of the fluid particles.

11.2.2 Harmonic oscillator in a viscous medium

As an application let us consider a particle in a viscous medium

subject to an elastic potential H = (1/2)Ar%. If the viscosity is

high we can set m ~ 0 (overdamped limit). I this limit, and in the

presence of the harmonic force —A7 the Langevin equation becomes
dr

< = BN+ BFy(t) (11.34)

The solution is (see Appendix E)
t
7(t) = 7(0)e PN 4+ Be B / Fy(ty)eP Mty (11.35)
0

which is similar to Eq. (11.24). Taking the average
(F(t)) = (7(0))e™?, (11.36)

which shows that the particle moves from the initial position to zero
in an exponential way with rate BA. Proceeding analogously to what
done after Eq. (11.24), using the properties of the noise, one finds

3T e—QBAt) )

- (1- (11.37)

(2 (6) = (20 +
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Hence, starting from the initial value (r?(0)) the mean square posi-
tion of the particle converges to the asymptotic value (r?)., = 3kT/\.
This means that 5

(H(F)) = %)\(72) = §kT, (11.38)

which, recalling that the momenta degrees of freedom do not con-
tribute due to m =~ 0, gives the principle of equipartition of the
energy.

11.3 Master Equation

In the Langevin approach we have considered the motion of a particle
subject to random forces. Let us now write an equation for the
distribution probability f(x,t) of finding a particle between x and
r + dx at time t. For N particles diffusing in a medium in one
dimension, N f(z,t)dz (the number of particles in the volume dz)
satisfies

N%f(aj,t)dx = —/dx'[Nf(x,t)d$W(:v,x')] +

+ /dac/[Nf(x’,t)de(x’,x)], (11.39)

where W (x,2")dz’ is the transition probability per unit time that a
particle in z jumps in a volume between z’ and 2z’ + dx’. The first
term in (11.39) represents the variation per unit of time of the num-
ber of particles in the volume dx. The second and third terms are the
number of outgoing and incoming particles, respectively, in the vol-
ume dz. Notice the generality of Eq. (11.39), since the forces acting
on the particles are encoded in the W’s which are now left generic
(we only assume that they do not depend on time, but this also could
be released). Moreover the argument can be trivially extended to a
generic space dimensionality. However, it must be noticed that the
flux of incoming and outgoing particles in Eq. (11.39) does not de-
pend on the velocity of the particles (which never appears in fact).
This implies that we are implicitly working in the overdamped limit
m — 0. By dividing Eq. (11.39) by Ndz, we obtain the master
equation,

% (2,1) = — / F, )W (2, 2')da' + / £ W (! 2)da. (11.40)
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If space is discrete, instead of Eq. (11.40) one would have
0
5 i) == ST HOWr + > foOWay, (11.41)

for the probability f; of finding the particle on site 7, where W ;s
is the transition rate for going from site ¢ to 7. As an example
let us consider the simple case of the unbiased (p = ¢ = 1/2) one
dimensional random walk of Sec. 2. In this case Wy = 1/2 - 0j;_y|1
and from Eq. (11.41) one obtains

0 1
5 /it) = 5AL(1) (11.42)
where the operator A(y;), given by
AYi) = =2y + [Yi-1 + Yir] (11.43)

is the discretized laplacian. It is trivial to show that Eq. (11.42) is
arrived also in arbitrary dimension with the discretized laplacian

Aly) =—zyi+ Y v, (11.44)

(7)i=1,z

where (j); are the z nearest neighbourgh of i. Eq. (11.42) is the dif-
fusion equation (11.3) obtained with the hydrodynamic approach of
Sec. 11.1. Notice however that here it is obtained for the probability
f while in Sec. 11.1 the variable was the density of particles. This
implies that p must be intended as an (ensemble) average quantity.

As a further example let us consider the particular case in which

/W(:c,a:’)d:c' = % (11.45)

does not depend on z. Let us also assume that the (up to now
generic) quantity fg(z), defined as

/f(x’,t)W(:c’,x)dx' = %fst(:c), (11.46)

does not depend on time. With these positions, Eq. (11.40) becomes

0

1 1
o/ @ t) = =— (1) + —ful2). (11.47)
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The solution of (11.47) under the initial condition f(x,0) = fo(x)
gives (see Appendix E)
(

fla,t) = fal) + (folx) = falx)) e/, (11.48)

This shows that fg(z) is the asymptotic distribution, i.e. the sta-
tionary state. In the absence of any external driving this is the equi-
librium state, and hence the master equation describes the decay of
a non-equilibrium state towards equilibrium. In this particular ex-
ample the stationary state is reached exponentially fast with a char-
acteristic time 7. Notice that, when it is reached, Eqs. (11.45,11.46)
imply that

/f(a:',t)W(x’,x)dx’:/f(x,t)W(w,x')d:U’, (11.49)

meaning that the flux of outgoing and ingoing probability probability
in a point = are the same. This is an obvious property of stationarity:.

11.4 Fokker-Planck Equation

In certain conditions the master equation can be reduced to a simpler
equation, called the Fokker-Planck equation, which has the advan-
tage of being a usual partial differential equation for f instead of
an integro-differential one. In order to do that let us suppose that
W (z,2') is highly peaked around x = 2’ and goes rapidly to zero for
x # 2’ . This is reasonable if the particle can only jump nearby. Let
us work in one dimension for simplicity and put £ = 2’ —x. Equation
(11.40) can then be written

% (2,1) :—/f(x,t)W(:p,x+§)d§+/f(x+§,t)W(x+§,x)df.

(11.50)
When we expand the integrand of (11.50) around xy = z — &, we get

1o

n! Ozn

[flz+& W (e +& )] &

(11.51)

Notice that this is not a trivial expansion for small jumps & ~ 0
(in this case, for instance, the zero-th order would be f(z,t)W (z, z))
but an expansion around z — £. In other words we re-write f(z +

fla+&OW(r+ & x) = Z

n
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&)W (x+&, x) in terms of the translated quantity f(z,t)W (z, x—¢§)
by means of a Taylor expansion).
For small &, we can stop at the second order, so that

fle+ & O0W(z+ & x) = fr, ) W(x,z — &)+ (11.52)
2

+ i e W+, Mﬁ%%mx FEOWE e ]| €
namely

fle+ & OW(z+&x) = fz, ) W(x,z — &)+ (11.53)

0 1 0

—f-%[f(x,t)W(I,lL' - 5)]§ + 5@[]”(%15)”/(%@ - g)]§2

By putting £ = —¢&, we can easily shown that for integer n it is

/_oo [, )W (2, 2=)§"dE = —(=1)" /OO fla, )W (z, 2+ dE =

= (=1 /_00 fla, )W (x,x + &)EMdE . (11.54)

Therefore from (11.50), (11.53), and (11.54) we obtain the Fokker-
Planck equation,

0 0 102
5 (@) = — g Am(@) (2, )} + 555 {ne@) f(z,8)},  (11.55)
where -
()= [ Wi+ s (11.56)
and -
pe(z) = / W(z,x + £)E%dE. (11.57)
Note that p; and po can be written as
_ (ox) _
=t = (), (11.58)

and

= . 11.
M2 5t ( 59)
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In order to better characterize these terms let us consider again
the Langevin equation in the presence of an external force f..,

v
Mmoo =5 + F5(t) + feat- (11.60)

In the overdamped limit m — 0 we have considered in Sec. 11.3 this
gives

(V) = Bfes- (11.61)
Since fe;y = —OH/Ox where H is the Hamiltonian, we find
OH
=-B—. 11.62
H1 or ( )

Moreover, from the Langevin equation in one dimension we find
(x*) = 2kT Bt t>T, (11.63)

which is the analogue of Eq. (11.20) in d = 1. Since we are consider-
ing the case m — 0 (7 — 0), Eq. (11.63) is valid for any ¢. Therefore
for a mean square displacement ((6x)?) in a time §t we have

2
fy = <(5§? ) _ k7B, (11.64)
In conclusion, the Fokker-Planck equation becomes
af 0 |OH 0?
i B% {% - f] + k:BT@ . (11.65)

The first term is a drift term due to external forces. The second
is a diffusive term. In the absence of external forces, Eq. (11.65)
coincides with the diffusive equation. Notice that the procedure
we have followed implies that the Langevin and the Fokker-Plank
equations are complementary approaches.

In the stationary regime ¢ — oo, we have

0 [0H 0?
0= 9 [% . f} + kT@f, (11.66)
whose solution
foq o 7P, (11.67)

gives the Boltzmann (canonical) distribution.
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11.4.1 Harmonic oscillator in a viscous medium (revisited)

As an application, let us consider a particle in a viscous medium
subject to an elastic potential H = (1/2)Ax?. The Fokker-Planck
equation becomes

of 0 0?

— =\B— kBT — 11.68

ot ~ Mgt/ kBT 55 (11.68)
under the initial condition that the particle is localized in zy at ¢ = 0.
The solution is given by (see Appendix to be done)

A 1/2 ANz — zge Bt)?
f(xa t) = —  _o\Bt eXp | — ( E —2/\1)315
2rkpT (1 —e ) 2kpT(1 —e )

(11.69)

Equation (11.69) is a Gaussian distribution that becomes a delta
function localized at zo for ¢ = 0, while the average position (x(t))
moves towards the origin exponentially in time with rate BA. For
t — oo is a Gaussian centered in z = 0 with width /kgT/\. In
other words, a particle originally in xq will diffuse moving on average
towards the origin # = 0 with an equilibrium distribution f., given
by )
1 Az
Jeal®) = G g P { 21{;T} ’ (11.70)

which coincides with the Boltzmann distribution of a particle subject
to an elastic potential U(x) = (1/2)A\z%. The mean square displace-
ment in the equilibrium configuration is given by

kT
(z?) = /feq(x)x2dx =5 (11.71)
which can be written as
1 1
(H(x)) = §A<x2> = 5kT. (11.72)

which gives the principle of equipartition of the energy. Clearly,
working in d = 3 we would have found Eq. (11.38). The results of
this section are analogous to those found in Sec. 11.2.2 working with
the Langevin equation. This shows that the Fokker-Plank and the
Langevin approach are complementary.
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11.5 General Master Equation

Here we want to generalize the master equation, discussed in Sec.
11.3. Given an ensemble of N equivalent systems, the probability
P,(t) of finding a system of the ensemble in a state r is given by
P.(t) = N,(t)/N, where N,.(t) is the number of systems in the state
r at time ¢, and N tends to infinity. For instance, in Sec. 11.3 the
states r could be described simply in terms of the particle’s position
x and we used the notation f(z,t) for P.(¢). In general a state r
must be described by all the relevant variables, like, for instance,
positions and momenta of all the particles etc... Using the same
argument as in Sec. 11.3, we can write a differential equation for
P.(t)

oF _ P.(t)W, P, (t)W, 11.73
815 —_g r() rs"—g s() ST ( . )

where W, is the probability per unit time that a system goes from
the microscopic state r to the microscopic state s and we are working
with a discrite spectrum of states (the case with continuous variables
is analogue). If we multiply each term of (11.73) by AV, the first term
is the rate at which the number of systems in the microstate r in
the ensemble changes. This is given by two terms. The first (with
negative contribution) is the number of systems that in the unit
time go from the state r to any state s. The second (with positive
contribution) is the number of systems that in the unit time go from
any state s into the state r.

To find an expression for W,, let us consider (11.73) at equilib-
rium where 0P, /0t = 0. From (11.73) we have

> PEOW,, =) PrOW,, (11.74)

where P\? is the (time-independent) equilibrium distribution. This
equation is certainly satisfied if

PEOW,, = PEDW,,. (11.75)

Equation (11.75) is called the detailed balance equation. Notice that,
in general, Eq. (11.75) does not fix the transition rates W since it is
a single equation for two unknowns.

For the microcanonical ensemble we have P\°? = const for each
accessible configuration r. Hence a possible solution is

W,s = const. (11.76)
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For the canonical ensemble P = const. - e 55" Therefore, a pos-
sible solution of (11.75) is given by the so-called heat bath transition
rates

W,., = const. - e PP, (11.77)
Another possibility are the Metropolis transition rates
W,s = const. - min [1, e #F=5)] (11.78)

The constants in Eqgs. (11.76,11.77,11.78) fix the unit time. If the
system satisfies ergodicity, namely each state can be reached by
any other state s, then Eq. (11.73) with W, given by (11.76) or
(11.77) assure that, starting from any initial distribution, the en-
semble evolves toward the equilibrium distribution.

For an isolated system for which the microcanonical ensemble
applies we will show below that the H function

H=> PP, (11.79)
satisfies
dH 1
= Z W,s(P, — P,)(In P, —In P,) < 0. (11.80)
Since S = —kH, (11.80) implies that the entropy in an isolated

system decreases with the time and reaches the maximum value when
P, = const. for each r, namely when the equilibrium distribution is
reached.

It remains to show the validity of Eq. (11.80). Taking the time
derivative of H in Eq. (11.79), using the master equation (11.73)
one gets

dH

E = Z (_WrsPr + WS'I‘PS) (hl PT‘ + 1) (1181>

s

In a microcanonical setting, chosing W,; = const. so that W,, =
W, Eq. (11.82) can be written as

dH
o= Z Wi (=P + P.) (In P, + 1) (11.82)

Exchanging the indexes r, s one has

> Wi (=P +P) (P +1)=> W, (P —P)(In P+ 1),

(11.83)
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where we have used again W,., = W,,.. Enforcing this relation the
r.h.s. of Eq. (11.82) can be written as

(1/2) | Y Wo (=P + P) (I P+ 1)+ Y Wy (P = P)(In P, + 1) |,
’ (11.84)
arriving then at Eq. (11.80).

11.6 Boltzmann Equation

Let us apply the master equation of the previous section to a gas of
N particles obeying the laws of classical mechanics. The states r of
the system are now labelled by the position and momentum of each
particle, which are continuous variables. We will use the shorthand

= {7, ..., T~} to denote the 3N positions, and ? ={p1,...,Pn}
for the momenta. We will also define P, ; = as the ensemble of all
the variables ? except those of the particles ¢, j, ..., (and similarly

for ﬁ”) Denoting the probability of a state as P Eq. (11.73) can
be written as

0
&P(?’ Rt = — /dﬁ'd?’m?, B. P, BYP(B,R.1)
+ / dR'dP'W(P, R P, ByP(P. B 1)
(11.85)
From the joint probability distribution P(?, ﬁ, t) the single particle
probability distribution f; = f(pi, 7, t) of particle 1 can be obtained
by marginalization, i.e. by integrating over the variables of all the

remaining N —1 particles. In the case in which there are not external
forces considered here this function does not depend on space.

fi(pi,t) = /dﬁld?ﬂ?(?, R.1). (11.86)
Analogously, the two-particle joint probability is given by

h(py,71; D2, T2 t) = /dﬁmd?mm?,l—f,t). (11.87)
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The transiton rate is given by two terms

W(B, B, P, B') = Wyan(P, B; B', B') + Wer(B, B; B, B).
(11.88)

The first term is what one would have in the absence of collisions.
It is

WP T80 = (- - Zar) o= . 1

The second d-function ensures momentum conservation, and the first
simply states that in the absence of collisions each particle is dis-
placed by (p/m) dt in a time Jt.

Regarding the collision term, in a sufficiently small time interval
0t only a couple of particles can collide. Let us label them as particle
1 and 2 (this can always be done by re-labelling the particles). The
collision term can be written as

Wcoll(?l, ﬁ/, ?, ﬁ) = 6(?/1’2 - ?172)5(7’_”1 - FQ)V_NU}(ﬁl,ﬁQ;ﬁ'hﬁé).
(11.90)

The first § function ensures that all the momenta except those of the
colliding particles are unchanged, while the second implies that a col-
lision can only take place if the two particles are on the same site. If
these conditions are met the scattering probability is V=™w(py, Pa; 7y, 7y,
where V' is the volume of the system (this term appairs as a normal-
ization, but does not matter much since it is a constant).

Due to Eq. (11.88), the r.h.s. of Eq. (11.85) can be splitted in to
terms

%P(?,ﬁ,t) = (%P(?ﬁ,t))msl + <%P(?’ﬁ’t))mu

(11.91)
Let us concentrate on the collisional term

(373(?, ﬁ,t)) -

coll

/dﬁd?d?m ?12 w(py, Po; Py, Py)0 ?ﬁt
+ V_N/dﬁdﬁéﬁw ?12 w(pY, Ph; D1, Pa)0 ? ﬁ ,t)

(11.92)
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Integrating over the variables of all the particles except the first one,
one has

9. .
(afl (ph t)) coll -

— V_N/dﬁdﬁ’d?ﬂ?/(s(?lm - ?1,2)5(771 — ) w(p, Pa; P, Po) P(
n /dz_% dB'dP B 5(P', — Pra)o(F, — #)w(ih, by . o

— /dﬁ2dﬁld]5§w(ﬁl,27252717272)9(17171727t)
+/mm%%mmww@@%

where we have used all the § functions to carry out the integrations
and

9(Py, Pa; t) = h(p1, Th; P2, T3 1) (11.94)
is the joint probability of the two particles to be in the same place
71 which does not depend on 77, similarly to f, due to space homo-
geneity. [Specifically (referrmg to the first integral): i) integrating
over d B’ cancels the V= in front; ii) integration over d P , can be

carried over using the o ?1 2 Bl o)-function; iii) integration over
dﬁl Qdﬁw transforms P( ﬁ ﬁ t) into h(py,71; pa, T2 t); iv) inte-

gratlon over dr, can be carrled out using the §(7 — 75)-function and
transforms h(py, 71; P2, 2; t) into g(ph, ph; t).]
Performing the same operations on the translation term one easily

obtains 3
(afl(pl,t))tMSI =0. (11.95)

This equation simply express the fact that, since momentum is con-
served in the absence of collisions, the only effect of an elapsed time
0t is to transfer the particle from 7 to 71 + %& but since f; depends
only on the momentum it is left unchanged.

Since it can be shown that the collision transition is symmetric,

w(py, Py; P1, P2) = w(p, Pa; Py, ) one arrives at

<M

SO = [ a5t ) = 965 70

(11.96)

—

PR
PP, R 1) =

(11.93)
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This expression is exact for a diluted gas. However it contains the
unknown correlation function g. We now introduce the crucial as-
sumption

9(P1, P2, ) = f(p1, 1) f (P2, 1) (11.97)

This says that the momenta of two particles in the volume element
are uncorrelated, so that the probability of finding them simultane-
ously is the product of the probability of finding each alone. This is
known as assumption of molecular chaos. 1t is necessary to obtain a
closed equation for the distribution function, but there is otherwise
no justification. With this assumption we arrive at

8f —

U= [ et - i), (1198)
where we have used the compact notation wy o = w(pi, pa; pl, Ph),
fi = f(p1,t), fi = f(p),t), and similarly for ps and p). Equation
(11.98) is the famous Boltzmann equation that gives the single par-
ticle probability distribution as a function of time.

11.6.1 Alternative derivation

The master equation that we presented in Sec. 11.3 contains only
the distribution in real space. It can be easily generalized to a dis-
tribution f = f(7,p,t) in the entire phase space, where fdrdp is
the probability of finding a particle at time ¢ in a volume dr” around
the position 7 and with an impulse in a range dp around p. Boltz-
mann derived an explicit equation for a one-particle distribution in
a gas of particles using the laws of classical mechanics. The dis-
tribution changes in time because molecules enter and leave a given
element drdp of I'-space. Suppose there were no collisions among the
molecules and no external forces. Then a molecule with coordinates
(7, p) at time ¢ will have coordinates (7 + ¥dt, p), with ¢ = p/m, at
the instant ¢ + 6t. We could then write

F(F+ T6t, it + 6t) = f(F, i t). (11.99)

The presence of collisions can be taken into account by an extra term
(0f/0t),,, defined through

F(7+ St .t + 6t) = f(F,p,t) + (%) 5t. (11.100)
coll
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Expanding the Lh.s. to first order in 0t one arrives at
0 of (T, p,t)
L5 fEp = (YADRYY 11.101
<at o ) f(r g ) ( ot coll ( )

In the absence of external forces it is consistent to assume that the
gas is homogeneous, and hence f does not depend on 7. Then one
has

0, .. (0f®1)
(’%f(p’ t) = ( T Cou. (11.102)
The collision term
(ang’ t)) 5t = [R(p,t) — R(p,t)] 6t (11.103)
coll

can be written as the difference between the incoming and outgoing
fluxes of particles, where specifically R(p,t)dtdrdp is the number of
collision events in which one particle leaves the volume element drdp
in the interval [t,t + 0t] and R(p,t)0tdrdp that of those in which a
particle enters the volume element. Notice that Eq. (11.103) is the
analogous of Eq. (11.73) for f(p,t). Let us consider a collision event
where in the initial state S two particles 1 and 2 have impulses p;
and py. while in the final state S’ they are p} and p,,. Then we can
write

R(pL, 1) = / 47, dis di w1 29(5r, o, 1), (11.104)

where g(pi,Pa,t) is the joint probability that in a volume element
around particle 1 there is particle 2 with momentum ps (besides
particle 1). Eq. (11.104) states that the number of particles which
are leaving the volume element around molecule 1 can be obtained
by integrating over all the possible final states of the two particles
and over the initial state of particle 2 of the probability of finding
particle 2 with impulse py (i.e. ¢2) times a scattering probability
wy 2 which describes as probable is the transition from the initial to
the final state. The expression (11.104) is the analogous of the first
term on the r.h.s. of Eq. (11.73), namely the statement that the
decrease of probability of being in a state (here labelled by pi, ps)
is given by the probability go(p1, p2) of being in the state times the
conditional probability w, » of going to any other possible final state,
and a sum over all these states (namely over pj, py) is taken. With
respect to Eq. (11.73) here also a sum over pj is appairs, since we
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only interested in the loss of probability of particle 1, and hence the
initial degree of freedom py of particle 2 is also traced out. Similarly,
for the incoming flux one can write

R@ﬁ:ﬁmm@wm@@@, (11.105)

where w] , is the transition rate from S’ to S. Since it can be shown
that the collision transition is symmetric, w; o = w} 5 one arrives at

(31” (P )

) = [ dpdridn lo(7 75,0 o070
(11.106)

This expression is exact for a diluted gas. However it contains the
unknown correlation function g. We now introduce the crucial as-
sumption

9P, P2, 1) = f(P1, 1) f (D2, ) (11.107)
This says that the momenta of two particles in the volume element
are uncorrelated, so that the probability of finding them simultane-
ously is the product of the probability of finding each alone. This is
known as assumption of molecular chaos. 1t is necessary to obtain a
closed equation for the distribution function, but there is otherwise
no justification. With this assumption we arrive at

ofr _
ot
where we have used the compact notation f; = f(p1,t), fi = (P!, 1),
and similarly for p5 and pj.
Equation (11.108) is the famous Boltzmann equation that gives
the single particle probability distribution as a function of time.

/ I pod®p d*plywi [ fof] — fifo), (11.108)

11.6.2 Convergence to equilibrium

In the stationary case, df;/0t = 0. It can be shown that the solution
in this case has the form of the Boltzmann distribution f.,(p) =

e~ B®*/2m) A sufficient condition for % =0 is,

fofi = fifa=0 (11.109)

in such a state (it can be shown that this condition is also necessary).
Taking the logarithms

Infi+Info=1Inf +1Inf. (11.110)
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Eq. (11.110) shows that In f is a conserved quantity. Since the only
conserved quantites are energy and momentum, In f must be a linear
combination of these quantities (plus a constant, which of course is
another conserved quantity), and one can write

Inf(p) = —A(P—po)* +InC (11.111)

or

f(p) = CeAT—P)* (11.112)

where C, A and the three components of py are five arbitrary con-
stants. Since py can be readily identified with the average momen-
tum, if the gas has no translational motion it must be fixed to py = 0.
C and A can be determined by fixing the density of particles p, and
the energy of the system or, using equipartition, the temperature 7'
One arrives than to

p2

p 2
fp) = We 2mAT (11.113)

namely the Maxwell-Boltzmann distribution.

11.6.3 H-Theorem

A direct consequence of the Boltzmann equation is the famous Boltz-
mann H-theorem. Defining H as

1= [ &0 ), (11.114)
we show that dH /dt < 0. Differentiating H with respect to time one
has

dH (1) s Of (P 1) .
— = [ dp———"=[1+1 t 11.115
i = [ e e ) (1L.115)
and using the Boltzmann equation (11.108)
dH (t
L — [ @ndmdsdshunalfifi ~ LI+ AL (11.116)

Interchanging p; and ps in the integrand leaves the integral un-
changed because w; o is symmetric. Making this change of integra-
tion variables and taking one-half of the sum of the new expression
and of Eq. (11.116) one obtains

w B ; /d3p1d3 d3p1d3p2 w1 Q[féf{ - flf?][2 + hl(flf?)]'

dt 2
(11.117)
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This integral is invariant under the interchange py,ps <> py, ph be-
cause for every collision there is an inverse one with the same tran-
sition matrix. Hence

dH (t 1
T — 5 [ o md B wnallsft — fi12 + W)
(11.118)
Taking half the sum of Egs. (11.118) and (11.117) one arrives at
di(t) 1

/d3p d3p2d3 p2 wy 2[f2f1 fifoln(fifa) — In(f1f3)].

(11.119)
Since the integrand in this equation is never positive, the theorem is
proved.

If we associate the entropy with —kH, with k& a constant, the
theorem states that the entropy is an increasing function of the time
that reaches a maximum in the equilibrium state. At the time,
the results obtained by Boltzmann were considered a proof of the
second law of Thermodynamics starting from the microscopic laws
of classical dynamics. There was immediately a big debate about
the validity of such results.

Two main objections were raised. The first concerned the Boltz-
mann equation. This equation is non-invariant for time reversal as
it can be easily recognized by changing ¢ — —t in the equation. How
could such an equation be derived from the laws of dynamics which
are invariant under time reversal? (Notice that also the Langevin
equation, the Master equation and the Fokker-Plank equation are
not invariant under time reversal, but in those cases, at variance
with the present one, this is not surprising, due to the explicit pres-
ence of the viscous term whereby mechanical energy is transformed
into heat).

The second objection is based on the recurrence cycles of Poincaré.
Poincaré proved that in a closed system — given an initial configu-
ration in phase space and a region around it, however small — there
exists an interval of time long enough but finite after which the point
representative of the system goes through this region. Therefore the
quantity H cannot always decrease since it must assume values close
to the initial one. In other words, Eq. (11.108) introduces a time
arrow, which is absent in the laws of classical mechanics. According
to classical mechanics, if a trajectory is realized, the same trajectory
in the opposite direction is possible if the velocity of all the particles

dt 4
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are reversed. According to the H Theorem, a trajectory that could
increase the value of H would never be possible.

In reality, the Boltzmann equation has been proven only under
the condition of "molecular chaos”. This condition states that the
probability distribution for two particles can be decomposed into the
product of the probability functions of single particles, namely

fo(p1, P23 t) = fi(Ph,t) (P2 1), (11.120)

which is equivalent to saying that the particles are not correlated.
The Boltzmann equation is valid only if (11.120) is satisfied. If it is
not satisfied, H can also increase. The Boltzmann result must then
be interpreted by saying that in reality most of the time the condition
of molecular chaos is satisfied, and therefore H decreases more than
it increases, resulting on average in a monotonic decreasing function
as is shown in Fig. XX.

How can we reconcile the reversibility implicit in classical mechan-
ics with the H-Theorem? Imagine a gas that is initially confined in
the left half of a box. This state corresponds to a high value of H. As
the system evolves, the other half will start to be occupied until the
particles are homogeneously distributed, resulting in a decrease of H.
Classical mechanics states that if at a given time, say t, , one could
reverse all the velocity then the system would evolve backwards and
all the particles would eventually move to the left half of the box,
resulting in an increase of H contrary to the H-theorem. The point
is that the state that was prepared at ty, by reversing all the veloc-
ities, is characterized by highly correlated particles. Each particle
must take a particular velocity, depending on the velocities of all the
other particles — otherwise the system will not go backwards. This
high correlation implies an absence of molecular chaos and thus in-
validates the H-Theorem. Note that such a highly-correlated state is
extremely improbable and therefore it is extremely improbable that
H could increase so much.

How can the second objection be answered? In reality, for a
macroscopic system with N particles, the recurrence time is of the
order of eV. Therefore one has to expect a time interval, which
cannot even be conceived, before H could start to increase (Fig.
XX). To just have an idea for N ~ 10%* this recurrence time 7 should
be of the order of €9 sec.. The age of the universe is estimated to
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be of the order of 10'° years ~ 10'% sec. Therefore

101024
1016

Therefore one would never see such an event. This phenomenon
is similar to the phenomenon of broken symmetry, which we have
studied in the context of critical phenomena. Although the micro-
scopic dynamic is invariant, under time reversal the macroscopic
laws exhibit an asymmetry in time on a time scale comparable to
our observation time. On a much larger time scale, the symmetry is
restored as shown in Fig. XX. For an infinite system 7 — oo, the
symmetry is never restored (see Chapter 10).

T o~ ~ 10097716 109" ages of the universe.  (11.121)



Chapter 12

Dynamical properties of
stationary states

12.1 Time-dependent Fluctuation-Dissipation Re-
lation

Let us consider a generic (one time) observable A(t) = (A(t)) of
a generic system whose microscopic variables are the positions 7(t)
and the momenta p(t) of all the N constituents, that we shortly
indicate with 7 (¢),p™(¢). In a real system the value of A(t) is a
deterministic function of the initial state (at time ¢t = 0), namely
A(t) = A[t;7(0), pV (0)]. As we have said several times this func-
tion is impossible to be practically computed, since one should solve
an Avogadro number of coupled Newton equations. However here we
are not interested in its direct computation but we will only use this
formal expression to derive a general relation between correlations
and response functions, as we will see shortly. The probability dis-
tribution P; = P[™(0)p™ (0)] of the microstates at the initial time
t = 0 in the canonical ensemble is

e~ PHi

b=——7
Tr; (e=FHi)

(12.1)

where we have introduced the short notation H; = H[ (0), 7V (0)]
for the initial time value of the Hamiltonian and 7'r;(-) = [ d™ (0)dp™ (0) ().
One also has

_ Tr{ Al (0), 7Y (O}

(A1) e (122)

205
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The autocorrelation function associated to A is

Ca(t,t') = (A AR)) — (A[))(AR)). (12.3)

In an equilibrium state it is Ca(t,t') = Ca(t — t',0) = Ca(s,0)

(s =t —t') due to stationarity, and the expression for Cy(s,0) =
(A(s)A(0)) — (A)? is given by

C(5.0) = Tr, {A[s;rN(O),p];;(j){]j[(ﬁ);{tl}v(O),pN(O)]e iy (A2

(12.4)

where (... ), means an equilibrium ensemble average. The quantity
C4(s) has the limiting behaviors

{ linls_m CA(S, O) = <A2>eq - <A>zq

lim, o C'a(5,0) = 0 (12.5)

The decay of the autocorrelation function is known as the regression
of fluctuations.

Perturbation

Let us now apply to the system above (which up to now was unper-
turbed and in equilibrium) an external perturbation that changes
the Hamiltonian as H — H + AH. As an effect of this the system
will be driven out of equilibrium. For simplicity let us assume that
the perturbation couples linearly to the variable A, in the sense that

AH = —f(H)A(1), (12.6)

where f(t) is a generalized force. Denoting with Af(t) and with
Ap(t) the values of A in the perturbed and unperturbed systems
respectively, the shift determined by the perturbation is

JA(t) = Ap(t) — Ao(t) (12.7)
and its average
6(A(t)) = (As(t)) — (Ao(t))eq (12.8)

where (...); and (...)0 are averages over the perturbed and un-
perturbed ensembles (the latter is an equilibrium one). Expanding
(0A(t)) around f(t) = 0 one has

(0A(t)) = /Oo R(t, ) f()dt' + O(f?), (12.9)

oo
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where we have used the fact that the zero order term is absent since
(0A(t)) vanishes for f(t) =0 and

R(t,t") = w (12.10)
F) 1y
is the so called response function which describes as A(t) is mod-
ified by the perturbation with respect to the unperturbed system.
Since we have arrested the expansion to linear order (which is mean-
ingful only if the perturbation is small) R is the linear response
function, but higher order responses, necessary to describe the case
of larger perturbations, exists (but we will not considere them here).
Eq. (12.9) can be read as the Taylor expansion of a function, (0 A(t))
which depends on all the trajectory, i.e. on a continuous set of vari-
ables f(t') labeled by t'. The theory whose aim is to predict the
properties of the response functions is called response theory or, if it
is restricted to first order, linear response theory. As any two-time
average quantity at stationarity the response depends only on the
time difference R(¢,t') = R(s). This quantity can be shown to be
independent on the form of the perturbation, so we can make the
simple choice
f, t<o0
flit) = { 0 £>0 (12.11)

Then, using the equivalent of Eq. (12.2) for the perturbed system,
for ¢ > 0 one has
4 Tr; { Aolt; 7V (0), p (0)]e PHit A
(A1) = Tr, {e-POLFAT)Y :

(12.12)

Notice that we have written Ay in the numerator of this equation
since Ay = Ay for t > 0. If the perturbation is small (i.e. AH,;/H; <
1) we can expand to first order the Boltzmann factors around the
unperturbed Hamiltonian thus obtaining

Tri { Aolt; ™ (0), p™ (0)]e™ (1 — BAH,)
(Alt))y = { Tr, {e—fﬂi(l — BAH,)Y ;
=~ Tr (Aot (0), 5 (0))e 7 (1 — BAH,)} -

1 Tr; (BA'HZ»G*BHZ')
\Tr @) © [T (e
>~ (A)ego — BIAHA())eq0 — (A)eqo{AH:)eq.0]
= (gt B [ADAD) g0 — (A2,0) . (12.13)
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In this chain of equalities we have always kept only terms up to first
order in AH;, used the approximation (z — €)™ ~ z7! + ¢/2? for
small € and the expression (12.6) of the perturbation. The result
above can be written as

S{A(t)) =~ BFCA(t,0). (12.14)

Re-writing Eq. (12.9) taking into account the form (12.11) of f we
obtain

S(A(t)) = f /_ : ARt —t) = f /t " dsR(s,0) (12.15)

and hence 14d
R(s,0) = —=—0(A(t 12.16
(5.0) = =4 oA (1216)
Hence, from Eq. (12.13) for s > 0 we obtain
ac
R(s) = —5%, (12.17)

where we have posed Ca(s) = Cy(s,0) and similarly for R(s). For
s < 0itis R(s) = 0 due to causality (a system cannot respond
before the perturbation is applied). Eq. (12.17) is the celebrated
fluctuation-dissipation theorem (Callen and Welton 1951). As it
is clear from its derivation it applies only to a system whose unper-
turbed state is an equilibrium one. There is no reason for its validity
when this is not the case.

The fluctuation-dissipation theorem relates a property - the re-
sponse function of a certain observable A - of a perturbed non-
equilibrium system (but not to far from equilibrium, since the theo-
rem is limited to linear terms in f) to a property (the fluctuations,
or analogously the correlation function of A) of the corresponding
unperturbed equilibrium system. The basic idea at the basis of the
theorem, originally due to Onsager, is the so called Onsager regres-
sion hypothesis. Basically it amonts to the statement that the effect
of a small perturbation is to displace the system from its equilibrium
state not much differently than what commonly happens also in the
unperturbed system as due to the spontaneous thermal fluctuations.
This implies that a relation between the two a priori unrelated sys-
tems must exist. This relation is Eq. (12.17). Notice that it cannot
be obtained with the usual methods of equilibrium statistical me-
chanics since it involves the dynamics (in fact we have invoked the
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deterministic evolution of the system, even if, fortunately, its solu-
tion has not been necessary). A derivation of the same result can
be obtained for stochastic descriptions, such as those in terms of a
Master equation, Langevin equation, Fokker-Planck or others.

12.2 Fluctuation Theorem

In the previous section we have discussed the origin of the time asym-
metry in a non-equilibrium process. The probability of observing an
event where entropy decreases is exponentially large in the num-
ber of constituents. However, in mesoscopic systems (with a large
but not enormous number of components), the probability of such
fluctuations is not completely negligible and may trigger important
processes, notably biological ones. Fluctuation theorems allow one to
determine the relative probability of occurrence of such rare events.
In order to fix the ideas, let us consider a non-equilibrium setting
where the two parts S4 and S of a system S = Sy + Sp are put
in contact with two reservoirs A and B at different temperatures
Ty and Tp < Ty (see Fig.). This system attains a stationary state
where some average heat (@) flows from A to B according to the
laws of thermodynamic (i.e. heat is transferred from hotter systems
to colder ones). Notice that, although stationary, this state is not
an equilibrium one since there is a flux, or a current, which breaks
the time-reversal symmetry of the equilibrium state (in other words,
detailed balance is not obeyed).

Let us denote with ) the fluctuating heat flowing in some time
interval 7 through the system. Although the probability distribution
P(Q) is not in general known, fluctuation theorems provide a relation
between P(Q) and P(—@Q). Let us stipulate that ) > 0 when heat
flows from A to B. Hence (@) > 0. The fluctuation theorem then
informs us on the relative probability of observing a flux @) in the
normal direction (i.e. in the same direction of the average) to that
of observing the same amount of flux in the strange (opposite to the
average) direction.

Let us denote with S; the set of variables needed to specify the
state of the i-th constituent (for instance position and momentum if
it is a particle or the spin if it is a magnetic particle). We assume
for simplicity that constituents are evolved sequentially according to
a certain sequence that, by relabeling the variables, we can always
assume to be ¢ = 1,2,.... Since S, and Sp are in contact with
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heat reservoirs a canonical setting is appropriate and we denote with
W§'g the transition rate for the variable S; to change to Sj. This
transition rate depends in principle on the whole configuration of the
system (on all the {S;} and not only on ;) even if in order to ease
the notation this is not made explicit. The superscript % reminds
us that during the transition the heat ¢; has been exchanged with
the reservoir which, since there is no work done, equals also the
energy variation of the system in the move. Assuming that the i-
th component is in contact with the heat bath A, due to detailed
balance (11.75) its transition rates must obey

Wes
ok

— ¢ 7Pad (12.18)

Since the constituents are updated sequentially and independently,
the (conditional) probability of a trajectory TRI% going from a
configuration r to another s after N elementary moves by exchanging
the set of heats {g;} is

WTRi‘s“} 0.8 H Wg;‘sz (12.19)

i=1,N
Using Eq. (12.18) one has

Wrpt ¢~ (34Qu+95G) (12.20)

w,

TR %
where Q4 = >, s, @i 1s the total heat exchanged by the constituents

in contact with the thermostat A (and similarly for Qp) and T R
is the time reversed trajectory of TR,{?}, i.e. the one going from s
to r by exchanging the elementary amounts of heat {—g¢;}.

Eq. (12.20) is the generalized detailed balance condition for a
system in contact with two heat baths (clearly it can be straight-
forwardly generalized to the case of more than two reservoirs). The
energy variation of the system in going from r to sis AE = F'— FE =
Q4+ Qp. For a finite system AF is also finite. On the other hand
the typical values of the exchanged heats ()4 and () in the time in-
terval 7 grow with 7. Then, in the large-7 limit one has Qp ~ —Q 4,
and in this limit Eq. (12.20) reads

WTR;{"ZZ} ~ 6—(5A—513)QA7 (12.21)
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The probability of a certain heat Q4 >~ Qp ~ @ to flow in the system

=> ) Z PW, it (12.22)

T S TRigz}

where " indicates a sum over all the trajectories such that >°. ¢; =
@. Analogously one can write

ZZ Z PW, o (12.23)

Y

Eq. (12.23) can be readily obtained from Eq. (12.22) because, since
Z’T Rlai) involves all the trajectories where the heat @) is exchanged,

Z/T Ri-ay necessarily involves all those where —@Q is tranferred.
Using Eq. (12.21) one can write

P(Q) _ Do ZTR{%} BW gty
P(-Q) DD ZTR{‘“} P.W TR B P e—(B4—BB)Qa

Here we have used the fact that

ZZ > PWppm ZZZP ppin (12.25)

r TR{ a;} r TR{qz}

(12.24)

since replacing the sum over the forward trajectories with that over
their time reversed keeping the transition rates unchanged simply
amounts to reshuffle the terms in the product in Eq. (12.19).

In a stationary state it can be proved that, quite generally, the
ratio between the probability of two configuration is finite, i.e. 0 <
K, < P;/P, < K5 < 0. Hence, taking the logarithms of both sides
in Eq. (12.24) one has

PQ)
P(-Q)
Since typical values of the exchanged heat ) grow with 7, neglecting

In K7 and In K, with respect to (64 — 6p)@ in the large-7 limit one
has

(Ba—PB)Q —InK, <In

< (Ba—PB5)Q—InKy. (12.26)

= (Ba — BB)Q- (12.27)
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This is one instance of the so called fluctuation theorems which
generally relate the probability of observing a certain flux in the right
direction to that of the reversed quantity. Although we have derived
the theorem for a non-equilibrium stationary state obtained by keep-
ing a system between two reservoirs, similar relations can be found
for different systems in stationary non-equilibrium states generated,
for instance, by mechanical stirring or other external drivings.

12.3 Spectral Analysis

In Chapter 11 we studied the motion of a diffusive particle using
the Langevin equation. Figure XX shows a typical realization of
such a noisy signal. In nature many signals exhibit this noisy, ir-
regular behavior: the voltage at the end of a resistor, the daytime
air temperature outside, any economic index, an earthquake signal.
The question we want to consider here is how do we characterize
such a y(t) signal? We can assume the system has some periodicity
T = 1/ fo, take the limit T — oo in the same way we take periodic
boundary conditions in a finite system of volume V', and send the
volume to infinity.
We can perform a Fourier analysis of the signal

y(t) = ap + Z a, cos(2mn fot) + Z by, sin(2mn fot). (12.28)

The coefficients are given by

ag = l/Ty(t)dt, (12.29)

a, = —/ ) cos(2mn fot)dt (12.30)
b, = —/ ) sin(27n fot)dt (12.31)
Defining the time-average h(t -1 fo ) of a generic quantity

h, the time average of the 51gnal isy = ag Wthh, for convenience,
we can set equal to zero (otherwise we could consider another signal
x(t) = y(t) — ag, which has the property Z = 0). Instead of a time
average, we could calculate equivalently an ensemble average over
many equivalent signals. For example, for a fixed value ¢, we could
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take the ensemble average over many signals yy ()
1
(W) = 57 D wel®): (12.32)
2

If V' is large enough, the time average and ensemble average will
coincide, 7 = (y(t)) = 0. We can take then the ensemble average of
a, and b, from (12.30) and (12.31) and since (y(t)) = 0 we find

(ag) = 0 (12.33)
(a)) = 0 (12.34)
(b)) = 0 (12.35)

Using the ortogonal properties of the trigonometric functions sine
and cosine, the time average of y*(t),

Y2 (t) = % > (a2 +13). (12.36)

n

If we take the ensemble average of (12.36), we obtain

1

WP (1) = 5 > () + (b)), (12.37)

n

where we have used the fact that y2(t) = (y2(t)). (a?) and (b?) are
the contributions from the frequency nfy to the width of the signal.
Since they correspond to the same frequency, and differ only by a
phase, they are expected to be equal (a2) = (b2) (can you grasp the

hidden hypothesis under this assumption?). Therefore
() = (ai). (12.38)

From (12.30) we have

T T
(a2) = 4f3 / / (y(t1)y(ta)) cos(2mn foty) cos(2mn foto)dt1dls.
o Jo

(12.39)
Considering stationary signals, the autocorrelation function that ap-
pears in the integrand will only depend on the time differences
s =ty — t1. Therefore we can write

K(s) = (y(tr)y(t2)), (12.40)
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where K (s) is expected to be extremely peaked around s = 0. Using
the properties of the trigonometric functions we can write (12.39) as

(a2) = fg/o as /_T dsK (s)[cos(2mn fos) + cos(4mn fpS)], (12.41)

where we have made the following change

s = tQ—tl (1242)
S = %(tg—i—tl) (12.43)

The second term in the integral (12.41) gives zero contribution.
Therefore from (12.41) we have

(a2) = %/0 K(s) cos(2mn fos)ds. (12.44)

This is the Wiener-Khintchine relation. It relates the weight of the
contributions of each frequency to the Fourier Transform of the au-
tocorrelation functions. Hence, inverting the Fourier transform one
has

K(s)=2 Z(af) cos(2mn fos) (12.45)

Given the signal, one can calculate the autocorrelation function and
therefore the width (a?) that characterizes the signal.

Figure 12.1: Norbert Wiener (Columbia, 26/11/1894 - Stoccolma, 18/03/1964)
and Aleksandr Kinchin (Kondrovo (Kaluga Oblast) 19/07/1894 - Moscow
18/11,/1959

Let us look at the physical meaning of Eqs. (12.44,12.45). For
s =0, from Eqs. (12.38,12.45) we have

K(0)=2) (an) =2(4°(1)), (12.46)



CHAPTER 12. DYNAMICAL PROPERTIES OF STATIONARY STATES215

namely the width of the signal is the integral of the weights over
all frequencies. Note that signals with the same width (the same
intensity) may differ completely from each other (Fig. XX). The
fingerprint of a signal is (a2). A signal that contains all frequencies
with the same Fourier amplitude is extremely noisy and is called
white noise. In fact, from (12.44), if (a?) = const, K(s) o dp.
This means that the signal at time ¢ is completely uncorrelated with
the signal at any time later ¢t 4+ dt, no matter how small 6t is. The
increments of the position of a random walker are an example of
such an extremely noisy signal. In the T" — oo limit the Fourier
frequencies f = nfy become a continuum and we denote with W (f)
the Fourier components. In this case pure white noise would give a
width K (0) = oo, which is not physically possible. Therefore white
noise is an idealization. There is always a cutoff at some frequency

fo, namely

W(f)z{ o (}éf;g fe (12.47)

Consequently, using the properties of the Fourier transform, K(s)
will have a range As ~ 1/ f., in which it is essentially different from
zero. This means that the signal is correlated with itself within an
interval of the order of As ~ 1/f.. The more frequencies contribute
to the signal (large f.) the noisier it is.



Chapter 13

Quantum Statistical
Mechanics

13.1 Fundamental Postulates and Density Ma-
trix

We now extend the basic postulates of classical Statistical Mechan-
ics to quantum Statistical Mechanics. In classical mechanics, a mi-
crostate is characterized by the variables {q,p}, which evolve ac-
cording to the Hamiltonian equations. In quantum mechanics, a
microstate is characterized by a wave function ¢ (x,t), which evolves
according to the Shroedinger equation

ih i, ) = H(, ), (13.1)

where H is the Hamiltonian operator.
The quantum mechanical (qm) mean value of any observable de-

fined by an operator A at time ¢ is

(A ) = / 0 (2, ) A, D) da, (13.2)

where the wave function is normalized to unity. The result of a
measurement A, is the time average over observable time,

Ay, = % / (A g (13.3)

As in classical Statistical Mechanics, the goal in quantum Statis-
tical Mechanics is to construct an appropriate ensemble such that

216
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temporal average and ensemble average coincide. We start with an
isolated system characterized by N particles, volume V| and en-
ergy E. We consider therefore N copies of the system at time t
macroscopically equivalent (with the same volume, same number of
particles, and same energy) if ¢k is the state of the K system of
the ensemble. The mean value of the observable in such a state is

(Ag())gm = / Vi (1) A (2, t)de, (13.4)

AOhns = 37 D AR (1.5

How do we characterize the ensemble? In classical Statistical Me-
chanics, the ensemble is characterized by the distribution function
p(q,p). Here we will show that the ensemble is characterized by an
operator p. If ¢,(x) is a complete set of eigenfunctions at a given
time ¢, then each wave function ¢k (x,t) can be expressed as the
linear combination of the ¢, (x)

v, t) =Y CH (1) (), (13.6)

where the coefficients C\) (t) satisfy the normalization condition
Y @) =1. (13.7)

Consequently (13.4) can be written

(Ak())gm = Y C2IOR)CYO (t) Ay, (13.8)
where
Apn = / o (x)Ady, (x)da (13.9)
Consequently,
(Aens = 30 S AR Ohn = 3 [}v > OO0 A
" et (13.10)
If we define
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then (13.10) can be written in a more complete form,
<A(t)>€n8 = anm(t>Amn (1312)

Here p,;, can be considered the element of a matrix associated with
an operator p in the representation of ¢, (x). Namely, one can define
an operator p such that

P = / 62(2)P(t) () (13.13)

In fact, it is possible to check that when changing the base of the
¢n(z) into a new base by a unitary transformation the matrix el-
ements transform as the element of a matrix associated with an
operator.

Equation (13.12) can then be written as the trace of the product
of pand A. Indeed (pA),; = 3 pumAm; and hence Tr(pA) =

Zn(ﬁA)nn = PumAmn. Hence we can write

(A(t))ens = Tr (pA) (13.14)
where we have assumed that the coefficients CX’ (t) are normalized
to 1 [see Eq. (13.7)] (otherways it would be necessary to divide the
r.h.s. by Trp). Note that the trace of an operator is independent of
the chosen base.

In conclusion, p characterizes the ensemble distribution; in fact
once p is known the ensemble average can be carried out for any
observable. Now we concentrate on the equilibrium case, where p
does not depend on time. Just as in classical Statistical Mechanics
we postulate the form of p(p, q) for an isolated system, so also here
we must postulate the operator p. After specifying a particular base
we then postulate

1 -1 .
o= Slcfop = { 7 T E S B S EROE g
K

otherwise

where (2 is the dimension of the basis (i.e. the number of states) and

Prmn =0 for m # n. (13.16)



CHAPTER 13. QUANTUM STATISTICAL MECHANICS 219

The matrix is then written

Q! 0
Q—l

1
~

(Pmn) (13.17)

0 0
and the diagonal elements that are zero correspond to those eigen-
functions of the energy that are not accessible, namely outside the
energy interval (E, E + JF).

The first part of postulate (13.15) corresponds to the equal a pri-
ort probability since p,,, is the probability of finding a given system
of the ensemble in state n. Since p,, = const. for the accessible
state, every accessible state is equally probable. The second part of
the postulate does not have a correspondence in classical Statistical
Mechanics and, for the reason that will be explained below, it is
called the postulate of the random phases. Notice that, restricted
on the states whose energy lies in the interval (E, E' + 0F), the mi-
crocanonic density matrix is a multiple of the unity matrix. For this
reason it takes the same form, namely it is diagonal, in any base.
This property is specific to the microcanonical ensemble.

If we write the coefficients C°) as the product of the modulus
times the phase

O = | |gien™ (13.18)
then the non-diagonal elements are
Ponn = /%/ 3 CE et =), (13.19)
K

Therefore, according to random phase postulate (13.16), (13.19)
must be zero for any m # n. This can occur only if the phases
in the ensemble are uncorrelated with the moduli |C,(LK)||C’7(nK)| and
their difference ¢,, — ¢, are completely random (as functions of K).
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Indeed in such case, still for m # n one has

(K)

1 (o)
NZ’CéK)Hcan)’e(vm en ) —
K

(K)

1 1 , (K)
== [CHCE) . =y el e =0 (13.20)
N K N K

(in the first passage we have used the fact that, for independent
variables, the average of a product equals the product of the averages.
The final result is obtained because the second average is zero due
to symmetry). In conclusion, the postulate of quantum Statistical
Mechanics is that the time average of any observable is equal to the
ensemble average in which the ensemble is specified by a density
matrix given by (13.15) and (13.16).

In order to better understand the physical meaning of this postu-
late, we will reformulate the postulate in terms of only the evolution
properties of the wave function of the system (as we did when we
introduced the ergodicity postulate). From Eqs. (13.3,13.9) we have

Agps = Zp’mnAmn, (13.21)
where
o =Cr ()0 (). (13.22)

Here the bar indicates time average.
Now the postulate that the time average (13.21) and the ensemble
average coincide implies

Prmn = Prom (13.23)

The postulate on the density matrix implies

9 J const. E<E,<E+J/E
|Ca(t)] _{ 0 otherwise ’ (13.24)
and
Cx (t)Cp(t) =0 for m # n. (13.25)

Equation (13.24) implies that the probability of finding the system
in any of the accessible states is the same for all the states, while
Eq. (13.25) states that interference (or non diagonal) terms vanish.
Physically one says that the state of the system is a superposition
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of incoherent states or in a mixture of states. In conclusion, the
postulates of quantum Statistical Mechanics are equivalent to the
statement that the wave function of a macroscopic system is a su-
perposition of incoherent states with coefficients satisfying (13.24)
and (13.25). We remark that the properties (13.24,13.25) must hold
for any representation of the density matrix, i.e. independently on
the chosen basis.

13.2 Liouville Equations

We can show now that the density matrix in general satisfies an
equation that is the analog of Liouville’s equation in classical me-
chanics. Using this equation we will show that the density matrix
(13.17) that has been postulated for a system in equilibrium is really
a time-independent operator.

Let us consider the Shroedinger equation for the wave function
) relative to the K system of the statistical ensemble,

ih%w(m(aﬁ, t) = Hyp" (2, 1). (13.26)

Fixing a base ¢,,(x) (not necessarily eigenfunctions of the Hamilto-

nian H),

VI (@ t) = CUO(t) - (13.27)
Substituting (13.27) into (13.26) we have
d
] ~ 0K — (K)
m; SO (0)om = ;cm () H . (13.28)

Multiplying (13.28) by ¢, (), integrating over z, and using the or-
thonormality conditions for ¢,,(x), we have

d
= ) () (K)
zhdtCn (t) Em CLY () Hom- (13.29)
where
Hom = /(bj;?{(bm. (13.30)

Recalling the definition of the density matrix

pun®) = 37 S CIOOCHO o), (13.31)
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from (13.29) we have

d
Zﬁa an— E ( N dtCm +C dtCn )— é (%ngpgm pnﬂ‘[gm),
(13.32)

or, in terms of operators,

A

o
Zh& [H, p). (13.33)

To make more transparent the connection with Liouville’s equa-
tion derived in classical mechanics, we consider the definition of the
operator p through the matrix py, (t) [see Eq. (XX)]

— [ 6@ptt)on ()i (13.34)

Equation (13.34) gives the intrinsic time dependence of the operator
p(t). If we let the base ¢, (x) evolve in time, then we have

Prmlt, ¢ /gb x,t)p(t) o (x, t)dx (13.35)

where we have indicated the time dependence through ¢} (z,t) and
Om(z,t) explicitly.
The total derivation of (13.35) gives

ih% Prmlt, & (t), D (1) /975 z, t)[H, pldm(z, t)dx +
Zh/¢ —¢m( t)dx (13.36)

which can be written formally as

dp dp
L 13.
mdt 0, H] +i ha (13.37)
which together with (13.33) gives
dp
h— 13.
ih= =0, (13.38)

which is the analog of Liouville’s equation in classical Statistical Me-
chanics. Both Eq. (13.33) and Eq. (13.35) are general equations and
must be satisfied in any condition and by any ensemble distribution.
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In particular, in equilibrium the basic postulates of quantum Sta-
tistical Mechanics have led to the choice of a density matrix that
is diagonal in the energy base; therefore, the operator p commutes
with the Hamiltonian H. It follows from (13.33) that the matrix p is
time-independent. This result is thus consistent with the postulate
that p describes a macroscopic system in equilibrium.

13.3 Ensembles

The statistical ensemble considered thus far is related to an isolated
system and is called a microcanonical ensemble. In this case thermo-
dynamic functions, can be obtained from the density matrix using
the arguments developed in classical Statistical Mechanics, and the
entropy is given by

S =kplnQ. (13.39)
If the system is not isolated and can exchange energy with a reser-
voir, the density matrix will still be diagonal in the base of the energy
eigenfunctions and using the same considerations as those used in
classical statistical mechanics, it is possible to show that in the en-
ergy representation only the diagonal elements do not vanish and
are given by pn, = Z le PFr where the normalization constant Z
is the partition function.

In terms of operators, we then have

p=2"te M (13.40)
with the partition function given by

Z=Tre =3 e, (13.41)

n

and the free energy F' given by
F=—kgThZ (13.42)

Similarly, for the grand canonical ensemble the matrix density is
given by ) )

p= Z e PHFOUN, (13.43)
where p is the classical potential and N the operator relative to the
number of particles. The grand partition function Z is given by

Z = Tr N1 = N7 i =5E: (13.44)



CHAPTER 13. QUANTUM STATISTICAL MECHANICS 224

which is related to pressure P and volume V by

PV = kTl Z. (13.45)

13.4 Paramagnetism

Consider a particle with a two-component spin in a thermal bath in
an external magnetic field H. We want to determine the partition
function and the average magnetization in the direction of the field.
The Hamiltonian can be written

H=—ji-H=—.H, (13.46)

where p, is the component of the magnetic moment along the direc-
tion of the field (coincident with the z axis), and pu, is given by a
Pauli matrix

N 1 0

with po being the magnetic component along the z direction. The
density matrix is partition function is given by

7 =Tre P = froll | o=BuoH (13.48)

Using Eq. (13.14), the average magnetization is given by

GB:U'OH _ e_ﬁNOH

| —BH A~ \ _
<ILLZ> - Z Tr <€ MZ) - /"LO e/BIJOH + e*ﬂﬂoH’ (1349)
which coincides with the result obtained in classical Statistical Me-

chanics.

13.5 Density Matrix and Partition Function for
Non-Interacting Particles

We will calculate now the density matrix for one particle in a box.
We will extend the result to N particles with N very large and will
show that — in a certain limit of low density and high temperature —
we recover the partition function found classically with the two ad
hoc assumptions: the correct Boltzmann counting and the size of a
cell being equal to h3.
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We start with one particle in a box of volume L? with the Hamil-
tonian H = p?/(2m) with the eigenvectors and eigenvalues given
by

HIK) = ex|K), (13.50)

where we use the Dirac notation where |K') is a vector corresponding
to a microstate,

R*K?
_ 13.51
€K 2m ) ( )
and 5
K= %ﬁ i = {ng,ny, .}, (13.52)

with n,, n,, and n, are £1, £2, 3. ... In the representation of the
coordinates, the wave function is

—

use(#) = (2 K) = Zge®F (13.5)

Let us calculate the elements of the density matrix p = Z “le=AH in
the base of the eigenfunction of the position

(@e M) = Y (KKK (K |2') = ) (] K)e P (K]a),
KK K
(13.54)
where we used the fact that there are no off-diagonal elements in p.
From (13.53) we have

a:]e ﬁH‘ ZL3 fﬁeKezK T— x) (1355)

In the limit L — oo, the sum can be transformed into an integral,
namely

o 1 22 ST = o —
(@le ™) = 5 >3/ e TR, (13.56)
™

where we have used the property (13.52)

AngAn,An,  AK,AK,AK,

= (13.57)

Here AK,, AK,, AK, correspond to the incremental An, = An, =
An, = 1.
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The integral in (13.56) is the Fourier transform of a Gaussian
distribution. This integral can be expressed as (see Appendix B

(Eq. (B.5)) 2
] (@-3))
(Zle P Z)y = X3 2 (13.58)
and gives a Gaussian whose width is given by the De Broglie’s ther-
mal wavelength

h
A= —, 13.59
V2mmkgT ( )
and is the inverse of the width of the original Gaussian in (13.56).
Notice that the non-diagonal terms of the density matrix do not
vanish here, since we are not in the energy representation.
The partition function is given by

Z =Tre ™ = / (Z]e P B)de = A3V, (13.60)

where V' is the volume of the box (notice that we have computed
the trace over the position eingenvectors since the trace does not
depend on the basis) . Note that we find the same result classically
for one particle without making ad hoc hypotheses, whereas classical
Statistical Mechanics uses an ad hoc hypothesis relative to the size
of the cell in phase space. Clearly, since the partition function is
the same as in the classical case, all the thermodynamic properties
of the quantum system are inherited by the classical case (e.g. the
equipartition theorem holds etc...).

Substituting the value of Z in Eq. (13.58) the density matrix
elements in the cohordinates representation are obtained

(@plT) = 5 2 (13.61)
ZplT) = —e 2 :
P % )
Equation (13.61) is significant. For x = ', (13.61) becomes
1
T|p|X) = — 13.62
(@0l = . (13.62)

which represents the density probability of finding the particle in x.
Since the particle is equally distributed in the box, this probability
is independent on z. The same result is also found classically.
However, the non-diagonal contribution x # 2’ gives a result that
has no analog in classical Statistical Mechanics. In fact (z/px) repre-
sents the average of the product of amplitude probability of finding
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the same particle in 2 and /. In classical mechanics this quantity
is a delta function since the particles are localized. Here we find
instead a Gaussian whose width gives a measure of the wave packets
associated with the particle. From (13.59) we note that as 7' — oo
the width A — 0. This means that the particle is localized and
therefore behaves as a classical particle.

We want to extend the result to the case of two particles and then
to N particles.

Let us start with two noninteracting particles. The eigenvalues
and eigenfunctions of the Hamiltonian H are now

HIKKS) = (K, K»)| K1 K>), (13.63)

where

n?K? N R’ K32
2m 2m
The wave function for one particle is given by (13.53). For two

€<K1, KQ) =

(13.64)

particles, the wave function ¢g(Z, ) = <flf2|_[€1]€2> is given by
— — ]' — — — —
1/JE<'I17 132) - E[UKH ($1)UK2 (xZ) + uk, ('IQ)U/KQ (xl)L (1365)

where the symmetric wave function (with plus sign) refers to bosons
while the antisymmetric (with minus sign) refers to fermions.
Consider now the density matrix elements

(¥122] p|71 %) (13.66)

Proceeding as in Eq. (13.54) one has

/

(T Tole |7 T) = D (@3 K Ko (K Kole ™ K K (K K|

= = o=, =
K17K27K17K2

!/
= D7 e Ry (3 #) (T, T),
K1,Ks
where the prime indicates the constraint that in the sum are excluded
all the states obtained by exchanging K; and K, since the effect of
this operation has already been taken into account in Eq. (13.65) and
we do not want here to sum over states which are not independent.
Substituting (13.65) into (13.67), we note that each term in (13.67)
is split in the sum of four separate terms which are obtained by

i) =

(13.67)
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exchanging K; with K5. Therefore we can keep only two terms and
remove the contraint from the sum. Therefore (13.67) becomes

. 7, = = 1 _ 2K2/(29m 252 /(29m
(Z)Zo|e™" \x’l L) = 3 Z o~ B2K2/(2m)) ,~B(h2K3/(2m)) |
Ki,K»

(s, (F1)ure, (T2)ule, (7)), (F5) & wie, (Fa)ws, (F1) e, (7)), (75)] =

_ 3 e PR Em) R @) | (-HRE o) iRalea) 1
22
K>

Ki

LS e AR m) iR @) Z6—5(h2K§/<2m>>€iﬁz<fl—f;)] . (13.68)
K>

The diagonal elements are

; 1
e [1 te %/AZ)} , (13.69)
where in the last passage we have transformed sums over K; and
K, into integrals as done before in Eq. (13.56) and we have posed
r12 = |¥1 — Z3|. From this expression we can calculate the partition
function

1

2_>\6 |:1 + 6_2W(T%2//\2):| dfldfg =

7 = /(fla?glé‘m\fl@}dfldfz:

1 conz )] g e LV 1 [2)
= 2_)\6 |:1 + e ( 12/ :| dl‘ld’rlg = 5 ﬁ 1+ ﬁ 7 .
(13.70)
In (13.70) the term nA3® appears with n = 2/V being the particle
density.
Whenever

n\? < 1, (13.71)

we can neglect the second term and the partition function becomes
the same for both fermions or bosons,

1 2
zZ=: (%) , (13.72)

which means that quantum mechanical effects can be neglected. This
result can be generalized to N non-interacting particles. Under con-
ditions (13.71) where n = N/V is the density, the partition function
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reduces to the classical limit

1 /v\Y

which coincides with the classical derivation (7.83).
What is the physical meaning of condition (13.71)7 Since the
mean interparticle distance r ~ n~%2, (13.71) can be written as

AL, (13.74)

this implies that the width of the wave packet associated with each
particle is much less than the interparticle distance. When this con-
dition is satisfied, the wave functions do not overlap and the quantum
effect can be neglected. Nevertheless it is interesting to note that
(13.73) still contains the fingerprints of quantum mechanics, namely
the constant Planck h and the 1/N! that comes from the particle in-
distinguishibility, which were both introduced in classical Statistical
Mechanics as ad hoc hypotheses.

Note also that while classical mechanics, which is obtained from
quantum mechanics in the limit 7 — 0, loses completely any mem-
ory of the quantum effect, classical Statistical Mechanics cannot be
obtained from quantum Statistical Mechanics putting 7 = 0, which
would result in a divergence of the partition function, but only ne-
glecting powers of h.

13.6 Classical Descriptions of Quantum Parti-
cles

We consider here two noninteracting quantum particles in a box.
According to Eq. (13.69), the density probability distribution is
given by

(71, 1) (1 + e—%(@/m) , (13.75)

In the classical limit, this distribution becomes spatially uniform,
as expected for these noninteracting classical particles. Quantum
effects creates instead a correlation, as can be seen from (13.75),
implying that there is an effective interaction acting between the two
particles. In particular note that for fermions the probability that
two particles are located in the same place is zero, as if there were an
effective repulsion due to the exclusion Fermi principle stating that
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two particles cannot be in the same state. On the contrary, bosons
behave as if there were an effective attraction. What is the effective
potential between two (identical) classical particles? If the effective
potential is V(r), then the density probability distribution for two
classical particles is

p(Iy, o) ox e PV (r2), (13.76)

Equating (13.76) with (13.75) gives
V(re) x —f'In (1 + e—%(rw?)) , (13.77)

The plot of the potential in the case of bosons and fermions is shown
in Fig. 13.1. In the Bose case it is attractive, a fact that can be
interpreted as a statistical attraction among bosons. For fermions,
instead, there is a statistical repulsion. Notice that in both cases the
potential vanishes rapidly as 712 becomes larger than \; accordingly
its influence is weakened by raising the temperature.
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V(r12)

101 —
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r12/ A

Figure 13.1: The statistical potential V(r12) between a pair of particles obeying
Bose-Einstein (upper panel) or Fermi-Dirac (lower panel) statistics. Two values
of temperature are shown (see key).



Chapter 14

Statistics of
Non-Interacting Particles

In this chapter we will calculate the energy distribution for non-
interacting quantum particles, either bosons or fermions. There are
many approaches to doing this. The simplest is to first calculate the
partition function in the grand canonical ensemble. The previous
chapter does this by tracing the density matrix. If we chose as a
base the eigenfunctions of the energy and the number of particles,
the partition function can be written

Z=) e P, (14.1)
where r denotes a microstate with NV, particles and energy E,.

14.1 Occupation Numbers

Each state is characterized by a wave function given by the product
of a single particle wave function made symmetrical or antisymmet-
rical, depending of whether the particles are bosons or fermions (see
the previous chapter). As a consequence, the fermion particles can-
not be in the same state, while bosons do not have such a constraint.

Each state is in one-to-one correspondence with the occupation
number of each single particle state. Therefore each microstate r can
be labelled by the set of occupation numbers r = {ny, no, ..., n;, ...},
which represents the number of particles in single particle states
1,2,...,4,.... The energy E, can then be written in terms of the

232
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energy of a single particle €y

E,,« = Enl,n2,..‘ = anﬁj. (142)
J

The particle number N, is given by

Ny = Ny, = 15 (14.3)
J

The partition function (14.1) can therefore be written as

Z= ) ePxilammm, (14.4)

ni,ma,...

For bosons there is no limitation in the particle number, therefore
the sum extends to all values n; = 0,1,2, ..., while for fermions the
sum is limited to the values n; = 0, 1.

In (14.4) the exponential of the sum can be written as the product
of exponentials, therefore

z=]]z:. (14.5)

where

Z] = Z 6_6(6]'_#)77‘]' (146)

is the single particle grand-partition function and, according to Eq.
(8.56)

BPV =l Z =) InZj (14.7)
J

The average number of particles in the single particle state j is
given by

<TL> _ Zn1n2.,, nje_BZT(eT_M)nT . Zn]- njeiﬁ(eji'u)nj . Hk;ﬁ] Zk
il = = .
4 Zj Hk;éj Zy,
(14.8)
Hence, taking into account (14.6), one has
Oln ZJ . Oln ZJ

(nj) = 3670 =g (14.9)
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The last expression means that we consider (3, z as independent vari-
ables (instead of the usual ones /3, 1). The average total number of
constituents is

B 81nZ:Z61nZ‘ (14.10)

(B 0z

Now we must calculate explicitely Z; for bosons and fermions.

(V)

14.2 Bosons

14.2.1 Particles

The sum in (14.6) is over all values n; = 0,1,2, ..., and since this is
a geometric series, one has
oo 1
- § —Blej—pn; _
Z] — e J ) = 1 — eﬁ(u—ej)7 (1411)

n;=0

If the single-particle levels depend only on the wavevector k and the
energy depends only on k£ one can also write

o0 1
- = _6(6 _M)nﬂ =
2= Oe B = (14.12)

If the single-particle levels depend, besides on E, also on other dis-
crete variables s which can take ¢ values, if the energy €; does not
depend on s (s-degeneracy), Eq. (14.5) can also be written

z=1[1I z.=1]2: (14.13)
i os=1t i
where Z; on the r.h.s. of Eq. (14.13) is given in Eq. (14.11). This
case is realized, for instance if particles have a spin. Indeed a particle
of spin S may be found in ¢ = 25+ 1 spin states labelled by an index
s.
From (14.9) we have

1
<n]> - G/B(Ej_ﬂ) — 1’

which is called the Bose-Einstein distribution (see Fig. 14.1), and
from (14.7)

(14.14)

InZ = ppV = — Zln [1- e_ﬁ(eﬂ'_“)] . (14.15)

J
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The chemical potential can be obtained by fixing the average
number of particles in the system

> (nj) = (N). (14.16)

J

:
p=1
p=2
B=5
B=10
B=20
B=50
A =100
c B=oo
v
Y
A
A
Y
| |
0 02 04 06 08 1

§

Figure 14.1: The Bose-Einstein distribution (14.14) is shown for different tem-
peratures (see key). The chemical potential is © = —0.5 and the occupation
number is normalized by < ng > where j = 0 is the state of lower energy ¢y = 0.

Let us now consider the large-V limit in which k and hence €
become continuous variables. Letting ¢ = 1 for simplicity and trans-
forming the sums in Eq. (14.15) into integrals as >, — [V/(27)"] [ dk
one arrives (in d = 3) at

y
mZ =<y
he =

(), (14.17)

M\Cﬂ

where

z =P (14.18)
is the so called fugacity, the thermal wavelength X is given in Eq.
(13.59), and gg(z) = f Jo7 2 In(1 — ze ~#%) is a special function
which depends only on z. The average energy can be obtained from
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Eq. (144) as E = — %ln Z‘ . From Eq. (14.17) one has

0 3
——InZ| ="' InZz 14.1
95 n ‘Z 25 n (14.19)
and hence 9
pV = -E. (14.20)

3

Notice that this result is valid for bosonic, fermionic (as we will see),
and classical (non-interacting) particles.
Bose-Einstein Condensation

Let us re-write Eq. (14.14) as

z

Vlin)=v~1 (14.21)

ebei — 27
where z is given in Eq. (14.18). Since z > 0 and n; > 0 by definition,
it must be z < mine®%. In the perfect gases mine; = 0 and hence
0 < z < 1. However, z = 1 would be unphysical for any finite V/,
since Eq. (14.21) would imply an infinite number of particles on the
fundamental level ny with €; = 0. However, in certain conditions it
may happen that 2 — 1 as V' — oo in such a way that limy _,, 1—2 ~
V=1, This would imply, through Eq. (14.21), that a finite fraction
of particles would populate the fundamental state, a phenomenon
that is called condensation. Let us state that this is a very peculiar
condition, since in a mormal state for V' — oo the particles are
distributed among the infinite continuous levels, so that the (n;)
are all infinitesimal, as it happens for classical particles. Clearly, as
we will see, condensation cannot happen for fermions because the
Pauli principle does not allow to populate states with more than one
particle. In the following we show how condensation occurs for a
boson gas at sufficiently low (but finite) temperatures.
By using Eqs. (14.10,14.17) one has

1
n= Fg%(z), (14.22)

where n = (IV)/V is the particle density and g3/2(2) = 2(d/dz)gs/2
is another special function. g3/»(z) is plotted in Fig. 14.2. For small
z it is g32(2) ~ z. Increasing z it gets steeper and steeper until
its derivative dgs»/dz becomes infinite at z = 1, where gs/5(1) ~



CHAPTER 14. STATISTICS OF NON-INTERACTING PARTICLES 237

2.612
25—

S
lef —
™
o
n |
05 |
O0 0‘,2 0‘,4 0‘,6 0‘,8 1
y4
Figure 14.2: The function gz (z).
2.612.... Since A o T~'/2, by lowering T one arrives at a critical
temperature 7, where
1
n= Fg%(l), (14.23)
below which Eq. (14.22) does not admit solution. One then has
2h’n
T,=Tn (14.24)

kg (1)]F

What does it happen for T" < T,.? Recalling the discussion above,
the only possible answer is that a single level, the fundamental one,
becomes macroscopically populated. Since the behavior of (ng) is
singular, we cannot keep it into the integral which defines the g
functions when passing to the continuum. To keep this into account,
in going from Eq. (14.15) to Eq. (14.17) we must single the term
(no) out of the integral for gs/»(2), thus arriving at

_1 1 =z
n=ltp—

With Eq. (14.25) one has a solution for any temperature with
0 , 1>,

3

= n—gg(l)zn{l—(l)ﬂ roq o (1426)

)\3

(14.25)
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(the latter can readily obtained recalling that g%(l)/[n)\3(Tc)] =1)

showing that, below T,, (T/T,)*/? is the fraction of particles contin-
uously distributed among the excited levels. The quantity (ng)/V is
plotted in Fig. 14.3. Clearly, we are in the presence of a phase

0,8 ]

02 —

ol 1 N 1

0 0,2 04 0,6 038
TIT,

Figure 14.3: The occupation density <T‘L}’> of the fundamental state

transition which resembles the ferro-paramagnetic transition dis-
cussed in chapter 10, and (ng)/V has the meaning of the order
parameter. Here, at variance with the magnetic case, there is no
interaction among the particles, and the transition is due to the
symmetry properties of the wavefunctions. The condensation phe-
nomenon on the fundamental state is called Bose-Finstein conden-
sation. Notice that, expanding in Eq. (14.26) for T' ~ T, one finds
(ng)/V =~ [3n/(2T.)|(T.—T), and hence one has the critical exponent
g =1

One might ask how one passes from the situation with a finite
V', where Eq. (14.22) admits a solution for every temperature and
hence there is no phase-transition, to the case with infinite V' where
condensation occurs. Fig. 14.4 shows the graphical solution of Eq.
(14.25), after multiplying both sides times A3, e.g.

(14.27)
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The second term on the r.h.s. of Eq. (14.27), depicted in green in
the first panel of the figure, diverges in z = 1. The strength of the
divergence is regulated by V~!. Hence, by drawing an horizontal
line (depicted as dashed brown) it will intercept the green curve at a
value of z whose distance from z = 1 is of order 1 — z ~ V1. Since
g3 (z) (depicted in blue) does not diverge, the same property is shared

also by the whole r.h.s. (depicted in red) of Eq. (14.27). Notice that
the graphical solution of Eq. (14.27) can be obtained precisely with
the same technique, namely by drawing an horizontal line at height
nA? and finding the proper value of z from the intercept with the red
line. Increasing nA3 starting from zero also z increases, initially in
a linear way, as shown in the second panel of Fig. 14.4. According
to the previous discussion, when nA* is of order gs (1) ~ 2.612 the

solution z is at a distance V! from z = 1. If V is rigorously infinite,
the curve for the solution z becomes discontinuous in nA3 = gs (1).

Now we study the equation of state (14.17). Also in this case
below T, one should single out the term with £ = 0 from the integral.
However it can be shown that it does not contribute to the equation
of state. Hence one has

A 3gs(2) , T>T,
ﬁp—{ )\_3g§(1) CT<T (14.28)
Notice that p depends on n, and hence on V', through z (see Eq.
(14.22) above T, but becomes independent on V' for T' < T.. The
graphical solution of this equation is presented in Fig. 14.5. One
clearly sees the phenomenon of phase coexistence, analogously to
what observed in the gas-liquid transition. The independence of p
on the volume is the analogue of the Maxwell construction for the
gas-liquid transition. The two phases here are the normal phase,
where the population of the quantum levels is distributed, and the
condensed one with the macroscopic occupation of the fundamental
state.

Let us consider now the internal energy. Combining Eqs. (14.20)
and (14.28) one obtains

3N {gg(z) , T>T,

= — " 14.2

For large T', when z — 0, one can use (but we do not do it explicitly
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Figure 14.4: Graphical solution of Eq. (14.27). The distance of the red and
green lines from z = 1 are of order V1.

here) the known small z behavior of g5/, obtaining

E = gNkT, (14.30)
namely the equipartition theorem. Indeed, for large T the par-
ticles behave as classical ones. In the opposite limit, from Eq.
(14.29) one directly reads E o (KT)%?2, namely Cy oc T%? in the
whole low-temperature phase T' < T.. In this phase the entropy
S = [dT (Cy/T) goes to zero as T%? as the absolute zero is ap-
proached, in agreement with the third principle of Thermodynamics.
The behavior of the specific heat is shown in Fig. 14.6. It raises as
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Figure 14.5: Two isotherms of the ideal Bose gas.

T3/% for low temperatures and then forms a cusp at the transition
(which in fact is also called A-point, due to the shape of Cy/), and
then converge to the Dulong-Petit law for large T'.

It has been suggested that this transition is the basic mechanism
for the superfluid transition in liquid helium. There are two isotopes
of helium: *He and *He. An atom of *He has two protons and two
neutrons, has an integer spin, and therefore is a boson. *He below
a critical temperature 7T, ~ 2.18° K exhibits such unusual properties
as an absence of viscosity when it flows through a capillary. That is
why it is called a superfluid. At 7T, there is a weak (logarithmic) di-
vergence of Cy . Although the Bose condensation considered insofar
applies to a noninteracting Bose gas, it has been suggested that also
in the case of liquid helium made of interacting bosons, the Bose
condensation is still present and the superfluid transition has been
attributed to the Bose condensation phenomenon. The interaction
is responsible for the discrepancies between the theoretical estimate
of the critical temperature 7, = 3.14°C' and the observed one, of
the different behavior of C'y, and other quantitative properties, but
at a qualitative level the phenomenon is described by the perfect
gas treatment discussed insofar. A confirmation of this suggestion
comes from the observation that liquid ® He, which has spin 1/2 and
is a fermion but chemically is the same as *He, does not possess
the same superfluid properties as *He. In the same way, as we will
see, also bosons with a non-conserved number, such as photons and
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Dulong and Petit

T c
Figure 14.6: The specific heat of the Bose gas.

phonons do not condense, because they can instead annihilate.

14.2.2 Photons

The Hamiltonian of the electromagnetic field can be expanded in
plane waves of different frequencies. After quantization one is left
with a collection of bosons with no mass and spin 1. An important
difference with the case of real particles is that the number of pho-
tons is not conserved. This means that ¢ = 0. Each photon has
2 possible polarization states (there are 3 polarization states for a
spin 1 particle but the transverse condition, e.g. for the electric field
V - & = 0, reduces the degrees of freedom to 2), and hence ¢ = 2.

The energy of a photon of momentum hk is
ex = helk|. (14.31)

When the radiation is contained in a box of volume V', boundary
conditions imply Eq. (13.52). The electromagnetic radiation in equi-
librium inside a box at temperature T is called the black body radi-
ation. Experimentally one can observe it by studying the radiation
emitted from a small hole in the box.

Since the energy of the photon does not depend on the polar-
ization state, one has Eq. (14.11) with x = 0. Hence, proceeding
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similarly to Eq. (14.8) instead of Eq. (14.9) one finds

0ln Z; 2
ng) =2 k = . 14.32
< k> a(ﬁﬂ) =0 eBer — 1 ( )
Moreover
InZ=ppV =-2) In[l—e ] (14.33)

Recalling that ¢ = 0, the average energy can be evaluated from
Eq. (144) as F = —% In Z|,, which provides

E=> exng) (14.34)

with a very transparent meaning. From Eq. (14.7) one also has

/Be Beg 8€k

31 Z
=202 __ Y T = DSy, (as9)
E

where in the last passage we have used Eqs. (13.52) and (14.31).
Hence one arrives at

1
PV =3k, (14.36)

which should be compared with Eq. (14.20) which is valid for parti-
cles.

Let us now consider the large-V' limit in which k and hence e
become continuous variables. Transforming the sums in Eq (14 34)

into integrals as done for the particles (> — [V/(27)?] [ dk) one

arrives at
Vv e 2hck
F = —— dkdnk?————— =
oy Jy

Vv o 3 2 (kT)*
72(he)3p* /0 e 1 15V (he)3 (14.37)

This is the well known Stephan-Boltzman law of the black body ra-
diation, according to which the energy emitted is proportional to the
fourth power of the temperature. Notice that the equipartition the-
orem is not recovered even in the large 7' limit, because the number
of degrees of freedom is not fixed. Writing the argument of the last
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integral in Eq. (14.37) in terms of the frequency w = h™'e one gets
the celebrated Planck’s law

h w3

u(w,T) =
for the black body energy density in an interval dw around the fre-
quency w. This law is in excellent agreement with the experimental
results, providing also one of the first accurate proofs of the absence
of mass of the photons.

14.2.3 Phonons

At low temperatures the interaction Hamiltonian among the N atoms
of a cristal can be linearized and takes the form of a collection of
coupled harmonic oscillators. Upon diagonalization one obtains 3N
one-dimensional independent oscillators, the so called normal modes.
After quantization one is left with a collection of independent spin
1 bosons, the phonons. The situation is similar to that of photons,
except that there are now 3 polarization states (since there is no
transverse condition for the sound waves), so ¢ = 3. The other
major difference is that there are a number 3NN of energies for the
phonons, whereas this constraint was not present for photons. Gen-
erally speaking, the relation between the wavevector and the energy
can be much more complicated than Eq. (14.31). Assuming that Eq.
(14.31), with ¢ the speed of sound in an isotropic solid, is a reasonable
approximation (this dispersion relation is the one obtained for the
so-called acustic phonons far from the boundaries of the Brilluin’s
zone) one can proceed as for photons, thus obtaining Eq. (14.11)
with ¢4 = 0. Then

3
ng) = a7 (14.39)
and
InZ = ppV = —32111 [1 — 6_56’“] . (14.40)

k

Following exactly the same passages as done for the photons one
arrives to Eq. (14.36) also for the phonons. The energy can be
written analogously to Eq. (14.37), with the difference that the
integral does not extend from 0 to oo but only from 0 to e = €j,,,
because there is a finite number (3N) of possible energies. €y is
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determined by the condition

> 1=3N, (14.41)

or, in the continuum limit

knr EM
3N = U / dkank* = SV 3 / e2de = Vs
0 )2 Jo 2m?

(2m)3 2712 (he 7r (hc)3€M’
(14.42)
so that .
672N\ 3
ey = he ( v ) (14.43)
Hence, proceeding as in Eq. (14.37) one has
3V Pem a3
E = — 2 dr—2
212(he)3 54 /0 e 1
I(KT)*N [Pem s
- %/ do—2. (14.44)
€y 0 et —1

This is the Debye formula which describes the energy and the specific
heat of a solid. The quantity Tp defined by kTp = €ps, the Debye
temperature, is the characteristic temperature which separates the
low and high temperature behaviors with

3NET , I'>1Tp
- 3

E= { SpiN (%) KT, T<Th (14.45)
The first expression is obtained for T' > Tp by expanding the ex-
ponential e* ~ 1 + z in Eq. (14.44). The second expression is
obtained by letting the upper intergration limit equal to oo (since
the integrand goes exponentially fast to zero for large z) so that
the integral becomes a constant (it can be shown that this constant
equals 71 /15). Notice that at high temperatures the systems behaves
classically and obeys the equipartition principle (recall Eq. (14.41),
namely that there are 3N normal modes, each with two quadratic
degrees (position and momentum)). However, for extremely high
temperatures the model of non-interacting bosons breaks down be-
cause phonons become interacting and the solid may eventually melt.
The specific heat Cy = 0E/0T is plotted in Fig. 14.7. For most
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solids T ~ 200°K. This is why the Dulong and Petit law is usually
observed at room temperatures. For low temperatures the specific
heat of the solid goes to zero as T, a fact that is observed at low
temperatures in solids. For extremely low temperatures, however,
the specific heat is dominated by the fermionic term due to the elec-
trons which, as we will see in Sec. 14.3.1 goes linearly in 7. The
entropy S = [dT (Cy/T) goes to zero as T? as the absolute zero
is approached, in agreement with the third principle of Thermody-
namics.

Dulong - Petit

08— —

0,6 — —

C, / 3Nk
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~T

OO ‘ Z‘I. ‘ 2
T/ T

Figure 14.7: The specific heat in the Debye theory, as a function of temperature.

14.3 Fermions

Let us consider now fermions. The sum in (14.6) is limited only to
values n; = 0, 1; therefore,

Zi=1+ePlam, (14.46)

From (14.9) we have

1
eﬁ(ej_ﬂ) —+ 1 !

(nj) = (14.47)
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which is called the Fermi-Dirac distribution (see Fig. 14.8), and from
(14.7)

mZ=ppV =) In[l+e o], (14.48)
J

The chemical potential is obtained as in Eq. (14.16).

14.3.1 Particles

The energy spectrum is e(K) = h2K2/(2m). Moreover, for particles
of spin s each state has a degeneracy ¢ = 2s + 1 due to two possible
spin configurations. If N is the number of particles, the chemical
potential is given by

. fa%a L
N =S MR = o [ AR R, (14.49)
k
where < n; >= f(e) is the Fermi distribution (14.47), namely
1
O = genry (14.50)

and using (14.6) we have transformed the sum into an integral. By
integrating over the angle and then changing variable K = (v/2m/h)+/,
we have

AN oo (2m)PRVe e
N = 2—7r2/0 K*fle(K)]|dK = W/o /2 f(e)de. (14.51)

In the limit 7" — 0, the Fermi distribution becomes a step function
(see Fig. 14.8). If € > €y, then f(e) = 0; if € < €y, then f(e) = 1,
where €, = p(T = 0) is the chemical potential at 7' = 0 and is called
the Fermi energy. At T' = 0 therefore the particles fill one by one all
the available states until they reach the maximum energy €;. From
(14.51) we have
(2m)3/2V 3/2
3mw2h? o
which relates the density N/V to the Fermi level. For higher tem-
perature, the Fermi distribution becomes a smooth function going

from one to zero around the Fermi energy in a range of energy of the
order kgT (see Fig. 14.8).

N = (14.52)
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Figure 14.8: The Fermi-Dirac distribution (14.47) is shown for different temper-
atures (see key). The chemical potential is p = 0.5.

Transforming the sums in Eq. (14.48) into integrals similarly to
what done for bosonic particles one arrives at

InZ = %fg(z), (14.53)

with the special function fs(z) = \% o In(14ze=*"). Proceeding
as for bosons one arrives at Eq. (14.20) also for fermions.

We want to calculate now the contribution of the electrons to the
specific heat of a metal. To a good approximation, the electrons
in the conduction band — those that conduct electricity — can be
considered free. Let us calculate now the average energy. This can
be obtained proceeding as for the average particle number N, thus
arriving to an equation as Eq. (14.51) with an extra e under the
integral

E = A/ 32 f(€)de, (14.54)
0
where ( )3/2
2m)> =V
A= —"—— 14.55
om2h® ( )

and we have used ¢ = 2 for electrons. Integrating by parts in Eq.
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(14.54) one has

2 & 5 df(E) 2 5 /Oo 5 df(x)
E=--A 2 de = ——AB™> 2 d
[T~ g [ e S

(14.56)
where we have introduced the variable x = f(e — p). For small
temperatures df (x)/dx is sharply peaked around z = 0, since f tends
to a step-function. Hence we can expand (z + Bu)°/? and extend the
integration from —oo to oo, thus obtaining

o0

{(6#)3 + %(m)éﬁ + .. ] wd:p, (14.57)

2 5 x
E=-ZAB":2
5 g dz

—00

where we have neglected the term proportional to x since df (z)/dx =
—(1/4) cosh™?(z/2) is a symmetric function. Using Eq. (14.20) we

find A ~ af(x)
5 x
pV o~ —1—5A,u / I dx. (14.58)

This shows that the pressure does not go to zero when 17" — 0. This
purely quantum phenomenon is due to the Pauli principle accord-
ing to which only two particles (with opposite spin) can have zero
momentum; the other contribute to the pressure.
The specific heat C'y is given by
oF

Cy = T = BET, (14.59)
where B = —(3/2)Ap'/?k [*_dx x*df (x) /dz. This result has a sim-
ple interpretation. We have already noticed that the Fermi distribu-
tion goes from 1 to zero around the Fermi energy in a range of energy
of the order kT (see Fig. 14.8). Only the fraction of electrons in
this range can contribute to the specific heat, since the others at
lower energy cannot be excited. In fact, consider an electron at very
low energy e. If this electron receives a small amount of energy Ae
from the external bath, the electron will change its state from € to
e+ Ae only if the state with energy e+ Ae is not occupied, otherwise
it must remain frozen in its state. Only electrons near the edge of the
distribution, which are in number proportional to &7 can contribute
to the specific heat and this explains a specific heat going linearly
with kT at low temperatures, i.e. Eq. (14.59).

—00
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14.4 Classical limit

Notice that for any kind of quantum non-interacting system consid-
ered insofar, in the classical limit in which (n;) < 1, so that there
are much more states than particles (which can be realized by raising
the temperature and/or lowering the density) one obtains

(n;) o be=Pli=m), (14.60)

where ¢ = 1,2, 3 for bosonic particles, photons and fermionic parti-
cles, and phonons respectively. From (N) = > :(n;) one obtains

EZ]. e~ P
so that the classical result
. —Be;
(ny) __e (14.62)

(N) e

is obtained. What does this expression means? In the classical limit
the energetic levels become a continuum. In this case in order to
have a probability oc e #Fr for the system’s states r it is sufficient to
fill the single particle states in such a way that an average number
oc e P of particles occupy a level of energy €;. However, when the
discrete nature of the levels becomes important this simple receipt
does not work and the distributions (14.14,14.47) are found.



Appendix A

Binomial coefficient

We ask how many ways Cy(n) there are to arrange N objects (say
balls) of which n are of one type (say red) and the others are of a
different type (say white), assuming that particles of the same color
are indistinguishable. There are N ways to chose the first particle,
N — 1 to chose the second and so on. Then the number of possible
choices is N!. However, many of these dispositions are equivalent,
since particles are indistinguishable (this means that we do not want
to count as different two dispositions which, e.g., can be obtained
one from the other by exchanging two particles of the same color).
Then we must divide N! times the number of possible dispositions
of the two kind of colored balls. Reasoning as before, there are n!
ways of exchanging the red balls, and (N — n)! ways of exchanging
the white ones. Hence the number of ways to arrange the N balls is

(A1)

This number is also indicated as ( ]X ), and is denoted as binomzual

coefficient. The name comes from the fact that the same quantity
appears also in the binomial expansion

(p+a)" = iv: ( ]X ) Pt (A-2)

n=0

251



Appendix B

Gaussian integrals

In one dimension:

1 > a2
(270)1/2 /_ drem =1 (B1)
—1 - dx 3;267% = 0’2 (BQ)
2mo)/? J_
In d dimensions (7= (z1,...,24)):
1 e
W/_OO dre 2e =1 (B3)
1 X a2 2
W/_ drr‘e 2 =do <B4.)

[NlisH

S 22 oy
/ dre 22T = e 2 (210)

o0

(B.5)
This integral can be done by writing the exponent as —r2/(20) + i7"

g = —{7 —[i/(2a)]y}*/(20) — 0y?/2 which transforms the integral
(B.5) into a standard Gaussian integral of the type (B.3).
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Appendix C

Stirling’s approximation

Stirling’s approximation formula states that
InN!'~NInN — N, (C.1)

for large V. In order to prove it is sufficient to observe that

N
InN! = 1n1+1n2+---+1nN2/ Inzdr = [zInz — 2]} =
1
— NlnN—N+1, (C.2)

where the passage from the sum to the integral is the trapezium
rule approximation. The approximation is good for large NN since
the integral is dominated from the region around the upper extreme
where, for large IV, the logarithm varies so slowly to allow an unitary
integration step. The rough derivation presented above correctly
reproduces the first two term in the large-N expansion (the +1, as
we will see, is not correct), the so called weak form of the Stirling
approximation, Eq. (C.1), which is sufficient for most purposes.
Evaluating with different techniques also the next subleading term
leads to the strong form of Stirling approximation

InN!'~NInN — N+ Inv2rN. (C.3)
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Appendix D

Lagrangian multipliers

Suppose we have a function f({z;}) of the n variables z; (i = 1,n).
We want to maximize f with a certain constraint g({x;}) = 0. Let

us consider the loci
f{zi}) =d (D.1)

and
g({wd) =0 (D.2)

for various values of the constant d. Suppose n = 2, so that these
loci are contour lines. Imagine to walk along the contour line of
g. In general the contour lines of g and f are distinct, so moving
along the contour line for g while g remains constant (by definition
of contour line) the value of f vary. Only when the contour line for
g meets the contour line of f tangentially also f does not change,
which means that it is at stationarity point (maximum, minimum,
or saddle point). The contour lines of f and g are tangent when the
tangent vectors of the contour lines are parallel. Since the gradient
of a function is perpendicular to the contour lines, this is the same
as saying that the gradients of f and g are parallel. Thus we want
points where (D.2) is satisfied and

Vi({zi}) = =AVg({z:}), (D.3)

To incorporate these conditions into one equation, we introduce an
auxiliary function, the Lagrangian, as

A({zi}, A) = f({wi}) + Ag({xi}) (D.4)

and solve
VA({z;},\) =0, (D.5)
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where now the gradient is taken with respect to all the n+1 variables
of A({z;}, \), or equivalently

OMzih N _ oy,
oy .
oA

This is the method of Lagrange multipliers. Note that the second of
Egs. (D.6) implies Eq. (D.2). The method can be easily generalized
to the case of m constraints

g{z:}) =0, k=1,...,m, (D.7)

by introducing the Lagrangian
Az}, {}) = F{a}) + ) Mege({i}) (D.8)
k=1

and requiring

VA{zi}, {A}) =0, (D.9)

where now the gradient is taken with respect to all the n+m variables
of A({z;}, {\x}), or equivalently

OA({zi}, {e})

(9:1:'1-
OA({wi}, {Ar})
O\

=0, 21=1,...n
(D.10)
=0, k=1,...m




Appendix E

General solution of first
order linear differential
equations

Let us write consider the equation

dv U

— = ——+at). E.1

W _ T (E)
Multiplying both members of (E.1) by e*~%)/7 where ¢, < t is a
generic time, it follows that

d
i [Tl =10/T] = G(t)elt =t/ (E.2)

Changing symbol ¢ — ¢; and integrating on ¢; between t; and ¢ we
obtain

t
UG(t_tO)/T :77(t0)+/ C—l’(tl)e(h—to)ﬁdtl’ (E3)

to

from which the general solution reads

t
7= 0(tg)e 10/ 4 mt/T / a(ty)et/dt,. (E.4)

to
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Appendix F

Solution of inhomogeneous
second order linear
differential equations

Let us consider the equation

d*y 1dy B

e ! (F-1)

The homogeneous equation (with f = 0) has general solution

Yhom(t) = yleit/Tv (F.2)
where y; is a constant. A particular solution of Eq. (F.1) is
yp(t) = frt + yo, (F.3)

with f, another constant. The general solution of Eq. (F.1) is ob-
tained as

Y(t) = Ynom (t) + yp(t). (F.4)
The two constant are fixed by the initial conditions y(0) = yo and
dy/dt|i—o = 9o, yielding

y1 = fr* — ot
{ Y2 = o — [T — o (F.5)
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