Statistical Physics

G. Falkovich
http://www.weizmann.ac.il/home/fnfal /papers/statphys2010.pdf

More is different
P.W. Anderson

Contents
1 Thermodynamics (brief reminder) 4
1.1 Basicnotions . . . . . .. .. ... 4
1.2 Legendre transform . . . . . . .. ... ... .. 10
1.3 Stability of thermodynamic systems . . . . . . . ... .. ... 13
2 Basic statistical physics (brief reminder) 16
2.1 Distribution in the phase space . . . . .. ... ... ... .. 16
2.2 Microcanonical distribution . . . . . .. ... ... 17
2.3 Canonical distribution . . . . . .. ... 00 19
2.4 Grand canonical ensemble . . . .. ... 22
2.5 Two simple examples . . . . . . .. ... ... ... ... 24
2.5.1 Two-level system . . . . . ... ... .. ... ..... 24
2.5.2 Harmonic oscillators . . . . . ... ... ... ... .. 27
3 Entropy and information 29
3.1 Lyapunov exponent . . . . . . .. . ... ... ... 29
3.2 Adiabatic processes and the third law . . . . . . ... ... .. 33
3.3 Information theory approach . . . . . . . ... .. ... ... .. 34
4 Gases 41
4.1 Ideal Gases . . . . . . . . . . ... 41
4.1.1 Boltzmann (classical) gas. . . . ... .. ... ... .. 41



4.2 Fermiand Bosegases . . . . . . . .. ... L. 47

4.2.1 Degenerate Fermi Gas . . . . . .. ... ... .. ... 49
4.2.2 Photons . . . . .. ... 51
423 Phonons . . . .. .. oo 53
4.2.4 Bose gas of particles and Bose-Einstein condensation . 55
Non-ideal gases 58
5.1 Cluster and virial expansions . . . . . . . .. .. .. ... ... 58
5.2  Van der Waals equation of state . . . . . . . ... ... ... .. 61
5.3 Coulomb interaction and screening . . . . . . .. ... .. .. 64
Phase transitions 69
6.1 Thermodynamic approach . . . . . . ... ... ... ... .. 69
6.1.1 Necessity of the thermodynamic limit . . . . . . . . .. 69
6.1.2 First-order phase transitions . . . . . .. ... .. ... 71
6.1.3 Second-order phase transitions . . . . . . ... ... .. 73
6.1.4 Landau theory . . . .. ... ... ... ... ... 74
6.2 Isingmodel . . . . ... ... ... 76
6.2.1 Ferromagnetism . . . . . . ... ..o 7
6.2.2 Impossibility of phase coexistence in one dimension . . 83
6.2.3 Equivalent models . . . . ... ... 84
Fluctuations 88
7.1 Thermodynamic fluctuations . . . . . . .. ... ... ... .. 88
7.2 Spatial correlation of fluctuations . . . . . ... ... ... .. 90
7.3 Different order parameters . . . . . . . . ... ... ... ... 93
7.3.1 Goldstone mode and Mermin-Wagner theorem . . . . . 93
7.3.2 Berezinskii-Kosterlitz-Thouless phase transition . . . . 96
7.3.3 Higgs mechanism . . . . .. .. ... ... ... ... 100
7.4  Universality classes and renormalization group . . . . . . . . . 102
Random walks and fluctuating fields 106
8.1 Random walk and diffusion . . . ... ... .. ... ... .. 106
8.2 Analogy between quantum mechanics and statistical physics . 110
8.3 Brownian motion . . . . . ... ... ... ... 112



9 Response and fluctuations 115

9.1
9.2
9.3
9.4
9.5

Static response . . . . . ... 115
Temporal correlation of fluctuations . . . . . . . ... .. ... 118
Spatio-temporal correlation function . . . . ... . ... ... 123
General fluctuation-dissipation relation . . . . . . . ... . .. 124
Central limit theorem and large deviations . . . . . . . .. .. 128



This is a graduate one-semester course. Chapters 1,2,4 briefly remind
what is supposed to be known from the undergraduate courses, using a bit
more sophisticated language.

1 Thermodynamics (brief reminder)

Physics is an experimental science, and laws appear usually by induction:
from particular cases to a general law and from processes to state functions.
The latter step requires integration (to pass, for instance, from Newton equa-
tion of mechanics to Hamiltonian or from thermodynamic equations of state
to thermodynamic potentials). Generally, it is much easier to differentiate
then to integrate and so deduction (or postulation approach) is usually much
more simple and elegant. It also provides a good vantage point for further
applications and generalizations. In such an approach, one starts from pos-
tulating same function of the state of the system and deducing from it the
laws that govern changes when one passes from state to state. Here such a
postulation presentation is presented for thermodynamics following the book
H. B. Callen, Thermodynamics (John Wiley & Sons, NYC 1965).

1.1 Basic notions

We use macroscopic description so that some degrees of freedom remain
hidden. Compare mechanics, electricity and magnetism (as related to the
explicit macroscopic degrees of freedom) versus thermodynamics (as related
to the macroscopic manifestations of the hidden degrees of freedom). When
detailed knowledge is unavailable, physicists use symmetries or conserva-
tion laws. Thermodynamics studies restrictions on the possible properties of
macroscopic matter that follow from the symmetries of the fundamental laws.
Therefore, thermodynamics does not predict numerical values but rather sets
inequalities and establishes relations among different properties.

The basic symmetry is invariance with respect to time shifts which gives
energy conservation'. That allows one to introduce the internal energy FE.
We define work as the energy change of macroscopic degrees of freedom
and heat as the energy change of hidden degrees of freedom. To be able

IBe careful trying to build thermodynamic description for biological or social-economic
systems, since generally they are not time-invariant. For instance, the amount of money
generally is not conserved.



to measure energy changes in principle, we need adiabatic processes where
there is no heat exchange. We wish to establish the energy of a given system
in equilibrium states which are those that can be completely characterized
by the static®> values of extensive parameters like energy F, volume V and
mole number N (number of particles divided by the Avogadro number 6.02 x
10%). Other extensive quantities may include numbers of different sorts of
particles, electric and magnetic moments etc i.e. everything which value for
a composite system is a direct sum of the values for the components. For
a given system, any two equilibrium states A and B can be related by an
adiabatic process either A — B or B — A, which allows to measure the
difference in the internal energy by the work W done by the system. Now,
if we encounter a process where the energy change is not equal to minus the
work done by the system, we call the difference the heat flux into the system:

dE = 6Q — 6W . (1)

This statement is known as the first law of thermodynamics. We use ¢
since the heat and work aren’t differentials of any function as they refer to
particular forms of energy transfer (not energy content).

The basic problem of thermodynamics is the determination of the equilib-
rium state that eventually results after all internal constraints are removed
in a closed composite system. The problem is solved with the help of ex-
tremum principle: there exists an extensive quantity S called entropy which
is a function of the extensive parameters of any composite system. The
values assumed by the extensive parameters in the absence of an internal
constraint maximize the entropy over the manifold of constrained equilib-
rium states. Since the entropy is extensive it is a homogeneous first-order
function of the extensive parameters: S(AE,AV,...) = AS(E,V,...). The
entropy is a continuous differentiable function of its variables. This function
(called also fundamental relation) is everything one needs to know to solve
the basic problem (and other problems in thermodynamics as well).

Since the entropy is generally a monotonic function of energy® then S =
S(E,V,...) can be solved uniquely for £ (S, V,...) which is an equivalent fun-
damental relation. Indeed, assume (0E/0S)x > 0 and consider S(E, X) and

2In other words, equilibrium states must be independent of the way they are prepared.
3This is not always so, we shall see in the course of statistical physics that the two-level
system gives a counter-example as well as other systems with a finite phase space.



E(S,X). Then* (05/0X)g =0 = (0E/0X)s = —(0S/0X)g(0E/0S)x =
0. Differentiating the last relation once more time we get (0*E/0X?)s =
—(02S/0X?)g(0E/0S)x, since the derivative of the second factor is zero as
it is at constant X. We thus see that the equilibrium is defined by the energy
minimum instead of the entropy maximum (very much like circle can be de-
fined as the figure of either maximal area for a given perimeter or of minimal
perimeter for a given area). On the figure, unconstrained equilibrium states
lie on the curve while all other states lie below. One can reach the state A
either maximizing entropy at a given energy or minimizing energy at a given
entropy:

S

One can work either in energy or entropy representation but ought to be
careful not to mix the two. Experimentally, one usually measures changes
thus finding derivatives (called equations of state). The partial derivatives
of an extensive variable with respect to its arguments (also extensive param-
eters) are intensive parameters®. For example, for the energy one writes

oF oF oF

— =T, —=- — = . 2

08 — 0 oV oN — ! @)
These relations are called the equations of state and they serve as definitions

for temperature 7', pressure P and chemical potential u while the respective
extensive quantities are S, V, N. From (2) we write

dE = 5Q — 6W = TdS — PdV + pdN . (3)

Entropy is thus responsible for hidden degrees of freedom (i.e. heat) while
other extensive parameters describe macroscopic degrees of freedom. The

4An efficient way to treat partial derivatives is to use jacobians d(u,v)/d(x,y) =
(Ou/0z)(0v/dy) — (Ov/0x)(0u/dy) and the identity (du/0x), = d(u,y)/0(z,y).

°In thermodynamics we have only extensive and intensive variables (and not, say,
surface-dependent terms oc N2/ 3) because we take thermodynamic limit N — oo, V — oo
keeping N/V finite.



derivatives (2) are defined only in equilibrium. Therefore, §QQ = T'dS and
OW = PdV — udN for quasi-static processes i.e such that the system is close
to equilibrium at every point of the process. A process can be considered
quasi-static if its typical time of change is larger than the relaxation times
(which for pressure can be estimates as L/c, for temperature as L?/k, where
L is a system size, ¢ - sound velocity and s thermal conductivity). Finite
deviations from equilibrium make dS > 6@ /T because entropy can increase
without heat transfer.

Let us give an example how the entropy maximum principle solves the basic
problem. Consider two simple systems separated by a rigid wall which is
impermeable for anything but heat. The whole composite system is closed
that is Fy + Fy =const. The entropy change under the energy exchange,

051 05, dE, dFE, 1 1
must be positive which means that energy flows from the hot subsystem to
the cold one (77 > Ty, = AE; < 0). We see that our definition (2) is in
agreement with our intuitive notion of temperature. When equilibrium is
reached, dS = 0 which requires T} = T5. If fundamental relation is known,
then so is the function T'(E, V). Two equations, T(FE1, Vi) = T(Es, V3) and
FE, + E5 =const completely determine F; and E,. In the same way one can
consider movable wall and get P, = P, in equilibrium. If the wall allows for
particle penetration we get p; = o in equilibrium.

Both energy and entropy are homogeneous first-order functions of its vari-
ables: S(AE,AV,AN) = AS(E,V,N) and E(AS,\V,AN) = AE(S,V,N)
(here V and N stand for the whole set of extensive macroscopic parame-
ters). Differentiating the second identity with respect to A and taking it at
A =1 one gets the Euler equation

E=TS—PV+uN . (4)

Let us show that there are only two independent parameters for a simple one-
component system, so that chemical potential u, for instance, can be found
as a function of 7" and P. Indeed, differentiating (4) and comparing with (3)
one gets the so-called Gibbs-Duhem relation (in the energy representation)
Ndp = —SdT + VdP or for quantities per mole, s = S/N and v = V/N:
dpu = —sdT + vdP. In other words, one can choose A = 1/N and use
first-order homogeneity to get rid of NV variable, for instance, E(S,V,N) =

7



NE(s,v,1) = Ne(s,v). In the entropy representation the Gibbs-Duhem
relation is again states that the sum of products of the extensive parameters
and the differentials of the corresponding intensive parameters vanish:

Ed(1/T) +Vd(P/T) — Nd(u/T) =0 . (5)

One uses u(P,T), for instance, when considering systems in the external
field. One then adds the potential energy (per particle) u(r) to the chemical
potential so that the equilibrium condition is p(P,T") + u(r) =const. Par-
ticularly, in the gravity field u(r) = mgz and differentiating pu(P,T) under
T = const one gets vdP = —mgdz. Introducing density p = m/v one gets
the well-known hydrostatic formula P = Py — pgz. For composite systems,
the number of independent intensive parameters (thermodynamic degrees of
freedom) is the number of components plus one.

Processes. While thermodynamics is fundamentally about states it is
also used for describing processes that connect states. Particularly important
questions concern performance of engines and heaters/coolers. Heat engine
works by delivering heat from a reservoir with some higher 77 via some system
to another reservoir with 75 doing some work in the process. If the entropy
of the hot reservoir decreases by some AS; then the entropy of the cold one
must increase by some ASy > AS;. The work AW is the difference between
the heat given by the hot reservoir 73 AS; and the heat absorbed by the cold
one ToAS;. Tt is clear that maximal work is achieved for minimal entropy
change AS,; = AS;, which happens for reversible (quasi-static) processes —
if, for instance, the system is a gas which works by moving a piston then the
pressure of the gas and the work are less for a fast-moving piston than in
equilibrium. Engine efficiency is the fraction of heat used for work that is

AW AQy — AQy 1 T5AS, T

_ <1-:2.
AQl AQI TlASl Tl

Similarly, refrigerator/heater is something that does work to transfer heat
from cold to hot systems. The performance is characterized by the ratio of
transferred heat to the work done: AQo/AW < Ty /(Ty — T5).

A specific procedure to accomplish reversible heat and work transfer is
to use an auxiliary system which undergoes so-called Carnot cycle, where
heat exchanges take place only at two temperatures. Engine goes through:
1) isothermal expansion at 77, 2) adiabatic expansion until temperature falls
to Ty, 3) isothermal compression until the entropy returns to its initial value,

8



4) adiabatic compression until the temperature reaches 7. The auxiliary
system does work during 1 and 2 increasing the energy of our system which
then decreases its energy by working on the auxiliary system during 3 and 4.
The total work is the area in the graph. For heat transfer, one reverses the
direction.

T P
T - 1
4
4 ) ,
3
T, s 3
V

Carnot cyclein T-Sand P-V variables

Carnot cycle provides one with an operational method to measure the
ratio of two temperatures by measuring the engine efficiency®.

Summary of formal structure. The fundamental relation (in energy rep-
resentation) F = E(S,V, N) is equivalent to the three equations of state (2).
If only two equations of state are given then Gibbs-Duhem relation may be
integrated to obtain the third up to an integration constant; alternatively
one may integrate molar relation de = T'ds — Pdv to get e(s,v) again with
an undetermined constant of integration.

Example: consider an ideal monatomic gas characterized by two equations
of state (found, say, experimentally with R ~ 8.3 J/mole K ~ 2 cal/mole K ):

PV =NRT, E=3NRT/2. (6)

The extensive parameters here are E/, V, N so we want to find the fundamental
equation in the entropy representation, S(E,V,N). To use (4) we need to
find p using Gibbs-Duhem relation in the entropy representation (5). We
express intensive via extensive variables in the equations of state (6), compute

d(1/T) = —3Rde/2¢* and d(P/T) = —Rdv/v?, and substitute into (5)

d(u) :—éﬁde—ﬂdv, M:C’—32Rlne—Rlnv,

T 2e v T

1 P I 3R e v

— e pv— L= In= +Rln— . 7
SEpet U p Tt n€0+ "0 @)

6Practical needs to estimate the engine efficiency during the industrial revolution led
to the development of such abstract concepts as entropy
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Here ey, vy are parameters of the state of zero internal energy used to deter-
mine the temperature units, and sq is the constant of integration.

1.2 Legendre transform

. Let us emphasize that the fundamental relation always relates extensive
quantities. Therefore, even though it is always possible to eliminate, say,
S from E = E(S,V,N) and T = T(S,V,N) getting £ = E(T,V,N), this
is not a fundamental relation and it does not contain all the information.
Indeed, £ = E(T,V,N) is actually a partial differential equation (because
T = 0F/0S) and even if it can be integrated the result would contain un-
determined function. Still, it is easier to measure, say, temperature than
entropy so it is convenient to have a complete formalism with intensive pa-
rameters as operationally independent variables and extensive parameters
as derived quantities. This is achieved by the Legendre transform: To pass
from the relation Y = Y (X) to that in terms of P = 9Y/0X it is not enough
to eliminate X and consider the function Y = Y (P), which determines the
curve Y = Y (X) only up to a shift along X:

X X

To fix the shift one may consider the curve as the envelope of the family of
the tangent lines characterized by the slope P and the position ¢ of intercept
of the Y-axis. The function ¢(P) = Y[X(P)] — PX(P) completely defines
the curve; here one substitutes X (P) found from P = 9Y (X)/0X (which is
possible only when dP/0X = 9*Y/0X? # 0). The function ¢ (P) is referred
to as a Legendre transform of Y (X). From dyp = —PdX — XdP 4+ dY =
—XdP one gets —X = 0y/IP i.e. the inverse transform is the same up to

a sign: Y = ¢ + X P. In mechanics, we use the Legendre transform to pass
from Lagrangian to Hamiltonian description.

10



Y= W+ XP

8. Replacing different extensive parameters by the respective intensive pa-
rameters we obtain thermodynamics potentials suitable for different physical
situations.

Free energy F' = E —T'S (also called Helmholtz potential) is that partial
Legendre transform of E which replaces the entropy by the temperature
as an independent variable: dF(T,V,N,...) = —=SdT — PdV + pudN + . ...
It is used to describe a system in a thermal contact with a heat reservoir
since the work done by the system under constant temperature (equal to
that of the reservoir) is minus the differential of the free energy: dW =
0QQ — dE = TdS — dE = —dF (free energy is that part of the internal
energy which is free to turn into work, the rest of the energy we must keep
to sustain a constant temperature). The equilibrium state minimizes F', not
absolutely, but over the manifold of states with the temperature equal to that
of the reservoir. Indeed, consider F(T,X) = E[S(T,X),X] — TS(T, X),
then (0F/0X)s = (OF/0X)r that is they turn into zero simultaneously.
Also, in the point of extremum, one gets (9?°E/0X?)s = (0*°F/0X?)r i.e.
both £ and F are minimal in equilibrium. Monatomic gas at fixed T, N
has F(V) = E—=TS(V) = —=NRT InV+const. If a piston separates equal
amounts then the work done in changing the volume of a subsystem from V}
to Vo is AF = NRT In[Vo(V — Vo) /VA(V — V7).

Enthalpy H = E'+ PV is that partial Legendre transform of £ which re-
places the volume by the pressure dH (S, P, N,...) = TdS+VdP+udN+.. ..
It is particularly convenient for situation in which the pressure is maintained
constant by a pressure reservoir (say, when the vessel is open into atmo-
sphere). Just as the energy acts as a potential for work under the constant
entropy and the free energy as potential for work at constant temperature,
so the enthalpy is a potential for work at constant pressure: dW = —dH.
Equilibrium minimizes H under the constant pressure.

One can replace both entropy and volume obtaining (Gibbs) thermody-
namics potential G = E — T'S + PV which has dG(T, P,N,...) = —SdT +

11



VdP + pdN + ... and is minimal in equilibrium at constant temperature
and pressure. From (4) we get (remember, they all are functions of different
variables):

F=-PT V)V +uT,V)N, H=TS+uN, G=uT,P)N. (8)

When there is a possibility of change in the number of particles (because
our system is in contact with some particle source having a fixed chemical
potential) then one uses the grand canonical potential Q(T,V,u) = E—TS —
uN which has d€) = —SdT — PdV — Ndu. The grand canonical potential
reaches its minimum under the constant temperature and chemical potential.

The choice of the potential for a given physical situation is usually to take
what is fixed as a variable to diminish the number of effective variables.

Maxwell relations. Changing order of taking mixed second derivatives of a
potential creates a class of identities known as Maxwell relations. For exam-
ple, 9?E [0S0V = 0*E [0V IS gives (0P/S)y = —(9T/0V )s. That can be
done for all three combinations (SV, SN,V N) possible for a simple single-
component system and also for every other potential (F, H,G). Maxwell
relations for constant N can be remembered with the help of the mnemonic
diagram with the sides labelled by the four common potentials flanked by
their respective natural independent variables. In the differential expression
for each potential in terms of the natural variables arrow pointing away from
the variable implies a positive sign while pointing towards the variable implies

negative sign like in dE = T'dS — PdV:
v F T

S H P

Maxwell relations are given by the corners of the diagram, for example,
(0V/0S)p = (0T /OP)s ete. If we consider constant N then any fundamental
relation of a single-component system is a function of only two variables and
therefore have only three independent second derivatives. Traditionally, all
derivatives are expressed via the three basic ones (those of Gibbs potential),
the specific heat and the coefficient of thermal expansion, both at a constant

12



pressure, and isothermal compressibility:

oo (95Y __p(2G) _L1(ovy  __1(oV
e \or), or2),” v\or), " V\oP), "

In particular, the specific heat at constant volume is as follows:

S TV a?
Cv—T<8T>V—CP— N,‘QT . (9)

That and similar formulas form a technical core of thermodynamics and
the art of deriving them ought to be mastered. It involves few simple rules
in treating partial derivatives:

(3,051 (39, (.G,
X Y Z
BN o

An alternative (and more general) way to manipulate thermodynamic
derivatives is to use jacobians and identity (T, S)/0(P,V)=1".

1.3 Stability of thermodynamic systems

Consider entropy representation. Stationarity of equilibrium requires
dS = 0 while stability requires d>S < 0. In particular, that means con-
cavity of S(E,X). Indeed, for all AE one must have S(E + AE, X) +
S(E — AE, X) < 2S(FE, X) otherwise our system can break into two halves
with the energies £ + AF thus increasing total entropy. For AE — 0 the
stability requirement means (0*°S/0E*)x < 0 = (0T/0FE)x > 0 — in-
crease of the energy must increase temperature. This can be also recast into
(OT/OE)y = [0(TV)/O(EV)]|[0(SV)/0(SV)] = T-19T/dS)y = 1/¢c, > 0
(adding heat to a stable system increases temperature). The same concavity
requirement is true with respect to changes in other parameters X, in partic-
ular, (025/0V*) g < 0= (0P/0V)r < 0 that is isothermal expansion must
reduce pressure for the stable system. Considering both changes together we
must require Sgp(AE)?+2Spy AEAS+ Sy (AV)? < 0. This quadratic form

"Taking, say, S,V as independent variables, (T, S)/0(P,V) = —(0T/oV)(0S/OP) =
Esv/Bvs =1

13



has a definite sign if the determinant is positive: SgppSyy — S, > 0. Ma-
nipulating derivatives one can show that this is equivalent to (OP/0V)g <
0. Alternatively, one may consider the energy representation, here stabil-
ity requires the energy minimum which gives Egs = T/c¢, > 0, Eyy =
—(0P/0V)s > 0. Considering both variations one can diagonalize d*F =
Ess(dS)*+ Eyy (dV)?*+2EsydSdV by introducing the temperature differen-
tial dI' = EgsdS+EgydV so that 2d*E = Egs(dT)*+(Byy —E%, Egd)(dV)?.
It is thus clear that Eyy — E%,Egs = (0*E/0V?)p = —(OP/OV )y and we
recover all the same inequalities.

X A
N

Lines of constant entropy in unstable and stable cases

The physical content of those stability criteria is known as Le Chatelier’s
principle: if some perturbation deviates the system from a stable equilibrium
that induces spontaneous processes that reduce the perturbation.

11. Phase transitions happen when some stability condition is not satis-
fied like in the region with (0P/0V)r > 0 as at the lowest isotherm in the
below figure. When the pressure corresponds to the level NLC, it is clear
that L is an unstable point and cannot be realized. But which stable point is
realized, N or C? To get the answer, one must minimize the Gibbs potential
since we have T" and P fixed. For one mole, it is the chemical potential which
can be found integrating the Gibbs-Duhem relation, du(T, P) = —sdT+vdP,
under the constant temperature: G = p = [v(P)dP. It is clear that the
pressure that corresponds to D (having equal areas before and above the hor-
izontal line) separates the absolute minimum at the left branch Q (solid-like)
from that on the right one C (liquid-like). The dependence of volume on
pressure is discontinuous along the isotherm.

14
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2 Basic statistical physics (brief reminder)

Here we introduce microscopic statistical description in the phase space and
describe three principal ways (microcanonical, canonical and grand canoni-
cal) to derive thermodynamics from statistical mechanics.

2.1 Distribution in the phase space

We consider macroscopic bodies, systems and subsystems. We define prob-
ability for a subsystem to be in some ApAgqg region of the phase space as
the fraction of time it spends there: w = limy_,o, At/T. We introduce the
statistical distribution in the phase space as density: dw = p(p, q)dpdq. By
definition, the average with the statistical distribution is equivalent to the
time average:

f= /fp, p(p,q dpdq—hmf/f (11)

The main idea is that p(p, ¢) for a subsystem does not depend on the initial
states of this and other subsystems so it can be found without actually solving
equations of motion. We define statistical equilibrium as a state where macro-
scopic quantities equal to the mean values. Assuming short-range forces we
conclude that different macroscopic subsystems interact weakly and are sta-
tistically independent so that the distribution for a composite system pqs is
factorized: pi12 = p1po.

Now, we take the ensemble of identical systems starting from different
points in phase space. In a flow with the velocity v = (p, ) the density
changes according to the continuity equation: dp/0t + div (pv) = 0. If the
motion is considered for not very large time it is conservative and can be
described by the Hamiltonian dynamics: ¢; = OH/0p; and p; = —OH /Dq;.
Hamiltonian flow in the phase space is incompressible: divv = 9¢;/0q; +
Op;/0p; = 0. That gives the Liouville theorem: dp/dt = dp/0t+ (v-V)p =
that is the statistical distribution is conserved along the phase trajectories
of any subsystem. As a result, equilibrium p must be expressed solely via
the integrals of motion. Since Inp is an additive quantity then it must be
expressed linearly via the additive integrals of motions which for a general
mechanical system are energy F(p, ¢), momentum P(p, ¢) and the momentum
of momentum M(p, q):

Inp, =, + BE.(p,q) +¢-Pu(p,q) +d-M(p,q) . (12)

16



Here o, is the normalization constant for a given subsystem while the seven
constants 3, c,d are the same for all subsystems (to ensure additivity) and
are determined by the values of the seven integrals of motion for the whole
system. We thus conclude that the additive integrals of motion is all we
need to get the statistical distribution of a closed system (and any sub-
system), those integrals replace all the enormous microscopic information.
Considering system which neither moves nor rotates we are down to the sin-
gle integral, energy. For any subsystem (or any system in the contact with
thermostat) we get Gibbs’ canonical distribution

p(p,q) = Aexp[-BE(p,q)] - (13)
See Landau & Lifshitz, Sects 1-4.

2.2 Microcanonical distribution

For a closed system with the energy Ej, Boltzmann assumed that all mi-
crostates with the same energy have equal probability (ergodic hypothesis)
which gives the microcanonical distribution:

p(p,q) = AS[E(p, q) — Eb] . (14)

Usually one considers the energy fixed with the accuracy A so that the mi-
crocanonical distribution is

_{1/F for E € (Ey, Ey + A) (15)
- 0 fOI‘Eg(Eo,EO—f—A),
where I' is the volume of the phase space occupied by the system
T(E,V,N,A) = / PNpdNg (16)
E<H<E+A

For example, for N noninteracting particles (ideal gas) the states with the
energy E = Y p?/2m are in the p-space near the hyper-sphere with the
radius v2mFE. Remind that the surface area of the hyper-sphere with the
radius R in 3N-dimensional space is 273V/2R3N=1/(3N/2 — 1)! and we have

T(E,V,N,A) o< E3N?*WWNA/(3BN/2 — 1) = (E/N)*M2VNA . (17)

To link statistical physics with thermodynamics one must define the fun-
damental relation i.e. a thermodynamic potential as a functions of respective
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variables. It can be done using either canonical or microcanonical distribu-
tion. We start from the latter and introduce the entropy as

S(E,V,N) =InT(E,V,N) . (18)

This is one of the most important formulas in physics® (on a par with F =
ma,E =mc* and E = hw).

Noninteracting subsystems are statistically independent so that the sta-
tistical weight of the composite system is a product and entropy is a sum.
For interacting subsystems, this is true only for short-range forces in the
thermodynamic limit N — oo. Consider two subsystems, 1 and 2, that
can exchange energy. Assume that the indeterminacy in the energy of any
subsystem, A, is much less than the total energy E. Then

E/A

I'(E) = Z I (B2 (E — E;) (19)

We denote E, Fy = E — E; the values that correspond to the maximal
term in the sum (19). The derivative of it is proportional to (OI';/OE;)'s —
(0T2/OFE;)Ty = (I'11'9) " [(8S1/0E1) 5, — (0S2/Es)g,]. Then the extremum
condition is evidently (051/0F1)p, = (0S2/0Es)g,, that is the extremum
corresponds to the thermal equilibrium where the temperatures of the subsys-
tems are equal. The equilibrium is thus where the maximum of probability is.
It is obvious that I'(E})T(Ey) < T'(E) < T(Ey)T(Ey)E/A. If the system con-
sists of N particles and Ny, Ny — oo then S(E) = S1(E;)+S5(Ey)+0O(logN)
where the last term is negligible.

Identification with the thermodynamic entropy can be done consider-
ing any system, for instance, an ideal gas. The problem is that the log-
arithm of (17) contains non-extensive term N InV. The resolution of this
controversy is that we need to treat the particles as indistinguishable, oth-
erwise we need to account for the entropy of mixing different species. We
however implicitly assume that mixing different parts of the same gas is
a reversible process which presumes that the particles are identical. For
identical particles, one needs to divide I' (17) by the number of transmu-
tations N! which makes the resulting entropy of the ideal gas extensive:
S(E,V,N) = (3N/2)ln E/N + N InV/N+const. Note that quantum parti-
cles (atoms and molecules) are indeed indistinguishable, which is expressed

81t is inscribed on the Boltzmann’s gravestone

18



by a proper symmetrization of the wave function. One can only wonder
at the genius of Gibbs who introduced N! long before quantum mechan-
ics (see, L&L 40 or Pathria 1.5 and 6.1). Defining temperature in a usual
way, T-!' = 0S/OF = 3N/2FE, we get the correct expression £ = 3NT/2.
We express here temperature in the energy units. To pass to Kelvin de-
grees, one transforms 7" — kT and S — kS where the Boltzmann constant
k =1.38-10%® J/K. The value of classical entropy (18) depends on the units.
Proper quantitative definition comes from quantum physics with I" being the
number of microstates that correspond to a given value of macroscopic pa-
rameters. In the quasi-classical limit the number of states is obtained by
dividing the phase space into units with ApAq = 27h.

The same definition (entropy as a logarithm of the number of states)
is true for any system with a discrete set of states. For example, consider
the set of N two-level systems with levels 0 and e. If energy of the set is
E then there are L = F/e upper levels occupied. The statistical weight is
determined by the number of ways one can choose L out of N: I'(N, L) =
CL = N!/LI(N — L)!. We can now define entropy (i.e. find the fundamental
relation): S(E,N) = InI'. Considering N > 1 and L > 1 we can use the
Stirling formula in the form dInL!/dL = In L and derive the equation of
state (temperature-energy relation),

) N N-L
T =08/0E =t n— =)
O = i vy~

and specific heat C' = dE/dT = N(¢/T)?2cosh ?(¢/T). Note that the ratio
of the number of particles on the upper level to those on the lower level is
L/(N — L) = exp(—¢/T) (Boltzmann relation). Specific heat turns into zero
both at low temperatures (too small portions of energy are ”in circulation”)
and in high temperatures (occupation numbers of two levels already close to
equal).

The derivation of thermodynamic fundamental relation S(E,...) in the
microcanonical ensemble is thus via the number of states or phase volume.

2.3 Canonical distribution

Let us re-derive the canonical distribution from the microcanonical one which
allows us to specify 5 = 1/T in (12,13). Consider a small subsystem or
a system in a contact with the thermostat (which can be thought of as
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consisting of infinitely many copies of our system — this is so-called canonical
ensemble, characterized by N,V,T). Here our system can have any energy
and the question arises what is the probability W (E). Let us find first the
probability of the system to be in a given microstate a with the energy F.
Assuming that all the states of the thermostat are equally likely to occur
we see that the probability should be directly proportional to the statistical
weight of the thermostat I'g(Ey— E) where we evidently assume that F < Ey,
expand ['y(Ey — E) = exp[So(Fo — E)] =~ exp[Sy(Fy) — F/T)| and obtain

we(E) = Z " exp(—E/T) , (20)
Z =) exp(—E,/T) . (21)

Note that there is no trace of thermostat left except for the temperature.
The normalization factor Z (7T, V, N) is a sum over all states accessible to the
system and is called the partition function.

The probability to have a given energy is the probability of the state (20)
times the number of states:

W(E) = T(E)wa(E) = T(E)Z ' exp(~E/T) . (22)

Here I'( E) grows fast while exp(—FE/T) decays fast when the energy E grows.
As a result, W(FE) is concentrated in a very narrow peak and the energy
fluctuations around E are very small (see Sect. 2.4 below for more details).
For example, for an ideal gas W (E) oc E*N/2exp(—FE/T). Let us stress again
that the Gibbs canonical distribution (20) tells that the probability of a given
microstate exponentially decays with the energy of the state while (22) tells
that the probability of a given energy has a peak.

An alternative and straightforward way to derive the canonical distri-
bution is to use consistently the Gibbs idea of the canonical ensemble as a
virtual set, of which the single member is the system under consideration
and the energy of the total set is fixed. The probability to have our system
in the state a with the energy E, is then given by the average number of
systems n, in this state divided by the total number of systems N. The set
of occupation numbers {n,} = (ng,n1,n2...) satisfies obvious conditions

Zna:N, ZEana:E:eN. (23)
Any given set is realized in W{n,} = N!/nglni!ns! ... number of ways and
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the probability to realize the set is proportional to the respective W:

. > naW{n.}
a — ZW{na} )

where summation goes over all the sets that satisfy (23). We assume that
in the limit when N,n, — oo the main contribution into (24) is given by
the most probable distribution which is found by looking at the extremum
of mW —ad,n,e— B>, Fang. Using the Stirling formula Inn! =nlnn —n
we write InW = NIn N — >, n,Inn, and the extremum n; corresponds to
Inn; = —a — 1 — BE, which gives

ny exp(—SE,)

(24)

= . 25
N  Y.,exp(—pE,) (25)
The parameter (3 is given implicitly by the relation
E E —BE,
Z —e= Za anp( 6 a) ) (26)
N Y aexp(—LFE,)

Of course, physically €(3) is usually more relevant than S(e). See Pathria,
Sect 3.2.

To get thermodynamics from the Gibbs distribution one needs to define
the free energy because we are under a constant temperature. This is done
via the partition function Z (which is of central importance since macroscopic
quantities are generally expressed via the derivatives of it):

F(T,V,N) =T Z(T,V,N) . (27)

To prove that, differentiate the identity Y-, exp[(F'— E,)/T] = 1 with respect
to temperature which gives

OF
poper(2)

equivalent to F' = F — T'S in thermodynamics.

One can also come to this by defining entropy. Remind that for a closed
system we defined S = InT" while the probability of state was w, = 1/I". For
a system in a contact with a thermostat that has a Gibbs distribution we
have Inw, is linear in E so that

S(E) =— Iw,(E) =—(lnw,) = - w,Inw, (28)
= > w(E,/T+mZ)=E/T+InZ.
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Even though we derived the formula for entropy, S = — 3 w, Inw,, for
an equilibrium, this definition can be used for any set of probabilities w,,
since it provides a useful measure of our ignorance about the system, as we
shall see later.

See Landau & Lifshitz (Sects 31,36).

2.4 Grand canonical ensemble

Let us now repeat the derivation we done in Sect. 2.3 but in more detail
and considering also the fluctuations in the particle number N. Consider a
subsystem in contact with a particle-energy reservoir. The probability for a
subsystem to have N particles and to be in a state E,y can be obtained by
expanding the entropy of the reservoir. Let us first do the expansion up to
the first-order terms as in (20,21)

WeN — Aexp[S(Eo - EaN; No - N)] = AGXP[S(E(), N(]) + (LLN - EaN)/T]
— exp[(Q+ N — Eon)/T] . (20)

Here we used 0S/0F = 1/T, 0S/ON = —pu/T and introduced the grand
canonical potential which can be expressed through the grand partition func-
tion
AT, V,p) = =T'ln)_exp(uN/T) Y exp(—Ean)/T) - (30)
N a

That this is equivalent to the thermodynamic definition, Q@ = £ — TS — uN
can be seen calculating the mean entropy similar to (28):

S==> wonInwey = (uN+Q—E)/T . (31)

a,N

The grand canonical distribution must be equivalent to canonical if one
neglects the fluctuations in particle numbers. Indeed, when we put N = N
the thermodynamic relation gives Q + uN = F so that (29) coincides with
the canonical distribution w, = exp[(F' — E,)/T].

Generally, there is a natural hierarchy: microcanonical distribution ne-
glects fluctuations in energy and number of particles, canonical distribution
neglects fluctuations in N but accounts for fluctuations in E, and eventually
grand canonical distribution accounts for fluctuations both in £ and N. The
distributions are equivalent as long as fluctuations are small.
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To describe fluctuations one needs to expand the respective thermody-
namic potential around the mean value, using the second derivatives §%S/0FE?
and 9?S/ON? (which must be negative for stability). That will give Gaus-
sian distributions of £ — E and N — N. A straightforward way to find the
energy variance (E — F)? is to differentiate with respect to 3 the identity

E — E = 0. For this purpose one can use canonical distribution and get

0 _ _ oF oF

. _ B(F—Ea) _ _ i B(F-Eq) _ 7~ _

55 S~ D)e ;(Ea E)(Fwaﬁ Ea>e 55 =0
(E—E) = _Zg — 120, . (32)

Magnitude of fluctuations is determined by the second derivative of the re-
spective thermodynamic potential (which is Cy). Since both E and Cy are
proportional to IV then the relative fluctuations are small indeed: (E — E)2/E?
N~! In what follows (as in the most of what preceded) we do not distinguish
between E and E.

Let us now discuss the fluctuations of particle number. One gets the

probability to have N particles by summing (29) over a:
W(N) o exp{Blu(T, V)N — F(T,V, N)]}

where F(T,V, N) is the free energy calculated from the canonical distribu-
tion for N particles in volume V and temperature 7. The mean value N
is determined by the extremum of probability: (0F/ON)y = p. The sec-
ond derivative determines the width of the distribution over N that is the
variance:

_ 9 -1 -1
(N —N)2=2T (gjf;) = 2T Ny~ 2 @f) x N . (33)

Here we used the fact that F(T,V,N) = Nf(T,v) with v = V/N so that
P = (0F/0V)y = 0f/0v, and substituted the derivatives calculated at
fixed V: (OF/ON)y = f(v) —vdf/dv and (0*F/ON?)y, = N~ 202 f /ov? =
—N"1'20P(v)/0v. As we discussed in Thermodynamics, P (v)/0v < 0
for stability. We see that generally the fluctuations are small unless the
isothermal compressibility is close to zero which happens at the first-order
phase transitions. Particle number (and density) strongly fluctuate in such
systems which contain different phases of different densities. This is why one
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uses grand canonical ensemble in such cases (as we shall do in the Chapter 4
below). Note that any extensive quantity f = >N, f; which is a sum over
independent subsystems (i.e. fify = fifr) have a small relative fluctuation:
(f* = f)/f* < 1/N.

See also Landau & Lifshitz 35 and Huang 8.3-5.

2.5 Two simple examples

Here we consider two examples with the simplest structures of energy levels
to illustrate the use of microcanonical and canonical distributions.

2.5.1 Two-level system

Assume levels 0 and e. Remind that in Sect. 2.2 we already considered
two-level system in the microcanonical approach calculating the number of
ways one can distribute L = E/e portions of energy between N particles
and obtaining S(E, N) = InC§ = In[N!/LY(N — L)!] & NIn[N/(N — L)] +
LIn[(N — L)/L]. The temperature in the microcanonical approach is as
follows:

oS

T = 22—
OF

e Y(8/0L) In[N1/LIN — L) = e ' In(N — L)/L . (34)

The entropy as a function of energy is drawn on the Figure:

T=+0,

0 NE

Indeed, entropy is zero at E = 0, Ne when all the particles are in the same
state. The entropy is symmetric about £ = Ne/2. We see that when
E > Ne/2 then the population of the higher level is larger than of the
lower one (inverse population as in a laser) and the temperature is negative.
Negative temperature may happen only in systems with the upper limit of
energy levels and simply means that by adding energy beyond some level we
actually decrease the entropy i.e. the number of accessible states. Available
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(non-equilibrium) states lie below the S(E) plot, notice that the entropy
maximum corresponds to the energy minimum for positive temperatures and
to the energy maximum for the negative temperatures part. A glance on
the figure also shows that when the system with a negative temperature is
brought into contact with the thermostat (having positive temperature) then
our system gives away energy (a laser generates and emits light) decreasing
the temperature further until it passes through infinity to positive values
and eventually reaches the temperature of the thermostat. That is negative
temperatures are actually "hotter” than positive.

Let us stress that there is no volume in S(E, N) that is we consider only
subsystem or only part of the degrees of freedom. Indeed, real particles have
kinetic energy unbounded from above and can correspond only to positive
temperatures [negative temperature and infinite energy give infinite Gibbs
factor exp(—E/T)]. Apart from laser, an example of a two-level system is
spin 1/2 in the magnetic field H. Because the interaction between the spins
and atom motions (spin-lattice relaxation) is weak then the spin system for
a long time (tens of minutes) keeps its separate temperature and can be
considered separately.

External fields are parameters (like volume and chemical potential) that
determine the energy levels of the system. They are sometimes called gen-
eralized thermodynamic coordinates, and the derivatives of the energy with
respect to them are called respective forces. Let us derive the generalized
force M that corresponds to the magnetic field and determines the work done
under the change of magnetic field: dE = TdS — MdH. Since the projection
of every magnetic moment on the direction of the field can take two values +u
then the magnetic energy of the particle is FuH and £ = —u(N, — N_)H.
The force (the partial derivative of the energy with respect to the field at a
fixed entropy) is called magnetization or magnetic moment of the system:

== (Gn)
OH

The derivative was taken at constant entropy that is at constant popula-

tions N, and N_. Note that negative temperature for the spin system

corresponds to the magnetic moment opposite in the direction to the ap-

plied magnetic field. Such states are experimentally prepared by a fast re-

versal of the magnetic field. We can also define magnetic susceptibility:
X(T) = (OM/OH)g—o = Nu?/T.

exp(uH/T) — exp(—pH/T)
exp(uH/T) + exp(—pH/T) -

=pu(Ny = N_) = Np

= (35)
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At weak fields and positive temperature, uH < T, (35) gives the formula
for the so-called Pauli paramagnetism

M (36)
Nu T
Para means that the majority of moments point in the direction of the ex-
ternal field. This formula shows in particular a remarkable property of the
spin system: adiabatic change of magnetic field (which keeps N,, N_ and
thus M) is equivalent to the change of temperature even though spins do not
exchange energy. One can say that under the change of the value of the ho-
mogeneous magnetic field the relaxation is instantaneous in the spin system.
This property is used in cooling the substances that contain paramagnetic
impurities. Note that the entropy of the spin system does not change when
the field changes slowly comparatively to the spin-spin relaxation and fast
comparatively to the spin-lattice relaxation.

To conclude let us treat the two-level system by the canonical approach
where we calculate the partition function and the free energy:

Z(T,N) = Z_j C% exp[—Le/T) = [1 4 exp(—¢/T)|V, (37)
F(T,N) = —Tn Z = —NTIn[l + exp(—e/T)] . (3%)

We can now re-derive the entropy as S = —0F/JT and derive the (mean)
energy and specific heat:

_ olnZ olnZ
_ ol _ _ _ 2
E =z Za:Eanp( BE,) o =7 (39)
Ne
= T4 oep(/T) (40)
2
o — dE. Nexp(e/T) e (41)

AT~ [L+exp(e/T)2T?

Note that (39) is a general formula which we shall use in the future. Specific
heat turns into zero both at low temperatures (too small portions of energy
are ”in circulation”) and in high temperatures (occupation numbers of two
levels already close to equal).
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A specific heat of this form characterized by a peak is observed in all systems
with an excitation gap.
More details can be found in Kittel, Section 24 and Pathria, Section 3.9.

2.5.2 Harmonic oscillators

Small oscillations around the equilibrium positions (say, of atoms in the
lattice or in the molecule) can be treated as harmonic and independent.
The harmonic oscillator is described by the Hamiltonian

_ Ly 2 2 2
H(q,p)—%(p +wePm?) . (42)
We start from the quasi-classical limit, hw < T, when the single-oscillator

partition function is obtained by Gaussian integration:

2m) = )™ [~ dp [~ dgesp(-m/T) = o (43)
We can now get the partition function of N independent oscillators as Z (7', N)
ZN(T) = (T/hw)N, the free energy F' = NT In(fiw/T) and the mean energy
from (39): E = NT — this is an example of the equipartition (every oscillator
has two degrees of freedom with 7'/2 energy for each)?. The thermodynamic
equations of state are u(7') = T'In(hw/T) and S = N|[In(7"/hw)+ 1] while the
pressure is zero because there is no volume dependence. The specific heat
Cp=Cy =N.

Apart from thermodynamic quantities one can write the probability dis-
tribution of coordinate which is given by the Gibbs distribution using the

potential energy:

dw, = w(2rT) Y2 exp(—w?q?/2T)dq . (44)

9If some variable x enters energy as 2" then the mean energy associated with that
degree of freedom is [ 2" exp(—2?"/T)dx/ [ exp(—z*"/T)dx = T2~ ™(2n — 1)IL.
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Using kinetic energy and simply replacing ¢ — p/w one obtains a similar
formula dw, = (27T) /% exp(—p?/2T)dp which is the Maxwell distribution.

For a quantum case, the energy levels are given by E,, = hw(n + 1/2).
The single-oscillator partition function

Z\(T) = i exp[—hw(n +1/2)/T) = 2sinh ™! (hw/2T) (45)

n=0

gives again Z(T,N) = ZN(T) and F(T,N) = NTIn[sinh(hw/2T)/2] =
Nhw/2+ NT In[l — exp(—hw/T). The energy now is

E = Nhw/2 + Nhwlexp(hiw/T) — 1]

where one sees the contribution of zero quantum oscillations and the break-
down of classical equipartition. The specific heat is as follows: Cp = Cy =
N(hw/T)? exp(hw/T)[exp(hw/T) — 1]72. Comparing with (41) we see the
same behavior at T" < hw: Cy o exp(—hw/T) because “too small energy
portions are in circulation” and they cannot move system to the next level.
At large T the specific heat of two-level system turns into zero because the
occupation numbers of both levels are almost equal while for oscillator we
have classical equipartition (every oscillator has two degrees of freedom so it
has T in energy and 1 in CYy).

I

2 Tle

Quantum analog of (44) must be obtained by summing the wave functions
of quantum oscillator with the respective probabilities:

duw, = adg 3" [ta(g) ? expl—huw(n + 1/2)/T] (46)

Here a is the normalization factor. Straightforward (and beautiful) calcula-
tion of (46) can be found in Landau & Lifshitz Sect. 30. Here we note that
the distribution must be Gaussian dw, o exp(—¢*/2¢%) where the mean-
square displacement ¢2 can be read from the expression for energy so that

28



one gets:

dw, = itanhh—w 1/Qex - QEtanhh—w d (47)
*= \an M ar PATT R ™ ar )

At hw < T it coincides with (44) while at the opposite (quantum) limit gives
dw, = (w/mh)? exp(—q*w/h)dg which is a purely quantum formula [¢)|? for
the ground state of the oscillator.

See also Pathria Sect. 3.7 for more details.

3 Entropy and information

By definition, entropy of a closed system determines the number of available
states (or, classically, phase volume). Assuming that system spends compa-
rable time in different available states we conclude that since the equilibrium
must be the most probable state it corresponds to the entropy maximum. If
the system happens to be not in equilibrium at a given moment of time [say,
the energy distribution between the subsystems is different from the most
probable Gibbs distribution (26)] then it is more probable to go towards
equilibrium that is increasing entropy. This is a microscopic (probabilistic)
interpretation of the second law of thermodynamics formulated by Clausius
in 1865. Note that the probability maximum is very sharp in the thermo-
dynamic limit since exp(S) grows exponentially with the system size. That
means that for macroscopic systems the probability to pass into the states
with lower entropy is so vanishingly small that such events are never observed.

Dynamics (classical and quantum) is time reversible. Entropy growth
is related not to the trajectory of a single point in phase space but to the
behavior of finite regions (i.e. sets of such points). Consideration of finite
regions is called coarse graining and it is the main feature of stat-physical
approach responsible for the irreversibility of statistical laws.

3.1 Lyapunov exponent

The dynamical background of entropy growth is the separation of trajec-
tories in phase space so that trajectories started from a small finite region
fill larger and larger regions of phase space as time proceeds. The relative
motion is determined by the velocity difference between neighboring points:
dv; = r;0v;/0x; = r;jo;;. Here x = (p,q) is the 6 N-dimensional vector of
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the position and v = (p,q) is the velocity in the phase space. The trace
of the tensor o;; is the rate of the volume change which must be zero ac-
cording to the Liouville theorem (that is a Hamiltonian dynamics imposes
an incompressible flow in the phase space). We can decompose the tensor
of velocity derivatives into an antisymmetric part (which describes rotation)
and a symmetric part (which describes deformation). We are interested here
in deformation because it is the mechanism of the entropy growth. The sym-
metric tensor, S;; = (0v;/0x; + 0v;/0x;)/2, can be always transformed into
a diagonal form by an orthogonal transformation (i.e. by the rotation of
the axes). The diagonal components are the rates of stretching in different
directions. Indeed, the equation for the distance between two points along a
principal direction has a form: 7; = dv; = ;5 (no summation over 7). The
solution is as follows:

ri(t) = ryexp | [ sutt)ar| (48)

For a time-independent strain, the growth/decay is exponential in time. One
recognizes that a purely straining motion converts a spherical element into an
ellipsoid with the principal diameters that grow (or decay) in time. Indeed,
consider a two-dimensional projection of the initial spherical element i.e. a

circle of the radius R at ¢t = 0. The point that starts at zg,yo = / R? — 23
goes into

S11t

x(t) =
y(t) _ 6522ty _ 6522t /R2 — IQ _ 6822t\/R2 (t)e_QS“t,
$2(t) 2511t+y (t) —2S99t RQ (49)

The equation (49) describes how the initial circle turns into the ellipse whose
eccentricity increases exponentially with the rate |S1; — Sasl.

| exp(Sxt)

Figure 1: Deformation of a phase-space element by a permanent strain.

Of course, as the system moves in the phase space, both the strain val-
ues and the orientation of the principal directions change, so that expand-
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ing direction may turn into a contracting one and vice versa. The ques-
tion is whether averaging over all possibilities gives a zero net result. One
can show that in a general case an exponential stretching persists on av-
erage and the majority of trajectories separate. To see that, consider as
an example two-dimensional incompressible saddle-point flow (pure strain):
vy, = Az, vy, = —Ay. The vector r = (z,y) (which is supposed to char-
acterize the distance between two close trajectories) satisfies the equations
& = v, and y = v,. Whether the vector is stretched or contracted after
some time 7" depends on its orientation and on 7. Since z(t) = g exp(\f)
and y(t) = yoexp(—At) = xoyo/x(t) then every trajectory is a hyperbole.
A unit vector initially forming an angle ¢ with the z axis will have its
length [cos? ¢ exp(2AT) + sin?  exp(—2AT)]/? after time 7. The vector will
be stretched if cosg > [1 + exp(2AT)]""/? < 1/sqrt2, i.e. the fraction of
stretched directions is larger than half. When along the motion all orienta-
tions are equally probable, the net effect is stretching.

y

y(0)

().

x(0) x(T X

Figure 2: The distance of the point from the origin increases if the angle is
less than ¢y = arccos[l + exp(2AT)]~Y/2 > /4. Note that for ¢ = g the
initial and final points are symmetric relative to the diagonal.

This is formally proved in mathematics by considering random &(¢) and the
transfer matrix W defined by r(t) = W(t, t,)r(t;). It satisfies the equation
dW /dt = 6W. The Liouville theorem tré = 0 means that det W = 1. The
modulus 7 of the separation vector may be expressed via the positive symmetric
matrix W7 W. The main result (Furstenberg and Kesten 1960; Oseledec, 1968)
states that in almost every realization &(t), the matrix 1 In WT(t,0)W(t,0) tends
to a finite limit as ¢ — oco. In particular, its eigenvectors tend to d fixed orthonor-
mal eigenvectors f;. Geometrically, that precisely means than an initial sphere
evolves into an elongated ellipsoid at later times. As time increases, the ellipsoid
is more and more elongated and it is less and less likely that the hierarchy of the
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ellipsoid axes will change. The limiting eigenvalues
Ai = lim t~LIn |[WH;| (50)

define the so-called Lyapunov exponents. The sum of the exponents is zero due to
the Liouville theorem so there exists at least one positive exponent which corre-
sponds to stretching. Mathematical lesson to learn is that multiplying N random
matrices with unit determinant (recall that the determinant is the product of
eigenvalues), one generally gets some eigenvalues growing (and some decreasing)
exponentially with N.

The probability to find a ball turning into an exponentially stretching
ellipse goes to unity as time increases. The physical reason for it is that
substantial deformation appears sooner or later. To reverse it, one needs
to contract the long direction, that is the direction of contraction must be
inside the narrow angle defined by the ellipse eccentricity, which is unlikely.
Randomly oriented deformations on average continue to increase the eccen-
tricity. After the strip length reaches the scale of the velocity change (when
one already cannot approximate the phase-space flow by a linear profile 67),
strip starts to fold, continuing locally the exponential stretching. Eventually,
one can find the points from the initial ball everywhere which means that
the flow is mixing.

On the figure, one can see how the black square of initial conditions (at
the central box) is stretched in one (unstable) direction and contracted in an-
other (stable) direction so that it turns into a long narrow strip (left and right
boxes). Rectangles in the right box show finite resolution (coarse-graining).
Viewed with such resolution, our set of points occupies larger phase volume
(i.e. corresponds to larger entropy) at ¢ = =7 than at ¢t = 0. Time reversibil-
ity of any particular trajectory in the phase space does not contradict the
time-irreversible filling of the phase space by the set of trajectories considered
with a finite resolution. By reversing time we exchange stable and unstable
directions but the fact of space filling persists.

0 p p

t=-T q t=0 g t=T q
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When the density spreads, entropy grows. For example, consider a simple
case, when the spread of the probability density p(r,t) can be described by
the simple diffusion (in Sect 8 below we show that it is possible on a timescale
where one can consider the motion as a series of uncorrelated random walks):

8p/ Ot = —kAp. Entropy increases monotonically under diffusion:
2
dt /p t)In p(r,t) dr :—ﬁ/Aplnpdr:m/(Vp) dr > 0. (51)
p

3.2 Adiabatic processes and the third law

The second law of thermodynamics is valid not only for isolated systems but
also for systems in the (time-dependent) external fields or under external
conditions changing in time as long as there is no heat exchange, that is
for systems that can be described by the microscopic Hamiltonian H(p, ¢, A)
with some parameter \(¢) slowly changing with time. That means that the
environment is not a macroscopic body with hidden degrees of freedom but
is completely determined by the value of the single parameter A, that is the
entropy of the environment is zero. In particular, A can be the system volume
since the walls can be thought of as confining potential. If temporal changes
are slow enough then the entropy of the system does not change i.e. the
process is adiabatic. Indeed, the positivity of S =ds /dt requires that the
expansion of S()) starts from the second term,

2
ds _dS dA A(d/\> N s Ad)\

dt - dh dt dt ax ~ dt (52)

We see that when d\/dt goes to zero, entropy is getting independent of A.
That means that we can change A (say, volume) by finite amount making the
entropy change whatever small by doing it slow enough.

During the adiabatic process the system is assumed to be in thermal
equilibrium at any instant of time (as in quasi-static processes defined in
thermodynamics). Changing A (called coordinate) one changes the energy
levels E, and the total energy. Respective force (pressure when A is volume,
magnetic or electric moments when A is the respective field) is obtained as the
average (over the equilibrium statistical distribution) of the energy derivative
with respect to A:

OH(p,q,\) Y w 0E, _ 0 S Wy — <8E(S,>\,...)> (53)
a aA a—a — .
a a S

O\ O\ O\
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We see that the force is equal to the derivative of the thermodynamic energy
at constant entropy because the probabilities w, do not change. Note that
in an adiabatic process all w, are assumed to be constant i.e. the entropy of
any subsystem us conserved. This is more restrictive than the condition of
reversibility which requires only the total entropy to be conserved. In other
words, the process can be reversible but not adiabatic. See Landau & Lifshitz
(Section 11) for more details.

The last statement we make here about entropy is the third law of thermo-
dynamics (Nernst theorem) which claims that S — 0 as T — 0. A standard
argument is that since stability requires the positivity of the specific heat
¢, then the energy must monotonously increase with the temperature and
zero temperature corresponds to the ground state. If the ground state is
non-degenerate (unique) then S = 0. Since generally the degeneracy of the
ground state grows slower than exponentially with /N, then the entropy per
particle is zero in the thermodynamic limit. While this argument is correct
it is relevant only for temperatures less than the energy difference between
the first excited state and the ground state. As such, it has nothing to do
with the third law established generally for much higher temperatures and
related to the density of states as function of energy. We shall discuss it later
considering Debye theory of solids. See Huang (Section 9.4) for more details.

3.3 Information theory approach

Here I briefly re-tell the story of statistical physics using a different language.
An advantage of using different formulations is that it helps to understand
things better and triggers different intuition in different people.

Consider first a simple problem in which we are faced with a choice among
n equal possibilities (say, in which of n boxes a candy is hidden). How much
we do not know? Let us denote the missing information by I(n). Clearly,
the information is an increasing function of n and (1) = 0. If we have
few independent problems then information must be additive. For example,
consider each box to have m compartments: I(nm) = I(n)+I(m). Now, we
can write (Shannon, 1948)

I(n)=1I(e)lnn=Fklnn (54)

That it must be a logarithm is clear also from obtaining the missing informa-
tion by asking the sequence of questions in which half we find the box with
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the candy, one then needs log,n of such questions and respective one-bit
answers. We can easily generalize the definition (54) for non-integer ratio-
nal numbers by I(n/l) = I(n) — I(l) and for all positive real numbers by
considering limits of the series and using monotonicity.

If we have an alphabet with n symbols then the message of the length N
can potentially be one of n possibilities so that it brings the information
ENInn or klnn per symbol. If all the 25 letters of the English alphabet
were used with the same frequency then the word ”love” would bring the

information equal to 4k In 25.
]

Al B L z
Al B o) z

N
Al B V z
Al B E z

In reality though it brings even less information (no matter how emotional
we can get) since we know that letters are used with different frequencies.
Indeed, consider the situation when there is a probability w; assigned to
each letter (or box) i = 1,...,n. Now if we want to evaluate the missing
information (or, the information that one symbol brings us on average) we
ought to think about repeating our choice N times. As N — oo we know
that candy in the i-th box in Nw; cases but we do not know the order in
which different possibilities appear. Total number of orders is N!/II;( Nw;)!
and the missing information is

Iy = kln(NY/T;(Nw;)!) &~ =Nk w;Inw; + O(InN) . (55)

The missing information per problem (or per symbol in the language) coin-
cides with the entropy (28):

](wl...wn):]&%]N/N:—ki;wilnwi. (56)
Incidentally for English language the information per symbol is
— Z w; logy w; &~ 4.11 bits .
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The information (56) is zero for delta-distribution w; = d;;; it is generally
less than the information (54) and coincides with it only for equal probabil-
ities, w; = 1/n, when the entropy is maximum. Indeed, equal probabilities
we ascribe when there is no extra information, i.e. in a state of maximum
ignorance. Mathematically, the property

I1/n,....,1/n) > I(w; ... w,) (57)

is called convexity. It follows from the fact that the function of a single
variable s(w) = —wlnw is strictly downward convex (concave) since its
second derivative, —1/w, is everywhere negative for positive w. For a concave
function, the average over the set of points wj is less or equal to the function
at the average value (so-called Jensen inequality):

From here one gets the entropy inequality:

I(wy...w,) = ES(W) <ns (i;wz> =ns (i) =1 (;,,i) (59)
The relation (58) can be proven by induction using the convexity condition,
which states that the linear interpolation between two points a, b lies every-
where below the function graph: s(Aa +b — A\b) > As(a) + (1 — A)s(b) for
any A € [0,1]. Now we can choose A = (n—1)/n, a = (n —1)"! 2 w; and
b = w,, to see that

() )

n

—1 1
Zn (n—l Zw2> —5 (wy)
1n—1

Zs(wi)jt;s(wn): S s (w,) . (60)

i=1 =1

>

n
In the last line we used the truth of (58) for n — 1 to prove it for n.

Note that when n — oo then (54) diverges while (56) may well be finite.
We can generalize (56) for a continuous distribution by dividing into cells
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(that is considering a limit of discrete points). Here, different choices of
variables to define equal cells give different definitions of information. It is in
such a choice that physics enters. We use canonical coordinates in the phase
space and write the missing information in terms of the density which may
also depend on time:

1(6) = = [ plp.a,t)nlp(p, 0, 0)] dpda (61)

If the density of the discrete points in the continuous limit is inhomogeneous,
say m(x), then the proper generalization is

1(6) = = [ p(a) Wlp(a)/m(@)] da (62)

Note that (62) is invariant with respect to an arbitrary change of variables
x — y(x) since p(y) = p(x)dy/dx and m(y) = m(x)dy/dx while (61) was
invariant only with respect to canonical transformations (including a time
evolution according to a Hamiltonian dynamics) that conserve the element
of the phase-space volume.

Mention briefly the application of entropy in communication theory. In-
equality (57) means that a communication channel transmitting bits (ones
and zeros) on average can transmit no more than one unit of the information
(56) per symbol. In other words, >7_, w; log, w; gives the minimum number
of bits needed to transmit the ensemble of messages. We can say that the
information content of a symbol number i is log,(1/w;), while the entropy is
the mean information content per symbol. Note that less probable symbols
have larger information content. That suggests a way of signal compression
by coding common letters by short sequences and infrequent letters by more
lengthy combinations - lossless compressions like zip, gz and gif work this way
(you may find it interesting to know that jpeg, mpeg, mp3 and telephone use
lossy compression which removes information presumed to be unimportant
for humans).

Apart from restrictions imposed by the statistics of symbols to be trans-
ferred, one also wish to characterize the quality of the channel. Note that in
this context one can view measurements as messages about the value of the
quantity we measure. Here, the message (measurement) A we receive gives
the information about the event (quantity) B as follows:

I(A, B) = In[P(B|A)/P(B)],
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where P(BJ|A) is the so-called conditional probability (of B in the presence
of A). The conditional probability is related to the joint probability P(A, B)
by the evident formula P(A, B) = P(B|A)P(A), which allows one to write
the information in a symmetric form

uAByﬂnVP@““]

P(A)P(B)

When A and B are independent then the conditional probability is indepen-
dent of A and information is zero. When they are dependent, P(B, A) >
P(A)P(B) so that that the information is always positive. It is interesting
to know how much information on average about B one obtains by measuring
A. Summing over all possible By, ..., B, and Ay,..., A, we obtain Shan-
non’s “mutual information” used to evaluate the quality of communication
systems (or measurements)

B):iﬁ: (A;, Bj) In[P(B;|A;)/ P(B;)]

= z z np(): z z HM
—»szwa/d@m,wllp@)] [ dzdyp(z, )1 b@mwﬁm@

Here we used p(z,y) = p(z|y)p(y). If one is just interested in the channel as
specified by P(B|A) then one maximizes I(A, B) over all choices of the source
statistics P(B) and call it channel capacity. Note that (63) is the particular
case of multidimensional (62) where one takes = = (y, z), m = p(z)p(y).

So far, we defined information via the distribution. Now, we want to
use the idea of information to get the distribution. Statistical mechanics is a
systematic way of guessing, making use of incomplete information. The main
problem is how to get the best guess for the probability distribution p(p, g, t)
based on any given information presented as (R;(p,q,t)) = r;, i.e. as the
expectation (mean) values of some dynamical quantities. Our distribution
must contain the whole truth (i.e. all the given information) and nothing
but the truth that is it must maximize the missing information /. This is to
provide for the widest set of possibilities for future use, compatible with the
existing information. Looking for the maximum of

I-— ZA i (p,q.t /pp,q, t){In[p(p, g, t ZA i(p,q,t)} dpdg
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we obtain the distribution

p(p,gt) = Z 7 exp|= 3 NRi(p,.t)] (64)

J
where the normalization factor

Z(Ni) = /exp[— > ARi(p,g.t)] dpdg |

J

can be expressed via the measured quantities by using

olnZz

For example, consider our initial ”candy-in-the-box” problem (think of an
impurity atom in a lattice if you prefer physics). Let us denote the number
of the box with the candy j. Different attempts give different j (for impurity,
think of X-ray scattering on the lattice) but on average after many attempts
we find, say, (cos(kj)) = 0.3. Then

p(G) = 27" (\) exp[—A cos (k)]

Z(X\) = explAcos(kj)], (cos(kj)) =dlogZ/dX=0.3 .
j=1
We can explicitly solve this for k¥ < 1 < kn when one can approximate the
sum by the integral so that Z(\) ~ nly(\) where I is the modified Bessel
function. Equation I}(A) = 0.31p()) has an approximate solution A ~ 0.63.

Note in passing that the set of equations (65) may be self-contradictory
or insufficient so that the data do not allow to define the distribution or
allow it non-uniquely. If, however, the solution exists then (61,64) define the
missing information 7{r;} which is analogous to thermodynamic entropy as
a function of (measurable) macroscopic parameters. It is clear that I have
a tendency to increase whenever a constraint is removed (when we measure
less quantities R;).

If we know the given information at some time ¢; and want to make
guesses about some other time ¢ then our information generally gets less
relevant as the distance |t; — 3| increases. In the particular case of guessing
the distribution in the phase space, the mechanism of loosing information
is due to separation of trajectories described in Sect. 3. Indeed, if we know
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that at ¢; the system was in some region of the phase space, the set of
trajectories started at t; from this region generally fills larger and larger
regions as |t; — to| increases. Therefore, missing information (i.e. entropy)
increases with |t; — t3|. Note that it works both into the future and into the
past. Information approach allows one to see clearly that there is really no
contradiction between the reversibility of equations of motion and the growth
of entropy. Also, the concept of entropy as missing information!® allows
one to understand that entropy does not really decrease in the system with
Maxwell demon or any other information-processing device (indeed, if at the
beginning one has an information on position or velocity of any molecule,
then the entropy was less by this amount from the start; after using and
processing the information the entropy can only increase). Consider, for
instance, a particle in the box. If we know that it is in one half then entropy
(the logarithm of awailable states) is In(V//2). That also teaches us that
information has thermodynamic (energetic) value: by placing a piston at the
half of the box and allowing particle to hit and move it we can get the work
TAS = T1n2 done; on the other hand, to get such an information one must
make a measurement whose minimum energetic cost is TAS = T'In 2 (Szilard
1929).

Yet there is one class of quantities where information does not age. They
are integrals of motion. A situation in which only integrals of motion are
known is called equilibrium. The distribution (64) takes the canonical form
(12,13) in equilibrium. On the other hand, taking micro-canonical as constant
over the constant-energy surface corresponds to the same approach of not
adding any additional information to what is known (energy).

From the information point of view, the statement that systems approach
equilibrium is equivalent to saying that all information is forgotten except the
integrals of motion. If, however, we possess the information about averages
of quantities that are not integrals of motion and those averages do not
coincide with their equilibrium values then the distribution (64) deviates
from equilibrium. Examples are currents, velocity or temperature gradients
like considered in kinetics.

More details can be found in Katz, Sects. 2-5, Sethna Sect. 5.3 and Kardar
I, Problem 2.6.

10that entropy is not a property of the system but of our knowledge about the system
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4 Gases

We now go on to apply a general theory given in the Chapter 2. Here we
consider systems with the kinetic energy exceeding the potential energy of
inter-particle interactions: (U(r; —13)) < (mv?/2).

4.1 Ideal Gases

We start from neglecting the potential energy of interaction completely. Note
though that molecules in the same state do have quantum interaction so
generally one cannot consider particles completely independent. If however
we introduce a grand canonical ensemble considering all molecules in the
same state as a subsystem (with a non-fixed number of particles n,) then
such subsystems do not interact. Using the distribution (29) with N = n,
and E = ng,€, one expresses the probability of occupation numbers:

w(ng) = exp{ B[ + na(pt — €,)]} - (66)

Consider now a dilute gas, when all n, < 1. Then the probability of no
particles in the given state is close to unity, wy = exp(8€,) ~ 1, and the
probability of having one particle and the average number of particles is given

by

e =Y w(ng)ne, = wi ~ exp (,u ;Ea) , (67)

which is called Boltzmann distribution It is thus expressed via the chemical
potential.

4.1.1 Boltzmann (classical) gas

is such that one can also neglect quantum exchange interaction of particles
(atoms or molecules) in the same state which requires the occupation num-
bers of any quantum state to be small, which in turn requires the number of
states Vp3/h?® to be much larger than the number of molecules N. Since the
typical momentum is p ~ v/mT we get the condition

(mT)3? > h3n . (68)

To get the feeling of the order of magnitudes, one can make an estimate with
m = 1.6-10"*g (proton) and n = 10*'cm =3 which gives T' > 0.5K. Another
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way to interpret (68) is to say that the mean distance between molecules
n~'/3 must be much larger than the wavelength h/p. In this case, one can
pass from the distribution over the quantum states to the distribution in the

phase space:
— — €D, q
n(p,q) = exp [M T< )] : (69)

In particular, the distribution over momenta is always quasi-classical for the
Boltzmann gas. Indeed, the distance between energy levels is determined by
the size of the box, AE ~ h?m~'V =23 < h?m~'(N/V)?*? which is much less
than temperature according to (68). To put it simply, if the thermal quantum
wavelength h/p ~ h(mT)~"/? is less than the distance between particles it is
also less than the size of the box. We conclude that the Boltzmann gas has the
Maxwell distribution over momenta. If such is the case even in the external
field then n(q, p) = exp{[n—€(p,q)]/T} = exp{[n—Ul(q) —p?/2m]/T}. That
gives, in particular, the particle density in space n(r) = ngexp[—U(r)/T]
where ng is the concentration without field. In the uniform gravity field we
get the barometric formula n(z) = n(0) exp(—mgz/T).

Since now molecules do not interact then we can treat them as members
of the Gibbs canonical ensemble. The partition function of the Boltzmann
gas can be obtained from the partition function of a single particle (like we
did for two-level system and oscillator) with the only difference that particles
are now real and indistinguishable so that we must divide the sum by the
number of transmutations:

Z = ]\1[‘ [Z exp(—ea/T)] :

Using the Stirling formula In N! ~ N In(N/e) we write the free energy

F:—NTlnl Zexp ea/T] . (70)

Since the motion of the particle as a whole is always quasi-classical for the
Boltzmann gas, one can single out the kinetic energy: €, = p?/2m + €.
If in addition there is no external field (so that €, describes rotation and
the internal degrees of freedom of the particle) then one can integrate over
d®*pd®q/h? and get for the ideal gas:

F=_NTh [eV (

N )3/22@@ ¢ /T) ] . (71)

o7h?
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To complete the computation we need to specify the internal structure of the
particle. Note though that Y, exp(—¢,/T") depends only on temperature so
that we can already get the equation of state P = —0F/0V = NT/V.

Mono-atomic gas. At the temperatures much less than the distance to
the first excited state all the atoms will be in the ground state (we put €y = 0).
That means that the energies are much less than Rydberg ey = e¢?/ap =
met/h? ~ 4 -10"'erg and the temperatures are less than go/k ~ 3 - 10°K
(otherwise atoms are ionized).

If there is neither orbital angular momentum nor spin (L = S = 0 —
such are the atoms of noble gases) we get >, exp(—¢,/T) = 1 as the ground
state is non-degenerate and

eV mT \*/? eV
F——NTlnlN <27r712> ]——NTlnN—chTlnT—N(T,(72)

3 m
cw=3/2, (= 21n27rh2 :
Here ( is called the chemical constant. Note that for F' = AT + BT InT the
energy is linear £ = F'—TOF/JT = BT that is the specific heat, C, = B, is
independent of temperature. The formulas thus derived allow one to derive
the conditions for the Boltzmann statistics to be applicable which requires
N, < 1. Evidently, it is enough to require exp(u/T) < 1 where

N [2xh?\*?

V ( mT )
Using such p we get (mT)%? > h3n. Note that p < 0.

If there is a nonzero spin the level has a degeneracy 25 + 1 which adds

(s = In(2S + 1) to the chemical constant (73). If both L and S are nonzero
then the total angular momentum .J determines the fine structure of levels €.
This is the energy of spin-orbital and spin-spin interactions, both relativistic
effects, so that the energy can be estimated as e; =~ gq(v/c)? =~ &o(Z,€?/hic)?.
For not very high nuclei charge Z,, it is generally comparable with the room
temperature €;/k ~ 200 = 300K. Every such level has a degeneracy 2.J + 1
so that the respective partition function

2= (274 1)exp(—e;/T) .

(73)

E-TS+PV F+PV F+NT

N N N Tln

I
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Without actually specifying e€; we can determine this sum in two limits of
large and small temperature. If V.J one has T' > €, then exp(—e;/T) ~ 1
and z = (25 + 1)(2L + 1) which is the total number of components of the
fine level structure. In this case

In the opposite limit of temperature smaller than all the fine structure level
differences, only the ground state with €;, = 0 contributes and one gets

CJ = lIl(QJ(] + 1) s

where Jj is the total angular momentum in the ground state.
¢

V2N
3/2

Note that ¢, = 3/2 in both limits that is the specific heat is constant at
low and high temperatures (no contribution of electron degrees of freedom)
having some maximum in between (due to contributions of the electrons).
We have already seen this in considering two-level system and the lesson is
general: if one has a finite number of levels then they do not contribute to
the specific heat both at low and high temperatures.

Specific heat of diatomic molecules. We need to calculate the sum
over the internal degrees of freedom in (71). We assume the temperature to
be smaller than the energy of dissociation (which is typically of the order
of electronic excited states). Since most molecules have S = L = 0 in the
ground state we disregard electronic states in what follows. The internal
excitations of the molecule are thus vibrations and rotations with the energy
e/ characterized by two quantum numbers, j and K:

exc = hw(j+1/2) + (hZ/QI)K(K +1). (74)

Here w is the frequency of vibrations and I is the moment of inertia for
rotations. We estimate the parameters here assuming the typical scale to
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be Bohr radius ag = h*/me? ~ 0.5 - 10~%cm and the typical energy to be
Rydberg g¢ = €%/ap = me!/h® ~ 4 - 10 "erg. Note that m = 91072y is
the electron mass here. Now the frequency of the atomic oscillations is given
by the ratio of the Coulomb restoring force and the mass of the ion:

Y g0 e?
~ s =5
M~ \ahM

Rotational energy is determined by the moment of inertia I ~ Ma%. We
may thus estimate the typical energies of vibrations and rotations as follows:

[ n? m
h(&)ﬁ@o M’ 7 ZEOM . (75)

Since m/M =~ 10~* then that both energies are much smaller than the energy
of dissociation ~~ ¢, and the rotational energy is smaller than the vibrational
one so that rotations start to contribute at lower temperatures: eo/k =~
3-10°K, hw/k ~3-10°K and h*/Ik ~ 30 K.

The harmonic oscillator was considered in in Sect. 2.5.2. In the quasi-
classical limit, hw < T, the partition function of N independent oscillators
is Z(T,N) = ZN(T) = (T/hw)Y, the free energy F' = NT In(hiw/T) and the
mean energy from (39): £ = NT. The specific heat Cyy = N.

For a quantum case, the energy levels are given by E,, = hw(n + 1/2).
The single-oscillator partition function

Zy(T) = exp[—hw(n + 1/2)/T] = 2sinh ™" (hw/2T) (76)
n=0
gives again Z(T,N) = ZN(T) and F(T,N) = NTIn[sinh(hw/2T)/2] =
Nhw/2+ NT In[l — exp(—hw/T). The energy now is

E = Nhw/2 + Nhwlexp(hw/T) — 1]7!

where one sees the contribution of zero quantum oscillations and the break-
down of classical equipartition. The specific heat (per molecule) of vibrations
is thus as follows: ¢y = (hw/T)? exp(hw/T)|exp(hw/T) —1]72. At T < hw:
we have Cy o exp(—hw/T). At large T' we have classical equipartition (every
oscillator has two degrees of freedom so it has T" in energy and 1 in CYy/).
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To calculate the contribution of rotations one ought to calculate the par-
tition function

Zrot = Z(2K + 1)exp (— (77)

K

PK(K +1)
2IT

Again, when temperature is much smaller than the distance to the first
level, T < h*/2I, the specific heat must be exponentially small. Indeed,
retaining only two first terms in the sum (77), we get 2, = 1-+3 exp(—h*/IT)
which gives in the same approximation Fl.o; = —3NT exp(—h?/IT) and ¢,o; =
3(h*/IT)? exp(—h*/IT). We thus see that at low temperatures diatomic gas
behaves an mono-atomic.

At large temperatures, T > h? /21, the terms with large K give the main
contribution to the sum (77). They can be treated quasi-classically replacing
the sum by the integral:

2ot = /Ooo dK (2K + 1) exp (— WK (K + 1)> _ AT (78)

2IT B2

That gives the constant specific heat ¢,,; = 1. The resulting specific heat of
the diatomic molecule, ¢, = 3/2 4 ¢rot + Cyitr, is shown on the figure:

TI2

5/2

3/2

I/h? hw T

Note that for 7%/ < T < hw the specific heat (weakly) decreases be-
cause the distance between rotational levels increases so that the level density
(which is actually ¢,) decreases.

For (non-linear) molecules with A > 2 atoms we have 3 translations, 3
rotations and 6/ — 6 vibrational degrees of freedom (3n momenta and out
of total 3n coordinates one subtracts 3 for the motion as a whole and 3 for
rotations). That makes for the high-temperature specific heat ¢, = ¢+ cpor+
Coiy = 3/2+3/2 4+ 3N — 3 = 3N. Indeed, every variable (i.e. every degree
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of freedom) that enters €(p, q), which is quadratic in p,q, contributes 1/2
to ¢,. Translation and rotation each contributes only momentum and thus
gives 1/2 while each vibration contributes both momentum and coordinate
(i.e. kinetic and potential energy) and gives 1.

Landau & Lifshitz, Sects. 47, 49, 51.

4.2 Fermi and Bose gases

Like we did at the beginning of the Section 4.1 we consider all particles at
the same quantum state as Gibbs subsystem and apply the grand canonical
distribution with the potential

Qa =-T lnz exp[na(:u - Ea)/T] : (79)

Here the sum is over all possible occupation numbers n,. For fermions, there
are only two terms in the sum with n, = 0,1 so that

Q= -TIn{l+exp[B(p—e)} -

For bosons, one must sum the infinite geometric progression (which converges
when 1 < 0) to get Q, = TIn{1l — exp[f(p — €,)]}. Remind that 2 depends
on T, V, u. The average number of particles in the state with the energy € is

thus 50 .
nle) = ———= : (80)
o eplBle—p £ 1
Upper sign here and in the subsequent formulas corresponds to the Fermi
statistics, lower to Bose. Note that at exp[3(e — )] > 1 both distributions
turn into Boltzmann distribution (67). The thermodynamic potential of the

whole system is obtained by summing over the states

Q=FT> In[lele] (81)

Fermi and Bose distributions are generally applied to elementary particles
(electrons, nucleons or photons) or quasiparticles (phonons) since atomic
and molecular gases are described by the Boltzmann distribution (with the
exception of ultra-cold atoms in optical traps). For elementary particle, the
energy is kinetic energy, € = p?/2m, which is always quasi-classical (that is
the thermal wavelength is always smaller than the size of the box but can
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now be comparable to the distance between particles). In this case we may
pass from summation to the integration over the phase space with the only
addition that particles are also distinguished by the direction of the spin s
so there are g = 2s + 1 particles in the elementary sell of the phase space.
We thus replace (80) by

gdp.dp,dp.drdydzh3
dN =
P.0) = = Bl — ] =1

Integrating over volume we get the quantum analog of the Maxwell dis-
tribution:

(82)

_ gVm3/? Vede
Vomhdexp[Be — u)] £ 1
In the same way we rewrite (81):

dN(e) (83)

gV T'm?/?

AL Blu—e)
NoRET: /0 Vveln {1 + 7 } de
9 3/2 .0 3/2d 2
:_79Vm 3/ e/“de _ 2y (84)
3v2m2h Jo exp[Ble —p)]E1 3
Since also 2 = —PV we get the equation of state

2
PV =3E. (85)

Q=7

We see that this relation is the same as for a classical gas, it actually is true for
any non-interacting particles with ¢ = p?/2m in 3-dimensional space. Indeed,
consider a cube with the side [. Every particle hits a wall |p,|/2ml times per
unit time transferring the momentum 2|p,| in every hit. The pressure is the
total momentum transferred per unit time p?/ml divided by the wall area [?
(see Kubo, p. 32):

D; p
p=S L _ i 86
; 3ml> 3V (86)

In the limit of Boltzmann statistics we have E = 3NT/2 so that (85)
reproduces PV = NT. Let us obtain the (small) quantum corrections to the
pressure assuming exp(u/T) < 1. Expanding integral in (84)

T 32de T, 3T

~ /2 pB(u—e) Blu=€)| J¢ — Bu =5/2 ,Bu

/eﬁ(e—u) 1N/e e [1:|:e }d€_455/26 (12|22 e ) :
0
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and substituting Boltzmann expression for p we get

™2 N R
29 V (mT)3/?

PV =NT |1+ (87)
Non-surprisingly, the small factor here is the ratio of the thermal wavelength
to the distance between particles. We see that quantum effects give some
effective attraction between bosons and repulsion between fermions.

Landau & Lifshitz, Sects. 53, 54, 56.

4.2.1 Degenerate Fermi Gas

The main goal of the theory here is to describe the electrons in the metals
(it is also applied to the Thomas-Fermi model of electrons in large atoms,
to protons and neutrons in large nucleus, to electrons in white dwarf stars,
to neutron stars and early Universe). Drude and Lorents at the beginning
of 20th century applied Boltzmann distribution and obtained decent results
for conductivity but disastrous discrepancy for the specific heat (which they
expected to be 3/2 per electron). That was cleared out by Sommerfeld in
1928 with the help of Fermi-Dirac distribution. The energy of an electron in
a metal is comparable to Rydberg and so is the chemical potential (which
is positive for degenerate Fermi gas in distinction from Boltzmann and Bose
gases, since one increases energy by putting extra particle into the system,
see below). Therefore, for most temperatures we may assume 7' < p so that
the Fermi distribution is close to the step function:

n

€
F
At T = 0 electrons fill all the momenta up to pr that can be expressed
via the concentration (g = 2 for s = 1/2):

N _4m rer o PE
VS VT e e
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which gives the Fermi energy

er = Gl (MY (59)

2m

The chemical potential at T" = 0 coincides with the Fermi energy (putting
already one electron per unit cell one obtains ex/k ~ 10*K). Condition
T < ep is evidently opposite to (68). Chemical potential of the fermi gas
decreases with temperature and changes sign at T = er. Note that the
condition of ideality requires that the electrostatic energy Ze?/a is much
less than ez where Ze is the charge of ion and a ~ (ZV/N)'/3 is the mean
distance between electrons and ions. We see that the condition of ideality,
N/V > (e*m/h*)3Z?, surprisingly improves with increasing concentration.
Note nevertheless that in most metals the interaction is substantial, why one
can still use Fermi distribution (only introducing an effective electron mass)
is the subject of Landau theory of Fermi liquids to be described in the course
of condensed matter physics (in a nutshell, it is because the main effect of
interaction is reduced to some mean effective periodic field).

To obtain the specific heat, C, = (0F /0T )y y one must find E(T,V,N)
i.e. exclude p from two relations, (83) and (84):

2V m3/?

N o / Vede
V2reRt oo explBle—p)] + 17
2V m3/? €32 de

B ﬁmg/o exp[Ble — )] +1°

At T < pu = ep this can be done perturbatively using the formula

o f(e) / 2
R de—i— T 90
b e £ (90)
which gives
2Vm3/% 2 3
_ £ 3/2 2012 /g, 2
_\/_W2h33ﬂ (1—|—7TT/8,u>,
2Vm3/? 2 512

~ Vot sl (1+57°T2/84%) .

From the first equation we find p(N,T) perturbatively
2/3
p=er (1-7°T2/8¢}) P s ep (1-7°72/12¢})
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and substitute it into the second equation:

3
E=:Nep (145772 /12¢7) (91)
72 T
Cy=-"—N—. 92
=N (92)

We see that Cy < N. Another important point to stress is that the energy
(and PV') are much larger than NT', the consequence is that the fermionic
nature of electrons is what actually determines the resistance of metals (and
neutron stars) to compression. For a typical electron density in metals, n ~
10%22em =3, we get

2 n?
P T;EF = (37r2)2/35—mn5/3 ~ 10*atm .

Landau & Lifshitz, Sects. 57, 58 and Pathria 8.3.

4.2.2 Photons

Consider electromagnetic radiation in an empty cavity kept at the temper-
ature 7. Since electromagnetic waves are linear (i.e. they do not interact)
thermalization of radiation comes from interaction with walls (absorption
and re-emission)'!. One can derive the equation of state without all the for-
malism of the partition function. Indeed, consider the plane electromagnetic
wave with the fields having amplitudes E and B. The average energy density
is (E* + B?)/2 = E? while the momentum flux modulus is |E x B| = E.
The radiation field in the box can be considered as incoherent superposi-
tion of plane wave propagating in all directions. Since all waves contribute
the energy density and only one-third of the waves contribute the radiation
pressure on any wall then

PV =E/3. (93)

In a quantum consideration we treat electromagnetic waves as photons
which are massless particles with the spin 1 that can have only two inde-
pendent orientations (correspond to two independent polarizations of a clas-
sical electromagnetic wave). The energy is related to the momentum by

1Tt is meaningless to take perfect mirror walls which do not change the frequency of
light under reflection and formally correspond to zero T
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¢ = c¢p. Now, exactly as we did for particles [where the law ¢ = p*/2m gave
PV =2FE/3 — see (86)] we can derive (93) considering'? that every incident
photon brings momentum 2pcosé to the wall, that the normal velocity is
ccos § and integrating [ cos? §sin# df. Photon pressure is relevant inside the
stars, particularly inside the Sun.

Let us now apply the Bose distribution to the system of photons in a
cavity. Since the number of photons is not fixed then a minimum of the free
energy, F'(T,V,N), requires zero chemical potential: (0F/ON)ry = p =
0. The Bose distribution over the quantum states with fixed polarization,
momentum hk and energy € = hw = hck is called Planck distribution

_ 1
At T > hw it gives the Rayleigh-Jeans distribution hwn, = T which is
classical equipartition. Assuming cavity large we consider the distribution
over wave vectors continuous. Multiplying by 2 (the number of polarizations)
we get the spectral distribution of energy

2V Ark2dk Vh w3dw
b = th(QW)?’ ehek/T — 1~ 72¢3 ghw/T _ 1 (95)

It has a maximum at hw,, = 2.8T. The total energy
4
E=-2vT*, (96)
c

where the Stephan-Boltzmann constant is as follows: ¢ = 72/60h°c?. The
specific heat ¢, oc T3. Since P = 40T*/3c depends only on tempera-
ture, cp does not exist (may be considered infinite). We consider fixed
temperature so that the relevant thermodynamics potential is the free en-
ergy (which coincides with Q for p = 0). It is derived from energy using
S =-0F/dT and F+TS = F — TOF/0T = —T?0(F/T)/0T = E, which
gives FF = —E/3 o« VT* and entropy S = —9F/0T o VT? that is the

I2This consideration is not restricted to bosons. Indeed, ultra-relativistic fermions have
e =cpand P = E/3V, e.g. electrons in graphene. In the relativistic theory energy and
momentum are parts of the energy-momentum tensor whose trace must be positive which
requires cp < € and P < E/3V where F is the total energy including the rest mass Nmc?,
L&L 61.
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Nernst law is satisfied: S — 0 when 7" — 0. Under adiabatic compres-
sion or expansion of radiation, entropy constancy requires V1 = const and
PV4/3 = const.

If one makes a small orifice in the cavity then it absorbs all the incident
light like a black body. Therefore, what comes out of such a hole is called
black-body radiation. The energy flux from a unit surface is the energy
density times ¢ and times the geometric factor

cE [7/2 ckE

[:7 ; cos@sin@d@zZV:UT‘l. (97)

Landau & Lifshitz, Sect. 63 and Huang, Sect. 12.1.

4.2.3 Phonons

The specific heat of a crystal lattice can be calculated using the powerful
idea of quasi-particles: turning the set of strongly interacting atoms into a
set of weakly interacting waves. In this way one considers the oscillations of
the atoms as acoustic waves with three branches (two transversal and one
longitudinal) w; = u;k where u; is the respective sound velocity. Debye took
this expression for the spectrum and imposed a maximal frequency w,qe SO
that the total number of degrees of freedom is equal to 3 times the number
of atoms:

ArV S wdw Vs

uf 2wl
Here we introduced some effective sound velocity u defined by 3u=3 = 2u; * +
u; . One usually introduces the Debye temperature

0

O = hwmae = hu(67>N/V)V? ~ hu/a (99)

where a is the lattice constant.
We can now write the energy of lattice vibrations using the Planck dis-
tribution (since the number of phonons is indefinite, p = 0)

3V 1 1 IN®© )
[l /h - 2= 202 3NTD(>, 100
22t w<2+exp(hw/T)—1>w ety T 1) (100
D()_S/ﬂc z3dz_{1 for z<1,
Rl P 7t /523 for > 1.
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At T <« © for the specific heat we have the same cubic law as for photons:

1274713
5 O3

For liquids, there is only one (longitudinal) branch of phonons so C' =

N(47*/5)(T/©)3 which works well for He IV at low temperatures.

At T > O we have classical specific heat (Dulong-Petit law) C' = 3N.
Debye temperatures of different solids are between 100 and 1000 degrees
Kelvin. We can also write the free energy of the phonons as a sum/integral
over frequencies of the single oscillator expression:

C=N (101)

o/T

F=9NT (g)g [#m(1= ) de=NT[3In(1-¢)—D(O/T)] (102)

and find that, again, at low temperatures S = —9F/O0T oc T® i.e. Nernst
theorem. An interesting quantity is the coefficient of thermal expansion
a = (0InV/0T)p. To get it one must pass to the variables P, T, u introducing
the Gibbs potential G(P,T) = E — TS + PV and replacing V = 0G/0P.
At high temperatures, F' ~ 3NTIn(0©/T). It is the Debye temperature
here which depends on P, so that the part depending on 7" and P in both
potentials is linearly proportional to T: §F(P,T) = 6G(P,T) = 3NT In©.
That makes the mixed derivative

’’G NOIn©
oPoT "V 0P

independent of temperature. One can also express it via so-called mean
geometric frequency defined as follows: Inw = (3N)™' Y Inw,. Then 6F =
0G =T ,In(hw,/T) = NTInhw(P), and a = (N/Vw)dw/dP. When the
pressure increases, the atoms are getting closer, restoring force increases and
so does the frequency of oscillations so that a > 0.

Note that we've got a constant contribution 9N©/8 in (100) which is due
to quantum zero oscillations. While it does not contribute the specific heat,
it manifests itself in X-ray scattering, Mossbauer effect etc. Incidentally,
this is not the whole energy of a body at zero temperature, this is only the
energy of excitations due to atoms shifting from their equilibrium positions.
There is also a negative energy of attraction when the atoms are precisely in
their equilibrium position. The total (so-called binding) energy is negative
for crystal to exists at T' = 0.

a=V"1!
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One may ask why we didn’t account for zero oscillations when considered
photons in (95,96). Since the frequency of photons is not restricted from
above, the respective contribution seems to be infinite. How to make sense
out of such infinities is considered in quantum electrodynamics; note that
the zero oscillations of the electromagnetic field are real and manifest them-
selves, for example, in the Lamb shift of the levels of a hydrogen atom. In
thermodynamics, zero oscillations of photons are of no importance.

Landau & Lifshitz, Sects. 64-66; Huang, Sect. 12.2

4.2.4 Bose gas of particles and Bose-Einstein condensation

We consider now an ideal Bose gas of massive particles with the fixed number
of particles. This is applied to atoms at very low temperatures. As usual,
equaling the total number of particles to the sum of Bose distribution over all
states gives the equation that determines the chemical potential as a function
of temperature and the specific volume. It is more convenient here to work
with the function z = exp(u/T") which is called fugacity:

_AnV /00 p?dp 2 Vgspn(z) 2
0z

1
N:§eﬁ<w_1— h3 B L B C R A

We introduced the thermal wavelength A = (277%/mT)"/? and the function

o0

1 /00 2% Ldx 2t
I'(a) Jo

ga(2) = (103)

sler —1 o
One may wonder why we single out the contribution of zero-energy level as it
is not supposed to contribute at the thermodynamic limit V' — oco. Yet this
is not true at sufficiently low temperatures. Indeed, let us rewrite it denoting
no = z/(1 — z) the number of particles at p = 0

ng 1 g3p(2)
fo_ - . 104
V v A3 (104)

The function gs/»(z) behaves as shown at the figure, it monotonically grows
while 2z changes from zero (u = —o0) to unity (4 = 0). Remind that the
chemical potential of bosons is non-positive (otherwise one would have in-
finite occupation numbers). At z = 1, the value is g3,2(1) = ((3/2) = 2.6
and the derivative is infinite. When the temperature and the specific volume

95



v = V/N are such that \* /v > g55(1) (notice that the thermal wavelength is
now larger than the inter-particle distance) then there is a finite fraction of
particles that occupies the zero-energy level. The graphic solution of (104)
for a finite V' can be seen in the Figure below by plotting A3/v (broken
line) and g3/2(2) (solid line). When V' — oo we have a sharp transition at
/v = gzn(l) ie. at T = T. = 2wh*/mlvgs»(1)]*3 at T < T. we have
z=1that is p = 0. At T'> T, we obtain z solving A*/v = g3/5(z).

26(' o(1v)

11256 vin®

0 1 Z
Therefore, at the thermodynamic limit we put ng = 0 at 7' > T, and
ng/N =1— (T/T,)%? as it follows from (104). All thermodynamic relations
have now different expressions above and below T, (upper and lower cases
respectively):

3., 2wV e pldp [ BVT/2X3)gs5/2(2)
E= §PV ~ mh3 /o zlexp(p?/2mT) —1 { (3VT/2)\3)95;2(1)(105)
_ [ (150/4X%)g5/2(2) — 9g5/2(2) /4g1/2(2)
“ { (150/43%)gs»(1) 109

At low T, ¢, oc A% o< T%/2 it decreases faster than ¢, oc T for electrons
(since the number of over-condensate particles now changes with 7" as for
phonons and photons, and g = 0 too) yet slower than ¢, oc T° (that we
had for €, = ¢p) because the particle levels, €, = p?/2m, are denser at lower
energies. On the other hand, since the distance between levels increases with
energy so that at high temperatures ¢, decreases with T as for rotators in
Sect. 4.1.1:

c P

y . }ansiti online PVconst

2 I ——
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At T < T, the pressure is independent of the volume which prompts the
analogy with a phase transition of the first order. Indeed, this reminds the
properties of the saturated vapor (particles with nonzero energy) in contact
with the liquid (particles with zero energy): changing volume at fixed tem-
perature we change the fraction of the particles in the liquid but not the pres-
sure. This is why the phenomenon is called the Bose-Einstein condensation.
Increasing temperature we cause evaporation (particle leaving condensate in
our case) which increases c¢,; after all liquid evaporates (at T' = T,) ¢, starts
to decrease. It is sometimes said that it is a “condensation in the momentum
space” but if we put the system in a gravity field then there will be a spatial
separation of two phases just like in a gas-liquid condensation (liquid at the
bottom).

We can also obtain the entropy [above T, by usual formulas that fol-
low from (84) and below T, just integrating specific heat S = [dE/T =
N [¢,(T)dT/T =5E/3T = 2N¢,/3):

S (50/203) gs2(2) — log(2)
N { (50/2X%)gs/2(1) 1o

The entropy is zero at 17" = 0 which means that the condensed phase has no
entropy. At finite T all the entropy is due to gas phase. Below T, we can
write S/N = (T/T.)**s = (v/v.)s where s is the entropy per gas particle:
s = 5g5/2(1)/2g3/2(1). The latent heat of condensation per particle is T's that
it is indeed phase transition of the first order.

To conclude, we have seen in this Section how quantum effects lead to
switching off degrees of freedom at low temperatures. Fermi and Bose sys-
tems reach the zero-entropy state at T' = 0 in different ways. It is also
instructive to compare their chemical potentials:

V]
Fermi

Bose

Landau & Lifshitz, Sect. 62; Huang, Sect. 12.3.
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5 Non-ideal gases

Here we take into account a weak interaction between particles. There are
two limiting cases when the consideration is simplified:

i) when the typical range of interaction is much smaller than the mean dis-
tance between particles so that it is enough to consider only two-particle
interactions,

ii) when the interaction is long-range so that every particle effectively interact
with many other particles and one can apply some mean-field description.

5.1 Cluster and virial expansions

Consider a dilute gas with the short-range inter-particle energy of interaction
u(r). We assume that u(r) decays on the scale ry and

e=(2/3)mriN/V =bN/V < 1.

Integrating over momenta we get the partition function Z and the grand
partition function Z as

1 _ Zn(V,T)
Z(N,V,T) = W/dI‘1...dI‘NeXp[—U(I‘l,...,I'N)]:W-
s ZNZN
Z(V,T) = Nz:jo N (108)

Here we use fugacity z = exp(u/T') instead of the chemical potential. The
terms with N = 0,1 give unit integrals, with N = 2 we shall have Uy, =
u(r12), then Uiy = u(rin) + u(riz) + u(raz), ete. In every term we may
integrate over the coordinate of the center of mass of N particles and obtain

2
2@V T) =14V 4 o 2 [ dvexpl-u(r)/T]
N2\

—l—;/! (g) /exp{—[u(rlz) +u(ri3) + u(ry)]/T} dradrs + ... (109)

The first terms does not account for interaction. The second one accounts
for the interaction of only one pair (under the assumption that when one
pair of particles happens to be close and interact, this is such a rare event
that the rest can be considered non-interacting). The third term accounts for
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simultaneous interaction of three particles etc. We can now write the Gibbs
potential Q@ = —PV = —T'In Z and expand the logarithm in powers of z/\3.:

o0
P=X\>>"bz. (110)
=1
It is convenient to introduce the two-particle function, called interaction fac-
tor, f;; = exp[—u(r;;)/T] — 1, which is zero outside the range of interaction.
Terms containing integrals of k functions f;; are proportional to €*. The
coefficients b; can be expressed via f;;:

bl = 1, b2 = (1/2))\;3/](‘12 drlg,

by = (1/6))\;6/(6_U123/T—6_U12/T—6_U23/T—6_U13/T+2> drisdrys

= (1/6)A;° /(3f12f13 + fi2f13f23) driadrys (111)

It is pretty cumbersome to analyze higher orders in analytical expressions.
Instead, every term in

In(V,T) = /Hi<j(l+fij)dr1...dr]v

_ /<1+Zfij+Zfijfkl+...>dr1...drN.

can be represented as a graph with /N points and lines connecting particles
which interaction we account for. In this way, Zy is a sum of all distinct N-
particle graphs. Since most people are better in manipulating visual (rather
than abstract) objects then it is natural to use graphs to represent analytic
expressions which is called diagram technique. For example, the three-particle
clusters are as follows:

N+ N+lo=3l.+ I\, (112)

which corresponds to (111). Factorization of terms into independent integrals
corresponds to decomposition of graphs into [-clusters i.e. [-point graphs
where all points are directly or indirectly connected. Associated with the
[-th cluster we may define dimensionless factors b; (called cluster integrals):

1

— W X [sum of all I — clusters] . (113)

by
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In the square brackets here stand integrals like
/dr:V for I =1, /f(rlg)drldm:V/f(r) dr for [ =2 jetc .

Using the cluster expansion we can now show that the cluster integrals 0,
indeed appear in the expansion (110). For | = 1,2,3 we saw that this is
indeed so.

Denote m; the number of [-clusters and by {m,} the whole set of my,....
In calculating Zy we need to include the number of ways to distribute N
particles over clusters which is N!/T;({!)"™. We then must multiply it by
the sum of all possible clusters in the power m; divided by m;! (since an
exchange of all particles from one cluster with another cluster of the same
size does not matter). Since the sum of all [-clusters is bll!)é,(l_l)v then

_N')\?’NZHbl 3Vm’/ml )
{mi} 1

Here we used N = >~ Imy;. The problem here is that the sum over different
partitions {m;} needs to be taken under this restriction too and this is techni-
cally very cumbersome. Yet when we pass to calculating the grand canonical
partition function'® and sum over all possible N we obtain an unrestricted
summation over all possible {m;}. Writing 2V = 222tm = [,(z!)™ we get

z _ Z H(Vb;z) 1

my|
mi,ma,...=0[=1 my:

- L(Vh \™ 1 (Vb \™
- 52 ) i)

mi=0 ma=0

= eXp< 3 Zbﬂ) . (114)
Tl 1
110)

We can now reproduce (

and write the total number of particles:

PV =-Q=TZ(z,V)=(V/\}) Zblz (115)
1 2z0lnZ L3 I

T_Z — : 11
=17, — M > bz (116)

=1

13Sometimes the choice of the ensemble is dictated by the physical situation, sometimes
by a technical convenience like now. The equation of state must be the same in the
canonical and microcanonical as we expect the pressure on the wall restricting the system
to be equal to the pressure measured inside.
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To get the equation of state of now must express z via v/\* from (116) and
substitute into (115). That will generate the series called the virial expansion

Py & PEA
— = qT)|— . 117
St (1)
Dimensionless virial coefficients can be expressed via cluster coefficients i.e.
they depend on the interaction potential and temperature:

aq :b1 =1 s GQZ—bQ s a3:4b§ - 2b3: —)\;6 / f12f13f23 dr12dr13/3 e

In distinction from the cluster coefficients b; which contain terms of different
order in f;; we now have q; o el i.e. a; comes from simultaneous interaction
of [ particles. Using graph language, virial coefficients a; are determined by
irreducible clusters i.e. such that there are at least two entirely independent
non-intersecting paths that connect any two points. Tentative physical in-
terpretation of the cluster expansion (117) is that we consider an ideal gas of
clusters whose pressures are added. Further details can be found in Pathria,
Sects. 9.1-2 (second edition).

5.2 Van der Waals equation of state

We thus see that the cluster expansion in powers of f generates the virial
expansion of the equation of state in powers of n = N/V. Here we account
only for pairs of the interacting particles. The second virial coefficient

B(T) = a\} = 2%/{1 - exp[—u(r)/T]}r2 dr (118)

can be estimated by splitting the integral into two parts, from 0 to ry (where
we can neglect the exponent assuming u large positive) and from 7y to oo
(where we can assume small negative energy, u < T, and expand the expo-
nent). That gives

BI)=b-5. a=2r /Toou(r)'r’2dr . (119)

with b = (2/3)7r] introduced above. Of course, for any particular u(r) it is
pretty straightforward to calculate ay(7") but (119) gives a good approxima-
tion for most cases. We can now get the first correction to the equation of
state:

p_NT [1 L NB(T)

v v ] =nT(1+bn) —an® . (120)
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Generally, B(T) is negative at low and positive at high temperatures. We
have seen that for Coulomb interaction the correction to pressure (129) is
always negative while in this case it is positive at high temperature where
molecules hit each other often and negative at low temperatures when long-
range attraction between molecules decreases the pressure. Since NB/V <
Nb/V < 1 the correction is small. Note that a/T < 1 since we assume weak
interaction.

While by its very derivation the formula (120) is derived for a dilute
gas one may desire to change it a bit so that it can (at least qualitatively)
describe the limit of incompressible liquid. That would require the pressure
to go to infinity when density reaches some value. This is usually done by
replacing in (120) 1 + bn by (1 — bn)~! which is equivalent for bn < 1 but
for bn — 1 gives P — oo. The resulting equation of state is called van der
Waals equation:

(P + an2)(1 —nb) =nT . (121)

There is though an alternative way to obtain (121) without assuming the gas
dilute. This is some variant of the mean field even though it is not a first
step of any consistent procedure. Namely, we assume that every molecule
moves in some effective field U,(r) which is a strong repulsion (U, — +00)
in some region of volume bN and is an attraction of order —a/N outside:

F —F4y~—-TNIn {/e—UeWT dr/V} =-TN [m(l —bn) + ?/];C - (122)
Differentiating (122) with respect to V' gives (121). That “derivation” also
helps understand better the role of the parameters b (excluded volume) and
a (mean interaction energy per molecule). From (122) one can also find the
entropy of the van der Waals gas S = —(0F/0T)y = Sia + N1In(l — nb)
and the energy F = E;y — N?a/V, which are both lower than those for an
ideal gas, while the sign of the correction to the free energy depends on the
temperature. Since the correction to the energy is T-independent then C',
is the same as for the ideal gas.

Let us now look closer at the equation of state (121). The set of isotherms
is shown on the figure:
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P

Since it is expected to describe both gas and liquid then it must show
phase transition. Indeed, we see the region with (0P/0V )y > 0 at the lower
isotherm in the first figure. When the pressure correspond to the level NLC,
it is clear that L is an unstable point and cannot be realized. But which
stable point is realized, N or C? To get the answer, one must minimize the
Gibbs potential G(T, P, N) = Nu(T, P) since we have T and P fixed. For
one mole, integrating the relation du(7T, P) = —sdT +wvdP under the constant
temperature we find: G = u = [v(P)dP. It is clear that the pressure that
corresponds to D (having equal areas before and above the horizontal line)
separates the absolute minimum at the left branch Q (liquid-like) from that
on the right one C (gas-like). The states E (over-cooled or over-compressed
gas) and N (overheated or overstretched liquid) are metastable, that is they
are stable with respect to small perturbations but they do not correspond to
the global minimum of chemical potential. We thus conclude that the true
equation of state must have isotherms that look as follows:

P

The dependence of volume on pressure is discontinuous along the isotherm
in the shaded region (which is the region of phase transition). True partition
function and true free energy must give such an equation of state. We were
enable to derive it because we restricted ourselves by the consideration of the
uniform systems while in the shaded region the system is nonuniform being
the mixture of two phases. For every such isotherm 7" we have a value of
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pressure P(T'), that corresponds to the point D, where the two phases coexist.
On the other hand, we see that if temperature is higher than some T, (critical
point), the isotherm is monotonic and there is no phase transition. Critical
point was discovered by Mendeleev (1860) who also built the periodic table
of elements. At critical temperature the dependence P(V') has an inflection
point: (OP/OV)r = (0*°P/dV?)r = 0. According to (33) the fluctuations
must be large at the critical point (more detail in the next chapter).

5.3 Coulomb interaction and screening

Interaction of charged particles is long-range and one may wonder how at all
one may use a thermodynamic approach (divide a system into independent
subsystems, for instance). The answer is in screening. Indeed, if the system
is neutral and the ions and electrons are distributed uniformly then the total
Coulomb energy of interaction is zero. Of course, interaction leads to corre-
lations in particle positions (particle prefer to be surrounded by the particles
of the opposite charge) which makes for a nonzero contribution to the energy
and other thermodynamic quantities. The semi-phenomenological descrip-
tion of such systems has been developed by Debye and Hiickel (1923) and it
works for plasma and electrolytes. Consider the simplest situation when we
have electrons of the charge —e and ions of the charge +-e.

We start from a rough estimate for the screening radius rp which we define
as that of a sphere around an ion where the total charge of all particles is of
order —e i.e. compensates the charge of the ion. Particles are distributed in
the field U(r) according to the Boltzmann formula n(r) = ngexp|—U(r)/T]|
and the estimate is as follows:

rinolexp(e? /rpT) — exp(—e?/rpT)] ~ 1 . (123)
We obtain what is called the Debye radius

T

noe2

Tp ~ (124)

under the condition of interaction weakness, e?/rpT = (e2n(1)/ 3/T)3/ Pk 1
Note that under that condition there are many particles inside the Debye
sphere: ngr3 > 1 (in electrolytes rp is of order 1072 + 10™* cm while in

ionosphere plasma it can be kilometers). Everywhere ng is the mean density
of either ions or electrons.
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We can now estimate the electrostatic contribution to the energy of the
system of N particles (what is called correlation energy):

B 2 N3/203 A
U~ -NECn 22 2 (125)
D vVT vVvVT
The (positive) addition to the specific heat
A 2
ACy ~N-“ < N. (126)

T QVIRTRR T T

One can get the correction to the entropy by integrating the specific heat:

AS = —/T =~ (127)

We set the limits of integration here as to assure that the effect of screening
disappears at large temperatures. We can now get the correction to the free
energy and pressure

_ 2A A

Total pressure is P = NT/V — A/3V32TY2 — a decrease at small V (see
figure) hints about the possibility of phase transition which indeed happens
(droplet creation) for electron-hole plasma in semiconductors even though

our calculation does not work at those concentrations.
P

(128)

idedl

\Y

The correlation between particle positions (around every particle there
are more particles of opposite charge) means that attraction prevails over
repulsion so that it is necessary that corrections to energy, entropy, free
energy and pressure are negative. Positive addition to the specific heat could
be interpreted that increasing temperature one decreases screening and thus
increases energy.
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Now, we can do all the consideration in a more consistent way calculating
exactly the value of the constant A. To calculate the correlation energy of
electrostatic interaction one needs to multiply every charge by the potential
created by other charges at its location. In estimates, we took the Coulomb
law for the potential around every charge, while it must differ as the distance
increases. Indeed, the electrostatic potential ¢(r) around an ion determines
the distribution of ions (4) and electrons (-) by the Boltzmann formula
n4(r) = ngexp[Fep(r)/T] while the charge density e(n, —n_) in its turn
determines the potential by the Poisson equation
8meng

T o, (129)
where we expanded the exponents assuming the weakness of interaction.
This equation has a central-symmetric solution ¢(r) = (e/r) exp(—~r) where
k% = 8mrp°. We are interesting in this potential near the ion i.e. at small r:
¢(r) =~ e/r — ek where the first term is the field of the ion itself while the
second term is precisely what we need i.e. contribution of all other charges.
We can now write the energy of every ion and electron as —e?x and get the
total electrostatic energy multiplying by the number of particles (N = 2nyV)
and dividing by 2 so as not to count every couple of interacting charges twice:

N3/2¢3
VVT

Comparing with the rough estimate (125), we just added the factor /7.

The consideration by Debye-Hiickel is the right way to account for the
first-order corrections in the small parameter e2né/ s /T. One cannot though
get next corrections within the method [further expanding the exponents in
(129)]. That would miss multi-point correlations which contribute the next
orders. Indeed, the existence of an ion at some point influences not only
the probability of having an electron at some other point but they together
influence the probability of charge distribution in the rest of the space. To
account for multi-point correlations, one needs Bogolyubov’s method of cor-
relation functions. Such functions are multi-point joint probabilities to find
simultaneously particles at given places. The correlation energy is expressed
via the two-point correlation function wy, where the indices mark both the
type of particles (electrons or ions) and the positions r, and ry:

N, Ny

1
E:Q% o= / / a0y dVdV . (131)

A¢ - _47T€(n+ — n_) = —47{6”0 (€_e¢/T — €e¢/T> ~

U=—-nyVke’* = —\/7

(130)
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Here u,;, is the energy of the interaction. The pair correlation function is
determined by the Gibbs distribution integrated over the positions of all
particles except the given pair:

wab:VQ_N/eXp [F_Ed_U(Tl--'TN)

T

dVi ... dVy_s . (132)

Here
U_uab+z uac+ubc + Z Ued -
c,d#a,b
Expanding (132) in U/T we get terms like ugwq, and in addition (ug. +
Upe ) Wape Which involves the third particle ¢ and the triple correlation function
that one can express via the integral similar to (132):

F—Fy—Ur...
Wape = V3N / eXp[ d T(“ "’N)] dVi...dVy_s.  (133)

We can also see this (so-called closure problem) by differentiating

OWgyp Wb 8uab aubc
= — N, d 134
8rb T 61’(, Z wabc ‘/C ’ ( 3 )

and observing that the equation on wy;, is not closed, it contains wg.; the
similar equation on wg,. will contain wy,.q etc. Debye-Hiickel approximation
corresponds to closing this hierarchical system of equations already at the
level of the first equation (134) putting wepe X WepWpeWq. and assuming
Wep = Wep — 1 K 1, that is assuming that two particles rarely come close
while three particles never come together:

&uab 1 auab 0 ch
= N, 1
o YN GV, (139)

For other contributions to wg., the integral turns into zero due to isotropy.
This is the general equation valid for any form of interaction. For Coulomb
interaction, we can turn the integral equation (135) into the differential equa-
tion by using Ar~! = —474(r). For that we differentiate (135) once more:

ATz, 2p€> 47sz6

T o(r

Awab( )

Z Nezewae(r) - (136)
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The dependence on ion charges and types is trivial, we(r) = z,2w(r) and
we get Aw = 4me?d(r)/T + r*w which is (129) with delta-function enforc-
ing the condition at zero. We see that the pair correlation function satis-
fies the same equation as the potential. Substituting the solution w(r) =
—(e?/rT) exp(—kr) into we(r) = 1+ z42pw(r) and that into (131) one gets
contribution of 1 vanishing because of electro-neutrality and the term linear
in w giving (130). To get to the next order, one considers (134) together with
the equation for wgp., where one expresses Wypeq Via Weope-

After seeing how screening works, it is appropriate to ask what happens
when there is no screening in a system with a long-range interaction. One
example of that is gravity. Indeed, thermodynamics is very peculiar in this
case. Arguably, the most dramatic manifestation is the Jeans instability of
sufficiently large systems which leads to gravitational collapse, creation of
stars and planets and, eventually, appearance of life.

For more details on Coulomb interaction, see Landau & Lifshitz, Sects.
78,79 for more details.

The quantum (actually quasi-classical) variant of such mean-field consid-
eration is called Thomas-Fermi method (1927) and is traditionally studied
in the courses of quantum mechanics as it is applied to the electron distri-
bution in large atoms (such placement is probably right despite the method
is stat-physical because objects of study are more important than methods).
In this method we consider the effect of electrostatic interaction on a degen-
erate electron gas at zero temperature. According to the Fermi distribution
(88), the maximal kinetic energy (Fermi energy) is related to the local con-
centration n(r) by p2/2m = (372n)?3h*/2m, which is also the expression for
the chemical potential at the zero temperature. We need to find the elec-
trostatic potential ¢(r) which determines the interaction energy for every
electron, —e¢. The sum of the chemical potential and the interaction energy,
p3/2m—ed = —egy, must be space-independent otherwise the electrons drift
to the places with lower —¢q. The constant ¢ is zero for neutral atoms and
negative for ions. We can now relate the local electron density n(r) to the lo-
cal potential ¢(r): p2/2m = ep — ey = (37%n)?/*h?/2m — that relation one
must now substitute into the Poisson equation A¢ = 4men o< (¢p—¢y)>/%. The
boundary condition is ¢ — Z/r at r — 0 where Z is the charge of the nuclei.
This equation has a power-law solution at large distances ¢ oc 7=, n oc 776
which does not make much sense as atoms are supposed to have finite sizes.
Indeed, at large distances (o< Z'/3), the quasi-classical description breaks as
the quantum wavelength is comparable to the distance r. The description
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also is inapplicable below the Bohr radius. The Thomas-Fermi approxima-
tion works well for large-atoms where there is an intermediate interval of
distances (Landau&Lifshitz, Quantum Mechanics, Sect. 70).

6 Phase transitions

6.1 Thermodynamic approach

The main theme of this Chapter is the competition (say, in minimizing the
free energy) between the interaction energy, which tends to order systems,
and the entropy, which brings a disorder. Upon the change of some parame-
ters, systems can undergo a phase transition from more to less ordered states.
We start this Chapter from the phenomenological approach to the transitions
of both first and second orders. We then proceed to develop a microscopic
statistical theory based on Ising model.

6.1.1 Necessity of the thermodynamic limit

So far we got the possibility of a phase transition almost for free by cooking
the equation of state for the van der Waals gas. But can one really derive
the equations of state that have singularities or discontinuities? Let us show
that this is impossible in a finite system. Indeed, the classical grand partition
function (expressed via fugacity z = exp(u/T)) is as follows:

Z(z,V,T) = f: NZ(N,V,T) . (137)

N=0

Here the classical partition function of the N-particle system is

Z(N,V,T) = Nllw/exp[—zf(rl, ew)/Tldrs, e (138)
and the thermal wavelength is given by A?> = 27h?/mT. Now, interaction
means that for a finite volume V' there is a maximal number of molecules
N,»(V) that can be accommodated in V. That means that the sum in (137)
actually goes until NV, so that the grand partition function is a polynomial in
fugacity with all coefficients positive'*. The equation of state can be obtained

14Even when one does not consider hard-core models, the energy of repulsion grows so
fast when the distance between molecules are getting less than some scale that Boltzmann
factor effectively kills the contribution of such configurations.
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by eliminating z from the equations that give P(v) in a parametric form —
see (115,116):

P 1 1 N
?:VInZ(z,V):Vln[l—i—zZ(l,V,T)jL...—i—z Z(Ny, V,T)]
1 z20lmZ(zV) 2Z(1,V,T)+222Z(2,V,T) ...+ NpzNmZ(N,,,V,T)
v

vV 0z VI1+2Z(1,V,T) +.. .+ 2N Z(N,,, V,T)]

For Z(z) being a polynomial, both P and v are analytic functions of z in a
region of the complex plane that includes the real positive axis. Therefore,
P(v) is an analytic function in a region of the complex plane that includes
the real positive axis. Note that V/N,, < v < co. One can also prove that
Ov=1/0z > 0 so that OP/dv = (OP/0z)/(0v/dz) < 0.

For a first-order transition, the pressure must be independent of v in the
transition region. We see that strictly speaking in a finite volume we cannot
have that since P(v) is analytic, nor we can have 0P/0v > 0. That means
that singularities, jumps etc can appear only in the thermodynamic limit
N — 00,V — oo (where, formally speaking, the singularities that existed
in the complex plane of z can come to the real axis). Such singularities are
related to zeroes of Z(z). When such a zero z; tends to a real axis at the
limit N — oo (like the root e~/ of the equation z¥ + 1 = 0) then 1/v(z)
and P(z) are determined by two different analytic functions in two regions:
one, including the part of the real axis with z < 2y and another with z > z.
Depending on the order of zero of Z(z), 1/v itself may have a jump or its n-th
derivative may have a jump, which corresponds to the n + 1 order of phase
transition. For n =0, P oc limy_,oo N7 ' In |2 — 29 — O(N1)] is continuous at
2z — 29 but OP/0z and 1/v are discontinuous; this is the transition of the first
order. For a second-order transition, volume is continuous but its derivative
jumps. We see now what happens as we increase T' towards 7T,.: another zero
comes from the complex plane into real axis and joins the zero that existed
there before, turning 1st order phase transition into the 2nd order transition;
at T' > T, the zeroes leave the real axis. That one needs N — oo for a phase
transition is one of the manifestation of the "more is different” principle.

See more details in Huang, Sect. 15.1-2.
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6.1.2 First-order phase transitions

Let us now consider equilibrium between phases from a general viewpoint.
We must have T} = Ty and P, = P,. Requiring dG/dN, = 0G1/0N; +
(0G9/ON3)(dN2y/dNy) = py (P, T) — u2 (P, T) = 0 we obtain the curve of the
phase equilibrium P(T'). We thus see on the P — T plane the states outside
the curve are homogeneous while on the curve we have the coexistence of two
different phases. If one changes pressure or temperature crossing the curve
then the phase transition happens. Three phases can coexist only at a point.

On the T'— V plane the states with phase coexistence fill whole domains
(shaded on the figure) since different phases have different specific volumes.
Different points on the V' — T diagram inside the coexistence domains cor-
respond to different fractions of phases. Consider, for instance, the point A
inside the gas-solid coexistence domain. Since the specific volumes of the
solid and the gas are given by the abscissas of the points 1 and 2 respectively
then the fractions of the phases in the state A are inversely proportional to
the lengthes A1 and A2 respectively (the lever rule).
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Changing V' at constant 7" in the coexistence domain (say, from the state
1 to the state 2) we realize the phase transition of the first order. Phase
transitions of the first order are accompanied by an absorption or release of
some (latent) heat L. Since the transition happens at fixed temperature and
pressure then the heat equals to the enthalpy change or simply to L = T'As
(per mole). If 2 is preferable to 1 at higher T" (see the figure below) then
L > 0 (heat absorbed) as it must be according to the Le Chatelier principle:

u

M1 L>0
M2 T

On the other hand, differentiating py(P,T) = ua(P,T) and using s =
—(0u/0T)p, v = (Ou/IP)r, one gets the Clausius-Clapeyron equation
dj . S1 — So . L

dI' vy —vy  T(vy—v1)

(139)

Since the entropy of a liquid is usually larger than that of a solid then L > 0
that is the heat is absorbed upon melting and released upon freezing. Most
of the substances also expand upon melting then the solid-liquid equilibrium
line has dP/dT > 0, as on the P-T diagram above. Water, on the contrary,
contracts upon melting so the slope of the melting curve is negative (for-
tunate for fish and unfortunate for Titanic, ice floats on water). Note that
symmetries of solid and liquid states are different so that one cannot contin-
uously transform solid into liquid. That means that the melting line starts
on another line and goes to infinity since it cannot end in a critical point
(like the liquid-gas line).

Clausius-Clapeyron equation allows one, in particular, to obtain the pres-
sure of vapor in equilibrium with liquid or solid. In this case, v; < vs.
We may treat the vapor as an ideal so that v = T/P and (139) gives
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dIn P/dT = L/T?. We may further assume that L is approximately inde-
pendent of 7" and obtain P o exp(—L/T) which is a fast-increasing function
of temperature. Landau & Lifshitz, Sects. 81-83.

6.1.3 Second-order phase transitions

As we have seen, in the critical point, the differences of specific entropies and
volumes turn into zero. Considering pu(P) at T' = T, one can say that the
chemical potential of one phase ends where another starts and the derivative
v(P) = (0p/OP)r, is continuous.

U v

Ho
Hq

P

P

Another examples of continuous phase transitions (i.e. such that corre-
spond to a continuous change in the system) are all related to the change
in symmetry upon the change of P or T'. Since symmetry is a qualitative
characteristics, it can change even upon an infinitesimal change (for exam-
ple, however small ferromagnetic magnetization breaks isotropy). Here too
every phase can exist only on one side of the transition point. The tran-
sition with first derivatives of the thermodynamic potentials continuous is
called second order phase transition. Because the phases end in the point
of transition, such point must be singular for the thermodynamic potential,
and indeed second derivatives, like specific heat, are generally discontinuous.
One set of such transitions is related to the shifts of atoms in a crystal lattice;
while close to the transition such shift is small (i.e. the state of matter is
almost the same) but the symmetry of the lattice changes abruptly at the
transition point. Another set is a spontaneous appearance of macroscopic
magnetization (i.e. ferromagnetism) below Curie temperature. Transition
to superconductivity is of the second order. Variety of second-order phase
transitions happen in liquid crystals etc. Let us stress that some transitions
with a symmetry change are first-order (like melting) but all second-order
phase transitions correspond to a symmetry change.
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6.1.4 Landau theory

To describe general properties of the second-order phase transitions Lan-
dau suggested to characterize symmetry breaking by some order parameter
1 which is zero in the symmetrical phase and is nonzero in nonsymmetric
phase. Example of an order parameter is magnetization. The choice of order
parameter is non-unique; to reduce arbitrariness, it is usually required to
transform linearly under the symmetry transformation. The thermodynamic
potential can be formally considered as G(P,T,n) even though 7 is not an
independent parameter and must be found as a function of P, T from requir-
ing the minimum of G. We can now consider the thermodynamic potential
near the transition as a series in small 7:

G(P,T,n) = Go+ A(P,T)n* + B(P, T)n* . (140)

The linear term is absent to keep the first derivative continuous at n = 0. The
coefficient B must be positive since arbitrarily large values of  must cost a
lot of energy. The coefficient A must be positive in the symmetric phase when
minimum in G corresponds to 7 = 0 (left figure below) and negative in the
non-symmetric phase where 7 # 0. Therefore, at the transition A.(P,T) =0
and B.(P,T) > 0:

G G

A>0 A<0
n n

We assume that the symmetry of the system requires the absence of 73-
term, then the only requirement on the transition is A.(P,7) = 0 so that
the transition points fill the line in P — T plane. If the transition happens
at some T, then generally near transition’® A(P,T) = a(P)(T —T.). Writing
then the potential

G(P,T,n) = Go +a(P)(T = To)n’ + B(P,T)n" , (141)
and requiring 0G/0n = 0 we get
2_ 4
7= e (T T). (142)

15We assume a > 0 since in almost all cases the more symmetric state corresponds to
higher temperatures; rare exceptions exist so this is not a law.
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In the lowest order in 7 the entropy is S = —9G /0T = So+a*(T —T,)/2B at
T <T,and S =95 at T > T,.. Entropy is lower at lower-temperature phase
(which is generally less symmetric). Specific heat C, = T'0S/0T has a jump
at the transitions: AC, = a*T,/2B. Specific heat increases when symmetry
is broken since more types of excitations are possible.

If symmetries allow the cubic term C(P,T)n* (like in a gas or liquid
near the critical point discussed in Sect. 7.2 below) then one generally has a
first-order transition, say, when A < 0 and C' changes sign:

T IEANEY

It turns into a second-order transition, for instance, when A = C' = 0 i.e.
only in isolated points in P — T plane.

Consider now what happens when there is an external field (like magnetic
field) which contributes the energy (and thus the thermodynamic potential)
by the term —hnV. Equilibrium condition,

2a(T — T,)n +4Bn® = hV (143)

has one solution 7(h) above the transition and may have three solutions (one
stable, two unstable) below the transition:
n n n

T>T, T=T, / [ T<T,

The similarity to the van der Waals isotherm is not occasional: changing
the field at T' < T, one encounters a first-order phase transition at h = 0

where the two phases with n = £4/a(T, — T') /2B coexist. We see that p — p,
is analogous to h and 1/v — 1/v, to the order parameter (magnetization) 7.
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Susceptibility,

_ (o) _ v R -T) T at T T,
X=\on), T 2a(T T+ 2B | Ha(T,—T) " at T <T.

(144)

which diverges at T — T.. Compared to x o« 1/T obtained in (36) for
the noninteracting spins we see that the paramagnetic phase corresponds to
T > T.. Experiments support the Curie law (144). Since a o< V we have
introduced o = a/V in (144).

We see that Landau theory (based on the only assumption that the ther-
modynamic potential must be an analytic function of the order parameter)
gives universal predictions independent on space dimensionality and of all
the details of the system except symmetries. Is it true? Considering specific
systems we shall see that Landau theory actually corresponds to a mean-field
approximation i.e. to neglecting the fluctuations. The potential is getting
flat near the transition then the fluctuations grow. In particular, the prob-
ability of the order parameter fluctuations around the equilibrium value 7

behaves as follows
oy | (1= 1) (620>
p TC 8772 T’P )

so that the mean square fluctuation of the order parameter, {(n — 7)?) =
T./2A = T./2a(T —T,). Remind that a is proportional to the volume under
consideration. Fluctuations are generally inhomogeneous and are correlated
on some scale. To establish how the correlation radius depends on T'— T, one
can generalize the Landau theory for inhomogeneous 7(r), which is done in
Sect. 7.2 below, where we also establish the validity conditions of the mean
field approximation and the Landau theory.
Landau & Lifshitz, Sects. 142, 143, 144, 146.

6.2 Ising model

We now descend from phenomenology to real microscopic statistical the-
ory. Our goal is to describe how disordered systems turn into ordered one
when interaction prevails over thermal motion. Different systems seem to be
having interaction of different nature with their respective difficulties in the
description. For example, for the statistical theory of condensation one needs
to account for many-particle collisions. Magnetic systems have interaction
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of different nature and the technical difficulties related with the commuta-
tion relations of spin operators. It is remarkable that there exists one highly
simplified approach that allows one to study systems so diverse as ferromag-
netism, condensation and melting, order-disorder transitions in alloys, phase
separation in binary solutions, and also model phenomena in economics, so-
ciology, genetics, to analyze the spread of forest fires etc. This approach is
based on the consideration of lattice sites with the nearest-neighbor interac-
tion that depends upon the manner of occupation of the neighboring sites.
We shall formulate it initially on the language of ferromagnetism and then
establish the correspondence to some other phenomena.

6.2.1 Ferromagnetism

Experiments show that ferromagnetism is associated with the spins of elec-
trons (not with their orbital motion). Spin 1/2 may have two possible pro-
jections. We thus consider lattice sites with elementary magnetic moments
+p. We already considered (Sect. 2.5.1) this system in an external magnetic
field H without any interaction between moments and got the magnetization
(35):

Wexp(uH/T) —exp(—pdl/T)

exp(uH/T) + exp(—pH/T)

Of course, this formula gives no first-order phase transition upon the change
of the sign of H as in Landau theory (143). The reason is that we did not
account for interaction (i.e. B-term). First phenomenological treatment of
the interacting system was done by Weiss who assumed that there appears
some extra magnetic field proportional to magnetization which one adds to
H and thus describes the influence that M causes upon itself:

H+&M
M = ]\ﬂutanhM

M=

(145)

). (146)

And now put the external field to zero H = 0. The resulting equation can
be written as

T,
1 = tanh T” , (147)

where we denoted = M/uN and T, = &u?N. At T > T, there is a
single solution 7 = 0 while at 7" < T, there are two more nonzero solutions
which exactly means the appearance of the spontaneous magnetization. At
T.—T < T, one has n*> = 3(T, — T) exactly as in Landau theory (142).
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1

One can compare T, with experiments and find surprisingly high & ~ 103+
10%. That means that the real interaction between moments is much higher
than the interaction between neighboring dipoles u?n = u?/a®. Frenkel and
Heisenberg solved this puzzle (in 1928): it is not the magnetic energy but
the difference of electrostatic energies of electrons with parallel and antipar-
allel spins, so-called exchange energy, which is responsible for the interaction
(parallel spins have antisymmetric coordinate wave function and much lower
energy of interaction than antiparallel spins).

We can now at last write the Ising model (formulated by Lenz in 1920
and solved in one dimension by his student Ising in 1925): we have the
variable o; = 1 at every lattice site. The energy includes interaction with
the external field and between neighboring spins:

H = —,uHiai + J/4Y (1 = 0i05) . (148)

ij

We assume that every spin has v neighbors (v = 2 in one-dimensional chain, 4
in two-dimensional square lattice, 6 in three dimensional simple cubic lattice
etc). We see that parallel spins have zero interaction energy while antiparallel
have J (which is comparable to Rydberg).

Let us start from H = 0. Magnetization is completely determined by
the numbers of spins up: M = pu(Ny — N_) = u(2N; — N). We need
to write the free energy F' = F — T'S and minimizing it find N,. The
competition between energy and entropy determines the phase transition.
Entropy is easy to get: S = InCN* = In[N!/N,{(N — N.)!|. The energy
of interaction depends on the number of neighbors with opposite spins N, _.
The crudest approximation (Bragg and Williams, 1934) is, of course, mean-
field, i.e. replacing N-particle problem with a single-particle problem. It
consists of saying that every up spin has the number of down neighbors
equal to the mean value YN_/N so that the energy (H) = F = JN,_ =~
YN, (N —N,)J/N. Requiring the minimum of the free energy, 0F /0N, = 0,
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we get:

N — 2N, _TlnN—NJr
N N,
Here we can again introduce the variables n = M/uN and T, = vJ/2 and
reduce (149) to (147). We thus see that indeed Weiss approximation is equiv-
alent to the mean field. The only addition is that now we have the expression
for the free energy, F'/2N = T,(1—n*)—T(1+n)In(1+n)—T(1—n)In(1—n),
so that we can indeed make sure that the nonzero n at T" < T, correspond to
minima. Here is the free energy plotted as a function of magnetization, we
see that it has exactly the form we assumed in the Landau theory (which as
we see near T, corresponds to the mean field approximation). The energy is
symmetrical with respect to flipping all the spins simultaneously. The free
energy is symmetric with respect to 7 <> —n. But the system at T' < T, lives
in one of the minima (positive or negative ). When the symmetry of the
state is less than the symmetry of the potential (or Hamiltonian) it is called

spontaneous symmetry breaking.

F
\/\RI‘/

We can also calculate the specific heat using £ = YN, (N — N, )J/N =
(T.N/2)(1 — n*) and obtain the jump exactly like in Landau theory:

vJ 0. (149)

dn
n=3(T.-T), AC=C(T,—0)= —Tanﬁ =3N/2 .

At T — 0, we have n ~ 1 — 2exp(—27,/T) and the specific heat vanishes
exponentially: C(T) ~ 4N (T,/T)? exp(—2T,/T).

Note that in our approximation, when the long-range order (i.e. N,)
is assumed to completely determine the short-range order (i.e. N,_), the
energy is independent of temperature at 7" > T, since N, = N/2. We do
not expect this in reality. Moreover, let us not delude ourselves that we
proved the existence of the phase transition. How wrong is the mean-field
approximation one can see comparing it with the exact solution for the one-
dimensional chain. Indeed, consider again H = 0. It is better to think
not about spins but about the links between spins. Starting from the first
spin, the state of the chain can be defined by saying whether the next one is
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parallel to the previous one or not. If the next spin is opposite it gives the
energy J and if it is parallel the energy is zero. There are N — 1 links. The
partition function is that of the N — 1 two-level systems (37):

7 =2[1 +exp(—J/T)" 1. (150)

Here 2 because there are two possible orientations of the first spin.
One can do it for a more general Hamiltonian (as in the Exercise 1.2)
N N N oH
H = —HZO'l - Jzai0i+1 = — Z {2(0'@ + Uz’+1) + JO’iO'iJrl} s (151)
i=1 i=1 i=1

which we consider on a ring so that o1 = ;. We now write the partition
function as

N (H
J = Z exp [BZ {2(0'7, + 0i+1) + J0i0i+1}] (152)
{01} i=1

= Z IJ_V[ exp [ﬁ {]—QI(UZ‘ + 0i41) + JUZ-JiH}

{oi} i=1

(153)

Every factor in the product can be written as a matrix element (0;|7'|0;,1) =
T = exp|B{H (0; + 0i41)/2 + Jo;0:41} of the transfer matrix

T0541
Tin Ti
T = ’ ’ 154
< Ty Toq ) (154)

where Ty = BUHH) T | = PU-H) T || =T, | = e P/, The sum over
o; = £1 corresponds to taking trace of the matrix:

Z=3 TrosTosos - Toyor = > {o1|TV]oy) = trace TV . (155)
{0} o1==+1
Therefore
Z =M+ 2\ (156)

where \; and )\ are eigenvalues of T', given by

A2 = €% cosh(BH) % \/e237 sinh®(BH) + ¢~287 (157)
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Therefore

F = —kpTlog(\Y + \Y) = —kpT

Nlog(Xy) + log (1 + <21>N)]

— —NkgT'log\; as N — oo (158)

Now, as we know, there is no phase transitions for a two-level system. In
particular one can compare the mean-field energy E = T.(1 — n?) with the
exact 1d expression (40) which can be written as E(T) = N.J/(1+¢’/T) and
compare the mean field specific heat with the exact 1d expression:

mean—field

We can improve the mean-field approximation by accounting exactly for
the interaction of a given spin og with its v nearest neighbors and replacing
the interaction with the rest of the lattice by a new mean field H (this is
called Bethe-Peierls or BP approximation):

2l v
H'erl:—/LH/ZO'j—(J/Q)ZO'QO'j . (159)
j=1

Jj=1

The external field H' is determined by the condition of self-consistency, which
requires that the mean values of all spins are the same: 65 = 7;. To do that,
let us calculate the partition function of this group of v + 1 spins:

v gl
Z = Z exp(nZaj+VZJoaj):Z+—|—Z,
00,0;==%x1 j=1 j=1
g
Zy=)Y exp|(ntv)> o } [2cosh(n+v)|]", n=pH')T, v=J/2T .
oj=%x1 j=1

Zy correspond to og = +1. Requiring ¢ = (Z; — Z_)/Z to be equal to

_ 1<” > 1 0Z
o;: = — 0O; ) = ——
! V;J VZ

— 77 [2cosh(n + v)]"" sinh(y + v) + [2cosh(n — v~ sinh(y — 1)}
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we obtain

(160)

)= v—1 lcosh(n—i—y)]

2 cosh(n — v)
instead of (147) or (149). Condition that the derivatives with respect to 1 at
zero are the same, (7 — 1) tanh v = 1, gives the critical temperature:

T, = Jln—l(7

). e o

It is lower than the mean field value 7J/2 and tends to it when 7 — oo
— mean field is exact in an infinite-dimensional space. More important, it
shows that there is no phase transition in 1d when v = 2 and 7, = 0 (in
fact, BP is exact in 1d). Note that 7 is now not a magnetization, which
is given by the mean spin 6o = sinh(27)/[cosh(2n) + exp(—2v)]. While at
T > T. both n =09 = 0, BP gives nonzero energy and specific heat. Indeed,
now Z = 2"cosh?(8J/2) and F = —TInZ = —(v/B)Incosh(BJ/2). The
energy is £ = 9(Ff)/0p = (vJ/2)tanh(5.J/2) and the specific heat, C' =
(vy.J?%/8T?) cosh?(J/2T), such that C oc T~2 at T — oo (see Pathria 11.6 for
more details):

C

exact 2d solution

mean-—field

T/

113 144 2

Bragg-Williams and Bethe-Peierls approximations are the first and the
second steps of some consistent procedure. When the space dimensionality
is large, then 1/d is a small parameter whose powers determine the contri-
butions of the subsequent approximations. Mean-field corresponds to the
total neglect of fluctuations, while BP accounts for them in the first approx-
imation. One can also say that it corresponds to the account of correlations:
indeed, correlations make fluctuations (like having many spins with the same
direction in a local neighborhood) more probable and require us to account
for them. The two-dimensional Ising model was solved exactly by Onsager
(1944). The exact solution shows the phase transition in two dimensions.
The main qualitative difference from the mean field is the divergence of the
specific heat at the transition: C' « —1In|l — 7'/T,|. This is the result of
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fluctuations: the closer one is to T, the stronger are the fluctuations. The
singularity of the specific heat is integrable that is, for instance, the en-
tropy change S(T}) — S(T3) = gf C(T)dT/T is finite across the transition
(and goes to zero when T} — T3) and so is the energy change. Note also
that the true 7, = J/2In[(v/2 — 1)7'] is less than both the mean-field value
T. = vJ/2 = 2J and BP value T, = J/In2 also because of fluctuations
(one needs lower temperature to “freeze” the fluctuations and establish the
long-range order).

6.2.2 Impossibility of phase coexistence in one dimension

It is physically natural that fluctuations has much influence in one dimen-
sion: it is enough for one spin to flip to loose the information of the preferred
orientation. It is thus not surprising that phase transitions are impossible
in one-dimensional systems with short-range interaction. Another way to
understand that the ferromagnetism is possible only starting from two di-
mensions is to consider the spin lattice and ask if we can make temperature
low enough to have a nonzero magnetization. The state of lowest energy has
all spins parallel. The first excited state correspond to one spin flip and has
an energy higher by AF = ~.J, the concentration of such opposite spins is
proportional to exp(—vJ/T) and must be low at low temperatures so that
the magnetization is close to u/N and n ~ 1. In one dimension, however, the
lowest excitation is not the flip of one spin (energy 2J) but flipping all the
spins to the right or left from some site (energy J). Again the mean number
of such flips is N exp(—J/T') and in sufficiently long chain this number is
larger than unity i.e. the mean magnetization is zero. Note that short pieces
with N < exp(J/T) are magnetized.

That argument can be generalized for arbitrary systems with the short-
range interaction in the following way (Landau, 1950; Landau & Lifshitz,
Sect. 163.): assume we have n contact points of two different phases. Those
points add ne — T'S to the thermodynamic potential. The entropy is InC7}
where L is the length of the chain. Evaluating entropy at 1 < n < L
we get the addition to the potential ne — Tnln(eL/n). The derivative of
the thermodynamic potential with respect to n is thus € — T'In(L/n) and it
is negative for sufficiently small n/L. That means that one decreases the
thermodynamic potential creating the mixture of two phases all the way
until the derivative comes to zero which happens at L/n = exp(e¢/T") — this
length can be called the correlation scale of fluctuations and it is always
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finite in 1d at a finite temperature as in a disordered state. Let us stress
that for the above arguments it is important that the ground state is non-
degenerate so that the first excited state has a higher energy (degeneracy
leads to criticality).

6.2.3 Equivalent models

The anti-ferromagnetic case has J < 0 and the ground state at 7" = 0 corre-
sponds to the alternating spins i.e. to two sublattices. Without an external
magnetic field, the magnetization of every sublattice is the same as for Ising
model with J > 0 which follows from the fact that the energy is invariant
with respect to the transformation J — —J and flipping all the spins of
one of the sublattices. Therefore we have the second-order phase transition
at zero field and at the temperature which is called Neel temperature. The
difference from ferromagnetic is that there is a phase transition also at a
nonzero external field (there is a line of transition in H — T plane.

One can try to describe the condensation transition by considering a
regular lattice with N cites that can be occupied or not. We assume our
lattice to be in a contact with a reservoir of atoms so that the total number
of atoms, N,, is not fixed. We thus use a grand canonical description with
Z(z,N,T) given by (108). We model the hard-core repulsion by requiring
that a given cite cannot be occupied by more than one atom. The number of
cites plays the role of volume (choosing the volume of the unit cell unity). If
the neighboring cites are occupied by atoms it corresponds to the (attraction)
energy —2J so we have the energy £ = —2JN,, where N, is the total
number of nearest-neighbor pairs of atoms. The partition function is

Z(Na,T) =3 exp(27Noa/T) (162)

where the sum is over all ways of distributing N, indistinguishable atoms
over N cites. Of course, the main problem is in calculating how many times
one finds the given N,,. The grand partition function,

Z(z,V,T) = izN“Z(Na,T)), (163)

gives the equation of state in the implicit form (like in Sect. 6.1.1): P =
TlnZ/N and 1/v = (2/V)0In Z/0z. The correspondence with the Ising
model can be established by saying that an occupied site has ¢ = 1 and
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unoccupied one has 0 = —1. Then N, = N, and N,, = Ny;. Recall that
for Ising model, we had £ = —puH(Ny — N_) + JN,_ = pHN + (Jvy —
2uH)N, — 2JN,,. Here we used the identity YN, = 2N, + N,_ which
one derives counting the number of lines drawn from every up spin to its
nearest neighbors. The partition function of the Ising model can be written
similarly to (163) with z = exp[(yJ — 2uH)/T]. Further correspondence can
be established: the pressure P of the lattice gas can be expressed via the
free energy per cite of the Ising model: P <+ —F/N + pH and the inverse
specific volume 1/v = N,/N of the lattice gas is equivalent to N./N =
(14 M/uN)/2 = (1+n)/2. We see that generally (for given N and T) the
lattice gas corresponds to the Ising model with a nonzero field H so that the
transition is generally of the first-order in this model. Indeed, when H = 0
we know that n = 0 for T' > T, which gives a single point v = 2, to get the
whole isotherm one needs to consider the nonzero H i.e. the fugacity different
from exp(yJ). In the same way, the solutions of the zero-field Ising model
at T' < T, gives us two values of n that is two values of the specific volume
for a given pressure P. Those two values, v; and vy, precisely correspond to
two phases in coexistence at the given pressure. Since v = 2/(1 + ) then as
T — 0 we have two roots n; — 1 which correspond to v1 — 1 and n; — —1
which corresponds to v; — oco. For example, in the mean field approximation
(149) we get (denoting B = uH)

vJ o T 1—n? vJ T
p_p_2n _ 1y p=21_1,
g (4 = 5=, 5 9%
B ~Jn
% p—tanh (=4 22T 164
YT gy 1T <T+2T> (164)

As usual in a grand canonical description, to get the equation of state one
expresses v(z) [in our case B(n)] and substitutes it into the equation for the
pressure. On the figure, the solid line corresponds to B = 0 at T' < T, where
we have a first-order phase transition with the jump of the specific volume,
the isotherms are shown by broken lines. The right figure gives the exact
two-dimensional solution.
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The mean-field approximation (164) is equivalent to the Landau theory
near the critical point. In the variables t =T —T,.,n = n —n, the equation of
state takes the form p = P — P, = bt + 2atn + 4Cn® with C > 0 for stability
and a > 0 to have a homogeneous state at ¢ > 0. In coordinates p,n the
isotherms at ¢ = 0 (upper curve) and ¢ < 0 (lower curve) look as follows:

P

N

The densities of the two phases in equilibrium, 7,7, are given by the
condition

2 2 12 P 2
/Udp =0 = /ndp = /77 (p) dn = /77(2at+ 120772) dn=0, (165)
an),
1 1 ml m
where we have used v = n™' ~ n;' —nn_ 2. We find from (165) 7, = —n, =

(—at/20)Y2. According to Clausius-Clapeyron equation (139) we get the
latent heat of the transition g &~ bT.(n; — 12)/n? o< v/—t. We thus have the
phase transition of the first order at ¢ < 0. As t — —0 this transition is
getting close to the phase transitions of the second order. See Landau &
Lifshitz, Sect. 152.

As T — T, the mean-field theory predicts 1/v; —1/vy o< (T, —T)*/? while
the exact Onsager solution gives (7, — T)'/®. Real condensation transition
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gives the power close 1/3. Also lattice theories give always (for any 7))
1/v1 4+ 1/vy = 1 which is also a good approximation of the real behavior (the
sum of vapor and liquid densities decreases linearly with the temperature
increase but very slowly). One can improve the lattice gas model considering
the continuous limit with the lattice constant going to zero and adding the
pressure of the ideal gas.

Another equivalent model is that of the binary alloy that is consisting
of two types of atoms. X-ray scattering shows that below some transition
temperature there are two crystal sublattices while there is only one lattice at
higher temperatures. Here we need the three different energies of inter-atomic
interaction: £ = €Ny +€3Nog+€10N19 = (€1+ €2 —2€12) N1 +7y(€12 —€2) N1+
~v€aN/2. This model described canonically is equivalent to the Ising model
with the free energy shifted by (€12 — €2) N7 + vea N/2. We are interested in
the case when €; +€5 > 2€15 so that it is indeed preferable to have alternating
atoms and two sublattices may exist at least at low temperatures. The phase
transition is of the second order with the specific heat observed to increase
as the temperature approaches the critical value. Huang, Chapter 16 and
Pathria, Chapter 12.

As we have seen, to describe the phase transitions of the second order
near 7. we need to describe strongly fluctuating systems. We shall study
fluctuations more systematically in the next section and return to critical
phenomena in Sects. 7.2 and 7.4.
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7 Fluctuations

7.1 Thermodynamic fluctuations

Consider fluctuations of energy and volume of a given (small) subsystem. The
probability of a fluctuation is determined by the entropy change of the whole
system w o< exp(ASp) which is determined by the minimal work needed for
a reversible creation of such a fluctuation: TASy = —R,,;,. For example,
if the fluctuation is that the system starts moving as a whole with the ve-
locity v then the minimal work is the kinetic energy of the system, so that
the probability of such a fluctuation is w(v) o exp(—Mwv?/2T). Generally,
Ryin = AE + BPAV — TyAS, where AS, AE, AV relate to the subsystem.
Indeed, the energy change of the subsystem AF is equal to the work R done
on it (by something from outside the system) plus the work done by the rest
of the system —FyAVy = FyAV plus the heat received from the rest of the
system ToASy. Minimal work corresponds to ASy; = —AS. In calculating
variations we also assume P,T equal to their mean values which are Fy,Tj.
Stress that we only assumed the subsystem to be small i.e. AS; < S,
E <« Ey, V <« Vy while fluctuations can be substantial, i.e. AFE can be
comparable with FE.

Vo

If, in addition, we assume the fluctuations to be small (AE < E) we can
expand AFE(S,V) up to the first non-vanishing terms (quadratic):

Rpin=AE+PAV —TAS=[Egss5(AS)?+2Esy ASAV + Eyy (AV)?]/2
= (1/2)(ASAEs + AVAEy) = (1/2)(ASAT — APAV). (166)

Written in such a way, it shows a sum of contributions of hidden and me-
chanical degrees of freedom. Of course, only two variables are independent.
From that general formula one obtains different cases by choosing different
pairs of independent variables. In particular, choosing an extensive vari-
able from one pair and an intensive variable from another pair (i.e. either
V,T or P,S), we get cross-terms cancelled because of Maxwell identities like
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(0P/OT)y = (0S/0V)r. That means the absence of cross-correlation i.e.
respective quantities fluctuate independently!®: (ATAV) = (APAS) = 0.
Indeed, choosing T" and V' as independent variables we must express

oS oS C, oP
AS=[(—) AT — | AV = =AT — ) A 1
S (3T>V * <8V)T v T + (3T>V v (167)
and obtain c L op
___v 2, - (22 2
w o expl QTQ(AT) + 2T(8V>T(AV) ] : (168)

Mean squared fluctuation of the volume (for a given number of particles),
(AV)?) = =T (0V/OP)r,
gives the fluctuation of the specific volume
((Av)?) = N7*{(AV)?)

which can be converted into the mean squared fluctuation of the number of
particles in a fized volume:

V_
==

Av=A

1 AN N?
val_ v (av

N7 (AN)?) = —T— aP>T' (169)

V2
We see that the fluctuations cannot be considered small near the critical
point where OV/OP is large.

For a classical ideal gas with V' = NT/P it gives ((AN)?) = N. In this
case, we can do more than considering small fluctuations (or large volumes).
Namely, we can find the probability of fluctuations comparable to the mean
value N = NyV/Vy. The probability for N (noninteracting) particles to be
inside some volume V' out of the total volume Vj is

No! (V)N(VO—V)NON
w = — | — -
N NI(No — N)!'\V, 7

NN(l N)NONNNGXP(—N)
N! No) N! '

Q

(170)

p(—az? — 2bzy — cy?)

6Remind that the Gaussian probability distribution w(x,y) ~ ex
2 a/(ac — b?) and to the

corresponds to the second moments (22) = 2¢/(ac — b?), (y?)
cross-correlation (zy) = 2b/(b* — ac).

~
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Here we assumed that Ny > N and Ny! ~ (Ny — N)INY. Note that Ny
disappeared from (170). The distribution (170) is called Poisson law which
takes place for independent events. Mean squared fluctuation is the same as
for small fluctuations:

(ANF) = V)~ R =expl=W) X N
= exp(—N) NZ=:2<NN_2)!+NZ::1(]\7N—1)! _N*=N. (7))

Recall that the measurement volume is proportional to N. In particular,
the probability that a given volume is empty (N = 0) decays exponentially
with the volume. On the other hand, to cram more than average number
of particles into the volume decays with NV in a factorial way, i.e. faster
than exponential: wy o exp[—NIn(N/N)]. One can check that near the
maximum, at [N — N| < N, the Poisson distribution coincide with the
Gaussian distribution: wy = (2rN)~2exp[—(N — N)2/2N].

Of course, real molecules do interact, so that the statistics of their density
fluctuations deviate from the Poisson law, particularly near the critical point
where the interaction energy is getting comparable to the entropy contribu-
tion into the free energy.

Landau & Lifshitz, Sects. 20, 110-112, 114.

7.2 Spatial correlation of fluctuations

We now consider systems with interaction and discuss a spatial correlation of
fluctuations of concentration n = N/V| which is particularly interesting near
the critical point. Indeed, the level of fluctuations depends on the volume of
the subsystem. To estimate whether the fluctuations are important or not
(say in destroying the order appearing in a phase transition) we need to con-
sider the subsystem size of the order of the correlation scale of fluctuations.
We have seen that in 1d the correlation scale is always finite and turns into
infinity only at zero temperature. We consider 3d in this section and 2d in
the next one.

Since the fluctuations of n and T' are independent, we assume 1" = const
so that the minimal work is the change in the free energy, which we again
expand to the quadratic terms

w o exp(—~AF/T), AF = ; / é(r12) An(r)An(rs) dVidVs.  (172)
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Here ¢ is the second (variational) derivative of F' with respect to n(r). After
Fourier transform,

. 1 . .
= nge -, Ang = — n(r)e r, = r)e r.
A ikr A % A ikr d Qb k ¢ ikr d
k
the free energy change takes the form
V
D) Z <b(k)\Ank\2 )
k

which corresponds to a Gaussian probability distribution of independent vari-
ables - amplitudes of the harmonics. The mean squared fluctuation is as

follows
T

<|A”k|2> = W .

Usually, the largest fluctuations correspond to small k£ where we can use the
expansion called the Ornshtein-Zernicke approximation

(k) = ¢o + 2gk* . (174)

This presumes short-range interaction which makes large-scale limit regular.
From the previous section, ¢o(T) = n~*(OP/0n)r. The free energy must
increase when order parameter is not constant in space, so the coefficient ¢
is assumed positive.

Making the inverse Fourier transform we find (the large-scale part of) the
pair correlation function of the concentration in 3d:

(173)

de:

(An Z|An ’2 zkr_/’An ’2 ikr )

_ —ikr 2 T _
:/ |Ank|26 e~ VE*dk T exp( r/rc)‘ (175)

ikr (2m)2 8mgr

One can derive that by recalling (from Sect. 5.3) that (k* — A) exp(—kr)/r =
4o (r) or directly: expand the integral to —oo and then close the contour in
the complex upper half plane for the first exponent and in the lower half plane
for the second exponent so that the integral is determined by the respective
poles k = +ix = +ir;!. We defined the correlation radius of fluctuations

= [29(T)/¢o(T)]*/?. Far from any phase transition, the correlation radius
is typically the mean distance between molecules.
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Not only for the concentration but also for other quantities, (175) is a
general form of the correlation function at long distances. Near the critical
point, ¢o(T) < A(T)/V = (T — T.) decreases and the correlation radius
increases. To generalize the Landau theory for inhomogeneous 7(r) one writes
the space density of the thermodynamic potential uniting (141) and (174) as

F{n(x)} = g|Vnl* + o(T = To)n* + bny* . (176)

The thermodynamic potential is now a functional since it depends on the
whole function n(r). Addition of the extra term ¢|Vn|? means that having
an inhomogeneous state costs us extra value of the thermodynamic poten-
tial. We accounted for that extra cost using only the first spatial derivative,
which means that this expression is obtained by effectively averaging the
potential over the scales large comparing to the inter-atom distances (but
small comparing to the correlation radius, so that this expression makes
sense only not far from the critical temperature. We again assume that only
the coefficient at n? turns into zero at the transition. The correlation ra-
dius diverges at the transition'”: r.(T) = \/g/a(T — T.) = reoy/T./(T — T,.).
Here we expressed g ~ aT,.r?% via the correlation radius far from the transi-
tion. We must now estimate the typical size of fluctuations for the volume
r3: ((An)?) =~ T/A ~ T/¢ors. As any thermodynamic approach, the Landau
theory is valid only if the mean square fluctuation on the scale of r. is much
less than 7, so-called Ginzburg-Levanyuk criterium:

T, T-T, T-T, b? 1\ 6
c << O{( C) :> Cc — (TZ) ) (177>

2ar3(T — T.) b T. > a*rS

T'co

We introduced r? = b/a? which can be interpreted as the volume of inter-
action: if we divide the energy density of interaction bn* ~ b(a/b)* by the
energy of a single degree of freedom 7, we get the number of degrees of free-
dom per unit volume i.e. r; 3. Since the Landau theory is built at T—T, < T,
then it has validity domain only when r;/r.o < 1 which often takes place
(in superconductors, this ratio is less than 1072). In a narrow region near 7,
fluctuations dominate. We thus must use the results of the Landau theory
only outside the fluctuation region, in particular, the jump in the specific
heat AC,, is related to the values on the boundaries of the fluctuation region.

1"The correlation radius generally stays finite at a first-order phase transition. The
divergence of r. at T — T, means that fluctuations are correlated over all distances so
that the whole system is in a unique critical phase at a second-order phase transition.
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Landau theory predicts r, oc (T — 7.)~/? and the correlation function

approaching the power law 1/r as T" — T, in 3d. Of course, those scalings
are valid under the condition that the criterium (177) is satisfied that is
not very close to T, . As we have seen from the exact solution of 2d Ising
model, the true asymptotics at 7" — T, (i.e. inside the fluctuation region)
are different: r, oc (T — T,)™' and ¢(r) = (6(0)o(r)) o< r~¥/* at T = T,
in that case. Yet the fact of the radius divergence remains. It means the
breakdown of the Gaussian approximation for the probability of fluctuations
since we cannot divide the system into independent subsystems. Indeed, far
from the critical point, the probability distribution of the density has two
approximately Gaussian peaks, one at the density of liquid n;, another at
the density of gas n,. As we approach the critical point and the distance
between peaks is getting comparable to their widths, the distribution is non-
Gaussian. In other words, one needs to describe a strongly interaction system
near the critical point which makes it similar to other great problems of
physics (quantum field theory, turbulence).

w

7.3 Different order parameters

Phenomenological treatment in the previous section assumed that at critical-
ity (¢o = 0) the energy of the perturbation goes to zero with the wave num-
ber. Here we show that this is the case even below the critical temperature
when the symmetry broken by the phase transition is continuous. Remind
that in the Ising model the symmetry was discrete (up-down, present-absent)
and was described by a scalar real order parameter.

7.3.1 Goldstone mode and Mermin-Wagner theorem

Here we consider the case when the Hamiltonian is invariant under O(n)
rotations and the order parameter is a vector (1y,...,7,). Then the ana-
log of the Landau thermodynamic potential must have a form g3, |Vn;|> +
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a(T—T,)X;n? + b(Zi 77?)2. Here we assumed that the interaction is short-
range and used the Ornshtein-Zernicke approximation for the spatial depen-
dence. When T' < T, the minimum corresponds to breaking the O(n) sym-
metry, for example, by taking the first component [a (7T, — T')/2b]'/? and the
other components zero. Considering fluctuations we put ([a(7. —T')/2b]'/2 +
M,Ma, - - -, Mn) and obtain the thermodynamic potential g 3=, [Vn;|* + 2a(T. —
T)n?+ higher order terms. That form means that only the longitudinal mode
m has a finite correlation length r. = [2a(T,. — T)]~*/2. Almost uniform fluc-
tuations of the transverse modes do not cost any energy. This is an example
of the Goldstone theorem which claims that whenever continuous symmetry
is spontaneously broken (i.e. the symmetry of the state is less than the sym-
metry of the thermodynamic potential or Hamiltonian) then the mode must
exist with the energy going to zero with the wavenumber. This statement is
true beyond the mean-field approximation or Landau theory as long as the
force responsible for symmetry breaking is short-range. For a spin system,
the broken symmetry is rotational and the Goldstone mode is the excited
state where the spin turns as the location changes, as shown in the Figure.
That excitation propagates as a spin wave. For a solid, the broken symmetry
is translational and the Goldstone mode is a phonon.

W it 7

Equivalent ground states

RNV

Goldstone mode - spin wa

Goldstone modes are easily excited by thermal fluctuations and they de-
stroy long-range order for d < 2. Indeed, in less than three dimensions, the
integral (175) at ¢y = 0 describes the correlation function which grows with
the distance:

2-d _ j2-d

. 1/r
(An(0)An(r)) o« /(1 — *VE2d Yk k2d %k oc -

_ 178
1/L d—2 (178)

For example, (An(0)An(r)) oc In7 in 2d. Simply speaking, if at some point
you have some value then far enough from this point the value can be much
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larger. That means that the state is actually disordered despite r. = oco: soft
(Goldstone) modes with no energy price for long fluctuations (¢g = 0) destroy
long order (this statement is called Mermin-Wagner theorem). One can state
this in another way by saying that the mean variance of the order parameter,
((An)?) oc L?>74, diverges with the system size L — oo at d < 2. In exactly
the same way phonons with wy o< k make 2d crystals impossible: the energy
of the lattice vibrations is proportional to the squared atom velocity (which
is the frequency wy times displacement uy), T ~ wiu?; that makes mean
squared displacement proportional to (u?) o< [ dkui = [d®kT /w? x L*>~9 —
in large enough samples the amplitude of displacement is getting comparable
to the distance between atoms in the lattice, which means the absence of a
long-range order.

Let us consider the so-called XY model which describes a system of two-

dimensional spins s = (scos, ssing) with ferromagnetic interaction i.e.
with the Hamiltonian
H=—J s(i) s(j) =—Js>> cos(p; — p;) - (179)
] iJ

At low enough temperature, |¢; — ;| < 27, and we may approximate cos
and also go into a continuous limit (spin-wave approximation):

yNJs* Js?
o~ = +TZ|%_%|2
Z7]
yNJs* Js?
Rt V() > d*r . (180)

Of course, that Hamiltonian can be written as a sum over Fourier harmonics
H+yNJIs?/2 = S He = Na*Js? 3, k?|ox|?/2 with each term having an
Ornstein-Zernike form. Here a is the lattice spacing. There is no ¢ term
because of the O(2) rotational symmetry of the spins which corresponds to
translational symmetry of the phases . In this (low-7") approximation, the
phases have Gaussian statistics with the pair correlation function which is
logarithmic: (p(r)p(0)) o< Inr. Let us calculate now the correlation function
between two spins distance r apart:

{explig(r) —ip(0)]) = / diprdipy exp {Z lipr (0 — 1) — ﬁﬂk}}

1— cos(kr)] ’

= exp [—(5NJ52a2)_1 > e

k
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—1/27B8Js?
W) . (181)

A exp [—(27T6J52)_1 ln(ﬂr/a)} = (a

Here we used the formula of Gaussian integration

/ dpe A9 /2+100 — \ Jor [ Ae= 7" AT 2 (182)

We see that the correlation function falls of by a power law at however
low temperature, and it does not approach constant as in a state with a
long-range order. We thus conclude that there is no long-range order at all
temperatures. Description looks practically the same for two dimensional
crystals where the energy is proportional to the squared difference between
the displacements of the neighboring atoms.

Another example of the Goldstone mode destroying the long-range co-
herence is the case of the complex scalar order parameter ¥ = ¢ + 10
(say, the amplitude of the quantum condensate). In this case, the density
of the Landau thermodynamic potential invariant with respect to the phase
change ¥ — Wexp(iar) (called global gauge invariance) has the (so-called
Landau-Ginzburg) form

F=g|VU? +a(T —T.)|9|* +b|T|* . (183)

At T < T,, the (space-independent) minima of the potential form a circle in
¢1 — ¢g plane: |V|*> = ¢? + @3 = a(T, — T)/2b = ¢3. Any ordered (coherent)
state would correspond to some choice of the phase, say ¢1 = ¢g, p2 = 0. For
small perturbations around this state, ¥ = ¢y + ¢ + £, the quadratic part of
the potential takes the form g|VE|?+g|Vp|>+4b@3|¢|?. Since there is no term
proportional to &2, then fluctuations of ¢ have an infinite correlation radius
even at 7' < T; their correlation function (175) diverges at d < 2, which
means that phase fluctuations destroy coherence of 2d quantum condensate.

7.3.2 Berezinskii-Kosterlitz-Thouless phase transition

Still, a power-law decay of correlations (181) is very much different from the
exponential decay in a state with a finite correlation radius. That is the state
with a power-law decay formally corresponds to an infinite correlation radius.
A long-range order is absent in that state yet a local order exists, which means
that at sufficiently low temperatures superfluidity and superconductivity can
exist in 2d films, and 2d crystals can support transverse sound (recall that
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longitudinal sound exists in fluids as well, so it is transverse sound which is
a defining property of a solid). Remind that our consideration (179-181) was
for sufficiently low temperatures. One then asks if the power-law behavior
disappears and a finite correlation radius appears above some temperature.
The answer is that, apart from Goldstone modes, there is another set of
excitations, which destroy an order and lead to a finite correlation radius.
For a 2d crystal, an order is destroyed by randomly placed dislocations while
for a spin system or condensate by vortices. As opposite to initial spins or
atoms that create crystal or condensate and interact locally, vortices and
dislocations have a long-range (logarithmic) interaction and the energy E of
a single vortex is proportional to the logarithms of a sample size L. Indeed,
for the XY model in the spin-wave approximation one can minimize the free
energy:

4]

dep(r)
The vortex is the solution of this equation, which in the polar coordinates
r,0 is simply ¢(r,0) = mb so that (Vy)g = m/r and the energy E =
(Js?/2) [ |[V(r)|*d*r = mJs*m?In(L/a). But the entropy S associated with
a single vortex is also logarithmic: S = In(L/a)?. That means that there
exists some sufficiently high temperature 7' = wJs*m?/2 when the energy
contribution into the free energy F — T'S is getting less than the entropy
contribution 7'S. That temperature corresponds to the so-called Berezinskii-
Kosterlitz-Thouless (BKT) phase transition from a high-7" state of free dislo-
cations/vortices to a low-T" where there are no isolated vortices. Free vortices
provide for a screening (a direct analog of the Debye screening of charges) so
that the high-T state has a finite correlation length equal to the Debye ra-
dius. Actually, in a low-T state (with power-law correlations) those vortices
that exist are bound into dipole vortex pairs whose energy does not depend
on the sample size.

Let now describe a vortex as an inhomogeneous state that corresponds
to an extremum of the thermodynamic Landau-Ginzburg potential, which
contains nonlinearity. Varying the potential (183) with respect to U* we get
the equation

/ Vo) [?dr' = Ap=0.

OF/0U" = —gAW +2b (|W]* — ¢3) ¥ =0 . (184)

In polar coordinates, the Laplacian takes the form A = r=19,70, + r~20;.
Vortex corresponds to W = Aexp(imf) where A can be chosen real and
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integer m determines the circulation. Going around the vortex point in 2d
(vortex line in 3d), the phase acquires 2mm. The dependence on the angle
6 makes the condensate amplitude turning into zero on the axis: A o 7™ as
r — 0. At infinity, we have a homogeneous condensate: lim, _,..(A — ¢g)
r~2. That this is a vortex is also clear from the fact that there is a current
J (and the velocity) around it:

Y

Jem<¢a¢* w)g‘”

rod " rof)  r

so that the circulation is independent of the distance from the vortex. Second,
notice that the energy of a vortex indeed diverges logarithmically with the
sample size (as well as the energy of dislocations and 2d Coulomb charges):
velocity around the vortex decays as v o< 1/r so that the kinetic energy di-
verges as A? [v2d?r oc [d?r/r?. A single vortex/charge has its kinetic/electrostatic
energy proportional to the logarithm of the sample size L; therefore, at low
temperatures, one does not meet isolated charges but only dipoles, i.e. pairs
with m = 41, whose energy is determined by the inter-vortex distance and
is independent of the system size L. Dipoles cannot screen which leads to
power-law correlations. As we argued, since any charge can be placed in
roughly (L/a)? different positions, where a is the charge size (vortex core),
then the entropy S = 2In(L/a) is also logarithmic. The free energy is as
follows:

a(Tc — T)

F=E-TS=(A*>-2T)In(L/a) = [ 50

— QT] In(L/a) .

We find that the second (BKT) phase transition happens at

«

T, = Tcia
BKT ()4+4b

i.e. at the temperature less than T,, when the condensate exists. At T >
Tgir, the entropy term T'S wins so that the minimum of F' corresponds to
proliferation of isolated charges which provide for screening and an exponen-
tial decay of correlations.

The statistics of vortices and similar systems can be studied using a simple
model of 2d Coulomb gas, which is described by the Hamiltonian

H = —Zm,-mj 111|I'Z' —I'j| (185)
i#]
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with m; = +£1. Since we are interested only in the mutual positions of
the vortices, we accounted only for the energy of their interaction. One
can understand it better if we recall that the Hamiltonian describes also
dynamics. The coordinates r; = (z;, ;) of the point vortices (charges) satisfy
the Hamiltonian equations

8

m;T; = =m; Z mj———r |r
(2

) OH T; — X

I‘]|2 s mzyl:_a:pz:mz;mjhjz
which simply tell that every vortex moves in the velocity field induced by all
other vortices.

For example, the statistics of the XY-model at low temperatures can be
considered with the Hamiltonian which is a sum of (180) and (185), and
the partition function respectively a product of those due to spin waves and
vortices. In the same way, condensate perturbations are sound waves and
vortices. Since the Gaussian partition function of the waves is analytic,
the phase transition can only originate from the vortices; near such phase
transition the vortex degrees of freedom can be treated separately.

In the canonical approach, one writes the Gibbs distribution P = Z ! exp(—H).
The partition function,

Z2(8) = [ exp(—BH) Wd*r; = V] [ ™™ d?ry
/ I/

behaves at r;; — € — 0 as 2(N-1)-B(N*-N(N-2))/4 Here we took into account

that a neutral system with N vortices must have the following number of
pairs: N, = (N/2)?> and N;, = N__ = N(N — 2)/8. That is the integral
converges only for f < 4(N — 1)/N. In the thermodynamic limit N —
0o, the convergence condition is f < 4. When [ — 4 with overwhelming
probability the system of vortices collapses, which corresponds to the BKT
phase transition.

In the microcanonical approach one considers vortices in a domain with
the area A. The density of states,

g(E, A) = / 5(E — H)Ldz, | (186)

must have a maximum since the phase volume I'(E) = [* g(E)dFE increases
monotonically with E from zero to AY. The entropy, S(E) = In g(E), there-
fore, gives a negative temperature T' = g/g’ at sufficiently high energy. Since

99



g(E,A) = ANg(E',1) where £ = E+2In A . m;m; we can get the equa-

i<j
tion of state
) NT 1 &
P=T=] =" |14+—— mi | 187
<8A>E A ( +2NT;mmj) (187)
For a neutral system with m; = £1 we find vaq mymj =Ny +N__—N,_ =
—N/2 and
NT g
P=—1|1-- 188
T(-5). (155)

which shows that pressure turns to zero at the BKT transition temperature.

Note that the initial system had a short-range interaction, which allowed
to use the potential (183) in the long-wave limit. In other words, particles
that create condensate interact locally. However, condensate vortices have
a long-range interaction (185). While BKT transition may seem exotic and
particular for 2d, the lesson is quite general: when there are entities (like vor-
tices, monopoles, quarks) whose interaction energy depends on the distance
similarly to entropy then the phase transition from free entities to pairs is
possible at some temperature. In particular, it is argued that a similar tran-
sition took place upon cooling of the early universe in which quarks (whose
interaction grows with the distance, just like entropy) bind together to form
the hadrons and mesons we see today.

See Kardar, Fields, sect. 8.2.

7.3.3 Higgs mechanism

Let us stress that the previous subsection treated the condensate made of
particles with local interaction. The physics is different, however, if the
condensate is made of charged particles which can interact with the elec-
tromagnetic field, defined by the vector potential A and the field tensor
F, =V,A, —V,A, That corresponds to the thermodynamic potential
(V —1eA) V|2 + (T —T.)|¥|? +b|¥|* — F,, F* /4, which is invariant with re-
spect to the local (inhomogeneous) gauge transformations ¥ — W exp[ip(r)],
A — A + Vy/e for any differentiable function ¢(r). Note that the term
F,,F*™ = (V x A)? does not change when one adds gradient to A. Pertur-
bations can now be defined as U = (¢g + h) exp[up/po], absorbing also the
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phase shift into the vector potential: A — A + V/epq. The quadratic part
of the thermodynamic potential is now

IVh|? + (T — T.)h* + 2pp A* — F,, F*" /4, (189)

i.e. the correlation radii of both modes h, A are finite. The correlation
radius of the gauge-field mode is r. = 1/2e¢y = /b/a(T. — T). This case
does not belong to the validity domain of the Mermin-Wagner theorem since
the Coulomb interaction is long-range.

Thinking dynamically, if the energy of a perturbation contains a nonzero
homogeneous term quadratic in the perturbation amplitude, then the spec-
trum of excitations has a gap at k — 0. For example, the (quadratic
part of the) Hamiltonian H = g|V[* + ¢2|¢|? gives the dynamical equa-
tion 1) = OH/obx = —gA + ¢21h, which gives ¢ o< exp(tkr — wyt) with
wp = @3 + gk*. Therefore, what we have just seen is that the Coulomb
interaction leads to a gap in the plasmon spectrum in superconducting tran-
sition. In other words, photon is massless in a free space but has a mass if
it has to move through the condensate of Cooper pairs in a superconductor
(Anderson, 1963). Another manifestation of this simple effect comes via the
analogy between quantum mechanics and statistical physics (which we dis-
cuss in more detail in the subsection 8.2). On the language of relativistic
quantum field theory, the system Lagrangian plays a role of the thermody-
namic potential and the vacuum plays a role of the equilibrium. Here, the
presence of a constant term means a finite energy (mc?) at zero momentum,
which means a finite mass. Interaction with the gauge field described by
(189) is called Higgs mechanism by which particles acquire mass in quantum
field theory, the excitation analogous to that described by A is called vector
Higgs boson (Nambu, 1960; Englert, Brout, Higgs, 1964). What is dynami-
cally a finite inertia is translated statistically into a finite correlation radius.
When you hear about the infinite correlation radius, gapless excitations or
massless particles, remember that people talk about the same phenomenon.
See also Kardar, Fields, p. 285-6.

Let us conclude this section by restating the relation between the space
dimensionality and the possibility of phase transition and ordered state for
a short-range interaction. At d > 3 an ordered phase is always possible
for a continuous as well as discrete broken symmetry. For d = 2, one type
of a possible phase transition is that which breaks a discrete symmetry and
corresponds to a real scalar order parameter like in Ising model; another type
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is the BK'T phase transition between power-law and exponential decrease of
correlations. At d = 1 no symmetry breaking and ordered state is possible
for system with a short-range interaction.

Landau & Lifshitz, Sects. 116, 152.

7.4 Universality classes and renormalization group

Since the correlation radius diverges near the critical point, then fluctuations
of all scales (from the lattice size to r..) contribute the free energy. One there-
fore may hope that the particular details of a given system (type of atoms,
their interaction, etc) are unimportant in determining the most salient fea-
tures of the phase transitions, what is important is the space dimensionality
and which type of symmetry is broken — for instance, whether it is described
by scalar, complex or vector order parameter. Those salient features must be
related to the nature of singularities that is to the critical exponents which
govern the power-law behavior of different physical quantities as functions
of t = (T'—T.)/T. and the external field h. Every physical quantity may
have its own exponent, for instance, specific heat C' o< t7, order parameter
n o< (—t)? and n oc b/, susceptibility x o t~7, correlation radius r. oc t77,
the pair correlation function (0;0;) o |i — j[>7%7"7, etc. Only two exponents
are independent since all quantities must follow from the free energy which,
according to the scaling hypothesis, must be scale invariant. That means that
if we re-scale the lengthes by the factor k£ then one can find such numbers a, b
that the free energy is transformed under re-scaling of arguments as follows:
F(k, k") = k%F(t,h). This is a very powerful statement which tells that
this is the function of one argument (rather than two), for instance,

F(t,h) = tYeg(h/t") . (190)

One can now express the quantities of interest via the derivatives at h = 0:
C = 0*F/ot?, n = OF /Oh, x = 0*F/0h* and relate B = (d — b)/a etc.

A general formalism which describes how to make a coarse-graining to
keep only most salient features in the description is called the renormaliza-
tion group (RG). It consists in subsequently eliminating small-scale degrees
of freedom and looking for fixed points of such a procedure. For Ising model,
it is achieved with the help of a block spin transformation that is dividing all
the spins into groups (blocks) with the side k so that there are k¢ spins in
every block (d is space dimensionality). We then assign to any block a new
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variable o’ which is =1 when respectively the spins in the block are predom-
inantly up or down. We assume that the phenomena very near critical point
can be described equally well in terms of block spins with the energy of the
same form as original, E' = —h' 3, 0} + J'/43,;(1 — 0j0%), but with differ-
ent parameters J' and h'. Let us demonstrate how it works using 1d Ising
model with h = 0 and J/2T = K. Let us transform the partition function
Yoy exp| K Y, aial-ﬂ} by the procedure (called decimation'®) of eliminating
degrees of freedom by ascribing (undemocratically) to every block of k = 3
spins the value of the central spin. Consider two neighboring blocks o1, 09, 03
and oy, 05, 06 and sum over all values of o3, 04 keeping o] = 09 and o, = o5
fixed. The respective factors in the partition function can be written as fol-
lows: exp[Ko304) = cosh K + o304sinh K. Denote x = tanh K. Then only
the terms with even powers of 03,04 contribute the factors in the partition
function function that involve these degrees of freedom:

> exp|K(co3 + 0304 + 040%))]

o3,04=%1
=cosh’ K > (1+z0y03)(1 + 20403)(1 + z0hos)
o3,04=%1
= 4cosh® K (1 + 2°00h) = e 95 cosh K'(1 + 2'0a}),  (191)

(192)

4 cosh® K

g(K)zln( coshK’)

The expression (191) has the form of the Boltzmann factor exp(K'o}0}) with
the re-normalized constant K’ = tanh™!(tanh® K) or ' = 2* — this formula
and (192) are called recursion relations. The partition function of the whole
system in the new variables can be written as

{Z}exp[]\fg(K)—K’ : JZ{JZ'»H} .

The term proportional to g(K') represents the contribution into the free en-
ergy of the short-scale degrees of freedom which have been averaged out.
This term does not affect the calculation of any spin correlation function.
Yet the renormalization of the constant, K — K’ influences the correlation
functions. Let us discuss this renormalization. Since K o 1/7 then T' — oo

18the term initially meant putting to death every tenth soldier of a Roman army regiment
that run from a battlefield.
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correspond to x — 0+ and 7" — 0 to x — 1—. One is interested in the set of
the parameters which does not change under the RG, i.e. represents a fixed
point of this transformation. Both x = 0 and x = 1 are fixed points, the first
one stable and the second one unstable. Indeed, after iterating the process
we see that x approaches zero and effective temperature infinity. That means
that large-scale degrees of freedom are described by the partition function
where the effective temperature is high so the system is in a paramagnetic
state. At this limit we have K, K’ — 0 so that the contribution of the
small-scale degrees of freedom is getting independent of the temperature:
g(K) — —In4.

We see that there is no phase transition since there is no long-range order
for any T' (except exactly for "= 0). RG can be useful even without critical
behavior, for example, the correlation length measured in lattice units must
satisfy r.(z') = ro(x®) = r.(x)/3 which has a solution r.(z) o In"'z, an
exact result for 1d Ising. It diverges at z — 1 (T' — 0) as

7e(T) oc In"! (tanh K) =~ In" (1 4 e 2X) = exp(2K) = exp(J/T)

in agreement with the general argument of Sec. 6.2.2.

O 0 0 0 G G L. . i e
1d 2d
T=0 K=0 T=0 T K=0

The picture of RG flow is different in higher dimensions. Indeed, in 1d
in the low-temperature region (x ~ 1, K — 00) the interaction constant K
is not changed upon renormalization: K’ ~ K(03)s,=1(04)ss=1 ~ K. This is
clear because the interaction between k-blocks is mediated by their boundary
spins that all look at the same direction (at high temperatures (o) o< K so
that K’ o« K3). In d dimensions, there are k%! spins at the block side
so that K’ oc k1K as K — oo (in the case k = 3 and d = 2 we have
K' ~ 3K). That means that K’ > K that is the low-temperature fixed point
is stable at d > 1. On the other hand, the paramagnetic fixed point K = 0
is stable too, so that there must be an unstable fixed point in between at
some K. which precisely corresponds to T.. Indeed, consider r.(Ky) ~ 1 at
some K| that corresponds to sufficiently high temperature, Ky < K.. Since
7(K) ~ k") where n(K) is the number of RG iterations one needs to
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come from K to Ky, and n(K) — oo as K — K, then r. — o0 as T — T..
Critical exponent v = —dInr./dInt is expressed via the derivative of RG at
T.. Indeed, denote dK'/dK = kY at K = K, so that K' — K. ~ k¥(K — K,).
Since kr.(K') = r.(K) then we may present:

re(K) o (K — K,)™ = k(K' — K.)™ = k[K(K - K)] ",

which requires v = 1/y. We see that in general, the RG transformation of
the set of parameters K is nonlinear. Linearizing it near the fixed point one
can find the critical exponents from the eigenvalues of the linearized RG and,
more generally, classify different types of behavior. That requires generally
the consideration of RG flows in multi-dimensional spaces.

RG flow with two couplings .-~ :

Ko e
KZ/’T .
e :f,,:_:%::I::::I

Already in 2d, summing over corner spin ¢ produces diagonal coupling
between blocks. In addition to K7, that describes an interaction between
neighbors, we need to introduce another parameter, K,, to account for a
next-nearest neighbor interaction. In fact, RG generates all possible further
couplings so that it acts in an infinite-dimensional K-space. An unstable fixed
point in this space determines critical behavior. We know, however, that we
need to control a finite number of parameters to reach a phase transition; for
Ising at A = 0 and many other systems it is a single parameter, temperature.
For all such systems (including most magnetic ones), RG flow has only one
unstable direction (with positive y), all the rest (with negative y) must be
contracting stable directions, like the projection on K, Ky plane shown in
the Figure. The line of points attracted to the fixed point is the projection
of the critical surface, so called because the long-distance properties of each
system corresponding to a point on this surface are controlled by the fixed
point. The critical surface is a separatrix, dividing points that flow to high-
T (paramagnetic) behavior from those that flow to low-T" (ferromagnetic)
behavior at large scales. We can now understand universality of critical
behavior in a sense that systems in different regions of the parameter K-
space flow to the same fixed point and have thus the same exponents. Indeed,
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changing the temperature in a system with only nearest-neighbor coupling,
we move along the line Ky = 0. The point where this line meets critical
surface defines K. and respective T,;. At that temperature, the large-scale
behavior of the system is determined by the RG flow i.e. by the fixed point.
In another system with nonzero K5, by changing 7" we move along some
other path in the parameter space, indicated by the broken line at the figure.
Intersection of this line with the critical surface defines some other critical
temperature T.o. But the long-distance properties of this system are again
determined by the same fixed point i.e. all the critical exponents are the
same. For example, the critical exponents of a simple fluid are the same as of
a uniaxial ferromagnetic. In this case (of the Ising model in an external field),
RG changes both ¢t and h, the free energy (per block) is then transformed
as f(t,h) = g(t,h) + k=2f(#,h’). The part g originates from the degrees
of freedom within each block so it is an analytic function even at criticality.
Therefore, if we are interested in extracting the singular behavior (like critical
exponents) near the critical point, we consider only singular part, which has
the form (190) with a, b determined by the derivatives of the RG.
See Cardy, Sect 3 and http://www.weizmann.ac.il/home/fedomany/

8 Random walks and fluctuating fields

Many of the properties of the statistical systems, in particularly, the statistics
of fluctuations can be related to a fundamental problem of random walk.

8.1 Random walk and diffusion

Consider a particle that can hop randomly to a neighboring cite of d-dimensional
cubic lattice, starting from the origin at ¢ = 0. We denote a the lattice spac-
ing, 7 the time between hops and e; the orthogonal lattice vectors that satisfy
e; - e; = a*d;;. The probability to be in a given cite x satisfies the equation
1 4
Px,t+71) = ﬁZP(xiei,t) : (193)

=1

The first (painful) way to solve this equation is to turn it into averaging
exponents as we always do in statistical physics. This is done using the
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Fourier transform, P(x) = (a/27)? [ ¢**P(k) d’k, which gives

Pk,t+ 1) Zcos ak; P(k,t) . (194)
i=1
The initial condition for (193) is P(x,0) = d(x), which gives P(k,0) =

t/T
and P(k,t) = (d_l ¢ | cos akl-) " That gives the solution in space as an
integral

t/T
P(x,t) = (a/27) / (Zcosak) dk (195)

We are naturally interested in the continuous limit a — 0,7 — 0. If
we take 7 — 0 first, the integral tends to zero and if we take a — 0 first,
the answer remains delta-function. A non-trivial evolution appears when the
lattice constant and the jump time go to zero simultaneously. Consider the
cosine expansion,

1 d t t/T
(d > cos aki> = (1-ak?2d+..)"7
1=1

where k? = ZZ | k2. The finite answer exp(—#ktk?) appears only if one takes
the limit keeplng constant the ratio x = a?k?/2dr. In this limit, the space
density of the probability stays finite and is given by the saddle-point calcu-
lation of the integral:

2

p(x,t) = P(x,t)a"? ~ (27r)_d/ Mtk gk — (4mrt) =2 exp < Z t) (196)
The second (painless) way to get this answer is to pass to the continuum

limit already in the equation (193):

1 d

P(x,t —P t —
(x,t47) (x,1) =5 121

P(x+e;,t)+ P(x—e;t) —2P(x,t)] . (197)
This is a finite difference approximation to the diffusion equation

(0 — kKA)P(x,t) =0 . (198)

Of course, p satisfies the same equation, and (196) is its solution. Note that
(196,197) are isotropic and translation invariant while the discrete version
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respected only cubic symmetries. Also, the diffusion equation conserves the
total probability, [ p(x,t) dx, because it has the form of a continuity equation,
Oip(x,t) = —divj with the current j = —xVp.

Another way to describe it is to treat e; as a random variable with (e;) = 0
and (e;e;) = a?d;;, so that x = Zt/q e;.

Random walk is a basis of the statistical theory of fields. To see the
relation, consider the Green function which is the mean time spent on a

given site x:
= ZP(X, t) . (199)
t=0

The most natural question is whether this time if finite or infinite. It depends
on the space dimensionality. Indeed, summing (195) over ¢ as a geometric
series one gets

1kx ddk,
x) = / 1—d-'Y cos(ak;) (200)

It diverges at k — 0 when d < 2. In this limit one can also use the continuous
limit, where it has a form

. 2—d ikx—tk? 3d ka ddk

9(x) = lim(a*~/2d)G(x/a) = / dt/ dlk = / e (200
We have seen this integral calculating the correlation function of fluctuation
(178). The divergence of this integral in one and two dimensions meant
before that the fluctuation are so strong that they destroy any order. Now,
(201) suggests another interpretation: integral divergence means that the
mean time spent on any given site is infinite. In other words, it means that
the random walker in 1d and 2d returns to any point infinite number of
times. Short-correlated nature of a random walk corresponds to short-range
interaction.

A path of a random walker behaves rather like a surface than a line.
Indeed, surfaces generally intersect along curves in 3d, they meet at isolated
points in 4d and do not meet at d > 4. That is reflected in special properties
of critical phenomena in 2d and 4d. Two-dimensionality of the random walk
is a reflection of the square-root diffusion law: (z) o< v/#. Indeed, one can
define the dimensionality of a geometric object as a relation between its size
R and the number of standard-size elements (i.e. volume or area) N. For a
line, N o< R, generally N oc R?. For a random walk, N oc ¢t while R o z so
that d = 2.
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A slight generalization gives the generating function for the probabilities:

00 ikx gd
_ t/r _ e dk
G(x, \) )\;:0:)\ P(x,1) / e e S

At A = 1 it coincides with the Green functions while its derivatives give
moments of time:

oG
1+t
i = (50)
The continuous limit of the generating function,

g(x,m) = lim (@~ /20)G (x/a,, X) = [ (QW;;(ZQd—I—ka) | (203)

exactly corresponds to the Ornstein-Zernike approximation of the correlation
function of fluctuations of order parameter away from criticality (with a finite
correlation radius). Here we denoted 1/\ = 1+m?a?/2d so that m plays the
role of the inverse radius of correlation or mass of the quantum particle. Note
that this Green function can be presented as an integral of the probability
density (196) taken with x = 1:

g(x,m) = /OOO e o(x,t) dt . (204)

The properties of random walks can be expressed alternatively in terms
of sums over different paths. Let us write the transition probability indi-
cating explicitly the origin: p(x,t;0,0). Then we can write the convolution
identity which simply states that the walker was certainly somewhere at an
intermediate time ¢;:

p(x,t;0,0) = /p(x,t;xl,tl)p(xl,tl;0,0) dx; . (205)

We now divide the time interval ¢ into an arbitrary large number of intervals
and using (196) we write

dXit1 (i1 — xi)?
,£:0,0) / I SR 7
p(X 47TI€ 1+1 —t; )]d/Q P [ 4I€<ti+1 — tz)

— /O dt’x‘Q(t’)} . (206)

— /Dx(t’) exp
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The last expression is an integral over paths that start at zero and end up at
x at t. By virtue of (204) it leads to a path-integral expression for the Green
function:

g(x,m) = /OOO dt/Dx(t') exp {— /Ot dt’ [m2 + i:tQ(t')]} . (207)

Comparison of the Green functions (178,203) shows the relation between
the random walk and a free field. This analogy goes beyond the correlation
function to all the statistics. Indeed, much in the same way, the partition
function of a fluctuating field n(x) that takes continuous values in a con-
tinuum limit can be written as a path integral over all realizations of the

field:

7z = [ Dnexp[-pH{n(} - (208)
For a Gaussian free field in a discrete case one takes
U = 5 SN e — T (x) (209)
_ ; [ dthn(n = a Y cos(ak) () (210)
where Jyx = 1/2d when |x — x| = a and Jxx = 0 otherwise. In the

continuous limit it corresponds to the Ornstein-Zernike correlation function
(178,203),

BH = ;/dx (m*n® + |VnP?) . (211)

Here one needs to renormalize n(x/a) — v/2da®?>~'n(x).
Stochastic dynamics can thus be seen as thermodynamics in space-time
with trajectories playing the role of configurations.

8.2 Analogy between quantum mechanics and statisti-
cal physics

Looking at the transition probability (206), one can also see the analogy
between the statistical physics of a random walk and quantum mechanics.
According to Feynman, for a quantum non-relativistic particle with a mass
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M in the external potential U(x), the transition amplitude 7'(x,¢;0,0) from
zero to x during ¢ is given by the sum over all possible paths connecting
the points. Every path is weighted by the factor exp(iS/h) where S is the
classical action:

T(x,t;0,0) = /Dx(t') exp [;L /Ot dt’ (jw;jQ + U(x))] . (212)

Comparing with (206), we see that the transition probability of a random
walk is given by the transition amplitude of a free quantum particle during
an imaginary time.

In quantum theory, one averages over quantum rather than thermal fluc-
tuations, yet the formal structure of the theory is similar. This similarity
can be also revealed by using the formalism of the transfer matrix. In-
deed, in a nutshell, quantum mechanics is done by specifying two sets of
states |¢) and (p|, which has ortho-normality and completeness: (p|q) = dgp
and >, |¢)(q| = 1. Physical quantities are represented by operators and
measurement corresponds to taking a trace of the operator over the set of
sets: trace P=),(p|P|q). One special operator, called Hamiltonian H, de-
termines the temporal evolution of all other operators according to P(t) =
exp(iHt) P(0) exp(—iHt). The operator T'(t) = exp(iHt) is called time trans-
lation operator. The trace of it is the normalization factor in averages so it
can be called the partition function, let us formally consider it for an imag-
inary time ¢t = i3: then the quantum-mechanical average of any operator ()
is calculated as a trace normalized by the partition function:

(Q) = trace T

Z(B) = trace T(iB) =Y _ e P (213)

If the inverse "temperature” 3 goes to infinity then all the sums are domi-
nated by the ground state, Z(3) =~ exp(—fEp) and the average in (213) are
just expectation values in the ground state.

On the other hand, recall the one dimensional ring chain (151) with a
nearest neighbor interaction, whose partition function was expressed via the
trace of the transfer matrix (154,155). Here trace means the sum (or integral)
over all possible values on the cite. In particular, for the Ising model, it is
the sum over two values. If there are m values on the cite, then 7" is m x m
matrix. For O(n) model, trace means integrating over orientations of the
spin in n-dimensional space. We see that the translations along the chain
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are analogous to quantum-mechanical translations in (imaginary) time. This
analogy is not restricted to 1d systems, one can consider 2d strips that way
too.

8.3 Brownian motion

A similar problem is the random walk in the momentum space. The mo-
mentum of a small particle in a fluid, p = Mv, changes because of collisions
with the molecules. When the particle is much heavier than the molecules
then its velocity is small comparing to the typical velocities of the molecules.
Then one can write the force acting on it as Taylor expansion with the parts
independent of p and linear in p:

p=-Ap+f. (214)

Here, f(t) is a random function which makes (214) Langevin equation.
Its solution

p(t) = [ NG (215)

We now assume that (f) = 0 and that (£(¢') - £(¢' +¢)) = 3C(t) decays with
t during the correlation time 7 which is much smaller than A~!. Since the
integration time in (215) is of order A~! then the condition A\7 < 1 means
that the momentum of a Brownian particle can be considered as a sum of
many independent random numbers (integrals over intervals of order 7) and
so it must have a Gaussian statistics p(p) = (270%)~3/2 exp(—p?/20?) where

0_2 — <p§>:<p§>:<p§>:/0 C’(tl _ t2>€*)\(t1+t2)dt1dt2

[e) 2t 1 00
~ / e~ g / Ot dt' ~ — / o) dt’ . (216)
0 —2t 2X J—o

On the other hand, equipartition guarantees that (p?) = MT so that we
can express the friction coefficient via the correlation function of the force
fluctuations (a particular case of the fluctuation-dissipation theorem to be
discussed below in Sect. 9.2):

]‘ & / /

Displacement
Ar = r(t +1) — r(t) = / v(t") dt"
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is also Gaussian with a zero mean. To get its second moment we need the
different-time correlation function of the velocities

(v(t) - v(0)) = (3T/M) exp(=Alt]) (218)

which can be obtained from (215). Note that the friction makes velocity
correlated on a longer timescale than the force. That gives

((Ar)?) = /Ot' dtq /Ot/ dta(v(t1)v(ta)) = ]\(/3[1)12 (At + e 1) .

The mean squared distance initially grows quadratically (so-called ballistic
regime at At’ < 1). In the limit of a long time (comparing to the relaxation
time A~! rather than to the force correlation time 7) we have the diffusion
growth ((Ar)?) ~ 6Tt /MM. Generally ((Ar)?) = 2dDt where d is space
dimensionality and D - diffusivity. In our case d = 3 and then the diffu-
sivity is as follows: D = T/M ) — the Einstein relation'®. The probability
distribution of displacement,

p(Ar, V') = (4nDt') 3% exp[—(Ar)?/4Dt']

satisfies the diffusion equation 9p/0t' = DV?p. If we have many particles
initially distributed according to n(r,0) then their distribution at any time,
n(r,t) = [ p(r—r',t)n(r’,0) dr’, also satisfies the diffusion equation: dn/ot’ =
DV?n.

In the external field V' (q), the particle satisfies the equations
p=-p+f-0,V, q=p/M. (219)

Note that these equations characterize the system with the Hamiltonian H =
p?/2M+V (q), that interact with the thermostat, which provides friction —Ap
and agitation f - the balance between these two terms expressed by (217)
means that the thermostat is in equilibrium.

Consider now the over-damped limit, Ap > p, which gives the first-order
equation:

Ap = \Mg=f—09,V . (220)

With temperature in degrees, it contains the Boltzmann constant, k = DM \/T, which
was actually determined by this relation and found constant indeed, i.e. independent of
the medium and the type of particle. That proved the reality of atoms - after all, kT is
the kinetic energy of a single atom.
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Let us derive the equation on p(q,t), that is to pass from considering indi-
vidual trajectories to the description of the ”cloud” of trajectories. We know
that without V', the density satisfies the diffusion equation. Consider now

dynamic equation without any randomness, AMq = —09,V/, it corresponds to
a flow in g-space with the velocity w = —0,V/AM. In a flow, density satisfies
the continuity equation 0;p = —div pw. Together, diffusion and advection
give the so-called Fokker-Planck equation

ap 1 0 oV

— =DV’p+ —— = —divJ. 221

ot P og oq ~ (221)

More formally, one can derive this equation by considering the Langevin
equation q—w = 7, taking the noise Gaussian delta-correlated (1;(0)n;(t)) =
2D06;;6(t). In this case the path-integral representation (206) change into

1 t
pla.ti0.0) = [Datt)exp |5 [atla-wP| . (@22)
4D Jo

since it is the quantity ¢ — w which is Gaussian now. To describe the time
change, consider the convolution identity (205) for an infinitesimal time shift
€

l[a—q —ew(q)]?
4De

pla.t) = [ daf(4mDe) " exp [— ] oot ). (223)

What is written here is simply that the transition probability is the Gaussian
probability of finding the noise n with the right magnitude to provide for the
transition from q’ to q. We now change integration variable, y = q—q —
ew(q’), and keep only the first term in e: dq' = dy[l — €dq - w(q)]. Here
Oq W = O;w; = divw. In the resulting expression, we expand the last factor,

p(q,t) = (1 — €0y - W) /dy(47rDe)’d/Qe*y2/4D€p(q +y—ew,t—¢)

~ (1= ey w) [ dy(4mDe) 210 p(q 1) + (y = ew) - Dap(a )

+(yiy; — 2eyiw; + Ewiw;)id;p(q,t)/2 — €dip(q, t)}
= (1 — €Dy W)[p—ew - gp + eDAp — dyp + O(€%)] , (224)

and obtain (221) collecting terms linear in e. Note that it was necessary to
expand until the quadratic terms in y, which gave the contribution linear in
€, namely the Laplacian, i.e. the diffusion operator.
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The Fokker-Planck equation has a stationary solution which corresponds
to the particle in an external field and in thermal equilibrium with the sur-
rounding molecules:

p(q) o< exp[—V(q)/AM D] = exp[-V (q)/T] . (225)

Apparently it has a Boltzmann-Gibbs form, and it turns into zero the proba-
bility current: J = —pdV/dq — Ddp/dq = 0. We shall return to the Fokker-
Planck equation in the next Chapter for the consideration of the detailed
balance and fluctuation-dissipation relations.

Ma, Sect. 12.7; Kardar Fields, Sect 9.1.

9 Response and fluctuations

The mean squared thermodynamic fluctuation of any quantity is determined
by the second derivative of the thermodynamic potential with respect to this
quantity. Those second derivatives are related to susceptibilities with respect
to the properly defined external forces. One can formulate a general relation.

9.1 Static response

Consider a system with the Hamiltonian 4 and add some small static ex-
ternal force f so that the Hamiltonian becomes H — xf where x is called
the coordinate. The examples of force-coordinate pairs are magnetic field
and magnetization, pressure and volume etc. The mean value of any other
variable B can be calculated by the canonical distribution with the new

Hamiltonian
- X Bespl(af — H)/T]
Sexpl(zf —H)/T]

Note that we assume that the perturbed state is also in equilibrium. The
susceptibility of B with respect to f is as follows

_ 0B (Bxz)— Bz _ (Bz).
=97 = 7 T

(226)

Here the cumulant (also called the irreducible correlation function) is defined
for quantities with the subtracted mean values (zy). = ((z — Z)(y — ¢)) and
it is thus the measure of statistical correlation between =z and y. We thus

115



learn that the susceptibility is the measure of the statistical coherence of the
system, increasing with the statistical dependence of variables. Consider few
examples of this relation.

Example 1. If x = H is energy itself then f represents the fractional
increase in the temperature: H(1— f)/T ~ H/(1+ f)T. Formula (226) then
gives the relation between the specific heat (which is a kind of susceptibility)
and the squared energy fluctuation which can be written via the irreducible
correlation function of the energy density €(r):

OH OF
af _TaT B

T/ Yedrdr’ = T/ (0)).dr (227)

Growth of the specific heat when the temperature approached criticality
is related to the growth of the correlation function of fluctuations. As we
discussed before, the specific heat is extensive i.e. proportional to the volume
(or number of particles), but the coefficient of proportionality actually tells
us how many degrees of freedom are effective in absorbing energy at a given
temperature (recall two-level system where specific heat was small for high
and low temperatures). We see from (227) that the higher the correlation
the larger is the specific heat that is the more energy one needs to spend to
raise the temperature by one degree).

Example 2. If f = h is a magnetic field then the coordinate x = M is the

magnetization and (226) gives the magnetic susceptibility

_OM (M),
- Oh T T

dr .

Divergence of x near the Curie point means the growth of correlations be-
tween distant spins i.e. the growth of correlation length. For example, the
Ornshtein-Zernicke correlation function (175) gives (m(r)m(0)). o r*=¢ so

that in the mean-field approximation y oc [7°¢ d%rr?=¢ oc r? oc |T — T,|7".

General remark. These fluctuation-response relations can be related to
the change of the thermodynamic potential (free energy) under the action of
the force:

F=-ThhZ=-Th) exp|(zf—H)/T]
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=—TInZy—Tln(exp(xf/T)) = Fy — f(x >0—§;< Moe + ... (228)

(2) = —OFJ3f, (®)o/T = da))of = —0F*[0f>. (229)

Subscript 0 means an average over the state with f = 0, we don’t write it
in the expansion (229) which can take place around any value of f. Formula
(228) is based on the cumulant expansion theorem (which we already used
implicitly in making virial expansion in Sect. 5.1):

o0 n

(espla)) = 143 11",

Q

—_

In(exp(az)) = zl (1~ (expla)))” =

4. fj = (™ — 1),.

I
s
=
+
=
&
e
|
)
\_/

Example 3. Consider now the inhomogeneous force f(r) and denote
a(r) = z(r) — xg. The Hamiltonian change is now the integral

/f(r)a(r) dr = Z fkak/ /ei(k+k’)~r dr = VZ fk(l_k .
k

kk’

The mean linear response can be written as an integral of the force with the
response (Green) function:

=[G —x)f0) ', a=Gifi (230)

One relates the Fourier components of the Green function and the correlation
function of the coordinate fluctuations choosing B = ay, v = a_j in (226):

(! Vv ,
/ 7,k~(r —r) I —ik-r
T/ drdr T /(a(r)a(O))ce dr .
TG}, = (a?

Example 4. If B = x = N then f is the chemical potential u:

(%Z)T’V _ <NT>c _ ((A;V) ) _ ;/(n(r)n(0)>cdr~ (231)
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This formula coincides with (169) if one accounts for

2 (VY (o) (Y
P T,N— op T,N_ oP .V

(), Gr), = (5),, e
O TV opP TV O T,V'

Here we used the fact Q(T, u) = PV and N = 9§2/0u. We conclude that the
response of the density to the pressure is expressed via the density fluctua-
tions.

In the simplest case of an ideal gas with (n(r)n(0)). = nd(r), (231,232)
give dn/dP = 1/T. For the pair interaction energy U(r) the first ap-
proximation (neglecting multiple correlations) gives (n(r)n(0)). = n{d(r) +
nle=V™/T — 1]} and the correction to the equation of state

p=nT+ nzT/[l — e VT gy

which we already derived in Sect. 5.2.
More details in Shang-Keng Ma, Statistical Mechanics, Sect. 13.1

9.2 Temporal correlation of fluctuations

We now consider the time-dependent force f(t) so that the Hamiltonian is
H = Ho — xf(t). Time dependence requires more elaboration than space
inhomogeneity?® because one must find the non-equilibrium time-dependent
probability density in the phase space solving the Liouville equation
BT DI o), (239)
r Op  Op Ox
or the respective equation for the density matrix in the quantum case. Here
p is the canonical momentum conjugated to the coordinate z. One can solve
the equation (233) perturbatively in f starting from py = Z ! exp(—BH,)
and then solving

d 0
T oMo} = U = (S} = 155 0 (234)

20As the poet (Brodsky) said, ”Time is bigger than space: space is an entity, time is in
essence a thought of an entity.”
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Here d/dt denotes the derivative in the moving reference frame, like in
Sect. 2.1. The motion is along an unperturbed trajectory determined by
Ho. Recall now that 0Hy/0p = dx/dt (calculated at f = 0 i.e. also along
an unperturbed trajectory). The formal solution of (234) is written as an
integral over the past:

dx(T)
dr

t
pr="bp0 [ F(E (235)
We now use (235) to derive the relation between the fluctuations and
response in the time-dependent case. Indeed, the linear response of the co-
ordinate to the force is as follows

(1)) = /_t at () dr = [adepy(e 1), (236)

which defines generalized susceptibility (also called response or Green func-
tion) a(t,t’) = a(t —t') = §{(x(t))/0f(t'). Note that causality requires
a(t—1t") =0 for t < t'. Substituting (235) into (236) and taking a variational
derivative 0/J f(t') we obtain the fluctuation-dissipation theorem (FDT)

O aal)) = Talt, 1), 121 (237)

It relates quantity in equilibrium (the decay rate of correlations) to the weakly
non-equilibrium quantity (response to a small perturbation). While it is
similar to the fluctuation-response relations obtained in the previous section,
it is called the fluctuation-dissipation theorem. Pay attention to the fact
that the derivative is with respect to the earlier time, which is related to
causality and is also clear looking at (235). To understand (237) better and
to see where the word ”dissipation” comes from, we introduce the spectral
decomposition of the fluctuations:

00 dw

Ty = / T, a(t) = / roe it (238)

—00 2T

The pair correlation function, (z(#)z(t)) must be a function of the time
difference which requires (r,z./) = 276(w + w')(2?), — this relation is the
definition of the spectral density of fluctuations (z?),,. Linear response in the
spectral form is z,, = a, f,, where

a(w) = /0 a(t)e™ dt = o + 1"
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is analytic in the upper half-plane of complex w under the assumption that
a(t) is finite everywhere. Since «(t) is real then o(—w*) = a*(w). Let us
show that the imaginary part o determines the energy dissipation,

dE _dH _ oM _OHdf _ __df (239)
dt  dt ot  Of dt T

For purely monochromatic perturbation, f(t) = f, exp(—iwt) + f* exp(iwt),
T = a(w)f, exp(—iwt) + a(—w) f* exp(iwt), the dissipation averaged over a
period is as follows:

dE 2w wdt ,
= | Srlalw) — @)l fuf? = 2wallL . (240)

We can now calculate the average dissipation using (235)

dE t

= = /:vfpl dpdx = —B/ t)po dpdﬂf/ooi'(T —t)f(7)dr

— —iwl o8 [ (@) dt = Pl L) (241)

where the spectral density of the fluctuations is calculated with po (i.e. at
unperturbed equilibrium). Comparing (240) and (241) we obtain the spectral
form of the fluctuation-dissipation theorem (Callen and Welton, 1951):

2Ta" (w) = w(z?),, . (242)

We can also obtain directly making a Fourier transform of (237),

TO‘( ) _ / °°<x(0)x(t)>exp<m)dt
/ )) exp(iwt) dt+/ (0)z(t)) exp(iwt)dt
() —al- m1 _ M)

This truly amazing formula relates the dissipation coefficient that governs
non-equilibrium kinetics under the external force with the equilibrium fluc-
tuations. The physical idea is that to know how a system reacts to a force
one might as well wait until the fluctuation appears which is equivalent to
the result of that force. Note that the force f disappeared from the final
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result which means that the relation is true even when the (equilibrium)
fluctuations of = are not small. Integrating (242) over frequencies we get

<x2>:/°°(x2)w‘2l:=:/_°;o‘"(zm:T * oW ro) . (a3)

—0o0 1T J—o00 w

The last step used the Cauchy integration formula (for the contour that
runs along the real axis, avoids zero by a small semi-circle and closes at the
upper half plane). We thus see that the mean squared fluctuation is the
zero-frequency response, which is the integral of the response over time:

We have seen the simplest case of the FDT before - the relation (217)
relating the friction coefficient of the Brownian particle to the variance of
the fluctuating molecular forces and the temperature of the medium. The
same Langevin equation (214) is satisfied by many systems, in particular by
the current I flowing through an electric L-R circuit at a finite temperature:

dl
L— =—-RI+V(T),
o +V(T)
where the fluctuating voltage V' (t) is due to thermal fluctuations. Similar to
(217) we can then relate the resistance to the equilibrium voltage fluctuations
on a resistor R:

/ T (V(0)V(£))dt = 2RT .

This relation is called Nyquist theorem, note that I does not enter. Equipar-
tition requires L < I? > /2 =T/2, so that similar to (218) we can write the
current auto-correlation function (1(0)1(t)) = (T'/L) exp(— Rt/ L), which cor-
responds to the Lorentzian spectral density: (I%), = 2RT/(L*w? + R?). At
low frequencies it corresponds to a constant spectral density (white noise).

Generally, the spectral density has a universal Lorentzian form in the
low-frequency limit when the period of the force is much longer than the
relaxation time for establishing the partial equilibrium characterized by the
given value z = «(0)f. In this case, the evolution of z is the relaxation
towards Z:

i =Mz —7). (244)
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For harmonics,

(A —iw)z, = AT = Aa(0) f,
A w
a(w) = 04(0)/\ — o (w) = a(O)m . (245)
The spectral density of such (so-called quasi-stationary) fluctuations is as

follows:
2\

2 2
(:U )w_<$>)\2+w2 .
It corresponds to the long-time exponential decay of the temporal correla-
tion function: (z(t)z(0)) = (z%)exp(—\|¢|). That exponent is a temporal
analog of the large-scale formula (175). Non-smooth behavior at zero is an
artefact of the long-time approximation, consistent consideration would give
zero derivative at t = 0. The susceptibility is a(t) = exp(—At).
When several degrees of freedom are weakly deviated from equilibrium,
the relaxation must be described by the system of linear equations (consider
all z; = 0 at the equilibrium)

(246)

The dissipation coefficients are generally non-symmetric: A;; # Aj;. One
can however find a proper coordinates in which the coefficients are symmet-
ric. Single-time probability distribution of small fluctuations is Gaussian
w(x) ~ exp(AS) ~ exp(—f,z;x). The matrix 3 is symmetric by defini-
tion. Introduce generalized forces X; = —0S5/0x; = B;;x; so that &; = v;; X,
Yij = /\ik(ﬁil)kj with <I,X]> = fdxxinw = —de.l’Z@U)/@IJ = 52']' —
we have seen that the coordinates and the generalized forces do not cross-
correlate already in the simplest case of uniform fluctuations described by
(166) which gave (AT AV') = 0, for instance. Returning to the general case,
note also that (X;X;) = 8 and (z;x) = (') If z; all have the same
properties with respect to the time reversal then their correlation function
is symmetric too: {(x;(0)x(t)) = (z;(t)zx(0)). Differentiating it with respect
to t at t = 0 we get the Onsager symmetry principle, v,z = 7. For ex-
ample, the conductivity tensor is symmetric in anisotropic crystals without
magnetic field. Also, a temperature difference produces the same electric
current as the heat current produced by a voltage. Such symmetry relations
due to time reversibility are valid only near equilibrium steady state and are
manifestations of the detailed balance (i.e. absence of any persistent currents
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in the phase space). Let us stress that this is different from the susceptibil-
ities in equilibrium which were symmetric for the simple reason that they
were second derivatives of the thermodynamic potential; for instance, dielec-
tric susceptibility x;; = OF,;/0E; = xjt where P is the polarization of the
medium - this symmetry is analogous to the (trivial) symmetry of 3, not the
(non-trivial) symmetry of 4.

See Landay & Lifshitz, Sect. 119-120 for the details and Sect. 124 for the
quantum case. Also Kittel Sects. 33-34.

9.3 Spatio-temporal correlation function

To have a specific example, let us calculate the correlation function of the
density at different points and times for the simplest case of an ideal gas. We
have N particles with the time-independent momenta pj and the coordinates
Ry (t) = Ry(0)+pxt/m. The concentration is just the sum of delta-functions,
corresponding to different particles:

n(r,t) = ’; 5(r — Ri(t)) - (248)

Since the particles do not interact, there is no correlation between differ-
ent particles. Therefore, the only correlation between densities n(r,t) and
n(r’,t') can appear due to a particle that visited both places at respective
times:

(n(r, t)n(x', ). = <k§j 0(r = Ri(t))o(x' — Rk(t’))>

= N (6(r = Re(1))8(x' = Ry(t) — pr(t — £)/m))
= N<5(r — Rk(t))é(r' —r —pi(t' — t)/m)> : (249)

There are two averages here. The first one is over all possible positions within
the space V', which gives <(5<r - Rk(t)>> = 1/V. The second average is over
the Maxwell distribution of the momenta:

(n(r,t)n(r’ t")), = ]‘\/[ <5(r’ —r — pp(t' — t)/m)>
— n(20MT)~/? / dpe TS (v — Ry (t) — pi(t’ — 1)/M)

d/2 _ 2
e mlr — 1’|
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That function determines the response of the concentration to the change
in the chemical potential. In particular, when ¢ — ¢ it tends to nd(r — r’),
which determines the static response described in Sect. 9.1. For coinciding
points it decays by the diffusion law, (n(r,t)n(r,t')). o< |t — /|7, so that the
response decays as |t — t/|7¢"L.

9.4 General fluctuation-dissipation relation

Consider the over-damped Brownian particle with the coordinate z(t) in a
time-dependent potential V' (z, t):

i=—-0,V+1. (251)

Here (n(0)n(t)) = 26(t)/B. The Fokker-Planck equation for the probability
p(z,t) has the same form (221):

Oyp = Td?p + 8,(pd,V) = —Hppp . (252)

We have introduced the Fokker-Planck operator,

which allows one to exploit another instance of the analogy between quantum
mechanics and statistical physics. We may say that the probability density is
the ¢-function is the x-representation, p(x,t) = (x| (t)). In other words, we
consider evolution in the Hilbert space of functions so that we may rewrite
(252) in a Schrodinger representation as d|i))/dt = —Hpp|1), which has a
formal solution [i(t)) = exp(—tHpp)|1(0)). The transition probability is
given by the matrix element:

p(a ' x,t) = (2’| exp[(t — ') Hpp)|z) . (253)

Without the coordinate-dependent field V(x), the transition probability is
symmetric, p(a’,t;x,0) = p(x,t;2’,0), which is formally manifested by the
fact that the respective Fokker-Planck operator 9? is Hermitian. This prop-
erty is called the detailed balance. How this is modified in an external field? If
the potential V' is time independent, then we have a Gibbs steady state which
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also satisfies the detailed balance: the probability current is the (Gibbs) prob-
ability density at the starting point times the transition probability; forward
and backward currents must be equal in equilibrium:

p(a’ t;2,0)e”V@/T = p(x, t; 2!, 0)e”V /T (254)
(/e =VIT |y = (|etHrr=VIT|of) = (of|e™V/T" ke |)
Since this must be true for any z, 2’ then et = ¢V/TetHrre=V/T and
Hbp=e""THppe VT (255)

ie. e/*T Hppe V/?T is hermitian, which can be checked directly.

Consider now a time-dependent potential. Even though one can define a
time-dependent Gibbs state Z; ' exp[—BV (z,t)] with Z, = [ exp[—BV (z,t)]dx,
it is not any longer a solution. Can we have anything generalizing the de-
tailed balance relation (254) we had in equilibrium? Such relation was found
surprisingly recently despite its generality and relative technical simplicity of
derivation.

Define the work done during the time ¢ as

bV (x(t), 1)

W, = /O = (256)
The time derivative here is partial i.e. taken only with respect to the second
argument. The work is a fluctuating quantity depending on the trajectory
x(t"). We consider an ensemble of trajectories starting from the initial po-
sitions taken with the Gibbs distribution corresponding to the potential at
that moment: p(z,0) = Z;'exp[—V(x,0)]. Then the remarkable relation
holds (Jarzynski 1997):

(exp(=BWY)) = Zi/Zy . (257)

Here the bracket means double averaging, over the initial distribution p(z, 0)
and over the different realizations of the Gaussian noise 7(¢) during the time
interval (0,¢). Remark that the entropy is defined only in equilibrium, yet the
work divided by temperature is an analog of the entropy change (production),
and the exponent of it is an analog of the phase volume change.

To prove (257) we consider the generalized Fokker-Planck equation for
the joint probability p(x, W,t). Similar to the argument preceding (221),
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we note that the flow along W in x — W space proceeds with the velocity
dW/dt = 9,V so that the respective component of the current is pd;V and
the equation takes the form

hp = B7102p + Du(p0,V) — D, pOLV (258)
Since Wy, = 0 then the initial condition for (258) is
p(x, W,0) = Zg " exp[=V (2, 0)]6(W) . (259)

While we cannot find p(x, W, t) for arbitrary V(¢) we can multiply (258) by
exp(—SW) and integrate over dW. Since V (z,t) does not depend on W, we
get the closed equation for f(z,t) = [ dWp(xz, W,t) exp(—LW):

Of = B71OLf + 0u(fO.V) = BFOV (260)

Now, this equation does have an exact time-dependent solution f(x,t) =
Zy ' exp[—BV (x,t)] where the factor is chosen to satisfy the initial condition
(259). In other words, the distribution weighted by exp(—pW;) looks like
Gibbs state, adjusted to the time-dependent potential at every moment of
time. To get (257), what remains is to integrate f(z,t) over x.

Let us reflect. We started from a Gibbs distribution but considered ar-
bitrary temporal evolution of the potential. Therefore, our distribution was
arbitrarily far from equilibrium during the evolution. Still, to obtain the
mean exponent of the work done, it is enough to know the partition func-
tions of the equilibrium Gibbs distributions corresponding to the potential at
the beginning and at the end (even though the system is not in equilibrium
at the end). Remarkable.

One can obtain different particular results from the general fluctuation-
dissipation relation (257). For example, using Jensen inequality (e4) > (4
and introducing the free energy F, = —T'In Z;, one can obtain the second
law of thermodynamics:

(WY >F,— F, .

Moreover, Jarzynski relation is a generalization of the fluctuation-dissipation
theorem, which can be derived from it for small deviations from equilibrium.
Namely, we can consider V(z,t) = Vo(x) — f(t)z, consider limit of f — 0,
expand (257) up to the second-order terms in f and get (237).

In a multi-dimensional case, there is another way to deviate the system
from equilibrium - to apply a non-potential force f(q,t) (which is not a
gradient of any scalar):

q=1f-0,V +n. (261)
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The new Fokker-Planck equation has an extra term

dp 0 oV ap -
“r _ . T = —H ) 262

Again, there is no Gibbs steady state and the detailed balance (254,255) is
now violated in the following way:

Hip=e"""Hepe VT + (f-q)/T , (263)

The last term is again the power divided by temperature i.e. the entropy
production rate. A close analog of the Jarzynski relation can be formulated
for the production rate measured during the time t:
L f d 4
=—— -q)dt . 26
o T Jo (f-aq) (264)
This quantity fluctuates from realization to realization (of the noise 7).
The probabilities P(o;) satisfy the following relation, which we give with-
out derivation (see Kurchan for details)

P(oy)
P(—oy)

ox et . (265)

The second law of thermodynamics states that to keep the system away from
equilibrium, the external force f must on average do a positive work. Over a
long time we thus expect o; to be overwhelmingly positive, yet fluctuations
do happen. The relation (265) shows how low is the probability to observe a
negative entropy production rate - this probability decays exponentially with
the time of observation.

The relation similar to (265) can be derived for any system symmetric
with respect to some transformation to which we add anti-symmetric per-
turbation. Consider a system with the variables sq,...,sy and the even
energy: Fy(s) = Ey(—s). Consider the energy perturbed by an odd term,
E = Ey — hM/2, where M(s) = > s; = —M(—s). The probability of the
perturbation P[M (s)] satisfies the direct analog of (265), which is obtained
by changing the integration variable s — —s:

P(a) = /dsé[M(s) — a]e*5E0+Bha/2

- / dsd[M (s) + ale PE0=Pha/2 — p(_q)e=Bha (266)
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9.5 Central limit theorem and large deviations

Mathematical statement underlying most of the statistical physics in the
thermodynamic limit is the central limit theorem, which states that the sum
of many independent random numbers has Gaussian probability distribution.
Recently, however, we are more and more interested in the statistics of not
very large systems or in the statistics of really large fluctuations. To answer
such questions, here we discuss the sum of random numbers in more detail.
Consider the variable X which is a sum of many independent identically
distributed (iid) random numbers X = % y;. Its mean value (X) = N(y)
grows linearly with N. Its fluctuations X — (X) on the scale less and compa-
rable with O(N'/?) are governed by the Central Limit Theorem that states
that (X — (X))/N'/2 becomes for large N a Gaussian random variable with
variance (y?) — (y)? = A. Finally, its fluctuations on the larger scale O(N)
are governed by the Large Deviation Theorem that states that the PDF of
X has asymptotically the form

P(X) o e NHX/N={u) (267)

To show this, let us characterize y by its generating function (e*¥) = e%*) (as-
suming that the mean value exists for all complex z). The derivatives of S(z)
at zero determine the cumulants of . The basic statement is that because
all y-s in the sum are independent then the generating function (e*X) of the
moments of X has exponential dependence on N: (e*X) = eV5() The PDF
P(X) is then given by the inverse Laplace transform % [ e #X+NSG) d with
the integral over any axis parallel to the imaginary one. For large N, the inte-
gral is dominated by the saddle point zg such that S’(zp) = X/N and the large
deviation relation (267) follows with H = —S(z0) + 205" (20). The function
H of the variable X/N — (y) is called entropy function since it is a logarithm
of probability. Note that NdH/dX = zy(X) and N?d?H/dX?* = 1/5"(z).
A few important properties of H (also called rate or Cramér function) may
be established independently of the distribution P(y) or S(z). It is a convex
function which takes its minimum at zero, i.e. for X taking its mean value
(X) = N(y) = NS’(0). The minimal value of H vanishes since S(0) = 0.
The entropy is quadratic around its minimum with H”(0) = A~!, where
A = S"(0) is the variance of y. Quadratic entropy means Gaussian probabil-
ity near the maximum — this statement is (loosely speaking) the essence of
the central limit theorem. In the particular case of Gaussian y, X is Gaussian
as well. Non-Gaussianity of the y’s leads to a non-quadratic behavior of H
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for (large) deviations of X/N from the mean of the order of A/S"(0).

A simple example is provided by tossing coin and attributing y = 0 to
heads and y = 1 to tails. X gives then the overall number of tails and
it appears with probability m In this example, S(z) = In(1/2 +
e*/2), (X) = N/2, A = 1/4. The Large Deviation form (267) may be
easily obtained from the Stirling formula and the entropy H is equal to
(1= X/N)In(1 — X/N)+ (X/N)In(X/N) 4+ In2 for X/N between 0 and 1
and to +oo otherwise (X is never bigger than N).

Another example is the statistics of the kinetic energy, E = S p?/2, of
N classical identical unit-mass particles. We considered that back in the Sec-
tion 2.2 in the micro-canonical approach and thermodynamic limit N — oco.
Let us now look using canonical Gibbs distribution which is Gaussian for
momenta: p(py,...,pn) = (20T) N2 exp ( 1 pl/2T> The energy prob-
ability for any N is as follows:

p(E,N) = /P(pl,--pr)(; <E—ZP?/2) dp: ...dpn

- )"

Plotting it for different N, one can appreciate how the thermodynamic limit
appears. Taking the logarithm and using the Stirling formula one gets the
large-deviation form for the energy R = E/E, normalized by the mean energy
E = NT/2:

(268)

N . RN N RN N
Inp(E,N) = 2ln 5 1n2 -y~ 2(1—R+1nR) (269)
This expression has a maximum at R = 1 i.e the most probable value is
the mean energy. The probability of R is Gaussian near maximum when
R —1 < N~'2 and non-Gaussian for larger deviations. Notice that this
function is not symmetric with respect to the the minimum, it has logarithmic
asymptotics at zero and linear asymptotics at infinity.

129



Basic books

L. D. Landau and E. M. Lifshitz, Statistical Physics Part 1.
R. K. Pathria, Statistical Mechanics.

R. Kubo, Statistical Mechanics.

K. Huang, Statistical Mechanics.

C. Kittel, Elementary Statistical Physics.

Additional reading

S.-K. Ma, Statistical Mechanics.

A. Katz, Principles of Statistical Mechanics.

J. Cardy, Scaling and renormalization in statistical physics.

M. Kardar, Statistical Physics of Particles, Statistical Physics of Fields.

J. Sethna, Entropy, Order Parameters and Complexity.

J. Kurchan, Six out of equilibrium lectures, http://xxx.tau.ac.il/abs/0901.1271

130



Exam 2007

1. A lattice in one dimension has N cites and is at temperature 7.
At each cite there is an atom which can be in either of two energy states:
E; = £e. When L consecutive atoms are in the +e¢ state, we say that they
form a cluster of length L (provided that the atoms adjacent to the ends of
the cluster are in the state —¢). In the limit N — oo,

a) Compute the probability P, that a given cite belongs to a cluster of
length L (don’t forget to check that >7° ,Pr = 1);

b) Calculate the mean length of a cluster (L) and determine its low- and
high-temperature limits.

2. Consider a box containing an ideal classical gas at pressure P and
temperature T. The walls of the box have Ny absorbing sites, each of which
can absorb at most two molecules of the gas. Let —e be the energy of an
absorbed molecule. Find the mean number of absorbed molecules (N). The
dimensionless ratio (V) /Ny must be a function of a dimensionless parameter.
Find this parameter and consider the limits when it is small and large.

3. Consider the spin-1 Ising model on a cubic lattice in d dimensions,
given by the Hamiltonian

H=—J> SiS;,—A> S —h> Si,
(i,9) ¢ i

where S; = 0,%1, >>_;;» denote a sum over z nearest neighbor sites and
J,A > 0.

(a) Write down the equation for the magnetization m = (S;) in the mean-
field approximation.

(b) Calculate the transition line in the (7, A) plane (take h = 0) which
separates the paramagnetic and the ferromagnetic phases. Here T is
the temperature.

(c) Calculate the magnetization (for A = 0) in the ferromagnetic phase
near the transition line, and show that to leading order m ~ /T, — T,
where T is the transition temperature.

(d) Show that the zero-field (h = 0) susceptibility x in the paramagnetic
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phase is given by

1 1

kT 1+ Teh — 2

X:

4. Compare the decrease in the entropy of a reader’s brain with the
increase in entropy due to illumination. Take, for instance, that it takes t =
100 seconds to read one page with 3000 characters written by the alphabet
that uses 32 different characters (letters and punctuation marks). At the
same time, the illumination is due to a 100 Watt lamp (which emits P =
100J/s). Take T = 300K and use the Boltzmann constant k = 1.38-10723J /K.

Solutions
Problem 1.

a) Probabilities of any cite to have energies +e are
Py = eiﬁe(eﬂ6 + 6_66)_1 .

The probability for a given cite to belong to an L-cluster is P, = LPLP?
for L > 1 since cites are independent and we also need two adjacent cites to
have —e. The cluster of zero length corresponds to a cite having —e so that
Pr = P_ for L = 0. We ignore the possibility that a given cite is within L
of the ends of the lattice, it is legitimate at N — oo.

S P = PPy IPL=P PP S Pk
= L=1 + L=1
P2P
=Pt PPl

0 & Pi(1+Py) ePe 4 2e7¢
LP; = P2 ppL= A T T 2 T2
;) Pr=7= P*@Puzzl & P_ ePe t ePe

At T = 0 all cites are in the lower level and (L) = 0. As T' — oo, the proba-
bilities P, and P_ are equal and the mean length approaches its maximum

(L) = 3/2.
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Problem 2.

Since each absorbing cite is in equilibrium with the gas, then the cite and
the gas must have the same chemical potential ;1 and the same temperature
T. The fugacity of the gas z = exp(u) can be expressed via the pressure
from the grand canonical partition function

Zy(T,V, p) = exp[zV (2xmT)**n~%],
PV =Q=TInZ, = :VT°?2rm)3*h=> .

The grand canonical partition function of an absorbing cite Z,;. = 1+ 2z’ +

22e28¢ gives the average number of absorbed molecules per cite:

(N) _ 0Zwe _ _x42°

Ny 9z 14z +a2

where the dimensionless parameter is # = PT~°/2¢5h3(27rm)~3/2. The limits
are (N)/Ng — 0 as x — 0 and (N)/Ny — 2 as © — oo.

Problem 3.
a) Hepp(S) = —JmzS — AS? — 1S, S =0, +£1.

B(Jzm~+h) _ ,—B(Jzm-+h)
€ (&
m = eﬁA

1+ eBA [eg(sz+h)_|_€fﬁ(sz+h)] '

sa 28Jzm + (BJzm)*/3
1+ 2ePA1+ (BJzm)?/2)
Transition line S.Jz =1+ 56*564 At A — oo it turns into Ising.

c)

m=e

(BB
(Be2)?/2 = (BeJz)3/6
d)
m = e’BAW . ma2Bh(24 e P2 — B2, x = 0m/oh .
Problem 4

Since there are 2° = 32 different characters then every character brings
5 bits and the entropy decrease is 5 x 3000/ log, e. The energy emitted by
the lamp Pt brings the entropy increase Pt/kT which is 100 x 100 x 10% x
log, €/1.38 x 300 x 5 x 3000 ~ 10% times larger.

133



Exam 2009

1. Consider a classical ideal gas of atoms whose mass is m moving in an
attractive potential of an impenetrable wall: V(z) = Az?/2 with A > 0 for
x>0 and V(x) = oo for x < 0. Atoms move freely along y and z. Let T
be the temperature and n be the number of atoms per unit area of the wall.
Consider the thermodynamic limit.

a) Calculate the concentration n(z) — the number of atoms per unit vol-
ume as a function of the distance x from the wall. Note that n = [;° n(z) dz.

b) Calculate the energy and specific heat per unit area of the wall.

¢) Find the free energy and chemical potential.

d) Find the pressure the atoms exert on the wall (i.e. at x = 0).

2. A cavity containing a gas of electrons has a small hole of area A through
which electrons can escape. External electrodes are so arranged that voltage
is V between inside and outside of the cavity. Assume that
i) a constant number density of electrons is maintained inside (for example,
by thermionic emission);

ii) electrons are in thermal equilibrium with temperature T and chemical
potential u such that kKT <V — p;

iii) electrons moving towards the hole escape if they have an energy greater
than V.

Estimate the total current carried by escaping electrons.

3. A d-dimensional container is divided into two regions A and B by a
fixed wall. The two regions contain identical Fermi gases of spin 1/2 particles
which have a magnetic moment 7. In region A there is a magnetic field of
strength H, but there is no field in region B. Initially, the entire system is
at zero temperature, and the numbers of particles per unit volume are the
same in both regions. If the wall is now removed, particles may flow from
one region to the other. Determine the direction in which particles begin to
flow, and how the answer depends on the space dimensionality d.
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4. One may think of certain networks, such as the internet, as a directed
graph G of N vertices. Every pair of vertices, say ¢ and j, can be connected by
multiple edges (e.g. hyperlinks) and loops may connect edges to themselves.
The graph can therefore be described in terms of an adjacency matrix A;;
with N? elements; each A;; counts the number of edges connecting ¢ and j
and can be any non-negative integer, 0, 1, 2...

The entropy of the ensemble of all possible graphsis S = — > o pgInpg =
— {4,y P(Aij) Inp(A;;). Consider such an ensemble with the fixed average
number of edges per vertex (k).

(i) Write an expression for the number of edges per vertex k for a given
graph A;;. Use the maximum entropy principle to calculate pg(A;;) and the
partition function Z (denote the Lagrange multiplier that accounts for fixed
(k) by 7). What is the equivalent of the Hamiltonian? What are the degrees
of freedom? What kind of “particles” are they? Are they interacting?

(il) Calculate the free energy F' = —In Z, and express it in terms of 7. Is
it extensive with respect to any number?

(iii) Write down an expression for the mean occupation number (4;;) as
a function of 7. What is the name of this statistics? What is the ”chemical
potential” and why?

(iv) Express F' via N and (k). Express pg for a given graph as a function
of k, (k) and N.
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Solutions

Problem 1.
a) n(x) = n(0) exp(—BA2%/2) = 2n(AB/27)"/? exp(—LAx?/2).
b) For x; > 0,

2 2
_ pi | A
(o)
Equipartition gives £ = 4(T/2)N = 2T N and C, = 2N.
c)

RN p?  Ax?
Zy = ﬁ/7rd]oal31:exp [—ﬁzi: <2m + N
N

8N 2N \J/2nT/A
_h (V2rmT)*N 7/ ,

NI 2
F=-T[3NIlnh—NmnN+N+2NInL+ Nl (22°T*m??/AY?)] |

_ OF _ 22, 3/2 7 41/2

u_5N9_4fﬁmh—huv+2mL+h%%ﬂTm JAY?)]

= =T [3lnh —lnn + In (20°T2m?2 /4] .

d) P(z) = n(x)T. Note that the pressure is inhomogeneous so it is not 9F/0l
where [ is the length of the system in the x-direction — the free energy F’ is
not extensive in [ and at the limit [ — oo we have 0F /0l = 0.

Problem 2

Our main task is to find the number of particles per unit time escaping
from the cavity. To this end, we first suppose that the cavity is a cube of side
L and that single-particle wavefunctions satisfy periodic boundary conditions
at its walls. Then the allowed momentum eigenvalues are p; = hn;/L (i =
1,...,3), where the n; are positive or negative integers. Then (allowing for
two spin polarizations) the number of states with momentum in the range d*p
is (2V/h3)d®p, where V = L3 is the volume. (To an excellent approximation,
this result is independent of the shape of the cavity.) Multiplying by the
grand canonical occupation numbers for these states, we find that the number
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of particles per unit volume with momentum in the range dp near p is

n(p)d®p, where
2 1

h exp[B(e(p) — )] + 1

with €(p) = |p|?/2m. Now we consider, in particular, a small volume enclos-
ing the hole in the cavity wall, and adopt a polar coordinate system with
the usual angles 6 and ¢, such that the axis # = 0 (the z axis, say) is the
outward normal to the hole (see corresponding figure).

The number of electrons per unit volume whose volume has a magnitude
between p and p + dp and is directed into a solid angle df) = sinfdfd¢o
surrounding the direction (6, ¢) is

(270)

n(p) =

n(p)p* sin OdpdOde (271)

and, since these electrons have a speed p/m, the number per unit time cross-
ing a unit area normal to the (6, ¢) direction is

1
—n(p)p® sin Odpdhde . (272)
m

The hole subtends an area d A cosf normal to this direction, so the number
of electrons per unit time passing through the hole with momentum between
p and p + dp into the solid angle df2 is

A
o4 n(p)p® sin O cos OdpdHde . (273)

It is useful to check this for the case of a classical gas, with
n(p) = n(27rkaT)—3/26—p2/2kaT’

where n is the total number density, and with V' = 0. Bearing in mind that
only those particles escape for which 0 < 6 < 7/2, we then find that the
total number of particles escaping per unit time is

0An / d /7T /2 40 21 d(b 3 B
m(2mmkgT)3/2 P 0 prexp

2

p
ka’BT

] sinf cos = lenééA,
(274)

where ¢ = /8kpgT/mm is the mean speed. This standard result can be
obtained by several methods in elementary kinetic theory. For the case in
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hand, the number of electrons escaping per unit time is

aN _ oA
dt N m JV2mV

/2
dp/ d@/ dpp®n(p) sin 0 cos 0 (275)

__ 2méA
mﬂhg’ f\/ZmV eBle(p)— u)+1@76)

If V —p> kgT, then S(e(p) — ) is large for all values of p in the range of
integration, and we can use the approximation

ToA V
P E@-m8 g, ~ T emkyT)e o~ (V=B (1 n kBT)
(277)
Since p is positive for a Fermi gas at low temperatures, we also have V' >
kT, so the 1 and 1+ V/kgT can be neglected. Finally, therefore, on multi-

plying by the charge —e each electron, we estimate the current as

dN 2mHA /
dt — mh3 Jyamv

[=— (47;”‘6) SAVEgT exp[-B(V — u)] . (278)

If the temperature is low enough that kgT < €p, then pu can be replaced
by the Fermi energy e = (h%/8m)(3n/m)?/3, where n is the total number of
particles per unit volume. Of course, the current, that we have calculated is
the charge per unit time emerging from the hole. The number of electrons
per unit solid angle at an angle € to the normal (z direction) is proportional
to cos f, so, although no electrons emerge tangentially to the wall (6 = 7/2),
not all of them travel in the z direction.

Problem 3

In general, particles flow from a region of higher chemical potential to a
region of lower chemical potential. We therefore need to find out in which
region the chemical potential is higher, and we do this by considering the
grand canonical expression for the number of particles per unit volume. In
the presence of a magnetic field, the single- particle energy is e 7H, where €
is the kinetice energy, depending on whether the magnetic moment is parallel
or antiparallel to the field. The total number of particles is then given by

1 1
N= / degle) exp|B(e —n—7H)] + +/ dege) exp[fle —n+TH)|+1
(279)
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For non-relativistic particles in a d—dimensional volume V', the density of
states is g(e) = yVe¥?7' where 7 is a constant. At T = 0, the Fermi
distribution function is

) 1
ﬁlgl;o <€B(e—ui‘rH) n 1) =0(uF7H —¢) (280)
where 6(+) is the step function, so the integrals are easily evaluated with the
result N 9

7= % [+ TH)Y? 4 (ju— TH)Y? . (281)

At the moment that the wall is removed, N/V is the same in regions A and
B; so (with H = 0 is the region B) we have

(pea + TH)"? + (pa — rH)? = 215> (282)

For small fields, we can make use of the Taylor expansions

(1ix)d/2:1j:;lx+i <;l—1> %+ .. (283)

to obtain

(“B)M _ 4 Hd=2) <7H>2 + .. (284)

KA 8 na

We see that, for d = 2, the chemical potentials are equal, so there is no flow of
particles. For d > 2, we have up > p4 so particles flow towards the magnetic
field in region A while, for d < 2, the opposite is true. We can prove that the
same result holds for any magnetic field strength as follows. For compactness,
we write A\ = 7H. Since our basic equation (p4+\)¥2+ (4 — )2 = 2udB/2 is
unchanged if we change A to —\, we can take A > 0 without loss of generality.
Bearing in mind the up is fixed, we calculate dp/d) as

dpa _ (pa = NP = (pa + N
AN (pa = NP (pa + A) 2L

(285)

Since piq + A > pra — A, we have (g + N)¥271 > (ug — N)¥?7Vif d > 2 and
vice versa. Therefore, if d > 2, then du4/d)\ is negative and, as the field
is increased, p4 decreased from its zero-field value pup and is always smaller
than pp. Conversely, if d < 2, then p4 is always greater than pp. For d = 2,
we have 4 = pup independent of the field.
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Problem 4
(i) k = N7'32;; Aij. The thermodynamic potential (Lagrangian in me-
chanical terms) to be minimized is therefore

=Y p(Ay) Inp(Aiy)+Xo Y p(Ay) —TN~" > p(Ay ZAU (286)
(A7) {4} {4}

Minimizing £, that is 9L/0dp(A;;) = 0, one finds the distribution and the
partition function

exp |—(7/N) X ; Ay
pa(Aij) = p{ (/Z) : }’ Z= ) exp [—(T/N)ZAM

{Ai;}

(287)

The equivalent of the Hamiltonian is k. The degrees of freedom are the N2
entries of A;;. Each d.o.f. is a “boson” since it takes all non-negative integers
as possible values. The bosons are non-interacting in the “Hamiltonian”

(i)

F:—IHZ:—IDZGXP(—T/N;AM)— anHexp( TA)

{45} {4} 43

ZHexp( )z—lnHZexp( TA”)zNan(l—eT/N).

{Aiz} .3 hJ A

F is extensive in NZ. L
(ili) (A;;) = (eT/N - 1) , that is a Bose-Einstein statistics with zero
chemical potential since additional edges are free to form.
-1
(iv) (k) = N7V5; (Ay) = N (e7V = 1) = 7/N = In(N/ (k) + 1). Tt
follows that the free energy is F' = N?1In (1 - e_T/N) = —N?In(1+ (k) /N).
Similarly pe(A;;) = (N/ (k) + 1)"N¥(1 + (k) /N)=N°.
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