ME346A Introduction to Statistical Mechanics — Wei Cai — Stanford University — Win 2011
Handout 1. Introduction

January 7, 2011

Statistical Mechanics

e is the theory with which we analyze the behavior of natural or spontaneous fluctuations
— Chandler “Introduction to Modern Statistical Mechanics” (1987)

e provides a set of tools for understanding simple behavior that emerges from underlying
complexity — Sethna “Statistical Mechanics” (2007)

e provides the basic tools for analyzing the behavior of complex systems in thermal
equilibrium — Sachs, Sen and Sexten “Elements of Statistical Mechanics” (2006)

e involves systems with a larger number of degrees of freedom than we can conveniently
follow explicitly in experiment, theory or simulation — Halley “Statistical Mechanics”
(2007).

The main purpose of this course is to provide enough statistical mechanics background to
the Molecular Simulation courses (ME 346 B and C), including fundamental concepts such
as ensemble, entropy, free energy, etc.

We also try to identify the connection between statistical mechanics and all major branches
of “Mechanics” taught in the Mechanical Engineering department.
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Textbook

e Frederick Reif, “Fundamentals of Statistical and Thermal Physics”, (McGraw-Hill,
1965). (required) $67.30 on Amazon, paperback. Available at bookstore. Several
copies on reserve in Physics library.

e James P. Sethna, “Statistical Mechanics: Entropy, Order Parameters, and Complex-
ity”, (Claredon Press, Oxford). Suggested reading. PDF file available from Web (free!)
http://pages.physics.cornell.edu/sethna/StatMech/.

First Reading Assignment

e Reif § 1.1-1.9 (by next class, Monday Jan 10).

e Sethna Chap. 1 and Chap. 2

What will be covered in this class: (Sethna Chapters 1 to 6)

e classical, equilibrium, statistical mechanics
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e some numerical exercises (computer simulations)

What will be touched upon in this class:

e non-equilibrium statistical mechanics (phase transition, nucleation)

What will NOT be covered in this class:

e quantum statistical mechanics

Acknowledgement
I would like to thank Seunghwa Ryu for helping convert the earlier hand-written version of
these notes to electronic (Latex) form.
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1 What is diffusion?

Diffusion is the process by which molecules spread from areas of high concentration to
areas of low concentration.

It is a spontaneous, natural process that has also been widely used in technology, such as
e doping of semiconductors by impurities ( to create P-N junction and transistor )
e diffusional bonding ( between two metals )
e transdermal drug delivery ( patches )

e - (can you think of other examples of diffusion?)

Here we use diffusion to illustrate many aspects of statistical mechanics
e the concept of “ensemble”

e the emergence of simple laws at the larger scale from complex dynamics at the smaller
scale

the “Boltzmann” distribution

the Einstein relation

the relationship between random walk and diffusion equation is analogous to that
between Hamiltonian dynamics ( classical mechanics ) and Liouville’s theorem ( flow
in phase space )
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You can watch an on-line demo “Hot water diffusion” (with sound effects) from a link in
the Materials/Media section on coursework. (Unfortunately, this is not a purely diffusive
process. We can clearly see convection and gravity playing a role here.)


http://video.google.com/videoplay?docid=-5242394503257451479&q=hot%2bwater%2bdiffusion&total=4&start=0&num=10&so=0&type=search&plindex=1

You can read more about diffusion from many classic books, such as The Mathematics of
Diffusion, by John Crank, whose Section 1.1 reads,

“Diffusion is the process by which matter is transported from one part of a system to
another as a result of random molecular motions. It is usually illustrated by the classical
experiment in which a tall cylindrical vessel has its lower part filled with iodine solution,
for example, and a column of clear water is poured on top, carefully and slowly, so that no
convection currents are set up.---”

“This picture of random molecular motions, in which no molecule has a preferred direction

of motion, has to be reconciled with the fact that a transfer of iodine molecules from the
region of higher to that of lower concentration is nevertheless observed.: - -”

2 The diffusion equation

Diffusion equation in 1-dimension:

C(a,t) _ 0°Cla,1)

ot N 0x?
where D is the diffusion coefficient.
Diffusion equation in 3-dimension:
oC (x,t) 9 0’C  9*°C  9*C
— =D tY=D 2
ot VIOt =D\ Gzt 52 + o @

where x = (z,y, 2): position vector in 3-D space.

The diffusion equation is the consequence of two “laws”

1. Conservation of Mass: (no ink molecules are destroyed; they can only move from
one place to another.)

Let J(x,t) be the flux of ink molecules (number per unit area per unit time).
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http://books.google.com/books?id=eHANhZwVouYC&printsec=frontcover&dq=Mathematics+of+Diffusion&cd=1#v=onepage&q=&f=false
http://books.google.com/books?id=eHANhZwVouYC&printsec=frontcover&dq=Mathematics+of+Diffusion&cd=1#v=onepage&q=&f=false

Conservation of mass in 1-D means (equation of continuity):

0 0
Equation of continuity in 3-D:
0 0 9] 0
aC(fL’,t) = —V'J(X,t) = — ((’“)_x(]gc—i_a_y(]y—i_&(]z) (4)
Physical interpretation: change of concentration = accumulation due to net influx.
2. Fick’s Law:
In 1-D: 5
J(z,t) = —D%C’(x,t) (5)
In 3-D 9 5 5

Physical interpretation: flux always points in the direction from high concentration to
low concentration.

Combining 1 and 2, we get the following partial differential equation (PDE) in 1-D:
0 9, 0 0 0
Yo=-225="2(-p%c)=p"2cC 7
(-05C) =Dy )

(if D is a constant).

3 Useful solutions of the diffusion equation

Consider the 1-D diffusion equation

0 0*C
—(C=D=—— 8
ot dz?’ (8)
A useful solution in the infinite domain (-0o < x < o0) with the initial condition C(z,0) =
d(z) is
1

VAar Dt

where G(x,t) is the Green function for diffusion equation in the infinite domain. This solution
describes the spread of “ink” molecules from a concentrated source.
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We can plot this solution as a function of z at different ¢ in Matlab and observe the shape
change.

O(x,t) = e~ = Gz, ) 9)




4 Physical origin of the diffusion equation

Q: How can we explain the diffuion equation?

A: Diffusion equation comes from (1) the conservation of mass and (2) Fick’s law. Con-
servation of mass is obvious. But Fick’s law is based on empirical observation similar to
Fourier’s law for heat conduction that “Heat always goes from regions of high temperature
to regions of low temperature”. So what is the physical origin of Fick’s law?

Q: Does the ink molecule know where is the region of low concentration and is smart enough
to go there by itself?

A:

Q: Is the diffusion equation a consequence of a particular type of interaction between ink
and water molecules?

A: No. The diffusion equation can be used to describe a wide range of material pairs -
metals, semiconductors, liquids, - - - — in which the nature of interatomic interaction is very
different from one another.

= Hypothesis: The diffusion equation emerges when we consider a large ensemble (i.e. a
large collection) of ink molecules, and the diffusion equation is insensitive to the exact nature
of their interactions. On the other hand, the value of diffusion coefficient D depends on the
nature of interatomic interactions. For example,

e A bigger ink molecule should have smaller D

e Diffusion coefficient of different impurities in silicon can differ by more than 10 orders
of magnitude.

Q: How can we test this hypothesis?

A: We will construct a very simple (toy) model for ink molecules and see whether the
diffusion equation jumps out when we consider many ink molecules

— Now, this is the spirit of the statistical mechanics!

5 Random walk model

For simplicity, we will consider a one-dimensional model. First, consider only one ink
molecule. Let’s specify the rules that it must move.



The random walk model:
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Rule 1: The molecule can only occupy positions x = 0, £+ a, + 2a,---

Rule 2: The molecule can only jumps at times t = 7, 27,- - -

Rule 3: At each jump, the molecule moves either to the left or to the right with equal proba-
bility.

z(t)+a rob =
ot +7) = { z(t) —a irob =

N[0 [

(10)

This model is very different from the “real picture” of an ink molecule being bombarded by
water molecules from all directions. In fact, it is more similar to the diffusion of impurity
atoms in a crystalline solid. However, since our hypothesis is that “the details should not
matter”, let’s continue on with this simple model.

Trajectory of one random walker:
N L
2& %Y 3
Al L\L
CIE R T 2

It is easy to generate a sample trajectory of a random walker.

Suppose the walker starts at x = 0 when ¢ = 0.
Q: Where is the average position of the walker at a later time t, where t = n7?

A: z(t) =2(0)+ 1 +lo+ 13+ ...+, where [; is the jump distance at stepi (i = 1,...,n)

+a prob =
—a prob =

(11)

[N

[; is a random variable, [; = {

l; is independent of [; (for ¢ # j)
since z(0) = 0,

(wlt) = (3 1) = D) =0 (12)

)
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because (I;) = (+a) - (%) + (—a) - (%) —0.
On the average, the molecule is not going anywhere!

Q: What is the variance and standard deviation of x(t)?

A: variance:

@) = (ra)? 5+ (~a)? - =
(lilj) = (L){l;) =0
@(0) = 3 (8) = na?

standard deviation:
oz =V (22(t)) = Vna

These are the statements we can make for a single ink molecule.

To obtain the diffusion equation, we need to go to the “continuum limit”, where we need to

consider a large number of ink molecules.

There are so many ink molecules that

(1) in any interval [z, x 4+ dz] where dx is very small, the number of molecules inside is still

very large N([z,z + dz]) > 1

(2) we can define C(z) = lim N([x,z + dz])/dz as a density function.

dx—0

(3) C(x) is a smooth function.

A N([x,X+dx])
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The number of molecules has to be very large for the continuum limit to make sense. This



condition is usually satisfied in practice, because the number of molecules in (1 cm?) is on
the order of 10%.

Suppose each ink molecule is just doing independent, “mindless” random walk,
Q: how does the density function evolve with time?

Q: can we derive the equation of motion for C(x,t) based on the random-walk model?

First, we need to establish a “correspondence” between the discrete and continuum variables.

HI

No N, A(Z

L.

' —> X

discrete: N; = number of molecules at xt = z; =i - a.
continuum: C(z) = number density at .

Hence
(Vi)

a

(15)

Notice that average () is required because NV; is a random variable whereas C'(x) is a normal
variable (no randomness).

6 From random walk to diffusion equation

6.1 Method I

At present time, the number of molecules at zq, x1, x2 are Ny, N1, Ns.
What is the number of molecules at time 7 later?

e all molecules originally on x; will leave



e on the average, half of molecules on xq will jump right to xy.

e on the average, half of molecules on x5 will jump left to x;.

—>
bﬂ"\)d‘
l 1

Lo X Xy
therefore,
new 1 1
(NT) = 5 (No) + 5(NV2)
AC(xy)  (NP) — (M) 1
ot - art - 2CLT(<NO> T (N2) = 2(W)
1
= Z[C(%) + C(xg) — 2C (21)]
a* C(x1 —a) + C(zy 4+ a) — 2C(xy)
_ o« (16)
2T a?
in the limit ofa — 0
a® 02
= Z@C’(m) (17)
oC 0?
o~ Paz¢ .

A brief discussion on the numerical derivative of a function is given in the Appendix.

6.2 Method II

Via Fick’s Law, after time 7, on the average half of molecules from x; will jump to the right,
half of molecules from x5 will jump to the left. Next flux to the right across the dashed line:

5 (V1) — 5(N2)

J(x) =




a®> oC

= Twar (19)
in the limit of a — 0
aC
= —D— 2
J(x) e (20)

Diffusion equation follows by combining with equation of continuity.

A third way to derive the diffusion equation is given by Sethna (p.20). It is a more formal
approach.

7 Two interpretations of the diffusion coefficient D

= Two ways to measure/compute D

¢ ¢ ¢ N ’4& .
“L? iy —]PL* - 41}&7 > T % x
(1) Continuum (PDE)
oC 0*C
o = Do (21)
. N 22
solution for C'(z,t) = N7 exp (_E> (22)
(2) Discrete (Random Walk)
X() = X(0) = 31 23
(X ()~ X(0)) =0 24
(X(8) = X(0)) = S(2) = na? = £a2 — oDt (25)

=1

((X(t) — X(0))?) is called “Mean Square Displacement” (MSD) — a widely used way to
compute D from molecular simulations.

10



8 Diffusion under external potential field

X/\) f
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example a: sedimentation of fine sand particles under gravity (or centrifuge) The equilibrium
concentration Ceq(x) is not uniform.

example b: why oxygen density is lower on high mountain = breathing equipment.

Q: Are the molecules staying at their altitude when the equilibrium density is reached?

A:

We will

1) Modify the random-walk-model to model this process at the microscopic scale

(1)

(2) Obtain the modified diffusion equation by going to the continuum limit
(3) Make some important “discoveries” as Einstein did in 1905!
(4)

4) Look at the history of Brownian motion and Einstein’s original paper (1905) on course-
work. (This paper is fun to read!)

11



Let us assume that the molecule is subjected to a force F.
(in the sedimentation example, F' = —mg)
that bias the jump toward one direction

[ — { +a prob =

+p jump to right
—a prob=3:—p

jump to left
So the walk is not completely random now.

n

(X = X(0) = Y (), @) =a(l/24p)+ (—a)(1/2—p)

i=1

= n-2ap
2

_ 2w,
T

2
(v) = ﬁ, average velocity of molecule
T

Define mobility p = %, (v) = uF, which leads

_ 2ap
H= TF

or
_ uTF

2a

p

i.e. our bias probability p is linked to the mobility x and force F' on the molecule.

Q: what is the variance of X (t) — X(0)?
A:

V(X (1) = X(0) = ((X(t) = X(0)%) — (X(t) — X(0))*

= <(Zli)2> —(Q_{w)?

1

= <Z I7) + Z(lilj> - Z(li>2 - Z(lz’><lj>

i#] ( i#]

12
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(32)



but (l;l;) = (l;)(l;) for i # j.

V(X

(1)
V(L) =

V(X(®)

Again, based on the central limit theorem, we expect X ()

distribution with

=a’(1/2+p)+) +(-a)’(1/2—p) =’
{17) = {l;)? = a® = (2ap)* = a*(1 - 4p°)

- X(0)) = na*(1 — 49?) = L1 - 47?)

()= X(0) = 30 — ) = > v
)

2
mean = ﬂ:th
T
21_42
variance — Mt
T

a2

Q

a2
= 2Dt <deﬁne D= 2—>

B 1 (x — uFt)?
fat) = ——=exp [——wt ]

B N (x — uFt)?
C(.T, t) = \/m exp {—T}

This is the modified diffusion equation.

Derivation of Continuum PDE for C(z,t) from discrete model.

(Npry =
8C(x1)

PV gl
e

T X, K

(1/2 4 p){No) + (1/2 = p)(N2)
(N7) = (N1)

ot

aT

5[4+ 25)(No) + (1= 2p) (Vo) — 2]

%[0(1’0) + C(x2) — 20(x1) + 2p(C(20) — C(x2))]
a® C(xo) + C () — 2C(21) N 2ap C(zg) — C(x2)

27 a? T 2a

a2 1" 2a’p !
) - 2L )

13
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Notice: % =D, @ = pF. Finally, we obtain the following PDE for C(z, 1),

oC(z,t) 07 9]
5 Dax20($,t) — ,quC(a:,t) (50)

First term in the right hand side corresponds to diffusion, while second term corresponds to
drift.

We can rewrite the equation into:

(1) mass conservation: 80(5?” =—L2J(z,1)

(2) Fick’s law: J(z,t) = —DZC(x,t) + pFC(x,t)

Molecules are constantly at motion even at equilibrium. Diffusional and drift flows balance
each others to give zero flux J.

The above discussion can be further generalized to let external force F' be non-uniform, but
depend on z.

We may assume that F'(x) is the negative gradient of a potential function ¢(z), such that
_9¢(x)
Ox

The variation of F' is smooth at the macroscopic scale. We will ignore the difference of F' at
neighboring microscopic sites, i.e. F(xg) ~ F(z1) = F(x2).

F(x) =

(51)

J(z,t) = —D%C’(m, £) + pF(2)C(x, ) (52)
WD) _ 2 0t) — i PO 1) (53)

9 Einstein’s relation

At equilibrium, we expect net flux to be zero.

Clz,t) = Ceq(z), J(2)=0= —D(%Ceq(fﬂ) + pF (2)Ceq() (54)
9 pF () 1 9p(x)
g Ceal®) = = Ceq() = — =5 Ceq(2) (55)
1o(z)

Solution: Ceq(x) = Ae™ D where A is normalization constant giving fj;o Cey(z) = N.

_ o)
Compare with Boltzman’s distribution Ceq(x) = Ae *57 where T' is absolute temperature

14



and kp is Boltzmann constant. This leads to Einstein’s relation

-2 (56)
W= st
Interpretation of equilibrium distribution
Cly(z) = Ae~B0®) = Ae™ma?) (57)
Example: under gravitational field ¢(z) = mgz, the number density will be
Cog(w) = Ae™ ™" = Ae™ 57 (58)
X

Y
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u, D, T can be measured by 3 different kinds of experiments.

Einstein’s relation p = kBLT says that they are not independent. p, the response of a system
to external stimulus and D, the spontaneous fluctuation of the system without external
stimulus are related to each other. = More details on the relations will be dealt with by the

Fluctuation-Dissipation Theorem.
History and Significance of Einstein’s Relation

3 Landmark papers published by Einstein in 1905 as a clerk in a patent office in Bern,
Switzerland

15



e special theory of relativity

e photoelectric effect (Nobel Prize 1921)

o)

e Brownian motion (1 = ;-7

History of Brownian Motion

e 1827 British Botanist Robert Brown: Using light microscope, he noticed pollen grains
suspended in water perform a chaotic and endless dance

* A o dlen poY Reles
N A

»
< *
wolty moleces

e [t took many years before it was realized that Brownian motion reconcile an apparent
paradox between thermodynamics (irreversible) and Newtonian mechanics (reversible).
Einstein played a key role in this understanding (1905)

e Einstein’s work allowed Jean Perrir and others to prove the physical reality of molecules
and atoms.

e “We see the existence of invisible molecules (d < 1 nm) through their effects on the
visible pollen particles (d < 1um).”

e Einstein laid the ground work for precision measurements to reveal the reality of atoms.

10 Random walk model exercise

16
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A Numerical derivatives of a function f(x)

We discretize a continuous function f(x) by storing its value on a discrete set of points.
fi = f(z;), x = i-a, ais the grid spacing.

A

fr s
EES
t:7 ] N

v

4 0] a 2 - “X

There are several ways to compute f'(x) at some point x.
(1) fo="2Z0 f5= f/(x=0)
(2) fi="1 f= fe=0)
() fip=150 fi,= @ =9)

f/—1/2 7f_1 /L 12 = " =-35)

Notice that Scheme (1) is not centered (bigger error) schemes (2) and (3) are centered
(smaller error, preferred).

By the same approach, we can approximate f”(x) by centered difference.

f’ _fi f1f0_fof1 _9
6, _ Jipe /2 _ f1+f 1 fo (59)

a a a?

L= =0) (60)

This topic will be discussed in detail in ME300B (CME204) “Partial Differential Equations”.
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Statistical mechanics is an inherently probabilistic description of the system. Familiarity
with manipulations of probability is an important prerequisite — M. Kadar, “Statistical
Mechanics of Particles”.

1 Definitions

The Sample Space Q is the set of all logically possible outcomes from same experiment
Q = {wq, ws, ws, - - -} where w; is referred to each sample point or outcome.

The outcomes can be discrete as in a dice throw
2=1{1,2,3,4,5,6} (1)

or continuous
Q={-00 <z <400} (2)

An Event E is any subset of outcomes E C Q (For example, E = {w;, w;} means outcome
is either w; or wy) and is assigned a probability p(E), ' e.g. paice({1}) = %, Paice({1,3}) = %

The Probabilities must satisfy the following conditions:

i) Positivity p(E) >0
ii) Additivity p(A or B) = p(A) + p(B) if A and B are disconnected events.
iii) Normalization p(Q2) =1

Example 1.

Equally likely probability function p defined on a finite sample space

Q ={wy,ws, -, wy} (3)
assigns the same probability
plw) = 1 )
to each sample pointﬂ
When E = {wy,ws, -+, wi} (interpretation: the outcome is any one from wy, - - -, wy), then

p(E) = k/N.

L p is called a probability measure (or probability function). It is a mapping from a set E to real numbers
between 0 and 1.

2This is an important assumption in the statistical mechanics, as we will see in the micromechanical
ensemble.



Example 2.

Consider a party with 40 people in a ball room. Suddenly one guy declares that there are
at least two people in this room with the same birthday. Do you think he is crazy? Would
you bet money with him that he is wrong?

2 Interpretations of probability

Frequency interpretation of probability

When an experiment is repeated n times, with n a very large numbers, we expect the relative
frequency with which event E occurs to be approximately equal to p(E).

number of occurrence of event F

lim = p(E) (5)

n— o0 n

The probability function on discrete sample space can be visualized by ’stem-plots’. 2 =
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Two possible approaches to assign probability values:

Objective Probabilities
Perform a lot of experiments, record the number of times event E is observed Ng.

N
pe = Jim =2 (©)

Subjective Probabilities
Theoretical estimate based on the uncertainty related to lack of precise knowledge of
outcomes (e.g. dice throw).

e all assignment of probability in statistical mechanics is subjectively based (e.g.
uniform distribution if no information is available)

e information theory interpretation of Entropy

e whether or not the theoretical estimate is correct can be checked by comparing
its prescriptions on macroscopic properties such as thermodynamical quantities
with experiments. (Isn’t this true for all science?)

e theoretical estimate of probability may need to be modified if more information
become available

Example 3. Binomial distribution

Let X denote the number of heads in n tosses of a coin. Each toss has probability p for
heads. Then the probability function of X is

p(X=z)=Cip"(1—-p)"" (7)

where CZ = (") = (:ix)!' CF is called the number of combinations of k objects taken from

n objects. For example, consider a set S = {a,b,c} (n=3). There are 3 ways to take 2

objects (K = 2) from S.
{a,b}, {b,c}, {a,c} (8)

In fact, 032 = #12), = 3.



Example 4. Random walk

Consider a random walker that jumps either to the left or to the right, with equal probability,
after every unit of time.

X(n)+1, rob = 1/2
X(n+1):{ X(n)—1, grobzl/Q (9)

What is the probability p(X(n) = x) that after n steps the random walker arrives at x?

3 Probability rules
1) Additive rule: If A and B are two events, then
p(AUB) =p(A) +p(B) — p(AN B) (10)
(AU B means A or B, AN B means A and B.)

2) If A and B are mutually exclusive (disconnected), then
p(AUB) =p(A) + p(B) (11)

(Mutually exclusive means A N B = ¢, where ¢ is the empty set. p(¢) = 0.)

3) Conditional probability: The conditional probability of B, given A is defined as,

p(AN B) .
p(B|A) = ————= provided p(A) >0 12
(1) = "L (4) (12)
4) Events A and B are independent if
p(B|A) = p(B) (13)



5) Multiplicative rule:

p(AN B) = p(B|A) p(4) (14)

6) If two events A and B are independent, then

p(AN B) = p(A) p(B) (15)

Example 5. Dice throw.

The sample space of a dice throw is Q = {1,2,3,4,5,6}.

The event of getting an even number is A = . p(A) =
The event of getting an odd number is B = . p(B) =
The event of getting a prime number is C' = . p(C) =
The event of getting a number greater than 4is D = .p(D) =

The probability of getting a prime number given that the number is even is

p(ClA) = (16)

The probability of getting a prime number given that the number is greater than 4

p(CID) = (17)

The probability of getting a number greater than 4 given that the number is a prime number
is

p(D|C) = (18)




4 Discrete random variable

For example: X could be the number of heads observed in throwing a coin 3 times. The
event {X = z} has a probability p(X = x), which is also written as fx(z), and is called
probability mass function.

The Expected Value of a random variable X is

(X) =) ap(X=2)=) = fx() (19)

x T

The k-th Moment of random variable X is

= (X) (20)

The Variance of random variable X is
V(X) = (X = (X))*) = (X?) = (X)? = pp — ()’ (21)

The Standard Deviation is defined as
o(X) =+ V(X) (22)

5 Continuous random variable

The event {X < x} has probability p(X < z) = Fyx(x), which is called cumulative
probability function (CPF).

R £

i

of 2 | o

The event {z; < X < x5} has probability Fx(xs) — Fx(x1). fx(t) = dFC’l‘x(x) (if it exists) is
called the probability density function (PDF).

In the limit of dx — 0, the event {z < X < z + dx} has probability fx(z)-dx. (We will
omit X in the following.)

Obviously,
mg@m F(z) = 0 (23)
ac1—1>I—lI—1c>o F(x) = 1 (24)
+oo
/ f(x)dr = 1 (normalization) (25)



Example 6. Uniform distribution on interval [a, b]

IRReY
| /_—
o o 'S
1
— b—a
ro={3
Example 7. Exponential distribution
A0
4r T
o ¢ d

x

a<x<b
elsewhere

fx)
1

O<z <o
r <0

for)

(26)



6 Multivariate probability distributions

If random variables X and Y are independent, then
p(X =z,Y =y)=p(X =x) p(Y =y) for discrete case, and
fxy(z,y) = fx(x)- fy(y) for continuum case.

Additive Rule

(aX +0Y) = a(X) +b(Y) (29)

This rule is satisfied regardless of whether or not X, Y are independent.
Covariance

Cov(X,Y) = ((X —px)(Y — py)) = (XY) — puxpy (30)
Cov(X,X) = V(X) (31)

If X and Y are independent, then (XY) = (X)(Y) — If X and Y are independent, then
Cov(X,Y) =0.

Correlation function is defined by p(X,Y) = €455 and —1 < p(X,Y) < 1.

OX0Yy

Example 9. Average of n independent random variables X, Xs,---, Xy with identical
distributions (i.i.d.) is

X-1

S|
™
s

Suppose (X;) = p and V(X;) = 02, then
(X)=mn

V(X) =

0.2
n

and the standard deviation of the average is

o(X) = V/V(X) = %



7 Useful theorems

Central Limit Theorem (CLT)

Let Xy, Xs5,---,X,, be a random sample from an arbitrary distribution with mean p and
variance 0. Then for n sufficiently large, the distribution of the average X is approximately

o

a Gaussian distribution with mean p and standard deviation o(X) = 7=

Stirling’s Formula

1 1
lnN!:NlnN—N+§1n(27TN)+O(N) (32)

or

e

N\
N!'~ V21N <—> for large N (33)

For a numerical verification of Stirling’s formula, visit
http://micro.stanford.edu/~caiwei/Download/factorial.php. In this page we com-
pute N! to arbitrary precision (using unlimited number of digits to represent an integer) and
then compute its logarithm, and compare it with Stirling’s formula.
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In this lecture, we will discuss
1. Hamilton’s equation of motion
|
2. System’s trajectory as flow in phase space
|
3. Ensemble of points flow in phase space as an incompressible fluid
|

4. Evolution equation for density function in phase space (Liouville’s Theorem)

The path from Hamilton’s equation of motion to density evolution in phase space is analogous
to the path we took from the random walk model to diffusion equation.

Reading Assignment

e Landau and Lifshitz, Mechanics, Chapters 1, 2 and 7

Reading Assignment:



1 Lagrangian and Hamiltonian

In statistical mechanics, we usually consider a system of a large collection of particles (e.g.
gas molecules) as the model for a macroscopic system (e.g. a gas tank).

The equation of motion of these particles are accurately described by classical mechanics,

which is, basically,
F=ma (1)

In principle, we can use classical mechanics to follow the exact trajectories of these particles,
(just as we can follow the trajectories fo planets and stars) which becomes the method of
Molecular Dynamics, if you use a computer to solve the equation of motion numerically.

In this section, we review the fundamental “machinery” (math) of classical mechanics. We
will discuss

e Hamiltonian and Lagrangian formulations of equation of motion.

e Legendre transform that links Lagrangian «<» Hamiltonian. We will use Legendre trans-
formation again in both thermodynamics and statistical mechanics, as well as in clas-
sical mechanics.

e The conserved quantities and other symmetries in the classical equation of motion.
They form the basis of the statistical assumption.

1.1 Notation

Consider a system of N particles whose positions are (ri,ra, - ,ry) = (¢1,G2, " ,G3n),
where r = ((117 q2, (13)»1'2 - (Q47 gs, QG)a T

The dynamics of the system is completely specified by trajectories, ¢;(t), i =1,2,--- ,3N.

The velocities are: v; = ¢; = %.

. . 2
The accelerations are: a; = ¢; = %

For simplicity, assume all particles have the same mass m. The interaction between particles
is described by a potential function U(qy, - - , gsn) (such as the gravitation potential between
planets and stars).

The equation of motion for the system was given by Newton:

F; = ma; (2)
where F; = —0U /0q; and a; = ¢§;, which leads to
10U
Z = — ) = 17 .. 73N 3
q mog (3)



The trajectory can be solved from the above ordinary differential equation (ODE) given the
initial condition ¢;(t = 0), ¢;(t =0),i=1,---,3N.

All these should look familiar and straightforward. But we can also write into more “odd-
looking” ways in terms of Hamiltonian and Lagrangian. But why? Why create more work
for ourselves?

Reasons for Hamiltonian/Lagrangian of classical Mechanics:

1. Give you something to brag about after you have learned it. (Though I have to admit
that the formulation is beautiful and personally appealing.)

2. Hamiltonian formulation connects well with Quantum Mechanics.
3. Lagrangian formulation connects well with Optics.

4. Provides the language to discuss conserved quantities and symmetries in phase space.
i.e. the symplectic form (and symplectic integrators in molecular simulations).

5. Allows derivation of equation of motion when ¢;’s are not cartesian coordinates.

1.2 Lagrangian formulation

At the most fundamental level of classical mechanics is the Lagrangian Formulation.

Lagrangian is a function of ¢; (position) and ¢; (velocity), and is kinetic energy K minus
potential energy U.

L{@} {¢:}) = K-U (4)
when ¢;’s are cartesian coordinates of particles,
AN
L({g:}Ada}) =D 5mii = U({a}) (5)
i=1
Lagrange’s equation of motion
%(gi) — (gi) =0 foreveryi=1,---,3N (6)

Equivalence between Lagrange’s equation of motion and Newton’s can be shown by

oL

a4, = mq; = p; (7)

- )

iy (<50} = o )
- 6= oo (10)


http://micro.stanford.edu/~caiwei/me346/Notes/me346-handout-01-08.pdf

Note that L is a function of ¢; and ¢;. This means that

How does L change with time?

In other words,

is a conserved quantity, i.e.

dL

dt

dL =

1.3 Legendre transform

The above expression can be rewritten (simplified) using the definition of momentum

oL oL .
8_%in + a_(jid%
Z oL 8L d
- dt 67qZ 6qZ dt
d oL .
- A i
dt 8q,;
oL
i~ L) =
( i aQiq ) '
B oL -
dH
o

0

piza—.

Using the Lagrange’s equation of motion

we have

oL
dq;

_d (oL
~dt \ 9¢;

oL
T
oL
Pz‘zg—qi

L
q;

d
T odt

- Pbi =

i

(di)

(12)

(13)

(14)

(15)



Using the new variable p;, the change of Lagrangian L can be expressed as,

oL oL

iaqquraqiq ;pqﬂ)q (19)
aL . dg dgi  ~—dp; . dg;
a ipzdt+p’dt_ 1- at i TP

_ 4 (zpiqi) (20)

%(;pi% —L)=0 (21)

Hence H =), pig; — L is a conserved quantity.

The transformation from L to H is a Legendre transform.

Notice what happened when going from L to H:

1. L({q:},{d:}) = L is a function of ¢; and g;.

— 0L

We notice that dH =), —p;dq; + ¢;dp;, which means H is a function of ¢; and p;, no longer
a function of ¢; and ¢;. This is an important property of the Legendre transform.

Example 1.

To help illustrate the point, we can perform Legendre transform on a one-dimensional func-
tion f(x). Notice that
of

df = —d 22
y =2 (22)
Define p = 9f /0x, then df = pdz. The Legendre transform of f(z) is g(p) = px — f. Notice

that,
dg=pdx+xdp —pdr =xdp (23)

This means that g is a function of p and x = dg/0p.

Find the Legendre transform of f(z) = 3.



1.4 Hamiltonian formulation

Because H is a function of ¢; and p;, (i.e., we will treat ¢; and p; as independent variables
when discussing H).

We expect

0OH oOH

—dq; + —dg; 24
g, 4 T g, 1 (24)

dH =
g

Comparing with the previous equation (dH = ), —p;dg; + ¢:idp;), we get the

Hamilton’s equation of motion

) o0H

o0H
. 9
Gi 95, (26)

* In principle, classical mechanics can also be formulated, starting from a Hamiltonian
H({q},{p:}) and the Lagrangian L can be obtained from Legendre transform. But it is
conceptually easier to start with L(gq;, ¢;) = K — U. It is easy to make mistakes when trying
to identify the correct (g;, p;) pair when g; is not a Cartesian coordinate.

Example 2.
When ¢; is the Cartesian coordinate of particles,
. .
L{a} {da}) = > 57”%‘2 - U({a}) (27)
oL

7; pr— R p— .7: 28
p g~ M4 (28)

. . I
H = ZPiQi - L= Zm%’2 - §qu'2 +U({a})

= Z %mqf +U({a})

i

p?
3 g+ Ula) (29)
H = K+4+U (30)
where K, U correspond to kinetic energy and potential energy, respectively.

dH/dt = 0 means conservation of energy.




Example 3. Pendulum (motion in 2D)

Consider a mass m attached to rigid rode of length R.

K
g ;e .

w\

The coordinate (z,y) must satisfy the constraint /22 + y? = R. If we write the equation in
terms of x,y then, we need to worry about the constraint. Alternatively, we can deal with
a single variable # and forget about the constraint. Then what is the equation of motion in

terms of 7 This is when the Lagrangian formulation becomes handy.

Here are the 4 steps to derive the equation of motion for a generalized (i.e. non-cartesian)
coordinate. (The direction of y-axis is opposite to that of Landau and Lifshitz “Mechanics”,

p.11.)
1. Write down L(6,6) = K — U.

1
K = 5m(az;2 + 7%

1 .
= §m(R2COS29 + R?sin0)0*

1 )
== émR292
U = mgy=-—mgR cosf

= L(0,0) = %mR292 + mgR cos @

2. Write down Lagrangian equation of motion

d(9Ly oL _
dt \ 96 00

OL o:  OL ,
ﬁ—mR 6, %——ngsmé
i(mRQ(‘)) +mgRsinf =0

dt
= = —%sin&



3. Find Hamiltonian by Legendre transformation, starting with the momentum

oL .

Notice that py # mR0, as might have been guessed naively. This is why it’s always a
good idea to start from the Lagrangian.

The Hamiltonian is

H = pgé — L
o1 :
= mR%0* - §mR282 — mgRcosf
1 .
= émR262 —mgRcos 0 (39)
_
H0,py) = S RE mgR cos (40)

4. Double check by writing down Hamiltonian’s equation of motion

. 0H , 0H
Po=—"r 6="— (41)

Example 4. Pendulum with moving support (from Landau & Lifshitz, p.11)

Write down the Lagrangian for the following system. A simple pendulum of mass ms, with
a mass m; at the point of support which can move on a horizontal line lying in the plane in
which msy moves.

-




2 Phase space

The instantaneous state of a system of N particles is completely specified by a 6 N-dimensional
vector,
B = <Q17 q2," " ,43N,P1, P2, " 7p3N)

Given p(0) (initial condition), the entire trajectory p(t) is completely specified by Hamilto-
nian’s equation of motion.

. _ OH
@G = ap, o 0 Isnysy | OH . .
[ b = _gZ ] — B = Tanan 0 —au (in matrix form)  (42)

OH
L= W —— 43
p=wo (43)
where
0 Isnwan
= 44
v —I3nx3n 0 (44)

This seems deceivingly simple.

The trajectories of all N-particles are equivalent to the motion of a point ( w(t) ) in 6/N-
dimensional space, which is called the phase space (I).

* The 3N-dimensional space of all the positions ¢; is called the configurational space.

A system of N particles ?\V : K/';/

{Qi}, {pi},izl,Q,...’gN_ [7 ?

An ensemble of systems, ?‘ ‘%‘\/ﬁ\
—
each containing N particles. I ?‘-

How do we imagine “an ensemble of systems, each consisting a large number N of particles”?

Let’s say each system is a gas tank containing N = 10? particles. Now imagine 10° gas tanks
— that’s 10 particles.

10
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1. That’s a lot of molecules to think about!

Fortunately, the 1,000,000 gas tanks only exist in our imagination (which has oo ca-
pacity). We do not need to really create 1,000,000 gas tanks and do experiments on
them to test the predictions of statistical mechanics .

2. Ok, so the other 999,999 gas tanks are not real. That’s great, because I only have one
gas tank in my lab. But why do I need to even imagine those “ghost” gas tanks?

— They form the concept of “microcanonical” ensemble from which all laws of thermo-
dynamics can be derived. The price we pay is to imagine many-many gas tanks — I'd
say it’s a good deal!

11



From Random Walk

to Diffusion Equation

From Classical Mechanics
to Thermodynamics

Step 1
Ff /%(0) F
nw
= 7.
8 / :
oy qQ
one particle jump on a lattice one point move in 6/N-dimensional
(random) phase space (deterministic)
Step 2
H:
ST ST fA
many independent particles many copies of the system
(random walkers) (gas tanks) corresponding to
on a lattice many points in the 6 N-dimensional
phase space
— an ensemble of random walkers — an ensemble of gas tanks
— so many that a density function | — so many that a density function
C(z) makes sense p({q},{p:}) in T make sense
Step 3

X(t)=X0)+> ;1L

going to the continuum limit —

Diffusion equation

aC (1 020 (x,t)
ot =D Oz2

PDE for C(x,t)

o=

going to the continuum limit —

Liouville’s theorem

0
D p ZZ aq QZ Z'L 8p pl

PDE for p({4:}, {pi}, 1)
(incompressible flow in T")

dt_

12




3 Liouville’s theorem

Liouville’s theorem states that the phase space density p(u,t) behaves like an
incompressible fluid.

So, after going to the continuum limit, instead of the diffusion equation, we get an equation
in fluid mechanics.

How can we prove it?

3.1 Flow of incompressible fluid in 3D

Let’s first familiarize ourselves with the equations in fluid mechanics. Imagine a fluid con-
sisting of a large number of particles with density p(x,t) = p(z,y, 2,t). Imagine that the
particles follow a deterministic (no diffusion) flow field v(x), i.e. wv.(z,y,2), vy(z,vy, 2),
v,(x,y, z) (velocity of the particle only depends on their current location). This tells us how
to follow the trajectory of one particle.

How do we obtain the equation for p(x,t) from the flow field v(x)?

1. mass conservation (equation of continuity)

dp(x,t) B 0 0 0
S ==V = (axe+any+asz>. (45)

2. flux for deterministic flow J(x) = p(x) v(x)

WD 9 (o vi)
_ {aa (pv2) + a%(pm + %(pvz)}
_ [(a_ )W (a%p) vy + (aﬁp) ] i
() EnE)
% (V) v—p(V V) (47)

13
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We may also ask about how much the density changes as we move together with a particle,
i.e., or how crowded a moving particle “feels” about its neighborhood. This is measured by
the total derivative,

dp dp dp  Op dp dp
- = A7 : = a7 A Uz “ - Uz 4
dt ot +(Vp)-v ot + 8IU * Gyvy + 8zv (48)
Hence the density evolution equation can also be expressed as
dp
£ = (V- 49
T = V) (19)
For incompressible flow,
dp
— =0, V-v=0 50
il v (50)

a particle always feels the same level of “crowdedness”.

3.2 Flow in phase space

Why do we say the collective trajectories of an ensemble of points following Hamiltonian
dynamics can be described by incompressible flow in phase space?

14
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All points considered together follows incompressible flow. A point always find the same

numbers of neighbors per unit volum

e as it moves ahead with time.

real flow in 3D

m7y72
_ o 9 0
v=(%a%)
v = (i, 9, %)
19]
% =—V(pv)

=—(Vp)v—p(V -v)

_ 9
ot

dp

t

+(Vp)-v=-p(V-v)

flow is incompressible if
V.v=0

flow in 6 N-D phase space

q1,492, " ,43N,P1,DP2, " , P3N

V=(2&2 2 ... 0 9 90 . . _90_
0q1’ Oq2’ > dqz3n 7 Op1’ Op2’ ? OpsN

vV = (417427"' 7Q3Naplap27"' 7p3N)

8 3N : .
P =— 20 2 (pd) + a%(ppi)}
3N 9p - p - 3N 9¢; 9p;
= - Zizl 3q; q; + 5p%pl] - [Zi:l pa_i + p@zz]
do __ 8 3N 9p - 9o - 3N 0q; op;

t

flow is incompressible if

04; | Opi __ ; ; 2
i ge+ gr- =0 (is this true?)

2.

15



Proof of Liouville’s theorem (dp/dt = 0)

Start from Hamilton’s equation of motion

. 9
=T G Gt 1)
N 9
=3 " on = ohd (52)
%*% - ii_ii: (53)
Therefore, we obtain
p + Z pZ =0 (54)

which is Liouville’s theorem.

Using Liouville’s theorem, the equation of evolution for the density function p({¢;}, {p:},?)

can be written as
dp op . Op .
o Z <3qz~ " ap pz)

i

B Oop OH  0Op OH
B Z <3qz pi  Opi aq@') (55)

This can be written concisely using Poisson’s bracket,

dp
L= —{p, 1} (56)
Poisson’s bracket
0A0B 0AO0B
4.5} = Z (0% pi  Opi 0%) (57)

Obviously, {A, B} = —{B, A} and {A, A} = 0.

Not so obviously, {4, A%} = 0, and {A, B} = 0 if B is a function of A4, i.e. B = f(A).

16



4 Ensemble

An ensemble is a large number of points in the phase space that can be described by a
density function p({¢;}, {pi})-

p({q},{pi}) is like a probability density function (PDF) — the probability of picking any
particular point out of the entire ensemble.

Now, consider an arbitrary function A({¢;},{p;}) which takes different value at different
points in phase space, such as the kinetic energy

What is the average value for A among all these points?

The ensemble average can be written as

_ / [T dai dp Al{ai}. (i)l (i) (58)

This is same as expectation value if we interpret p({¢;}, {p:}) as PDF.

Notice that A({q:},{p:}) is not an explicit function of time. It is a function defined on the
phase space. But the ensemble average will depend on time t if p evolves with time.

_ / T das v A} 4pah) pldash pi}. ) (59)

How does the ensemble average evolve with time?

d<éi(t) = /l,ngidpiA({Qi}>{pi})%p({%}>{pi}vt)
0AO0H 0AO0OH
— /quzdpzz ((9])] 3¢,  Bg ap) p({a}, {pi},t)
= [ TTandb (4.1 olta) tn) .
awy
2~ (A 1)
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(Very similar equation appears in quantum mechanics!)

For example, average total energy among all points in the ensemble

Eiow = (H) (62)
dE.,  d(H) B
a ~a N =0 (99)

This is an obvious result, because the total energy of each point is conserved as they move
through the phase space. As a result, the average total energy also stays constant.

Example 5. Pendulum with Hamiltonian

2

H(0,pg) = % + mgRcos 6

mR
AR
o\ |9
Lom

Z

e

0 79

Phase space is only 2-dimensional (6, py).

Equilibrium motion of one point in phase space is
0H OH

,_OH . OH 1
0 e Do 50 (64)

Now consider a large number of points in the (0, py) space. p(0, py,t) describes their density
distribution at time .

What is the evolution equation for p?

Op(0,po,t) —@é—ﬁp
ot 00 Ope ’
dpOH  9p OH
= P LT = {p H} (65)

90 Opy | Opg 00
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From g—g = b, %_191 = —mgRsinf

dp  Op pg  Op

il v iy a—p@ngsm@ (66)
Suppose A = #2, the ensemble average of A is
() = [ v 0 (0. 0.1 (67)
How does (A) changes with time?
d{A
B (pa (63)
0020H  06%20H
A HY = 2L T 9 |
{A, 90 s Opy 00 6(—mgRsin0) (69)
2
= diA) = o) = —2mgR (0 sin 0) (70)

dt dt

Example 6. Consider an ensemble of pendulums described in Example 5. At t = 0, the
density distribution in the ensemble is,

(O.pot =0) = — 1 _ P (71)
P\Y, Do, L = _27_‘_ /_271'0' Xp 202

where —m < 0 <7, —00 < pg < 0.
(a) Verify that p(6, pg,t = 0) is properly normalized.

(b) What is 0p/0t|;—0? Mark regions in phase space where 0p/0t|;—¢ > 0 and regions where
8p/8t|t:0 < 0.

(¢) How can we change p(6, pg,t = 0) to make dp/0dt = 07
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5

Summary

By the end of this lecture, you should:

be able to derive the equations of motion of a mechanical system by constructing a La-
grangian, and obtain the Hamitonian through Legendre transform. (This is important
for Molecular Simulations.)

agree with me that the flow of an ensemble of points in phase space, each following the
Hamilton’s equation of motion, is the flow of an incompressible fluid.

be able to write down the relation between partial derivative and total derivative of

p({Qi}a {pz}7 t)'

be able to write down the equation of Liovielle’s theorem (close book, of course).

be able to express the ensemble average of any quantity as an integral over phase space,
and to write down the time evolution of the ensemble average (be ware of the minus
sign!)

The material in this lecture forms (part of) the foundation of statistical mechanics.

As an introductory course, we will spend more time on how to use statistical mechanics.

A full appreciation of the foundation itself will only come gradually with experience.

Nonetheless, I think an exposure to the theoretical foundation from the very beginning is a
good idea.

References
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The purpose of this lecture is
1. To justify the “uniform” probability assumption in the microcanonical ensemble.
2. To derive the momentum distribution of one particle in an ideal gas (in a container).

3. To obtain the entropy expression in microcanonical ensemble, using ideal gas as an
example.

Reading Assignment: Sethna § 3.1, § 3.2.

1 Properties of flow in phase space

1.1 Trajectories in phase space

Q: What can we say about the trajectories in phase space based on classical
mechanics?

A:
1. Flow line (trajectory) is completely deterministic
. _ oH
4 = 3,
{4, )
Di = — 54

Hence two trajectories never cross in phase space.

P

This should never happen, otherwise the flow direction of point P is not determined.

2. Liouville’s theorem p 9
P 14
— = H!=0 2
L=y () 2)

So there are no attractors in phase space.



This should never happen, otherwise dp/dt > 0. Attractor is the place where many
trajectories will converge to. The local density will increase as a set of trajectories
converge to an attractor.

3. Consider a little “cube” in phase space. (You can imagine many copies of the system
with very similar initial conditions. The cube is formed all the points representing the
initial conditions in phase space.) Let the initial density of the points in the cube be
uniformly distributed. This can be represented by a density field p(u,t = 0) that is
uniform inside the cube and zero outside.

As every point inside the cube flows to a different location at a later time, the cube is
transformed to a different shape at a different location.

Due to Liouville’s theorem, the density p remain p = ¢ (the same constant) inside the
new shape and p = 0 outside. Hence the volume of the new shape remains constant

(Vo).

1.2 One trajectory over long time

Q: Can a trajectory from on point p; in phase space always reach any other
point p,, given sufficiently long time?

A: We can imagine the following possibilities:



1. We know that the Hamiltonian H (total energy) is conserved along a trajectory.
So, there is no hope for a trajectory to link g, and p, if H(p,) # H ().

Hence, in the following discussion we will assume H(w,) = H(p,), i.e. p, and p,
lie on the same constant energy surface: H(u) = E. This is a (6N — 1)-dimensional
hyper-surface in the 6 N-dimensional phase space.

2. The trajectory may form a loop. Then the trajectory will never reach p, if p, is not
in the loop.

/(‘_!

/l;lvv

3. The constant energy surface may break into several disjoint regions. If g, and p, are
in different regions, a trajectory originated from g, will never reach p,.

Example: pendulum

o u hase spasr P
o A L/‘L’S\\L“‘ P\_ P

@R\v%""‘: Spen

% Tt

o

- —

4. Suppose the trajectory does not form a loop and the constant energy surface is one
continuous surface. The constant energy surface may still separate into regions where
trajectories originated from one region never visit the other region.

— This type of system is called non-ergodic.
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5. If none of the above (1-4) is happening, the system is called Ergodic. In an ergodic
system, we still cannot guarantee that a trajectory starting from g, will exactly go
through any other part p, in phase space. (This is because the dimension of the phase
space is so high, hence there are too many points in the phase space. One trajectory,
no matter how long, is a one-dimensional object, and can “get lost” in the phase space,
i.e. not “dense enough” to sample all points in the phase space.)

But the trajectory can get arbitrarily close to .

o —

Nl - t&’t .
L = K san . E= 34

“At time tq, the trajectory can pass by the neighborhood of u,. At a later time ¢, the
trajectory passes by p, at an even smaller distance...”

After a sufficiently long time, a single trajectory will visit the neighborhood of every point

in the constant energy surface.

— This is the property of an ergodic system. Ergodicity is ultimately an assumption,
because mathematically it is very difficult to prove that a given system (specified by
its Hamiltonian) is ergodic.




1.3 An ensemble of points flowing in phase space

Now imagine a small cube (page 1) contained between two constant-energy surfaces H = F,

H=F+AFE.

As all points in the cube flows in
phase space. The cube transforms
into a different shape but its volume
remains Vj.

The trajectories of many non-linear
systems with many degrees of free-
dom is chaotic, i.e. two trajecto-
ries with very similar initial con-
ditions will diverge exponentially
with time.

Q. How can the volume V[ remain
constant while all points in the orig-
inal cube will have to be very far
apart from each other as time in-
creases?

A: The shape of Vj will become very
complex, e.g. it may consists of
many thin fibers distributed almost
every where between the two con-
stant energy surface.

At a very late time ¢, p(u,t) still
has the form of

p(u,w:{ff HER

except that the shape of Vj is dis-
tributed almost every where be-
tween constant energy surface.




A density function p(u,t) corresponds to an ensemble of points in phase space. Suppose we
have a function A(p) defined in phase space. (In the pendulum example, we have considered

A=62)

The average of function A(u) over all points in the ensemble is called the ensemble average.

If p changes with time, then the ensemble average is time dependent

WO = [ ) (4)

From experience, we know that many system will reach an equilibrium state if left alone for
a long time. Hence we expect the following limit to exist:

Jim (A)(1) = (A)e ®)

(A)eq is the “equilibrium” ensemble average.

Q: Does this mean that
Hm p(pe, 8) = peg(p)? (6)

No. In previous example, no matter how large ¢ is,

s ={ g B g

The only thing that changes with ¢ is the shape of V). The shape continues to transform
with time, becoming thinner and thinner but visiting the neighborhood of more and more
points in phase space.

So, lim p(u,t) DOES NOT EXIST!

What’s going on?

2 Microcanonical Ensemble

2.1 Uniform density assumption

In Statistical Mechanics, an ensemble (microcanonical ensemble, canonical ensemble, grand
canonical ensemble, ...) usually refers to an equilibrium density distribution p., () that does
not change with time.

The macroscopically measurable quantities is assumed to be an ensemble average over pg,(ft).
W= [ ) pslar) (5)
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In the microcanonical ensemble, we assume pe, to be uniform inside the entire region
between the two constant energy surfaces, i.e.

¢ E<H(@p) <E+AE

i) =iy = { B )

There is nothing “micro” in the microcanonical ensemble. It’s just a name with an obscure
historical origin.

Q: How do we justify the validity of the microcanonical ensemble assumption, given that
tlim p(pe,t) # pmc(p) (recall previous section)?

A:

1. As t increases, p(p,t) becomes a highly oscillatory function changing volume rapidly
between C and 0, depending on whether p is inside volume Vj or not.

") ey
i, .

~ 5’ >

But if function A(p) is smooth function, as is usually the case, then it is reasonable to
expect

i [ a A pla.t) = [ 1A puel) (10)

In other words, tlim p(p,t) and peq(p) give the same ensemble averages.

2. A reasonable assumption for p,(p) must be time stationary, i.e.

s (g H} = 0 (1)
Notice that
Pme(p) = [O(H () — E) — ©(H(p) — E — AE)]- ' (12)

where O(z) is the step function.

6 X)
A
4.

| =X



Because pp. is a function of H = {p., H} = 0.

Hence
OPme

ot
The microcanonical ensemble distribution py,. is stationary!.

=0 (13)

3. The microcanonical ensemble assumption is consistent with the subjective probability
assignment. If all we know about the system is that its total energy H (which should
be conserved) is somewhere between E and E + AFE, then we would like to assign

equal probability to all microscopic microstate g that is consistent with the constraint
E<H(p)<E+AE.

2.2 Ideal Gas

Ideal gas is an important model in statis-
tical mechanics and thermodynamics. It
refers to N molecules in a container. The
interaction between the particles is suffi-
ciently weak so that it will be ignored in
many calculations. But conceptually, the
interaction cannot be exactly zero, other-
wise the system would no longer be ergodic
— a particle would never be able to trans-
fer energy to another particle and to reach
. equilibrium when there were no interac-
tions at all.

Consider an ensemble of gas contain-
ers containing ideal gas particles (mono-
atomic molecules) that can be described
by the microcanonical ensemble.

Q: What is the velocity distribution
of on gas particle?

(ensemble of containers each having N
ideal gas molecules)

The Hamiltonian of N-ideal gas molecules:

Had b = 3 243 6(x) (1



where ¢(x) is the potential function to represent the effect of the gas container

0 if x €V (volume of the container)

¢<X):{oo it x¢V (15)

This basically means that x; has to stay within volume V' and when this is the case, we can
neglect the potential energy completely.

H({a} {p}) = 5 (16)

The constant energy surface H({¢;},{p;}) = F is a sphere in 3N-dimensional space, i.e.,

3N
> p}=2mE =R’ (17)

=1

with radius R = v/2mkE.

Let’s first figure out the constant C” in the microcanonical ensemble,

[ ¢ E<H@W<E+AE
pmc(pt) = { 0 otherwise (18)

Normalization condition:
1= / AN 1 () = / 4N ! = [Q(E +AE) - Q(E)] ¢ (19)
E<H(W)<E+AE

where Q(F) is the phase space volume of region H(pu) < E and Q(E 4+ AE) is the phase
space volume of region H(u) < E'+ AE. This leads to
1

C' =~ _ (20)
O(E + AE) — Q(E)

How big is Q(E)?

Q(E):/ dNp = VN./ dpy - - - dpy (21)
H(W)<E Y p?<omE

Here we need to invoke an important mathematical formula. The volume of a sphere of
radius R in d-dimensional space is /]

71_d/2 Rd
(d/2)!

Tt may seem strange to have the factorial of a half-integer, i.e. (d/2)!. The mathematically rigorous
expression here is I'(d/2 + 1), where I'(x) is the Gamma function. It is defined as I'(z) = fooo t*~te~t dt.
When z is a positive integer, I'(x) = (z — 1)!. When z is not an integer, we still have I'(x 4+ 1) = z T'(z).
I'(3) =@ Hence I'(3) = 37, T'(5) = 2/, etc. We can easily verify that Vs,(R,3) = 37 R® and
Veop(R,2) = m R2.

Vo(R, d) = (22)

10



The term behind V¥ is the volume of a sphere of radius R = v/2m£E in d = 3N dimensional

space. Hence,
13N/2 R3N

QE) = VN-W

Q(E + AE) — Q(E) OQUE)

Ay AFE - 0E

LN 1 ComE)e

2 E (3N/2)!
(27rm)3N/2 E3N/2—1 VN

B (3N/2 —1)!

In the limit of AE — 0, we can write
o 1 ) AE ]
AE Q(E + AFE) - Q(E)
1 (3N/2 — 1)

AE  (2rm)3N/2 E3N/2-1 /N

(23)

(24)

(25)

Q: What is the probability distribution of p; — the momentum of molecule ¢ = 1 in the

z-direction?

A: The probability distribution function for p; is obtained by integrating the joint distribution

function pume(q1, -+ ,qsn,p1, -+ ,psn) over all the variables except p;.

f(pl) = /dp2"'dp3N'dQ1dQQ"'dQ3Nme(Q17"' y 43N, P15 " - 7]73N)

/ dps - - - dpsn v
2mE <Y}, p? <2m(E+AE)

= dpy - - - dpsn VN C'

2mE—p} <30, p? <2m(E+AE)—p3

_ {vsp (\/2m(E +AE) - p2,3N — 1) VN (1 [omE — p?,3N — 1)} VY (26)

11



In the limit of AE — 0,

Vo <\/2m(E T AE) 23N — 1) v, (\/m, 3N — 1)

AFE

= a%Vsp <\/2mE’—p%,3N— 1)

i 7-‘-(3N—1)/2<2mE _ p%)(BN—l)/QI
BN—1

OF (25!

3N —1 om  wBN-D2(omE — p?)BN-1)/2

> B} (T,

7r(3N_1)/2(2mE _ p%)3(1v—1)/2

(3(]\7—1)),
==—)!

Returning to f(p1), and only keep the terms that depend on py,

= 2m

3(N—1)

f(p1) < (2mE — p}) (o )
2mE

Notice the identity
lim (1 + f) _
n

n—oo

and that N &~ N — 1 in the limit of large N. Hence, as N — oo,

2 3N p2 ¥ p? 3N
I - _ o
J (1) o ( 3N 2E 2m> TP Tom2E

Using the normalization condition

/_Oodplf(Pl):l

we have,
1 P 3N)
= exp | ————
fe) J2rm2E/3N) ( 2m 2F

Later on we will show that for an ideal gas (in the limit of large N),

E:gNkBT

where T is temperature and kg is Boltzmann’s constant. Hence

) = ;exp (_p%/2m>
V2mmkgT kT

(33)

(34)

Notice that p?/2m is the kinetic energy associated with p;. Hence f(p;) is equivalent

to Boltzmann’s distribution that will be derived later (in canonical ensemble).

12



2.3 Entropy

Entropy is a key concept in both thermodynamics and statistical mechanics, as well as in
information theory (a measure of uncertainty or lack of information). In information theory,
if an experiment has N possible outcomes with equal probability, then the entropy is

S = kplog N (35)

In microcanonical ensemble,

number of microscopic states between
S(N,V,E) = kglog | the constant energy surfaces: (36)
E<H@p) <E+AE

For an ideal gas,

Q(E + AE) — Q(E)
N!h3N

The numerator inside the log is the volume of the phase space between the two constant

energy surfaces. h is Planck’s constant, which is the fundamental constant from quantum

mechanics.

S(N,V, E) = kg log (37)

Yes, even though we only discuss classical equilibrium statistical mechanics, a bare minimum
of quantum mechanical concepts is required to fix some problems in classical mechanics.

We can view this as another evidence that classical mechanics is really just an approximation
and quantum mechanics is a more accurate description of our physical world. Fortunately,
these two terms can be intuitively understandable without working with quantum mechanics
equations. The following are the justifications of the two terms in the denominator.

1. N!term: Quantum mechanics says that the gas molecules are all identical or indistin-
guishable. Even though we would like to label molecules as 1,2, ..., N there is really
no way for us to tell which one is which! Therefore, two molecular structures with
coordinates: x; = (1,2,3), xo = (4,5,6) and x; = (4,5,6), xo = (1,2,3) are indistin-
guishable from each other.

Swapping the location between two molecules does not give a new microscopic state.

2. B3N term: h = 6.626 x 1073* J-s is Planck’s constant.

The numerator, Q(E), is the phase space volume and has the unit of (momentum -
distance)3" .

The term inside log has to be dimensionless, otherwise, the magnitude of entropy would
depend on our choices for the units of length, time, mass, and etc, which would be
clearly absurd.

h has the unit of momentum - distance. Therefore h3" has exactly the right unit to
make the entire term inside the log dimensionless.

13



The uncertainty principle in quantum mechanics states that we cannot measure both
the position and the momentum of any particle to infinite accuracy. Instead, their
error bar must satisfy the relation:

Agq; - Ap; > h forany i=1,--- 3N (38)

Therefore, Q(E)/(N! h3N) gives us the number of distinguishable states contained in-
side a phase space volume of Q(FE).

We can show that the entropy expression for the ideal gas in microcanonical ensemble is
oo [V (AmmE 5/2 L0
O —_— —

S\ N \svaz 2

We will derive the Sackur-Tetrode formula later. (Stirling’s formula is used to derive it.)

S(N,V,E) = Nkg (Sackur-Tetrode formula) (39)

Define number density p = %, and de Broglie wavelength

eI (— h ) (40)
VArmE /3N V2mmkgT
then

S(N,V,E)= Nkg E - log(p)\?’)] (41)

In molecular simulations, the microcanonical ensemble is usually referred to as the

NV E ensemble.

14
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In the 1st lecture, we will discuss the concepts of thermodynamics, namely its 4 laws. The
most important concepts are the second law and the notion of Entropy.

(reading assignment: Reif § 3.10, 3.11)

In the 2nd lecture, We will discuss the mathematics of thermodynamics, i.e. the machinery to
make quantitative predictions. We will deal with partial derivatives and Legendre transforms.

(reading assignment: Reif § 4.1-4.7, 5.1-5.12)

1 Laws of thermodynamics

Thermodynamics is a branch of science connected with the nature of heat and its conver-
sion to mechanical, electrical and chemical energy. (The Webster pocket dictionary defines,
Thermodynamics: physics of heat.)

Historically, it grew out of efforts to construct more efficient heat engines — devices for ex-
tracting useful work from expanding hot gases (http://www.answers.com/thermodynamics).

Sethna says “Thermodynamics is a zoo of partial derivatives, transformations and relations”.

Thermodynamics is summarized by its Four laws, which are established upon a large number
of empirical observations.

These laws describes what you cannot do, if you are in the business (or game) of converting
heat into work.

e Zeroth law: you CANNOT ignore the temperature of your heat engine.

4

e First law: you CANNOT win, the best you can do is to break even. Here
means you extract MORE work than your net in-take of heat.

‘winning”

e Second law: you CANNOT break even, unless you can reach zero temperature.

e Third law: you CANNOT reach zero temperature in your life time.

What is the conclusion on your prospect in this game?



1.1 The zeroth law

The zeroth law of thermodynamics established the existence of temperature in macro-
scopic systems.

Temperature is a state quantity which is unknown in classical mechanics. It is specially
introduced for thermodynamics. — Greiner.

Zeroth law — “transitivity of thermodynamic equilibrium”
If systems A and B are in thermal equilibrium,
and systems B and C are in thermal equilibrium,

then systems A and C are in thermal equilibrium.

Q: What does thermal equilibrium mean?

A: If a closed system is left alone for a long time, it will automatically reach an equilibrium
state and its macroscopic state quantities will no longer change with time.

Suppose system A and B have individually reached equilibrium.

If we bring A and B in thermal contact with each other, i.e. allowing them to exchange
heat, then the state quantities of A and B (generally speaking) will change until the
combined system A + B reaches equilibrium again.

System A and B are said to be in thermal equilibrium if none of the state quantities
change when they are brought in thermal contact with each other. Hence, systems
which are in thermal equilibrium with each other have a common (intensive) quantity,
called temperature.

An extensive property scales linearly with the size of the system, e.g. number of
molecules N, volume V', energy E, entropy S.

An intensive property is independent of the system size. e.g. pressure p, temperature
T.

In other words, if we bring two identical copies of a system together to form a new
system, all the extensive properties will double, while all the intensive properties will
remain unchanged.

Notice that the zeroth law applies to any system, so we can let system B be a thermometer.
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The height of the liquid h can be used to define the temperature values of all other systems
(e.g. A and C) that it can be in thermal contact with.

It is often reasonable to speak of thermodynamic equilibrium even if the state quantities
still change very slowly. Any living organism cannot be in a state of complete equilibrium,

yet the doctor still wants to know your temperature. — You wouldn’t tell the doctor your
temperature is not well defined since you are still alive.

1.2 The first law

The first law of thermodynamics establishes the total energy as a state variable.
Heat is nothing but a special form of energy — Mayer (1842)

First law — “conservation of energy”

Statement 1: you can change the total energy of the system by doing work dW to it, and/or
giving it heat d(). The change of total energy is

dE =dW +dQ (1)
dFE is a complete differential (path independent).

dW and d@ are not complete differentials (they are path dependent).

Suppose we want to transform the system from an equilibrium state 1 to another equilibrium
state 2. There are infinite number of paths (ways) to do this.

4



The intermediate states along the path do not even need to be equilibrium states!
Although it is often convenient to imagine a path that goes through a sequence of
equilibrium states.

E, —E,=AF = [ dE = [, dE is independent of the path.

AW, = [ dW # AW, = [,dW and
AQ, = fad‘Q #+ AQy = fbd‘Q are dependent on path chosen.

= Energy is a state property, whereas work and heat are not.

Statement 2: you can never “gain energy”. § dE = 0= §dW +dQ.

1.3 The second law

The second law of thermodynamics establishes the entropy as a state variable.

Consider two arbitrary reversible paths from state 1 to state 2.

From the first law, we know that AQ, = [ dQreo # AQy = [,dQye,, i.e. the total heat
deposited into the system depends on the chosen path.

However, experiments confirm that dS = Q an exact differential, i.e.

Sy— 8 =AS = / s = / Wrev / ds = / ey 2)

S is thus a state property called Entropy. We can think of % as the factor to convert the
erev
.

incomplete differential dQ),., to a complete differential dS =

1.3.1 Efficiency of Carnot engine

Entropy is usually discussed together with the Carnot cycle — A heat engine using ideal gas
and operating between two temperatures.



T=Tw

T=Te
v

Step I: isothermal expansion at higher temperature 7}. volume from V; to V5. engine take in
heat AQ; > 0 and produce work.

Step II: adiabatic expansion AQ;; = 0. T drops to lower temperature T,.. volume from V5 to
V.

Step III: isothermal compression at low temperature 7,.. volume from V3 to V. engine release
heat AQ[[[ < 0.

Step IV: adiabatic compression AQy = 0.

After the Carnot engine has completed one cycle, it returns to state 1. Hence total energy
change AE = AQ + AW = 0. Since AQ;; = AQrv = 0 (adiabatic steps, no heat exchange
by definition), the total heat intake for the entire cycle is,

AQ = AQr + AQrr (3)

Notice that AQ; > 0 (AQ); is the heat absorbed from high temperature reservoir 7},) and
AQrrr <0 (JAQ ] is the heat dumped to low temperature reservoir 7).

AW = —AQ = —AQ;r — AQr <0 (4)

Since AQr; < 0, |AW| < AQ; not all heat absorbed from T}, can be converted to useful
work, some of them |AQ);;7| are wasted and has to be dumped to 7,.. Hence the efficiency
of the Carnot engine is,

N4 AQr;
= =1+
TTAQ, AQ;

The efficiency n can be obtained using the fact that entropy S is a state property.

<1 (5)

After the Carnot engine has completed one cycle AS = 0.

Since AQ;r = AQry =0, AS = AS; + ASrr =0,

A A T,
TCEI + CTBCIH =0 — AQu= _ﬁAQl (6)
T
n=1— Th (7)

Hence, you break even (n = 1) only if 7. = 0 (or T}, — o0).

6



1.3.2 Alternative statements of the second law

The second law has many equivalent statements:
1. The entropy of an isolated system never decreases.

2. A system in contact with one thermal reservoir cannot produce positive work in a cycle
(Kelvin’s statement).

3. A system operates in a cycle cannot produce heat flow from a colder body to a hotter
body — unless it consumes work (Clausius statement).

— i.e. heat never flows from a low temperature to a high temperature place unless you
have a refrigerator (e.g. a Carnot engine running backward).

Statement 3 is probably the most intuitive.

We all experience spontaneous heat flow from high 7" to low 7" but never the opposite. This
also means the Carnot engine, being a reversible engine, is the most efficient heat engine
between T}, and T,.. Otherwise, if you have another engine that is more efficient than the
Carnot engine. Then we could give the work produced by this engine to the Carnot engine
which now runs backwards - consuming work and carry heat from T, to T}, without consuming
external work.

— The two engines together form a refrigerator that requires no power!

fwith mo PM!/’

;uz_y_. -lQﬁ

LIF' .

One can use similar ideas to show that statements 1 and 2 are both equivalent to statement
3.

For example, according to statement 1, having absorbed heat AQ);, the engine has increased
its own entropy. It has to dump this entropy somewhere else (to T,) before it can start a
new cycle. Therefore, the Carnot engine cannot have n = 100% efficiency.

If there is a “magic stone” that can spontaneously decrease its entropy, an engine coupled
to this “magic stone” will no longer need to find another heat reservoir to dump entropy
through heat exchange. It’s efficiency (work output / heat intake) can then achieve 100%.



This “magic heat engine” coupled with a Carnot engine running in reverse, would lead to
refrigerator requiring no power.

Any system, when left alone, will go to equilibrium. In other words, going to equilibrium
is a spontaneous process. Hence entropy only increases during equilibration and reaches

maximum at equilibrium.

In an adiabatic (AQ = 0) irreversible process, entropy only increases.

’ yernwre
% e 4@yamk“‘/ 7 -~
| e 4, : 4 e ’.

Stote 1

During this process, there is no external work and no heat exchange. The process is irre-
versible. Hence Sy > S;.

1.4 The third law

The third law of thermodynamics is an axiom of nature regarding entropy and the impossi-
bility of reaching absolute zero of temperature.

Third law: “As a system approaches absolute zero temperature, all processes cease and
the entropy of the system approaches an minimum value” (which can be defined as zero) —
also known as Nernst’s theorem.

Alternative statement: “It is impossible by any procedure, no matter how idealized, to reduce
any system to the absolute zero of temperature in a finite number of operations.”

(Unfortunately, showing the equivalence between the above two statements of this third law
is beyond this class.)

Since S = kg In ), entropy is related to the number of microscopic states consistent
with macroscopic states variables. Third low states that at zero temperature, there

is only one microscopic state, i.e., the system can only occupy the ground state at
T =0.



Here we list some world records of reaching down to zero K.

Doug Osheroff, a Cornell graduate student, discovered (in 1970’s) superfluid phase
of helium-3 at 0.002K. (Osheroff is currently a physics professor at Stanford. He won
the 1996 Nobel Prize for this discovery.)

NIST (1994) T =7 x 10 7K.

MIT (2003) T = 4.5 x 10K

2 Mathematics of thermodynamics

In this lecture, we will go through the mathematics of thermodynamics.

2.1 Equation of state

Let’s start by considering an isolated system — A gas tank of volume V', containing N gas
molecules, the total energy of the gas molecules is F.

If the gas tank is left alone for a time, it should go to a thermal equilibrium state, and
N,V, E stay constant.

/1)

_ For a given type of gas, the three
/ / variables (N,V, E) will completely
/ / specify the state of this (pure) gas.

L/

77777

From 2nd law of thermodynamics, we also know that every equilibrium state has a well
defined entropy S. Therefore, S must be a function of N,V,E i.e. S(N,V,E) — This
function is specific to the type of material (gas) that we are studying and can be considered
as an “equation of state”.

Notice that S, N, V, E are all extensive state functions. Any three of them uniquely specifies
a state. The fourth one then has to be a function of these three.

For example, the equation of state of ideal gas can be written as

m 3/2
stv.:) = vt o (- (S50E) ) 43 ®

(See “microcanonical ensemble” notes. We will derive it later.)




Now let’s start taking partial derivatives!

Because S, N, V, E are all state functions, dS,dN,dV,dFE are all complete differentials.

08 08 0S8
45 = (a@)w B (a—N)E,V N (W)E,N v ©)

— be careful which variables we keep fixed while taking the derivatives.
The above equation is valid for an arbitrary differential change of a equilibrium state.

Let us now consider a more specific change, where we pass heat dQ) to the gas tank while
keeping N,V fixed. In this case

AN =0, dV =0, dE =dQ (10)

we also know dS = %d‘@, which leads to C% = (g_g)zv,vd@' Hence

(3,

We can consider this as the definition of temperature — from the equation of state S(N, V, F).

It is perhaps more convenient to rewrite the equation of state as E(S,V, N).

Then

oF oFE oF
EF=|— — — N 12
a (aS)V,Nd“ <6V>S,Ndv+ (8N)s,vd 12)

Let us now consider a different (reversible) change of state.

Suppose we do mechanical workdWW to the gas tank by changing its volume (dV'). The work
will be done adiabatically (@@ = 0). Hence,

dS =0, dN =0, dE =dW

We also know that dW = —pdV, so —pdV = (3—5)” av'.

Hence we arrive at the definition of pressure.

10




We can also do “chemical work” to the gas tank by injecting more gas molecules (dN).

In this case, dW = udN, p is called chemical potential. Again,
dS =0, dN =0, dE =dW

So, pdN = (8—E dN.

aN)s,V

Hence we arrive at the definition of chemical potential.
([ OFE
"=\oN ),

dE =TdS — pdV + pdN

Therefore,

Summary: Equation of state E(S,V, N) — material specific

7= (9E __(9E _ (9F
o5 ), PT o) T \aN g,

E; S, V. N are extensive variables. T, p, u are intensive variables.

dE =TdS — pdV + udN

2.2 Gibbs-Duhem relation

Let’s prove some mathematical identities now!

2.2.1 Homogeneous function

(15)

(16)

(17)

Suppose we collect A gas tanks, each having energy E, entropy S, volume V', and number
of molecule N, and put them together to form a big gas tank. The result is a system that
should have energy AE, entropy AS, volume AV and number of molecule AN. This means

that the equation of state function E(S,V, N) should have the following property.

E(AS, AV, AN) = \E(S, V, N)

This means E(S,V, N) is a “homogeneous function of 1st order”.

(19)

Next we will apply Virial theorem (Euler’s theorem) to show some “surprising” properties.

11



2.2.2 Virial theorem / Euler theorem

Consider function f(xy,z,- -+ ,x,) which is homogeneous of 1st order.

Define u; = Ax;,

therefore 5
5 (U/l,UQ, ,U/n) :f(xlvaJ"' 7'TTL)
At the same time,
Qf(uu u)_”a_faui_”a_f
oN T T L uy N = oy

Take A = 1, we get
)
f(x17$27"'7$n)zz f

— Jx;
=1

This is the Virial Theorem: for a homogenous function of 1st order, f(x1, o, - - -

f(‘rl?xQ)." )xn>zza_mxz

=1

Applying this theorem to function E(S,V, N),

oF oF oF
E N) = | == . — : —— N
(5, V. N) (8S>V,N S*(@V)S,N V*(@N)S,V

In other words,
E(S,V,N) = T-S—p-V+pu-N
Recall that
dE. = T-dS—p-dV +p-dN
(Both the above two equations are true!)

Let’s push the math one step further!

oF oF oF
E(SV.N) = (%)V,N o (W)S,N s (a—zv)s,v

= dE = TdS+SdT —pdV —Vdp+ udN + N dy

But
dE =TdS —pdV + udN

12

N

(20)

(21)

(22)

(25)

(28)

(29)



This leads to the Gibbs-Duhem relation

SdT —Vdp+ Ndu=0 (30)

Consequence of the Gibbs-Duhem relation: It is impossible to vary all the intensive variables
freely. This is contrary to extensive variables (N, V, FE), which can be changed freely.

If you vary T and p, then p will change in a predictable manner.

2.3 Maxwell relations
Mathematical identity 1:

Consider a function f(z,y),

df = adx + bdy, aE(a—f>, b

b (5). 3

(@).~ (@), ®

then, we get

because they both equal to %.

Mathematical identity 2:

Consider a function z(z,y)

This function defines a relation between z, vy, z, i.e. a 2D surface in 3D space. The same
relation can also be expressed by z(y, z) and y(z, 2).

().~ (5),G). ®

(Shouldn’t be confused with the chain rule! Note the minus sign!)

(). (3). ) -
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Equivalently, we can write



This is because
Oz -4 oy :_97 9z) __¢ (35)
oy ) . b 0z ), c ox ), a
An alternative, algebraic way to prove this identity is the following.
0z 0z
dz = [— | d — | d 36
= (&) () )
ox ox
dv = | — | d — ) d 37
= (&) (5), @
Plug the second equation into the first, we obtain,
0z ox ox 0z
dz = (=— | - |[[{= ] d — | d — | d 38
’ (f%")y [<5y)z y+(5Z)y Z] +(0y>x ! =
The dz term cancel and we have
0z ox 0z
— — ] d — | dy=0 39
(5$>y(0y)z y+(@y>x ’ (39)
Because this has to be true for arbitrary dy, we have proved the identity of interest.

We can now apply these two identities to function E(S,V, N). Because,

dE =TdS — pdV + pudN (40)
the first identity leads to the following Maxwell’s relations.

(S_XT/) S,N - (g_g) V,N )

(av)., = (), @

(@), = ()., ®

Let’s fix N, then E(V,S) is similar to x(y, z). The second identity leads to the following
Maxwell’s relation.

oF OF 08 08
)y (&) (& ie. —p=-T-(2 44
7)o (), ), = (), @
Similarly, we can fix S, and consider E(V, N) as z(y, z). The following Maxwell relation
appears.
o)) o)) ON
bt - _ (== == 4
(7)o (67) (57)..0 o

14



All of these Maxwell relations are mathematically true. But the physical meaning of some
of them is not obvious. So some of them are not very useful.

2.4 Legendre transform

The equation of state E(S,V, N) is not convenient to work with. This is because we usually
do not do experiments at adiabatic conditions [@Q = 0).

Very often, experiments are performed at constant temperature 7. The sample is allowed
to exchange heat with a thermostat at temperature T

The Legendre transform allows us to work with a different equation of state A(7T', V, N) where
A is called the Helmholtz free energy — another very important concept in thermodynamics
and statistical mechanics (as important as entropy S)

Recall the same Legendre transformation in classical mechanics

oL

L(g.4) — H(q.p), p= 50 (46)

Notice that as we change variable ¢ to its conjugate variable p, the Lagrangian L is trans-
formed to Hamiltonian H.

Here, we want the following Legendre transformation,

E(S,V,N)— A(T,V,N), T= (g—g) (47)
V,N

As we change variable S to its conjugate variable T', the energy F is transformed to Helmholtz
free energy A.

Start with E(S,V, N), we know dE = TdS — pdV + pdN

Define
A=FEF-TS (48)

What is A a function of?

dA = dE —d(TS) =dE —TdS — SdT
TdS — pdV + pdN — TdS — SdT
= —SdT — pdV + pdN

So A is a function of T', V', N'!

A(T,V,N) (49)
dA = —SdT — pdV + pdN (50)

15



The equation of state A(T,V,N) is convenent to use when experimental condition is at
constant temperature 7', volume V' and number of particles N (e.g. gas tank at room
temperature).

We can also formulate thermodynamics starting from A(7,V, N) and define S, p, u as

0A 0A 0A
=—| = =— (= = — 1
5= (52), 7= (0), #= ()., o

these definitions are completely consistent with earlier equations.

Notice here that p and p are defined as derivatives with T fixed! — this is easier to do in
experiments than to keep S fixed.

2.5 Thermodynamic potentials

Both E(S,V,N) and A(T,V,N) are thermodynamic potentials. Recall Euler’s theorem:
E =TS —pV + uN, and the definition A = F — T'S, we have

= A = —pV+uN (52)
together with dA = —SdT — pdV + pudN (53)

From A(T,V,N), we can obtain another set of Maxwell relations, e.g.
05\ _ (o o
oV )y T )y

This Legendre transform is fun!

We can continue the Legendre transform with other variables, e.g. V and N, and we will
get more and more mathematical identities.

What a harvest!
Suppose we no longer keep our gas tank at constant volume. Instead, we would like to allow
volume to adjust automatically but want to keep the pressure p as well as temperature T’

constant.

In thermodynamics, this correspond to another Legendre transform
0A
oV )y

16



Legendre transform again:

A(T,V,N) (56)
dA = —=SdT — pdV + pdN (57)
Define

G=A+pV =E-TS+pV (58)
dG = dA+d(pV) (59)
= —SdT — pdV + pdN + pdV + Vdp (60)
—SdT + Vdp + pdN (61)

G is a function of T', p, N'!
G(T,p,N) (62)
dG = =SdT + Vdp + udN (63)

G(T,p, N) is an equation of state useful at constant T, p, N.

We can also formulate thermodynamics starting from G(T,p, N) and define S, V| pu as

8G> <8G> (3@)
=—| = ,V=1— N (64)
(GT pN ) o ON ),

This seems a little bit of a stretch, because the volume V doesn’t require such an
obscure definition — “It is obvious what is the volume of my gas tank!” But these
definitions are mathematically exact and completely consistent with the previous
definitions.

Recall: E =TS —pV + uN and A = —pV + uN

Now G = A + pV, therefore

G = uN (65)
Hence,
G
H = N (66)
Therefore, chemical potential is the same as Gibb’s free energy per particle!
Recall e
= (= 67
= (5v). (67)

(both the above two expressions for u are true)

17



From G(T,p, N), we can derive more Maxwell relations!

Another Legendre transform

H=E+pV (683)
H(S,p, N) (69)

H is called enthalpy and is good for constant S (adiabatic) and constant p, N conditions.

H = TS—uN (70)

dH = TdS + Vdp+ pdN (71)
OH

<aS )p,N 7 (7 )

more Maxwell relations!

18



The four thermodynamic potentials consider above: E, A, H, G form a square.

~15

\'%

Here we have always kept N fixed.

As a result, G, p seem special, because they are the only ones for which we can write
G=uN, jp=— (73)

But it does not have to be that way.

Let’s get really “energetic” about the Legendre transform and consider ...

19



The “thermodynamic-potential Cube”!

The thermodynamic potentials 1(S,V, ), J(S,p, ), and K(T,V, i) do not have names (that
I know of), because nobody uses them (yet). — Hey, you can get more Maxwell relations
out of them.

Notice that 7
— _G T == = __K 74
/’L N? S? p ‘r ( )

So 1 and G are not that special after alll Well.... except that nobody uses J and K...
What happened to L(T,p, u)? It is zero!

So, it is not a useful thermodynamic potential, e.g. we can’t get any Maxwell relation out
of it.

Recall the Gibbs-Duhem relation SdT — Vdp + Ndu = 0, you cannot specify all 3 intensive
variables as free variables. That’s why L(7’, p, 1) has no meaning!

20



3 Worked examples

3.1 Thermodynamic potentials and Maxwell’s relation

Consider a gas tank of volume V' containing N gas molecules with total energy E. For all 7
thermodynamic potentials,

5
76
7
7
79
80
81

J

oo
~— — — — — ~— —

(
(
(
(
(
(
(

write down the corresponding 3 conjugate variables. For example, for E(S,V, N), they are
the definitions of T', p, and p. Also write down 3 Maxwell relations for each thermodynamic
potential. There should be 7 x (3 4+ 3) = 42 equations in total.

Solution

Energy: E(S,V,N)

ar

(

v

T

I

(

o»
oS

oE
oS

dE = TdS — pdV + pdN

) #=(

)
e

orT
ON

p=-—

>S,V

Helmoltz Free Energy: A(T,V,N)

A

E-TS

(

oE
ov

(

o
oS

) |

9
ON

o
ON

)or
)o =

dA = dE —-TdS — SdI' = —-SdT" — pdV + pdN

s
ON

Jor 7=
I

)T,V

-
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Enthalpy: H(S,p,N)

H = E+pV
dH = dE+ pdV +Vdp=TdS + Vdp+ ndN

0H 0OH OH
), v ()
aS p,N ap S7N aN S,p

3 Gs) ), -G8, ), - ()
a)ew \os) o \an),, " \as) o \av ), T o)

Gibbs Free Energy: G(T,p,N)

|
N
5

G = A+pV
dG = dA+pdV +Vdp = —SdT + Vdp + pdN
oG oG oG
S=—|— , V=[— , = —
<8T)p,N <8p)T,N <8N>T,p
)= (7). ), =), G), = (50)
op TN oT p7N’ ON Top oT p7N’ ON Top op TN
I(S,V,u)
I = E—uN

dl = dE — pdN — Ndp =7TdS — pdV — Ndu
(9]) (8[) (8[)
T'=\+5 ) pP=—\ % ) N=—|4-
(88 Vo oV ) s, o) sy

()= ). GG, @) ()
wv)s,~ \os)., \au)s, " \as), \an)y v ),

J(S,p,n)

J = H—uN
dJ = dH — pdN — Ndp =TdS + Vdp — Ndu
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), @ @
25),, op /s, 1) s,

()= (s) - Go)o=(s) o (&)= (%)
op S oS p#’ ou Sp oS p’“’ o Sip Op S

K(T,V,u)

K = A—uN
dK = dA— pdN — Ndy = —SdT — pdV — Ndu

oK oK oK
S:_ A ) =\ 57~ ) N=—1|—+
(aT)W P <6V>T,M (w)w

@)~ Gr), G, -G, G, = (&)
o )1, orT V#’ o) 1y orT V,u’ o) 1y oV )1,
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3.2 Properties of ideal gas

The Sackur-Tetrode equation gives the analytic expression for the entropy of an ideal gas,
V (4rmENY?\ 5

In|— = 82

n(N(3Nh2) >+2] (82)

(a) Invert this equation to obtain E(S,V, N). Derive the expression for 7', p, and p. Verify
the ideal gas law pV = NkgT'.

S =kpgN

(b) Obtain A(T,V, N) and recompute S from A(T,V, N).
(c) Obtain G(T,p, N) and compare it with p N.

(d) Compute the heat capacity at constant volume Cy,, heat capacity at constant pressure
C,, coefficient of thermal expansion o and compressibility 3, which are defined as follows

- ),
-,

Verify that C, — Cy = o?V'T/(3 (this relation is valid for arbitrary thermodynamic system).
Solution

(a) At fixed S, V', N, the property thermodynamic potential is E(S,V, N).

3NR2 (N\Y? 28 5
B(S,V,N) = dtm (V) P {3]\7163 a 5}

OF 9 INkpT
T = (22) _E o
(as)VN SNks >
OF 9 NkgT
() _p= V = NkgT
p (av)SN s3v o v P B

_ (9B _E
= \onN)g, TN
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(b) At fixed T, V', N,
A=F —-TS5. But we
now.

E

S

A(T,V,N)

the property thermodynamic potential is A(T,V, N). Recall that
need to be careful about rewriting everything in terms of T, V', N

3
SNkgT
5 Ve

vV (2mmksT\*?*\ 5

 3NkpT V (2mmkpT\**\ 5
B~ T8 ="~ ~ NksT ln(N( 2 ) 5
3/2
—NkgT |In (K (2ka3T> )+1
h2
_ (o4 :—é—kaBTi:—é SNk
ar),y T °oT T ' 2

vV (2mmksT\*?*\ 5

Nhs |In (N (h—) )

which reproduces Eq. .

(c) At fixed T, p, N,

the property thermodynamic potential is G(T,p, N). Recall that

G = A+pV. But we need to be careful about rewriting everything in terms of 7', p, N now.

A

pV
G

kgT
p

2rmkgT
B2

—NkgT

))
))

1n<
m<

(
(

NEkgT

A+pV

kgT
p

27kaBT
h2

—NkgT

At the same time, Eq. leads to

uN

5

E

SNEgT

28
3Nkp

_ SNkgT TS
2
kT

m(p(

(QkaBT

|

— NkgT

1n<

2mmkgT
h2

)]

5

2

E

kgT
p

—NkgT

Comparing Eqgs. and , we have

12
G=uN
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(d) To compute heat capacity at constant volume, Cy, the proper thermodynamic potential
to consider is A(T,V, N), with

0A
5= (a—T)V,N

B dQ B a5 B 0%2A
v = (W>V,N—T<8—T)V,N—‘T (W)V,N
: V (2amkpT 3/2 +§
WY e 9

08 3
v = T<ﬁ)m_ Nk

Recall that

S(T,V,N) = Nk

we have

To compute heat capacity at constant pressure, C),, the proper thermodynamic potential to
consider is G(T, p, N), with

oG
- -
or),x

dQ oS 2*G
Cp (dT>p,N (aT)p,N (8T2>p,N
B kpT (2rmkpT\*?\ 5

p,N

C,—Cy = Nkg

From

we have

To compute coefficient of thermal expansion, «, the proper thermodynamic potential to

consider is G(T',p, N), with
NkgT
vV = (%) _ ks
) v p

Vo () -
v\ar), , Vopar
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Therefore

P Nk’B_l

NkgT p T

To compute compressibility, (3, the proper thermodynamic potential to consider is also

G(T,p, N), with

5o _L(vy __1oc
N V \ op T’n_ V 0 p?
Therefore
g = —p Nkl 1
NkgT —p? D
VT 1
6 = ﬁVTp:Nk’B:Cp—CV
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3.3 Gas expansion

Consider an insulated container of volume V5. N idea gas molecules are initially confined
within volume V) by a piston and the remaining volume V5 — V] is in vacuum. Let T, pq,
Ei, S1 Ay, Hi, G be the temperature, pressure, energy, entropy, Helmholtz free energy,
enthalpy, and Gibbs free energy of the ideal gas at this state, respectively.

Vi V2- Vi

(a) Imagine that the piston is suddenly removed so that the gas has volume V5. After some
time the system settles down to equilibrium again. What are the temperature 75, pressure
p2, energy Ey. entropy Sy, Helmholtz free energy A, enthalpy Hs, and Gibbs free energy G,
in the new equilibrium state? Mark the initial and final states in the p-V plot and the T-5
plot.

(b) Suppose we move the piston infinitely slowly (a reversible process) to let the gas expand
to the full volume V5. The gas container is thermally insulated during this process. What is
the work done AW to the system? What are T5, ps, Fo, As, Hy, G5 in the final equilibrium
state? Express them in terms of the thermodynamic functions of state 1 and V5/V;. Mark
the initial and final states in the p-V plot and the T-S plot.

Solution:

(a) Because there is no heat flow or work done to the system during the free expansion, the
change of total energy is zero,

by =E;

From the Sackur-Tetrode equation for the entropy of ideal gas
V (4rmEN*?\ 5
In| — e
" <N < 3NR2 > ) * 2] (90)

V;
52 = Sl—l—k’BNln—2
Vi

S = kN

Hence

Because temperature is defined as
o (9S\ _ 2E
~ \9E/,y 3Nkp
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we have,

2F
T, — T, —
2 ' 3Nkg
Because pV = N kg T, we have
_ NkpT, _Dh Vi
P2 v v

Change of Helmholtz free energy,

A2 - Al = (E2 - TQSQ) - (El - Tlsl)
= _TI(SQ - Sl)
Va

Ay = A — NkgT) In—=
2 1 Blﬂvl

Enthalpy,
5
Hy = FEy,+pVo= §NkBT1 =H;

Change of Gibbs free energy,
G2 - G1 - (H2 - TQSQ) - (H1 - T151)
= —T1(S— 5)
Vs

Gy = Gy —NkgT)In—=
2 1 Bln‘/l

Table 1: Change of thermodynamic properties if the piston suddenly disappears and the gas
settle down to the new equilibrium state with volume V5.

Ty — T 0
P2 — D1 m(Vi/Va—1)
Es — E; 0

SQ - Sl N]{?B ln(‘/g/‘/l)
AQ_Al _NkBT].n(‘/Q/‘/l)
Hy — Hy 0

G2 - G1 —N kBTln(‘/g/‘/l)

(b) Here the piston expansion is a reversible and adiabatic (no heat flow) process. Hence
the entropy change should be zero,

52251
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From Eq. ,

Because E = 2NkgT,
Vi 23
T, = (—1) T (91)

Eq. can also be obtained from the ideal gas law, pV = NkgT. During the
expansion process, the energy change corresponding to a differential change of volume

dV is,
NkgT

dE =dW = —pdV = — dv

At the same time, F = %NkBT, therefore dE = %NdeT, so that,

gNdeT = —NIXC/BTdV
3dT 4V
2T V.

3 (Tdl Y2 qv
§/Tl T _/Vl v
§1n§ = —lnE
2 T Vi

v\ 23
T, = (=) T

Because

2/3
p2 Vo = N/fBTQZ(—> » Vi

Vi 5/3
P2 = (72> P1
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Helmholtz free energy, enthalpy and Gibbs free energy,

2/3 2/3
AQ - E2 - TQSQ - (E) El - (%) Tlsl
2

Vo
2/3
e
Vs
3
Hy = Ey+pVo= §Nk3T2 + NkgTh

5 i\ %5
it () Dt

Gy = As+p(Vi+ Vo) = As+ NEkgTy

Vi 23
= (7) (A1 + NEkgTy)
2

2/3
2

Table 2: Change of thermodynamic properties if the piston moves very slowly and adiabat-
ically expand the volume to V5.

)Ty | (Vi)Va)*/3
p2/p1 | (Vi) V2)?/3
Ey/Ey | (Vi/Va)%3
S,/ 0

Ay JAy | (Vi V)*?
Hy/H,y | (Vi) V)*?
Gy/Gy | (Vi/Va)*?

T
P/‘\ PV’:NKBT /N
1 / 2()
I/ L | — )
2(a)
k 0a. T ek
\'zcw
V, v, v 5 B
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4 Irreversible processes

4.1 Entropy and irreversibility

Second Law: The entropy of an isolated system never decreases.

Interpretation:

When a system is in a thermal equilibrium state A, it has a definite entropy 5S4, which
is a function of N, V. E. If certain constraint is removed in the system, e.g. consider
the sudden removal of a separator between the gas and the rest of the container.

The system will (irreversibly) reach a new equilibrium state B, which has entropy Sg.

The second law says: Sg > Sa.

In the above example, the process is adiabatic (no heat exchanges). We can make the
following statement about the entropy depending on whether heat is exchanged, or whether
the process is reversible.

For an adiabatic process, Sg > Sj4.
For an adiabatic and reversible process, Sp = S4.

For a non-adiabatic and reversible process Sg = S4 + f AdQrey /T, dS =dQrev /T .

For a non-adiabatic, non-reversible process, dS >dQ/T

In summary, entropy is related to both heat and irreversibility.

4.2 Variational statement of second law

W/, o

7,
7 4

Let n represent an internal constraint, e.g., the
position of the separator.

», s -

//////////'
>

/,
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Let S(F,V,N;n) be the entropy of the system subjected to constraint 7.

S(E,V,N) is the entropy when the constraint is removed and is the global maximum of
S(E,V,N;n).

S(E,V,N) =max S(E,V,N:n) (92)
"
Since (g_g)v ~ > 0, we have the following minimum principle for the entropy function
E(S,V,N).
E(S,V,N) = min E(S,V, N; 1) (93)
"

Care must be taken to interpret the physical meaning of this equation. Usually, when
we remove a constraint, E remains constant while S will spontaneously increase.
However, it if we want to restore entropy S to its original value, we must extract heat
from the system, which will lead to a decrease of energy.

The minimum energy principle becomes much easier to use and to interpret after Legendre
transform to A(T,V, N)
A(T,V,N) = min AT, V, N;7) (94)

n

In the following we will prove this and other minimum principles.

First, let us recall some relations:
For a reversible process: dS =dQyey/T
For a irreversible process: dS >dQ/T,dQ < TdS.

From first law,

dE = dQ +dWw
= dQ — pdV + pdN
dE < TdS —pdV + udN  (for irreversible processes)
Therefore, for irreversible processes, we can write

dZ =dE —TdS + pdV — pdN < 0 (95)

whereas

azZ =0 (96)

for reversible processes.
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The above two equations can be used as a general criteria for irreversible processes.

e If we can keep S, V, N constant, then dZ = dFE, then for an irreversible process
dE < 0. ie. E(S,V,N) = min, E(S,V,N;n). (We noted earlier that it is quite
different to keep S constant in an irreversible process).

o If we keep T, V, N constant, the proper thermodynamic potential to use is the
Helmholtz free energy A(T,V, N).

A= E-TS

dA = dE—TdS — SdT

dE = dA+TdS+ SdT

dZ = dA+ SdT + pdV — pdN = dA (97)

Hence, for an irreversible process, dA < 0,

= A(T,V,N) =min A(T,V, N;n) (minimum Helmholtz free energy principle) (98)
1

e If we can keep S, p, N constant, (dZ = dH), then for an irreversible process dH < 0,

= H(S,p, N) =min H(S,p, N;n) (minimum enthalpy principle) (99)
n

This one is not easy to use, because it is difficult to keep S constant in an irreversible
process.

o If we keep T', p, N constant, (@Z = dG), then for an irreversible process dG < 0,

= G(T,p,N) =minG(T,p, N;n) (minimum Gibbs free energy principle) (100)
n

Summary:

A system (when given a chance) will evolve toward minimizing its Helmholtz/Gibbs
free energy at constant (7, V, N)/(T,p, N) conditions.

When equilibrium is reached, its Helmholtz/Gibbs free energy will be at a global minimum.
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In this lecture, we will first discuss the relation between entropy and irreversibility. Then we
will derive the entropy formula for ideal gas,

o3 ()3 »

from the microcanonical (NV E) ensemble. To do so, we will

S(N,V,E) = Nkg

1. Establish Boltzmann’s entropy expression
S=kglnQ(N,V, E) (2)

where 2 is the number of microscopic states consistent with macroscopic state (N, V, E).

This is a special case of entropy defined in the information theory S = > "  p;lnp;

when p; = é for all 7.

2. Count the number of microscopic state Q(N, V, E), carefully.

Reading Assignment, Reif §3.1-3.10.



1 Reaching equilibrium after removal of constraint

First let us consider a specific example of irreversible process caused by the removal of a
constraint on a thermodynamic system (see Lecture Note 6.4. Irreversible processes).
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Let the system settle down to an equilibrium state under the constraint 7. In this state,
the two sides should have the same temperature T. Given the ideal gas equation of state
PV = NkgT, the two sides will not have the same pressure, unless 7 = L/2. This means
that, in general, force must be applied on the separator to maintain the constraint 7.

Let S(N,V, E;n) be the entropy of the system in this state (with constraint 7).

Now imagine removing the constraint n, by allowing the separator to slide in response to the
pressure difference between the two sides.

Initially the separator may oscillate due to inertia effects. Imagine there is friction between
the gas tank wall and the separator. Then the oscillation will eventually die down. Me-
chanical motion is converted to heat in the process, while the total energy remains constant
(assuming the system is isolated from the rest of the world).

Entropy S will increase in this process.
When the system eventually settle down to the new equilibrium state (without constraint

n), the new entropy is
S(N,V, E) = max,S(N,V, E;n) (3)

If the system is in contact with a thermostat at temperature T', then N, V, T remain constants



during the irreversible process. One can show that the Helmholtz free energy decreases in
the process (heat generated by friction flows to the thermostat). The Helmholtz free energy
in the new equilibrium state is

A(N,V,T) = min, A(N,V,T;n) (4)

2 Entropy and irreversibility

2.1 Birth of entropy

Entropy is first defined by German physicist Clasius, “On various forms of the laws of
thermodynamics that are convenient for applications”, (1865).

Entropy is the Greek word for “transformation” — Hans C. von Baeyer, “Maxwell’s Demon”,
(1998), p.61.

Entropy — stays constant in reversible processes.
Entropy — always increases in irreversible processes.

2.2 Entropy increase defines arrow of time

This should be very puzzling for everybody, because all microscopic theories of nature (e.g.
classical mechanics, electromagnetism, relativity, quantum mechanics) are time reversible.

o In classical mechanics, the trajectories of individual
o> I particles are completely reversible. One cannot tell
e ST whether the movies is playing forward or backward.

Einstein was very puzzled by the arrow of time.

‘Mmgg . In the theory of relativity, time is just one of the
| axes of the 4-dimension “space-time”.

Past-v.s.-future is not so different from left-v.s.-right.

()M”'
Einstein remarked “... this separation between part, present and future is an illusion, albeit
a stubborn one.” — “Maxwell’s Demon” p.129.



Indeed the illusion of “the arrow of time” is a very stubborn one. It is one of the most
fundamental aspect of human experience.

Obviously, we remembers the past, but are usually not so good at predicting the future.

Why cannot we “remember” the future?
Clausius stated that: Entropy always increases as we move into the future.

What is this entropy anyway? How can we explain it in terms of the microscopic particles
(atoms)?

Why does it always increase with time?

2.3 Boltzmann’s entropy expression
S=kgln Q (5)
where (2 is the number of microscopic states consistent with the macroscopic state, e.g.

(N, V, E).
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Phase space

e As we remove some internal constraint on the system, it “diffuses” out of its original
volume in the phase space into a much larger volume in phase space: €2 — €.

e Microscopic dynamics is reversible. It does not prevent the system from spontaneously
moving back into region €2; — but to see that happen you will have to wait a LONG
time.

e The waiting time easily exceeds the age of the universe, which has been only 14 billion
years anyway. The age of the earth is about 4.5 billion years.



If you want to reverse the change in your (very limited) life time, you will have to
spend work.

Hence irreversibility is connection to the finite span of our existence (yes, mortality,
alas). — After all, God (being immortal) may not see irreversibility.

Entropy increases because the system’s initial condition has lower entropy than the
equilibrium state. No irreversibility can be observed if the system is already in thermal
equilibrium.

Almost all irreversible processes (e.g. life) on earth are fuelled (ultimately) by sun
light. The evolution of stars obeys thermodynamics, i.e. entropy always increases in a
burning star. This means entropy is increasing everywhere in the universe.

Future — will it be the “heat death of the universe”? Maybe. But not so eminent. I
suggest we don’t worry about it.

Past — If the entropy has been always increasing, then the universe must have a beginning.
The initial state of the universe must have very low entropy.

“Big bang” — 14 billion years ago, all energy/mass of the universe is concentrated at
one point (smaller than one atom). This initial state has very low entropy. Boltzmann
(1844-1906) already realized that!




3 Boltzmann’s entropy expression

S,V, N, E are all state functions in thermodynamics.

Furthermore, S is a function of (V, V| E). S(N,V, E) is a material specific equation of state
from which all thermodynamic relations of this material can be derived.

In thermodynamics, the equation of state is obtained from experiments:

@(/&n}w&r@
\ /
Infer s
S,V E) €+—— PV=NkaT
/ o ol rive (45

microcansmicad

ensemble

In statistical mechanics, we can derive S(N,V, E) from fundamental dynamics of the mi-
croscopic particles. Other equation of state (e.g. pV = NkgT') can be derived from this
fundamental relation.

Statistical Mechanics Thermodynamics

Microcanonical (N, V, E') ensemble. | Macroscopic variables: S, N, V| E
There are many microscopic states
{qi,pi} consistent with (N,V,E).
Suppose the number of such micro-
scopic states is ().

Boltzmann proposes:
S =kplnQ (6)

where kg = 1.38 x 10723 J.K~! is Boltzmann’s constant.

Boltzmann’s tombstone in Vienna reads: S = K log W.

4 Shannon’s entropy and information theory

Later on, people realize that Boltzmann’s entropy formula is a special case of the entropy
expression in Shannon’s information theory.

S=-K Zpi log(p) (7)

=1



This expression is called Shannon Entropy or Information Entropy.

Unfortunately, in the information theory, the symbol for entropy is H and the constant kp
is absent. We have changed their notation to avoid confusion.

4.1 How to understand Shannon’s information entropy

Entropy measures the degree of our lack of information about a system. Suppose you throw
a coin, which may land either with head up or tail up, each with probability % Then we
have some uncertainty about the outcome of each “experiment”. The uncertainty can be
quantified by a positive number S.

Now suppose you modified the coin (somehow) that you know for sure that each time you
throw it, it will always land with head up (i.e. probability = 1). Then there is no uncertainty
about the possible outcome of each “experiment”. The information entropy should be S = 0.

In general, consider an experiment with n possible outcomes, each with probability p;, ¢ =
1,---,n with normalization condition ) ., p; = 1.

We are looking for a general formula S(py,p2,- -+ ,p,) that can characterize the uncertainty
in all these experiments.
Intuitively, we expect

(1) S(p1 = 1/n,po = 1/n,--- ,p, = 1/n) should be the maximum among all values
S(p1,--+ ,py) with a fixed n.

(2) S(pr=0,p2=1,--- ,p, = 0) = 0 should be the minimum (no uncertainty).

But to develop a general formula for arbitrary {p;} seems impossible!

That’s why Shannon is so smart. He did it!

4.2 Derivation of Shannon entropy
Shannon showed that if we assume the entropy function should satisfy a set of reasonable
properties then there is only one possible expression for it!
These conditions are:
(1) S(p1,p2,- -+ ,pn) is a continuous function.
(2) f(n)=S(1/n,1/n,---,1/n) is a monotonically increasing function of n.

(3) Composition law for compound experiments:

m

S(AB) = S(A) + ) prS(B|A) (8)

k=1
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To understand the composition law, consider the following compound experiment

AB.

Experiment A: Select one out of m baskets. (Suppose basket k is selected.)
Experiment B: Select one out of nj; objects from basket k.

In the end, all we did was to select one object from N = > | ny, objects.
Let the total uncertainty of the compound experiment be S(AB).

The composition law states that we should be able to quantify the uncertainty at
each step and add them together.

The uncertainty in 1st step is simply S(A) = S(p1,- -, Pn)-

The uncertainty in 2nd step depends on the outcome of the 1st step. When basket &
is selected, let the uncertainty of 2nd step be S(B|Ag).

The expected value of the uncertainty in 2nd step is Y-, ppS(B|A).

Hence we expect S(AB) = S(A) + > 7", px S(B|Ax)

To show Shannon’s entropy is the only expression that satisfy these three conditions, we
design a special compound experiment.

Consider an experiment in which we randomly pick 1 object out of N objects. The probability
of picking any object is 1/N. The uncertainty of this experiment is

S(1/N,1/N,--- ,1/N) = f(N) (9)



Now imagine that we artificially break down the experiment into two steps. Imagine that
we divide the NV objects into m groups.

Each group k contains ny, objects and k runs from 1 to m, i.e. > " ny = N. In the first
step, we randomly pick one of the m groups, the probability of picking group k is
Ny,

Pe =57 (10)

In the second step, we pick one object from the selected group. Suppose group k is selected
in the first step, then the probability of selecting one object in the second step is 1/ny.

The uncertainty in the first step is S(p1,- -+, pm)-

The expected value for the uncertainty in the second step is ;" pxf(ng). Hence

FIN) = S(p1,--- o) + > prf () (11)
k=1
Now consider a special case of ny =ny = -+ =n,, =n, pr = 1/m for all k.

Every group has n objects, n-m = N.

FN) = S(1fmoe 1 fm) + Y () (12)
f(mn) = f(m)+ f(n), for arlgitrary m, n (13)

Thus
f(m) = Klogm (14)

where K is arbitrary positive constant.

Plug it back to the general case

KlogN = S(py,--+ ,pm) + »_ ek logny, (15)
k=1

S(p1y-+ Pm) = KlogN—ZpkKlognk

k=1
= KZpklogN — KZpklognk
k=1 k=1
- N
= K log —
;pk g -
= K prlogp (16)

k=1

9



Of course, in the special case of p, = 1/Q, k = 1,2,--- ,Q, we get back to Boltzmann’s
entropy expression

S = —K> (1/Q)log(1/Q)

= KlogQ (17)

5 Entropy of ideal gas

Now, let’s count how many (£2) microscopic states are consistent with macroscopic state
variables N,V E.

In the microcanonical ensemble, all microstates with £ < H({¢;},{p:}) < E + AE have
equal probability density. (Yes, we need to talk about probability density because ¢; and p;
are continuous variables).

From Lecture Notes “Microcanonical ensemble”

Q(E + AE) — Q(E)

2= NIR3N

(18)

Q(E) is the phase space volume occupied by all micro states with H({¢}, {p;}) < E. N,
h3N are correction factors from quantum mechanics.

For an ideal gas, H = Zf’ivl %, Q(E) is the volume of 3N-dimensional sphere (R = v2mE)
times V.

~ 2rmE)3N/?
Q:%-V’V (19)
)1
1 9QE)
© = Fw o ap AF

1 (27Tm)3N/2 . E3N/271

= . VN LAE 2
NN Nz (20)
logQ) = —log N!—3Nlogh+ (3N/2)log(2mm)
+(3N/2 —1)log E —log(3N/2 — 1)! + NlogV + log AE (21)

10



Apply stirling’s formula, and only keep terms of the order N,

logQ) ~ —NlogN + N — Nlogh®+ Nlog(2rmE)*?
—(3N/2)1og(3N/2) +3N/2 + NlogV
= N[-log N +1 —logh® 4 log(2rmE)*?
—log(3N/2)%? +3/2 +log V]
(2rmE)3/2V
~___15/2
& Npaan e T

A
= N [log (% (—43N]§) ) + g] (22)

Notice that Planck’s constant h remains in the final expression, but AE does not, because
the latter does not contribute a term of the order N.

= N{lo

Given the fundamental equation of state S(F,V,N), we can derive all other properties of
the ideal gas (Handout 6. Thermodynamics §3.2).

The statistical distribution of momentum of one particle in ideal gas in the microcanonical
ensemble has been derived in Handout 5. Microcanonical Ensemble §2.2.

11
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Outline

e In this chapter, we will establish the equilibrium statistical distribution for systems
maintained at a constant temperature 7', through thermal contact with a heat bath.

e The resulting distribution is also called Boltzmann’s distribution.

e The canonical distribution also leads to definition of the partition function and an
expression for Helmholtz free energy, analogous to Boltzmann’s Entropy formula.

o We will study energy fluctuation at constant temperature, and witness another fluctuation-
dissipation theorem (FDT) and finally establish the equivalence of micro canonical
ensemble and canonical ensemble in the thermodynamic limit. (We first met a mani-
festation of FDT in diffusion as Einstein’s relation.)

Reading Assignment: Reif §6.1-6.7, §6.10



1 Temperature

For an isolated system, with fixed N — number of particles, V' — volume, E — total energy, it
is most conveniently described by the microcanonical (NV E) ensemble, which is a uniform
distribution between two constant energy surfaces.

const E<H({qg} {p}) <E+AE

pmc({ait {pit) = { 0 otherwise (1)

Statistical mechanics also provides the expression for entropy S(N,V, E) = kgIn €.

In thermodynamics, S(V, V, E) can be transformed to a more convenient form (by Legendre
transform) of Helmholtz free energy A(N,V,T'), which correspond to a system with constant
N, V and temperature 7.

Q: Does the transformation from N, V, E to N, V, T have a meaning in statistical
mechanics?

A: The ensemble of systems all at constant N, V, T is called the canonical NV'T ensemble.
Q: What is the probability distribution function for the canonical ensemble? Is it uniform?

A: The distribution is not uniform. It is called Boltzmann’s distribution, which we will
develop below.

Q: How do we define temperature in statistical mechanics?

A: In thermodynamics, temperature is established through the zeroth law — transitivity
of thermal equilibrium.

This means that temperature is a property that emerges in the thermodynamic limit,
N — oo, where N is the number of particles. — The existence of temperature is
independent of the type of the material (e.g. gas, liquid, or solid).

On the other hand, a system with say, N < 10, particles does not have a well defined
temperature (in the usual thermodynamic sense), unless it is in thermal contact with
another system, i.e., a thermostat, which has a large number of particles and a well-
defined temperature.

The thermostat is considered to be many many times larger than the system of inter-
est, so that the heat exchange with the system has a negligible effect on the energy per
particle and temperature of the thermostat.

Through thermal contact with the thermostat, the system will eventually settle down
to an equilibrium state with temperature equal to that of the thermostat.



The only requirement for the thermostat is that it is much larger than the system of
interest. — You could imagine the rest of the universe as the thermostat. The only
problem there is that the universe is not in thermal equilibrium.

For convenience, the ideal gas is usually used as a model for the thermostat (because its
analytic expression for S(NN,V, E) is known). But this is not necessary. The property
of the system of interest will not change if we use a different type of thermostat.

2 Boltzmann’s distribution

Canevicol Ensemble

K // : /"'//’ ) Loy “hoak bu:tk"

kg [ T

H=E+

Because the system can exchange heat with the thermostat, its total energy is no longer
conserved. Hence, we should no longer expect its energy to be confined as

E < H({g},{pi}) S E+AE

Instead, any energy is allowed.

Q: How can we obtain the equilibrium density distribution p.({q;}, {p:}) for the canonical
ensemble?



A: The key idea is that, the (system + thermostat) can be considered an isolated system,
and can be described by the microcanonical ensemble.

mias C ansri ek W%Ux-
sysem Heat fath
RGN Ha

Let H be the Hamiltonian of the system and Hp be the Hamiltonian of the heat bath.

H + Hgp = E is conserved. Hence the system and heat bath together can be described by
the microcanonical ensemble when they have reached thermal equilibrium.

pmc({@i}, {pi}i {a’} {pP}) = { gonSt iirgi(s{eqi}’ o)+ Hp({al} {pP) < B+ AF
(2)

where {¢;}, {p:} represent the system’s degrees of freedom, and {¢?}, {pP} represent the heat
bath’s degrees of freedom. If we only want to know the statistical distribution concerning
the system’s degrees of freedom, all we need to do is to integrate out the degrees of freedom
corresponding to the heat bath.

3NB

pe({ai}, {pi}) = / H dg; dp? pme({@i}, {pi}, {a’} {p7}) (3)

This is very similar to the study of momentum distribution of one gas molecule in a gas tank
of N molecules (see “Microcanonical ensemble” notes).

. p({ai}, {pi}) is proportional to the number of ways the thermostat molecules can rearrange
themselves such that £ < H({¢},{p:}) + He({¢?}, {p?}) < E+ AE.

pel{ai}, {pi}) = const - Qp(E — H({a:}. {pi}) (4)



Recall that the entropy Sp of the heat bath is a function of its energy Ep.

Sp(Ep) =kl Qp(Ep)  Ep=FE— H({g},{p:}) (5)

Also notice that E, Ez > E = H({g;},{p;}). Hence we can do a Taylor expansion of Sp

around £ = 0.
Sa(En) ~ Sa(B) - (522 ) - H({a}. () )

The higher order terms are neglected.

We recognize that % = <%>, where T is the temperature of the thermostat. T" must also

be the temperature of the system at thermal equilibrium. Therefore,

Sp(Ep) = const — H({g:} {pi})
T
Qp(Ep) = exp (M) _ const - exp (_ H({g}. {p}) ) .

kp kT
pC({Qi}> {pz}) = const - exp <_W>

This is the canonical distribution, also called Boltzmann’s distribution or Boltzmann’s law.

pelfach (o)) = e (—M) (10)

kgT

The term in the exponential is called Boltzmann’s factor.

Z is a normalization factor

Z = /ij dg; dp; exp (—%) (11)

We can compare this result with the momentum distribution of one gas molecule in the
microcanonical ensemble (see “Microcanonical ensemble” notes).

3 Helmbholtz free energy

Do not say “it’s just a normalization factor”. We will see that Z is actually very important.

In the miocrocanonical ensemble, we also have a nomalization constant € (volume of phase
space)

1 { 1 E<H({a}{p}) <E+AE (12)

pmc({@i}: {pi}) = 5 0 otherwise

5



Q) is eventually connected to entropy

Q
In other words, R
Q
Q: What’s the meaning of the normalization constant Z in the canonical ensemble?
Q: What is entropy in the canonical ensemble?
A: Use Shannon’s entropy formula,
S = —kgp sz‘ In p;
i=1
1 H H ~
= [ b () ()
B | P P T ksT
1 .
= f/ dq dp pe(q,p) H(q,p) + kpInZ (15)
r
where fF means integration over the entire phase space.
Notice that the first term simply contains the ensemble average of energy.
E=(H) E/ dq dp pe(q, p) H(q,p) (16)
r
E - .
S:T+kBan’ kgTInZ =TS — FE (17)
Recall in thermodynamics, the Helmholtz free energy is defined as A = E — T'S.
Therefore, R
A=—kgTInZ (18)
Adding quantum corrections
A

Z = Niﬁ is called the partition function.

Notice that energy E is the ensemble average of the Hamiltonian. But the free energy
A cannot be written as an ensemble average. A is proportional to the log of the
normalization constant A = —kglIn Z. (Analogous to Boltzmann’s entropy expression
for the canonical ensemble S = kg In(.)



4 Fluctuation-dissipation theorem on energy

In the canonical ensemble, the system acquire a temperature by having a thermal contact
with a thermostat (heat bath) with temperature 7. Thus the system is no longer isolated
any more. Its total energy, i.e., Hamiltonian H({g;}, {p:;}) is no longer conserved. In other
words, we should expect some fluctuation of total energy in the canonical ensemble.

On the other hand, fluctuations are not considered in thermodynamics. At constant N, V, T,
the appropriate thermodynamics potential is A(N,V,T), from which we can compute a
definite value for energy E'= A+ T'S, with S = — (0A/9T) y .

Hence, in thermodynamics, we expect the system to simultaneously have a definite tem-
perature T and total energy E. In statistical mechanics, if the system have a well defined
temperature, its total energy E must fluctuate.

Q: How do we reconcile this difference between statistical mechanics and thermodynamics?

A: (1) The total energy in thermodynamics should be identified as the ensemble average of
the Hamiltonian in statistical mechanics.

‘ -

B =) =~ [ T[ dasdp: exo(—BH{a} o) - (g} (), 6 (20)
7 .

~

ks

(2) We expect the statistical fluctuation of the Hamiltonian to diminish in the thermody-
namic limit (N — o0). Q: Can we show this?

Define AFE as the standard deviation of the Hamiltonian in the canonical ensemble, where
(AE)* = (H?) — (H)* (21)
We would like to compare the magnitude of AE with F = (H) itself.

To proceed, we need to introduce a widely used technique (or trick) in statistical mechanics,
which involves the all-important partition function (or normalization factor).

3N
7 = / T das dps e ¥ taidtod) (22)
1=1
82 3N
= = _ dg; dp; e PHA@HPD) 7 (L4 {p; 23
55 = Waaa (AN (23)
107 o . -
E=(H =-=2=_-1mz 24
(H)=-=55="5;1" (24)

In fact, many other thermodynamic properties can be expressed in terms of derivatives of Z.



Since

aZ 3N
% — _/H dg; dpie_ﬁH({Qi}v{pi})H({qi}’{pi}) (25)
>z
o> - / H da,dp, 10 H({g) {p))° 20
1 9*Z
(H?) = _/H dg; dp; e H? Z ? (27)
. N\ 2
oy~ L7 _3_2
_ 19 [0z 1 _Z_i 10z
- 708 aﬁ 0B \Zz s
8
2 2 _
(1)~ (1) = =i (28)
2 _ 2\ 2__£ _ 2 (OF
(AE)" = (H®) —(H)"= 8ﬁE kgT <8T) (29)
Notice that Cy = (g—?) NV is the heat capacity — an extensive quantity.

Cy = N - ¢y, where ¢y is the specific heat — an intensive quantity

(AE)Q = ]CB T2 CV = N]fB T2 Cy (30)
AE = \/NkpT?cy (31)
AExVN as N — oo (32)

On the other hand, we expect as an extensive quantity

ExN as N — (33)

AFE 1
— x—=—0 as N — o0 (34)
E VN
Therefore, the relative energy fluctuation diminishes in the thermodynamic limit. In this
limit, the difference between canonical and microcanonical ensemble vanishes!

Notice that the variance of H, (AE)? = (H?) — (H)?, is a measure of the energy fluctuation
of the system.

At the same time, the heat capacity Cy = gg measures the response of the system to external

stimuli — How much energy is needed if we want to raise the temperature by one degree.

8



Thus (AE)? = kgT?Cy is an example of the fluctuation-dissipation theorem (FDT). Spon-
taneous fluctuations at thermal equilibrium and response to external stimuli are not inde-
pendent of each other.

We have encountered another fluctuation-dissipation theorem (1 = ;7) in the “Diffusion”
chapter.

Other fluctuation-dissipation theorems can be derived similarly. For example, the sponta-
neous volume fluctuation at constant pressure is related to compressibility — see future notes
on the “(N, P,T) ensemble”.

> 0.

Because (AE)? = kgT?Cy, (AE)? > 0, and kgT? > 0, we must have Cy = (g_)NV =

Hence the heat capacity is always positive.

5 Examples

5.1 Ideal Gas

Let’s obtain the explicit expression for A(T,V, N) from A = —kgT In Z and compare it with
the results from the microcanonical ensemble 4+ Legendre transform.

7 = N';hw / Sﬁ dqi dp: exp (—%) (35)

aah b = XU p (30

m

VN o] p2 3N VN IN/2
Z = WV dp exp <_2kaT)1 = Frjw (2mmks L)Y (37)

In (% (%#)Wj + 1] (38)

Same as in the previous chapter on “Thermodynamics”.

A(T,V,N) = —kgTlnZ=—ksTN

5.2 Molecules with three energy levels

Consider N molecules, each can be in one of the three energy states, £ =0, &, 2¢.

Q: What is the Helmholtz free energy, energy and the entropy of the system at the tem-
perature 17

Q: What is the heat capacity Cy?



=28 —_ _ —_ -~
=& —_— - —_

| ¢ 1

‘E=O - —— -
3

1 2 ¢ N

The degree of freedom in this problem is {n;},i=1,--- | N.
The energy of molecule i is (n; - €), n; = 0,1, 2.

This problem would be a nightmare if you have to solve it using the microcanonical ensemble
in your midterm. But algebra is fairly easy if we use the canonical ensemble. The results
must be the same. This is why people like to use canonical ensemble in derivations.

The first step is to find the partition function
N
7 = Zexp(—ﬁH), where H = an ‘€ (39)
{ni} =1

notice the m correction is no longer needed because the problem is already discrete and
molecules are distinguishable.

The sum }_,,, over all possible combinations seems impossible to obtain. But it can be
transformed to a much simpler form.

N N
e P = exp <—552ni> = He_ﬂs’” (40)
N i=1 ; =1
= ST X o)

{n;} i=1 i=1 \n;=0,1,2
— (14e® e %) (41)

Helmholtz free energy A = —kgT'In Z

A = —NkgTIn(l +e 7 +e%%) (42)
0A e—ﬁf € > + e—QBELQ
S = ———= = NkgTln(1+e¢ % %) ¢ NkpT—E8T kT 43
a7 pTIn(1+e % +e %) + Nkp T - (43)
—Be 9 —203e
E — A4TS=Ne— == (44)

1+ e fe 4 o720

Alternative, we can obtain F from

0 0
- —- _ —Be —208e
E aﬁ(an) 35 [NIn(1 + e + e2%)]
—Be —20e

11 e P 1 o2

10



The heat capacity

has a very long expression. But the main point here is that its analytic expression exists.

AsT—>0,e_’“B%T—>O,E—>O,S—>O(thirdlaw),A—>O,Cv—>?

As T — oo, e T ]
A — —NkgTIn3+ Ne¢

E

L

NE -

, E'— Ne (is this reasonable?), S — NkpIn3 (is this reasonable?),
) CV —7

G217

o >T
Sy
Vg3 T— — — - - —====--—-
o =T
A1
a~

.y g

11
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1 Summary of NVE and NV'T ensembles

Let us start with a quick summary of the microcanonical (NV E) ensemble. It describes
isolated systems with fixed number of particles N, volume V' and energy E.

//////J//
NV E
14

777777/

e The microcanonical ensemble is described by a uniform distribution with two constant
energy shells.

e The connection with thermodynamics is made through Boltzmann’s entropy formula:
S = kgIn ), where Q is the number of microscopic states consistent with thermody-
namic (macroscopic) variables N, V| E.

e Inverting S(N,V, E) we can obtain E(S,V,N). The other thermodynamic quantities
are defined through partial derivatives.

temperature T = (‘g—g)VN, pressure p = — (g—E)SN, chemical potential p = <g_1€)sv

Next, a quick summary of the canonical (NVT) ensemble. It describes systems in contact
with a thermostat at temperature T. As a result, the energy of the system no longer remain
constant. The number of particles NV and volume V' remain fixed.

e The canonical ensemble is described by Boltzmann’s distribution.

1

plad An}) = e D (1)
3N

7 o / TT dai dps oo 2)
=1



2

The connection with thermodynamics is made through the expression of Helmholtz
free energy A(N,V,T) through the partition function Z,

3N
1
_ _ . e BHEP: @}
A=—kgTlhZ, 7= N!th/H dq; dp; e PHUpika (3)
i=1
The other thermodynamic quantities are defined through partial derivatives.
entropy S = (%), pressure p=—(52)_ , chemical potential = (%),

The energy (Hamiltonian) of system is no longer conserved, but fluctuate around its
average value.

107 0

E=(H) = —E%:—%an (4)
(AE)? = (H?) — (H)? = —g—g = kgT*C, = NkpT?c, (5)

Hence in the thermodynamic limit N — oo,

AFE 1
AE =/ NkgT? —_— X — —
kgT?c, z ox N 0 (6)

The difference between microcanonical (NV E) ensemble and canonical (NVT') ensem-
ble vanishes.

NPT ensemble

The NPT ensemble is also called the isothermal-isobaric ensemble. It describes systems
in contact with a thermostat at temperature 7" and a bariostat at pressure p. The system
not only exchanges heat with the thermostat, it also exchange volume (and work) with the
bariostat. The total number of particles N remains fixed. But the total energy F and volume
V fluctuate at thermal equilibrium.

Q:
Q:
Approach:

barto St |

VL)Y thevmo-

et | T

_'_____________...J
What is the statistical distribution p({q;}, {p;}) at thermal equilibrium?
What is the microscopic expression for the thermodynamic potential?

Consider system of interest + thermostat 4 bariostat all together as a closed system,
which can be described using the microcanonical ensemble.



2.1 Equilibrium distribution

Notice that in the (N PT') ensemble, the probability distribution function must also include V'
as its variable, because the volume can (in principle) take any value at thermal equilibrium.

p({a},{pi}, V) o< number of ways (Q2) the thermostat and the bariostat can rearrange them-
selves to allow the system to have energy E = H({¢;}, {p:}) and volume V.

Let S be the entropy of the thermostat + bariostat, then

Q = exp (%) (7)

Let V, and Ej be the total volume and total energy of the thermostat + bariostat 4+ system
of interest. Let V and F be the volume and energy of the system of interest. Then the
volume and energy left for the thermostat + bariostat are, Vo — V and Ey — E, respectively.

s s 05 08
S(N,Vo, =V, Ey — FE) =S(N,Vy, Ey) — | —= V—|— E 8
(V.%o =V, By — B) = (V. Vo, ) <W> <8E> ®)
N,E NV
We recognize (g-g)N = % where T is the temperature of the thermostat.
A%

But what is (ﬁ) ?
w V)

This is the time to use the second type of Maxwell’s relationship.
. 7 .
oF Vv oV SN 0S BN
1 oV
nk (—p) - (5) =1 (10)
EN
a8

p

where p is the pressure of the bariostat. Therefore,

S(N,V,E) = S(N, Vi, Ey) —gv— %E (12)
Q = const - exp (— E;;gv) (13)
Therefore, the equilibrium distribution of the isothermal-isobaric (NPT ensemble is,
par, {pi}, V) = ;e*ﬁ[H({Qi}v{pi})*va} (14)
- . 3N
= _ /0 qv / [T da: dps et ad 0 (15)
i=1



2.2 Thermodynamic potential

By now, we would expect the normalization factor = should be interpreted as a kind of
partition function that will reveal us the fundamental equation of state.

To find out the precise expression, we start with the Shanon entropy expression. (Notice here
that V' is an internal degree of freedom to be integrated over and p is an external variable.)

S = —kp sz‘ In p;

= ko [ av [ T] daanistladn V- Alad D 2oV

_ %(<H>+p<v>)+k31né (16)
— %(E—l—pvavg)—i—kglné (17)

Hence
—kgTIhZ = E—TS + pVa, = G(N, T, P) (18)

This is the Gibbs free energy, which is the appropriate thermodynamic potential as a function
of N,T, P! So everything falls into the right places nicely. We just need to careful that
the volume in thermodynamics is the ensemble average V,,, = (V), because in (N, T, P)
ensemble, V' is not a constant.

Of course, we still need to put in the quantum corrections 1/(N!h3Y), just as before. So the
final expression for the Gibbs free energy and chemical potential p is,

3N
_ 1 o
' 0 i=1
E(T.p,N) = / AV Z(T,V,N)e P (21)
0

Therefore, Z(T, p, N) is the Laplace transform of the partition function Z(T,V, N) of the
canonical ensemble!

2.3 Volume fluctuations

To obtain the average of volume V' and its higher moments, we can use the same trick as in
the canonical ensemble and take derivatives of = with respect to p.



V) BS 2 op
1 0°=
V?) = (kgT)’ =
V) = (TP 5 5
ov 0 (10= 1 92
——— = kT — | == ) =k ==
ap 7 ap (5 329) N [E op*
1 , 1072 1 0=
kpT (ksT) = 0p? (B = p
1
= -
1
= T (AV)?
Define compressibility[]
b L(OV) @y
‘ V\op/)ry ksTV
Then we have,
(AV)? = kgTB.V
AV = \/kgTB.V
AV 1

— 50

X
VoWV

asV — oo

(22)

(23)

In other words, in the thermodynamic limit (V' — o0), the relative fluctuation of volume is

negligible and the difference between (N PT') ensemble and (NVT') ensemble vanishes.

2.4 Ideal gas example

To describe ideal gas in the (NPT) ensemble, in which the volume V' can fluctuate, we
introduce a potential function U(r,V’), which confines the partical position r within the
volume V. Specifically, U(r,V) = 0 if r lies inside volume V and U(r,V) = +o0 if r lies

outside volume V.

The Hamiltonian of the ideal gas can be written as,

3N

H({g:},{pi}) = Z

=1

INot to be confused with 3 = 1/(kgT).

b;
2m

2 N

j=1

+ZU(I‘Z,V)



Recall the ideal gas partition function in the (NV'T') ensemble.

vy 3N/2 vy
where A = h/v/2mmkgT is the thermal de Broglie wavelength.
HTpN) = [ dv-Z@ VN e
0
_ 1 = N —BpV
= N'—/\?’N/O dV - VN . e P
1 1 o N —s
= NIV (Bp)N /0 dz- 2" -e
1 1
— l
 NIA3N (BP)N—H N
B (k’BT) N+1 1 (29)
- P A3N
In the limit of N — oo,
_ ksT\"Y  (2rmkpT)3N/2
:(T,p,N)%< » ) . 1aN (30)
The Gibbs free energy is
kpT\ (2mrmkpT)3/?
G(T,p,N) = —kpInE = —NkzT In [( Z )-( Wmhf ) } (31)
This is consistent with Lecture Notes 6 Thermodynamics §3.2,
G ksT\ (2rmkpT)*/?
MZN:—kBTan';)-( hf) } (32)

3 Grand canonical ensemble

The grand canonical ensemble is also called the puV'T" ensemble. It describes systems in
contact with a thermostat at temperature 7' and a particle reservoir that maintains the
chemical potential . The system not only exchanges heat with the thermostat, it also
exchange particles with the reservoir. The volume V' remains ﬁxedﬂ But the number of
particles N and energy E fluctuate at thermal equilibrium.

2Remember the Gibbs-Duhem relation. We cannot specify all three variables T', p, p simultaneously.



Q: What is the statistical distribution p({q;}, {p;}) at thermal equilibrium?
Q: What is the microscopic expression for the thermodynamic potential?

Approach: Consider system of interest + thermostat + particle reservoir all together as a closed
system, which can be described using the microcanonical ensemble.

3.1 Equilibrium distribution

Notice that int the grand canonical (uV'T') ensemble, the probability distribution function
must also include NV as its variable, because the number of particle can (in principle) be any
non-negative integer at thermal equilibrium.

Following the same approach as in the (N PT') ensemble, we obtain the equilibrium distri-
bution of the grand canonical (V1) ensemble as the following.

1 atmtat o)
paik Apit, N) = ze putah i) =) (33)
where

00 3N
2 -3 / TT da: dps et dod)=sm) (34)

N=0 =1
= Y NNV T) (35)

N=0

p is grand canonical distribution and Z(N,V,T) is the normalization factor in the canonical
ensemble for NV particles.

3.2 Thermodynamic potential

Again, we should expect the normalization factor to give us the thermodynamic potential
for u, V, T, which is the Grand potential, or Landau potential,ﬁ

O(p,V,T)=E—-TS — uN = —pV (36)

3We called it K in Lecture Notes 6 Thermodynamics.



Starting from Shanon’s entropy expression, we can show that
O(u,V,T)=—kgTInZ, pV =kgTlhZ (37)

where Z is the grand partition function,

o0 3N
Z = Z / H dg; dp; e PH A pH—uN) 58
N=0" i=1
= Y VLN,V T) .
N=0

where Z(N,V,T) is the partition function of the canonical ensemble. Notice that we have
removed the “sign, meaning that we have applied the quantum correction 1/(N!h3N).

Define fugacity z = e’ (so that u = kgT'In 2) we can write,
z=> NZ(NVT) (40)
N=0

Therefore, the grand partition function Z(u,V,T') is the unilateral Z-transform of the
partition function Z(N,V,T') of the canonical ensemble

3.3 Number of particles fluctuations

Average number of particles

102 0 0

(N) = kT35 = kel (0 2) = 55 (10 2) (41)
(N?) = (kBT)Q%gTZQ (42)

O(N) 1 2 2y _ (AN)?
o = V) - = (43)

Define density p = <—g>, (N) =pV

V. S_Z _ %;VTV (44)
(AN)? = kpT(9p/0p)V (45)
AN = kT (0p/op)V (46)
% = \/kBT(p(?f/a'u)V x \/1? —0 (asV — ) (47)

4No wonder it is called the Z-transform. See http://en.wikipedia.org/wiki/Z-transform for proper-
ties of the Z-transform.



3.4 Ideal gas example

Recall the ideal partition function in the canonical ensemble,

N 3N/2 vy
(49)
From this we obtain the grand partition function,
- VN <1 /2V\Y
_ N _
2 - > - Y () o0
N=0 N=0
zV
Z = exp (F) (51)
Next the grand potential & = —pV,
2V
pV = kgTlhZ = kBTF (52)
z 2
= T— =———A
eﬁ“ = p h2 v (54)
kBT 27TTTL/{ZBT
3/2
p h?
= kgT1 — [ —
s ph <kgr) (2wkaT) (55)
This is consistent with the results from the NPT ensemble, as it should!
We now can obtain an explicit expression of the density fluctuation of the ideal gas.
0 o (zV zV pV
W) = g Z&(m) AT T kT (56)
ey
Ny = -3 (57)
O(N) e BV pV
bl VA — 3. (N) =
o =8 = gl (58)
I(N) pV
AN)? = kgT —* N 59
(AN = kT St = 0 = () (59)
(60)

Hence the variance of NV equals the expectation value of N. The standard deviation of N is

AN = /{N) (61)

10



The relative fluctuation of N is AN |
N — (62)
N (N)

From the above we also obtain how density p = N/V changes with the chemical potential,

dp 1O0N) p
ou "V op (TP (63)
3.5 Lattice gas model
From the previous sections, we see
AN = (N) (64)

Q: Is this result reasonable?

Ideal gas means no correlation between molecules. Hence we can build a lattice gas model
as a further simplification to the ideal gas model.

1 |

— tofod]
& of-cells

? Ne.

Y B

Imagine we divide the volume V into N, cells. Each cell can have either 1 molecule or 0
molecule.

Assume N, > (N), so that we can ignore the possibility that two molecules occupy the same
cell.

Define a random variable for each cell,

n 1 cell 7 contains 1 molecule, probability p
‘1 0 cell icontains 0 molecule, probability (1 — p)

n; and n; are independent of each other (for i # j)

The total number of molecules in volume V is
Nc
N=> n, (66)
i=1

11



The average number of molecules is

(V) =3 () = (i) - N
Notice that
(ng) p
(nf) = p
(n) —(n)> = p—p*=p(1—p)
Hence
(N) = Nep
) = (NP = Nep(a—p) = () (1 %)

In the limit of N, > <N>

(AN)? = (N?) — (N)* = (N)

This is consistent with the prediction from the grand canonical ensemble.

5N, can be arbitrarily large and hence much larger than N.

12
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We have considered a number of models that can be solved analytically in statistical
mechanics, such as ideal gas, 2-level molecules, 3-level molecules, N-harmonic oscillators.
They are all non-interacting models. In the canonical ensemble, the partition function of N
identical but non-interacting particles is simply the N-th power of the partition function of
a single particle.

If we want to go beyond the ideal gas systems, we need to account for interactions between
molecules. Finding the partition function for systems with interactions is generally difficult
(if not impossible). However, solids at low temperatures can be approximated by a connected
set of harmonic oscillators. Through a coordinate transformation, the system can be re-
written as a set of independent harmonic oscillators, so that we can use the results from the
non-interacting models again.

Reading assignment: Reif §7.1-7.7, §10.1-10.2.



1 Average kinetic and potential energy

Let us start with some general discussion that is applicable to a wide range of systems, which
can be either solid, liquid, or gas. Consider a Hamiltonian of an N-particle system

Ao b = 3 2 4 Uta) 0

where the first term on the right hand side is the kinetic energy and the second term is the
potential energy.

In the canonical (N, V,T) ensemble, the partition function is

N‘h3N /H dg; dp; e PHUahpi}) = =04 @

where A is the Helmholtz free energy.

The average energy is

N dqz dp; e—ﬁH({qi}v{Pi})H({q,}, {pz})
f H dg; dp; e=PH{ai}{pi})

B = (i) - L 1l= 3

The average energy is the sum of the average kinetic energy and the average potential energy:.
The average kinetic energy is easy to evaluate,

2
)

ol ﬁ fH dq; dp; e BH(Zz 1§m)
2m ST, dgi dp; e=8H

Ekin -

=1

— ZNkgT (4)

Notice that the result does not depend on m. This means the result is %N kgT as long as
the kinetic energy is a quadratic function of p;.

If the potential energy is also a quadratic function of ¢;, i.e. the case of 3N-independent
harmonic oscillator,

U({a:}) Z ka; (5)



then using the same derivation as above we will find that the average potential energy is
also (U) = %N kgT. In this case, the average total energy is equally divided between the
average kinetic energy and average potential energy (i.e. equipartition). But a system of
independent harmonic oscillators is not a good (enough) model of a solid. Nonetheless, the
average potential energy of a solid (at low temperature) is still (U) = %N kgT. We will
explain the reason using Virial theorem.

At low temperature, atoms in solids vibrates around its equilibrium position {¢?}. Hence we
can do a Taylor expansion of U({¢;}) around the equilibrium position,

Ulfa)) = U }+28U G Zaqlaq]

Define U({¢?}) = Ey = —N Econ, where E,, is called the cohesive energy. Because {¢?} are
equilibrium positions, by definition

(¢ —a))(qj—qj)+--- (6)

qi q

oUu
dq;

=0 (7)

7i=q?

Define K;; = 88255] Matrix K = {Kj;} is called the Hessian matrix.

At low temperature (T' < T;,/2) where T, is the melting temperature of the solid, (¢; — ¢7)
is relatively small (compared with the distance between neighboring atoms), so that terms
above the second order can be neglected, i.e.,

3N

U({g:}) = —NEcon + = Z Kij(ai — a)(g; — ¢7) (8)

3,j=1

Therefore, the solid can be approximated as a set of coupled harmonic oscillators. Notice
that in this approximation, and if we redefine the energy reference to make F.,, = 0, then
U({q:}) is a homogeneous function of order 2, i.e.,

U({Aai}) = N U({ai}) (9)

We will be using this property soon after the Virial theorem is derived.

2 Virial theorem

For an arbitrary potential energy function U({¢;}), it is difficult to say anything general
about its average (U). However, we can still say something very general about the Virial,
which (for each i = 1,--- ,3N) is defined as



and has the same dimension (unit) as the potential energy. Notice that the force on g¢; is
fi = —0U /0q;. Thus the Virial is simply (minus) “force” times “position”,

_fi q;

In fact, the average of every term in the summation can be obtained analytically.

o JTI, dggePUton 2 g,
dg; " TTE™ dg; e-vtah

Jdqy - dgi1dgiyy - - - dgsn (d%efw({qj})dq@) qi(—kgT)
fd3que_ﬂU({‘Ij})
= —kpT
fH dq]e /8U {qj}) ( B )
= kgT (10)

This is the Virial Theorem, which states that the ensemble average of the Virial is
(—=fi-@i) = kT (11)

If we sum over all i =1,--- ,3N, we get,

3N
> ou ¢ ) = 3NkgT (12)
= 0¢

which is twice the average kinetic energy!

3 Equipartition theorem

Suppose potential energy U({¢;}) is a homogeneous function of order «, i.e.

UAqi, Mgz, -+ s Agan) = AU (q1, 42, -+, @3n) (13)

An example is the potential energy of solids at low temperature, where U({¢;}) is a homo-
geneous function of order @ = 2, see Eq. @

For this class of potential energy functions, Euler’s theorem tells us that the sum of Virial
is proportional to the potential energy itself !E

Z 9 qi =aU (14)

IThis can be shown by taking derivative of U({\¢;}) with respect to X and evaluate it at A = 1. On
the one hand, from chain rule, %’A:l = Zf’Nl ggj g;- On the other hand, a>\ ’)\ U =aU. For more
discussions, see lecture note 6 “Thermodynamics”, Section 2.2.2. “Virial theorem / Euler theorem”.
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Therefore, when Virial theorem is applied to a potential energy function U({¢;}) that is a
homogeneous function of order «a, we get

al = —‘qi == 3NI€BT:2Ekin (15)

For solids at low temperature (coupled harmonic oscillators), « = 2. Hence
3
(U) = Eyin = §NkBT (16)

which means the average total energy is equally divided between average potential energy
and average kinetic energy. This is the energy equipartition theorem for solids.

Q: What is the prediction of the heat capacity from this expression?

As temperature increases and approaches the melting temperature, the fraction of the po-
tential energy in the total energy will drop below 50%. In the limit of 7' — oo, everything
will go to the ideal gas limit, in which case the fraction of the potential energy in the total
energy goes to 0.

There are other systems whose potential energy is a homogeneous function of order ao = —1.
An example is the gravitational interaction of matter in a galaxy,

U({r:}) Z szm] (17)

i — 1]

Another example is the Coulomb interaction in a plasma,

{rl Z QZQJ (18)

dmeq|r; — 1|

For these systems, both average potential energy and average total energy are negative. The
average total energy is the negative of the average kinetic energyﬂ

a = -1
E = (U)+ Eyin = —Epin (19)

= (U) = 2F

2This holds even for systems not in thermal equilibrium, such as a satellite orbiting around the earth.



4 Free energy of solids

Even though Virial theorem gives us the average energy of solids at low temperature (coupled
harmonic oscillators), it does not give us the Helmholtz free energy, for which we still need
to evaluate the integrals in the partition function Z.

Recall that we have simplified the potential function to the following form,

U(a)) = N e+ 3 3 Kl — )t — o) (20)

1,5=1

The harmonic oscillators can be decoupled by diagonalizing matrix K = { K;;}. For example,
this can be done in Matlab by the following command,

[V, D] = cig(K)
This gives a unitary matrix V and a diagonal matrix D such tha
K=VDV”"

The diagonal entries of D are eigenvalues (A\; = D;;) of matrix K and the columns of matrix
V are the corresponding eigenvectors. Using matrix V, we can define a coordinate transform

3N 3N
G=Y Vilgy—d), pi=>Y Vi, (21)
= j=1

The fact that V is a unitary matrix ensures that p; is still the conjugate momentum of
Gi- The Hamiltonian can be rewritten in terms of the new variables, (for more details see

Appendix A),

~ 92
Pi
2m

H{@} () = =N B+ Y SN+ (22)

Now the Hamiltonian is identical to that of a set of independent harmonic oscillators (each
with a different spring constant \; and vibration frequency w;). The distribution of vibration
frequencies give rise to the “density of states” of a solid (see Reif p.410, Fig.10.1.1.). The
partition function can be integrated analytically to give the Helmholtz free energyﬁ

3N
A=—NEe —kgT» In
i=1
Q: There are three modes (oscillators) with A; = 0, and hence w; = 0. Why? What shall we
do with them?

T :
l;iui ,  where w; = % (23)

3A unitary matrix has the property that V' = V~1. A diagnoal matrix has the property that D;; =0
if i # .

4When quantum effects are included, this model (independent oscillators with a distribution of vibration
frequencies) gives a better description of the specific heat ¢, of solid as a function of temperature T in the
low T limit than the Einstein model (independent oscillators all having the same frequency). See Reif. p.416,
Fig.10.2.2.



Heat Caféov‘% 074 Solbd4 K’ea‘)[ /0. -10.2

A UTG]) =~ NEeo + 5 2. (@27 )C8-8
7
dﬁ‘aﬁﬂc_ﬂ‘\w Hemsion matrix K
— ' _— 4,“ °
> k=vpvT D=y
£ To= TV (4-5), P =Z V55,

o~ v ar P
H(5, 7)) = ~NEan + ‘Z:,iN&me

. IN
T A= -NEwh-kT Zdn 21

=1 — 'kut).;
Cy (% Hypo ™ Ledwie nole 0. Eg (237 )
fi=2  wi=(Ze (angubw frepun)
Vo 2
T 7
- -K()J{ = l’l vy
JA= -SdT - pdV +HdNV E=dU> =
=dU> =
—_/[2 —
o= Géé‘)v,m
E=A+TS = SE
&= 57 =
S
NEg )
(b oo expraimentad dloda of
hR ok ca?o\uw},
T wohat wesd W?
\GlocTS




Buantwm Mechanics :

gy % a Aavmanic osillater s quandized

\ Tufz) /

=2

clastical  mechanics
| r _Ei’— J_KL
Z - _L.fdgo/{? eﬁ(zmn ?)

= A

T
H=fm+4x3?

E,= (/ﬁ‘j) 120 oo:d—nl%
n=9o, | 2
Eo= LHw . 2eropont-erngy

Auonrndurm. mechanicd

n=qj2--
-B(miHiw
= Z.e
-B¥k -
= B (1467 )
. gEw ]
€ |- ¢
A= ~kTd Z

< kT (Lphw = £nC1-E5™)
=T 4 ke Tdn (1= €7

In4ne Liedt of To00 Boo, éﬁm%:[%
A= TR 4T oy BN o g

T
ae'}o pPoinf
e 1
o35 - Cighe- ™)

I

G=(5%) =-rp ) -



classicad merhanics uotamn,  Metharizs
Y 1A
T >T
EX =
>T >T
Sy AN CVA
>T >T

Einstein mooleld for solids,
3V hevmewic osuilloters  ald may tha Jmm’f;\@};qwn% Vs

A= | (6. M.)

Copinia quolitrtie wend of G20 of T—o
bt G o foo fuat (poruntN, W3skead vf T3)



?%Z,e o]
brations in  solid o rt od Reve the sema fr?wmg

0
N p(ﬁ\)) ‘ .‘% 0%,: ]
olenssly 0o B .
j (el Ry
, > VR
0 Wig w Defge frequrimiy wp=%(67r—'\\/£' :
Soumd
WAL CA

[UN]
C, = fo P optw) - Gw) de

Wp 3V - N
Ll SR T
= f RTVC
OCTJ (T>v°)

A Decoupling of harmonic oscillators

In this appendix, we prove that the diagonalization of matrix K indeed leads a set of decou-
pled harmonic oscillators by coordinate transformation. In component forms, the relation
K = VDV7 can be written as,

3N
K = Z Vik Ak Vi (24)
k=1
Substitute that into Eq. , we obtain,
| 3N 3N
U{a}) = =NEan+3 Y > Viehw Virla — 47) (g — a5) (25)
ij=1 k=1
Define
3N
k= Vils—q) (26)
i=1
then
L3
U{a}) = —NEeon+ 5 ; Qk Ak Gk (27)
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which is equivalent to the potential energy part of Eq. (22).

To evaluate the kinetic energy in the new coordinates, we notice that V is a unitary matrix,
i.e. VIV =1. In component form, this means,

3N
Z Vi Vi = 0ij (28)
k=1

where 0;; = 1if ¢ = j and 9;; = 0 if ¢ # j. Hence the kinetic energy is

Define

then

3N 3N

W s
Eyin = Z%Z% S i Vi Vikps

ij=1 ij=1 k=1
3N
pr=Y_ Viepi (29)
=1
1 3N
B = 35— ;p‘k i (30)

which is equivalent to the kinetic energy part of Eq. .
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In this lecture, we will discuss fluids beyond the ideal gas limit. This means we need to
account for interactions between molecules. Unlike the case of solid, we cannot remove the
interactions between different degrees of freedom simply from a coordinate transformation.
Instead, techniques have been developed to account for the interactions as a perturbation to
the non-interacting system.

Reading assignment: Reif §10.3-10.5.

1 Ideal gas model review

In the limit of temperature going to infinity and density goes to zero, all gases can be well
described by the ideal gas model with the well-known equation of state,

pV = NkgT (1)



For simplicity, we are considering mono-atomic gas molecules and N is the total number of
gas molecules. Eq. is not the most fundamental form of the equation of state, in the
sense that from it we cannot derive all thermodynamic properties of the ideal gas.

One of the fundamental form of the equation of state is,

1%
A(T,V,N) = —NkgT {m ( o

) n 1} — NkT [In (pA?) — 1] 2)

where A = h/\/2rmkgT is the de Broglie wavelength at temperature 7" and p = N/V is the
density. From Eq. we can derive Eq. easily by following the definition of pressure,

— (aA)NVT _ NkgT @)

oV 1%

However, it is impossible to derive Eq. from Eq. alone.

P
h AV,)-A)

v ¥ "V
We can give it a try by writing,
" 9A "
ATV N) =A@ Vo N) = [ S8 av == [ “pav (4)
v OV Vo
Using Eq. we have
Vi 1 ‘/1
A(T, Vi, N) — A(T, Vo, N) = —NkBT/ —dV = —NkgTIn — (5)
Vo V ‘/0

In other words,
A(T,V,N) = —NkgTIn

(N, T) (©6)

where h is some arbitrary function of N and T'. Hence the result is consistent with Eq. ,
but more information (such as heat capacity) is needed to uniquely determine the function
h(N,T).



2 Van der Waals model

With decreasing temperature and increasing density, all gases exhibit deviation from the ideal
gas model. The Van der Waals model is an interesting phenomenological model that tries to
capture the main physical effects responsible for the deviation from the ideal gas model. It
tries to capture two main features of the interactions between two gas molecules. First, two
molecules repel each other strongly when they get too close to each other. (This is mainly
caused by the electrons on both molecules that are forbidden to take the same quantum
state according to the Pauli’s exclusion principle.) Hence we can think of molecules as tiny
solid spheres each having a non-zero exclusion volume. Second, two molecules attract each
other when they are far apart. (This is caused by the fluctuating electric dipole moment of
each molecule. The interaction is called Van der Waals interaction and interaction energy
scales as 779 where r is the distance between two molecules.)

The p-V relation of the Van der Waals model of a non-ideal gas is,

<p+ ]\(/22@) (V-Nb) =NkgT (7)

where a > 0 and b > 0 are two empirical constants. Equivalently, we have

Nk’BT N2CL
TV-Nb V2 ®

p

b can be thought of as the exclusion volume of each gas molecule, so that the available volume
for the gas molecules to wiggle around is reduced to V' — Nb. a is supposed to capture the
mutual attraction between the molecules, which should reduce the pressure exerted on the
wall of the gas tank. Because the attraction is between every pair of molecules, the reduction
of the pressure should be proportional to the square of density (in the limit of low density),
hence the term —NZ%a/V?2.

A fundamental form of the equation of state of the Van der Waals model is

_ 2
A(T,V,N):—Nk:BT{lnC/ Nb) }—N“

TNAT v ®)

Again, we can derive Eq. from Eq. @ but not vice versa.

3 Virial expansion

The Van der Waals model captures several important physical aspects of a real fluid (such
as the transition between the liquid and vapor phases below a critical temperature, to be
discussed later). However, the behavior of a real fluid is not necessarily described very



accurately by the (two-parameter) Van der Waals model. The Virial expansion is a more
systematic approach to describe the deviation of a real gas from an ideal gas. Define particle
density p = N/V, then the ideal gas satisfies the relation

p
== 10
kgT P (10)

One way to generalize this (ideal gas) law is to add higher order terms of p to the right hand
side. The resulting expression is called the Virial expansion.

= p+ Ba(T)p* + By(T)p 4 (11)
kgT

where By(T'), B3(T),--- are called Virial coefficients. In the limit of p — 0, the leading
term (p) dominates the right hand side, and the ideal gas is recovered, as it should.

The Van der Waals equation of state, Eq. can be rewritten in the form of Virial expansion.

. N]{JBT N2a
P=v_N v
p N N2a
kgT V—Nb V2kpT
_ p_a 2
1-— bp k?BT
= p(1+bp+0p* +0p*+--+) — —p?
kgT
= p+(b—kBLT>p2+b2p3+b3p4+--- (12)
Hence
a
By(T) = b- [ (13)
By(T) = (14)
By(T v (15)

Of course, the Virial coefficients of a real gas does not need to have the same form as above,
which only holds for the Van der Waals model.

Q: Can we find the Helmholtz free energy A(N,V,T) (i.e. the fundamental equation of state)
of a non-ideal gas given its Virial expansion coefficients?

A: The answer is yes. This may sound strange because in the previous two sections we said
that from the p-V relation alone it is impossible to completely determine the A(N,V,T)
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function. However, now that the A(N,V,T') function for an ideal gas is already known, we
can use it to our advantage to determine the A(N,V,T') function for an non-ideal gas.

All we need to do is to determine the Helmholtz free energy difference between the non-ideal
(real) gas and the ideal gas, i.e.,

AA(N,V,T) = A(N,V,T) — A4 (N, V, T) (16)

1%
AA(T, ‘/1, N) — AA(T’ ‘/b’ N) — _/ <p7”€al-ga$ . pideal.gas)dv
Vo

\%1 BN2 BN3
= — | kT (=2 i s ) av
[, o (B )

Vo BN2 BNS
— A 3 ) dv 17
[ (G R an

Notice that at constant NV and T, a real gas goes to the ideal gas limit as V' — oco. Hence

Jim AA(T,V,N) =0 (18)
00 ByN?  ByN3
AA(T,V;,N) = / kBT( ‘2/2 + ‘3/3 +---)dV (19)
1
BoN%  B3N3
= ksT
5 ( 7t 27 +
BoN  BsN? B,N3
AA(T,V,N) = NkgT 20
(77) B(V+2V2+3V3+ <>
1 1
— NkBT<BQp+§ng2+§B4P3+"') (21)

Hence the Helmholtz free energy of a real gas described by the Virial coefficients By (T'), B3(T), - - -
is,

2 3

Adding this to the ideal gas Helmholtz free energy, we obtain the Helmholtz free energy
of a real gas in terms of Virial expansion coefficients.

A(T,V,N) = NkgT [111 (pA%) =14 By(T) p + 1Bg(:r) P’ + 1B4(T) PP+ } (22)

Q: What is the energy E of the gas? [Hint: S = — (%), . E=A+TS5]

Q: What is the chemical potential of the gas?
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4 Virial coefficients from molecular interactions

So far all of our discussions are still phenomenological. For example, we can consider the
Virial coefficients By(T'), B3(T),--- as empirical functions to characterize the experimental
p-V curves of a non-ideal gas. However, to gain a fundamental understanding of the behavior
of a non-ideal gas, we would like to be able to derive the Virial coefficients from the interaction
potentials between the gas molecules.

We can often assume that the potential energy of a (non-ideal) gas can be written as a sum
over all pair-wise interactions between the gas molecules

UM = Y 3 60, (23

where 7;; = |r; — r;| is the distance between molecules i and j. The function ¢(r) describes
the interaction energy between two molecules as a function of their separation distance r.
Typically, ¢ — +o00 asr — 0, ¢ — 0 as r — 00, and ¢ exhibits a minimum between these
two limits, as shown below.

P(y) _pw\»wd

| D]
~=

fH= e
oj\ —>r
-

In this section, we will show that the Virial coefficients can indeed be expressed in terms of
function ¢(r). Specifically, the second Virial coefficient is

By(T) = —27r/ [e’w’(’”) —1] r?dr (24)
0
Higher order Virial coefficient can also be derived (Barker 1964).

This means that the p-V curve measurements can tell us something about the inter-molecular
interaction and vice versa.



First, we can write down the explicit expression of the Hamiltonian for a tank of gas with
inter-molecular potential function ¢(r),

Hilad (pd) = 35, + Ul

_ sz +ZZ¢|r,—rj +ZU'3"trz (25)

=1 1=1 j=i+1

where U™*(r;) is introduced to describe the confining effect of the gas container.

In order to derive the second Virial coefficient By (or for anything else really), we start with
the partition function in the canonical ensemble.

B Nlth/H dq; dp; e ( =5 5’“[}({”}))

The integrals over the momenta can be performed analytically (just in the case of the ideal
gas), so that,

1
Z = W /d3r1d3r2 s d3I'N e_ﬁU({”}) (26)
Define
A /d3r1d3r2 .. d rye —AU({ri})
then p
2= N 1)

Recall that for an ideal gas, Z, = V¥, hence Z = i AJN, leading to Eq.

To get rid of the inconvenient potential from the container U®**(r), we can assume the gas
molecules are subjected to the periodic boundary conditions (PBC) in a cube of length L

V=L (28)



When there is no interaction between atoms, this directly give us Z, = V. When there is

pair interaction between gas molecules

U({r:}) = o(riy), rij=Iri—r;

1<j

Therefore

Zy = /d3r1d3r2-- d*r exp(—pU)

exp(—pU) = H exp(—B¢(ri;))

= H(l + f(rij))

where we have defined f(r;;) = e #?(ri) — 1.

Next we expand the product and write down all the terms...

T (Hfep) = 1+ Z J((Yu)) % ZZ J[(Y)J((Yu) + s

KKJ‘&N ¢ ke

-Z%— V2, J(th JJTN
_% JCFD “-JJEN : ; f(Y‘)’)

TT/‘-J g‘dgﬁ.“d{g‘ , Z_z_ f(YU)f(Yzl)

|<

A (hi)< VKD

(29)
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Compare this with earlier expression

AA(T,V,N) = NkgT <BQ(T) p+ %B;»,(T)pz 4 ) (33)

We have
By(T) = —27T/ f(r)ridr
0
= —2r / [e=P2) — 1] r2dr (34)
0

Higher order Virial coefficient can be obtained similarly — the approach is called cluster
expansion. The math will become horrendous by the time you get to the 5th Virial coefficient
but it can be done [2].



5 Liquid-gas phase transition

The Van der Waals model is important because it is a simple model that captures the
transition between the liquid and gas phases (vaporization and condensation). This can be
seen by plotting the Helmhotz free energy and pressure of the Van der Waals model as a
function of V' at constant 7. (Download plotvanderwaals.m from coursework.)

(V = Nb) (2rmkpT\*? N2q

A(T,V,N) = —NkgT ln( ~ 2 1| -
~ [(0A\  NkgT  N%a
P m\ov),,y v~ V2

The model exhibits two different behaviors when 1" is above or below a critical temperature
T., where kg1, = 287“1). When T > T, the Van der Waals model behaves like one homogeneous
fluid. When T" < T, the model exhibits a distinction between two phases: a gas phase at

large V' and a liquid phase at small V', and a phase transition between the two.
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Observations: There exist a critical temperature 7.

e When 7' > T,, the A(V) curve is convex (% > 0) everywhere. Correspondingly, the

p(V') curve has negative slope everywhere.
e When T' < T,, the A(V') curve has concave regions (227’3 < 0). Correspondingly, the
p(V') curve has positive slope there.

A convex free energy is required for the stability of a homogeneous phase.

':'Vf_ ::VL Consider a tank of gas with volume V4 that has
Y reached thermal equilibrium.
He Now let us introduce a piston that separate the
Vi e \4 gas tank into two halves.
AP
. ' The gases on both sides of the piston can be de-
'P scribed by the same p(V') curve.
f
i Initially, both of them have the same volume
P | Vi= Vs = Vo/2.
i >
% Ve V' v Hence they have the same pressure p; = p».
2

Now imagine a small perturbation on the position of the piston, such that

Ve 1%
i=3 +0V, Vo= =0V, oV >0
If % > 0, g—{} < 0, then p; < py. Therefore, there is a net force to the left, which pushes
the piston back to its original position. In this case, we say that the system is stable against
the perturbation.
What happens if % <0, g—"} > 07
A
f Then we will have p; > py. There is a net force
g to the right, pushing the piston further away from
its original positions.

b

y > In this case, the system is unstable against the
/ 1% perturbation.

11



Q: Is this really bad if the position of the piston is unstable?

Yes! The piston is only imaginary. If g—é’, > 0, then a spontaneous density fluctuation some-
where inside the gas tank will always get amplified. The denser region will get even denser,
the more dilute region will get even more dilute. In other words, the original homogeneous
phase is unstable against spontaneous separation into two phases — a denser liquid phase
and a more dilute gas phase.

i unstakle
A ://J/ |
s
Stable ‘ . ‘
Ak, 2 Even if .locally %2 > 0, the phase is not
G-AJAlk) / necessarily stable.

1 XA

For example, consider point m, whose
voluem is V,,. According to the A(V)
curve, the free energy at V,,, is A(V,,,).

Now consider a common tangent line
touching the A(V') curve at V,, and V3. Let
Vin =1 =XV, + AV (A>0).

Claim: A gas at volume V,, (density p,, = N/V,,) is thermodynamically unstable against
separation into two phases: one phase having density p, = N/V,, the other phase having
density pg = N/Vj.

From Eq. (9)), the Helmholtz free energy per molecule of the Van der Waals model can be
expressed as a function of density p = N/V/,

A(T,V,N) 1 b

Let us compute the free energy of a mixture of two phases (at density p, and pg) and compare
it with the free energy of a homogeneous phase (at density p,).

Let N, Ng be the number of molecules in phase «a, .

Let V,, f/g be the volume occupied by phase «, 3.
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Na -+ NB = N
‘704 + ~ﬂ Vm
N, N, _
v.,ov.
N5 _ N
Vg Vﬂ
Hence
N, (1-A\N
Vo = (1=-)NV,
]\Nfﬁ = AN
5 = AVs
(36)
The Helmholtz free energy of the two phase mixture is
A(T, Va, Na) + A(T, Vg, Nﬁ)
= (1 - )‘) A(Ta VomN) + )‘A(Ta VﬁvN)
< A(T,V,,, N) (free energy of the homogeneous phase) (37)

Hence the fluid (starting from a homogenous phase at density p,,) can lower its Helmholtz
free energy by breaking into two phases (with densities p, and pg). From second law of
Thermodynamics, this shall happen spontaneously and is a irreversible process.

Hence for T' < T, the Van der Waals fluid consists of a single phase only if V' <V, (liquid)
or V> Vj (gas). It is a mixture of two phases if V,, <V < Vj.

For T' > T,, the Van der Waals fluid consists of a single phase at all volume (or density).

References

1. Barker, Leonard, Pompe, Fifth Virial Coefficient, J. Chem. Phys. 44, 4206 (1964).

13



ME346A Introduction to Statistical Mechanics — Wei Cai — Stanford University — Win 2011

Handout 12. Ising Model

February 25, 2011

Contents

(1 Definition of Ising model

[2 Solving the 1D Ising model

2.1 Non-interacting model (J =0)|. . . .. . ... ... ... ... ...
2.2 Ising model at zero field (h=0)| . . . . . . ... ... ...
2.3 The general case (J #0, h#0)| . . . . . . ...

[3 Generalized 1D Ising model
[3.1 Spins with more than two states|. . . . . . . .. .. ... ... ... .....
[3.2  More than one row of spins . . . . . . . .. .. ... ... ... ..

[4 2D Ising model
[4.1 Analytic solution| . . . . . . . . .. ...

4.2 Monte Carlo simulation . . . . . . . . . . . . . ...
[4.3  Qualitative behavior| . . . . . .. .. ...
4.4 Sketch of derivations of partition function in 2D . . . . . . . ... .. ...

A major topic of interest in statistical mechanics (and in physics in general) is the under-
standing of phase transitions (e.g. freezing of water to form ice), which requires the study

of interacting models.

The 2-dimensional (2D) Ising model (see front page image on coursework) is one of the few
interacting models that have been solved analytically (by Onsager, who found the expression
of its partition function). It turns out that the 2D Ising model exhibits a phase transition.
The analytic and numerical solutions of the Ising model are important landmarks in the
field of statistical mechanics. They have significantly influenced our understanding of phase

transitions.

We will first discuss the simpler 1-dimensional (1D) Ising model, whose analytic solution is

1



easier to obtain. This will pave the road to the discussion of the 2D Ising model which comes
next.

Reading assignment: Sethna p.163-165. Reif Chapter 10.

1 Definition of Ising model

Ising (Z. Physik, 31, 253, 1925) introduced a model consisting of a lattice of “spin” variables
s;, which can only take the values +1 (7) and —1 (|). Every spin interacts with its nearest
neighbors (2 in 1D) as well as with an external magnetic field h.

HAAHANAHHAAA H

The Hamiltonian'] of the Ising model is
H({s;})=—=JY sisi—hY s (1)
(:4) g

The sum (i, j) is over nearest neighbors (j =i+ 1 in 1D).

J is a constant specifying the strength of interaction. The Ising model is usually studied in
the canonical ensemble. (It would be a nightmare to do it in the microcanonical ensemble.)

In the canonical ensemble, the probability of finding a particular spin configuration {s;} is,

p({s:d) = exp(—GH((s), = )

where Z = 7., exp(—BH({s;})) is the partition function. Due to the Boltzmann factor,
e P spin configurations with lower energies will be favored.

We can now discuss the effect of J and h on the behavior of the spins.
e when h > 0, s; = +1 is favored.
e when h <0, s; = —1 is favored.

This means that the spins wants to align with the direction of h.

!Here the Hamiltonian is no longer a function of coordinate ¢; and momentum p;, as in the case of classical
mechanics. We still call H the Hamiltonian because it represents the total energy of the Ising model.



e when J > 0, neighboring spins prefer to be parallel, e.g. s; = +1 and s;,; = +1, or
si = —1 and s;;1 = —1. (This is called the ferromagnetic model.)

e when J < 0, neighboring spins prefer to be anti-parallel, e.g. s; = +1 and s;,1; = —1,
or s; = —1 and s;47 = +1. (This is called the anti-ferromagnetic model.)

At low enough temperature, all spins in the 2D Ising model will “cooperate” and sponta-
neously align themselves (e.g. most spins become +1) even in the absence of the external
field (h = 0). This phenomenon is called spontaneous magnetization.

At high enough temperatures, the spontaneous magnetization is destroyed by thermal fluc-
tuation. Hence the 2D Ising model has a critical temperature 7., below which there is
spontaneous magnetization and above which there isn’t. In other words, there is a phase
transition at T..

Unfortunately this doesn’t occur in the 1D Ising model. The 1D Ising model does not have
a phase transition. We are discussing it here just to “warm up” for the discussion of the 2D
Ising model.

The term “spin” and “magnetic field” in the Ising model originate from its initial application
to the phenomenon of spontaneous magnetization in ferromagnetic materials such as iron.
Each iron atom has a unpaired electron and hence a net spin (or magnetic moment). At low
temperature, the spins spontaneously align giving rise to a non-zero macroscopic magnetic
moment. The macroscopic magnetic moment disappears when the temperature exceeds the
Curie temperature (1043 K for iron). (See http://en.wikipedia.org/wiki/Ferromagnetic
for more details.) As we will see later, the Ising model can be applied to many other problems
beyond magnetism, such as phase separation in binary alloys and crystal growth.



2 Solving the 1D Ising model

Q: What do we mean by solving the Ising model?

A: We are really after the partition function Z, as a function of J and h. If we have the
analytic expression for Z, we can easily obtain all thermodynamic properties of the
Ising model.

2.1 Non-interacting model (J = 0)

Let us first consider the simpler case of J =0 (h # 0). This is a non-interacting model. It
is the same as the two-level systems we have considered in the canonical ensemble section!

N N
7 = Zeﬂhzisizzneﬂh&:l—[ Z eﬁhsi

{si} {si} =1 i=1 {si=+1}
= (e + e_ﬂh)N — (2cosh gn)Y (3)
Q: What thermodynamic quantities are we interested in?
A: Helmholtz free energy A(N,T,h), energy E, entropy S, and average magnetization

M(N,T,h) = <2§V:1 s>

Hyperbolic functions

et +e*
hy = ——
cosh z 5
et — T
he - & ¢
sinh x 5
—coshx = sinhz
dx
—sinhz = coshz
dx
inh
tanhz = SN
cosh z
d
—tanhx = 1— (tanhz)?
o tanhz (tanh x)

(See http://en.wikipedia.org/wiki/Hyperbolic function for more details.)

A = —kgTInZ = —NkgT In(2cosh 3h) (4)
9]
= —%an = —Nhtanh Sh (5)



In this special case (J =0), H = —h)_.s;. Therefore,

E = (Hy=-h-M (6)
E
M = —E:Ntanhﬁh (7)
The magnetic susceptibiliti|is
1 (OM
=—|—-] =(1-tanh’
=5 (i), = -t on) 9 )
\M
N ¢

fu

2.2 Ising model at zero field (h = 0)

For the first time, we are discussing an interacting model.

H({Sz}) = _stisj = _stisi—l-l (9)
(i,4) i

The interaction makes the derivation of the partition function more difficult. It is not
surprising that we will try some coordinate transformations to turn it into an equivalent
non-interacting model. After all, that’s all we know how to solve at this point!

Before we proceed, we need to be more specific about the the boundary conditions (B.C.). A
widely used B.C. is the periodic boundary condition (PBC). The advantage is that no spin
is different from the others.

3
T

|

|

;‘ t + -“'. —t ;l t t

SIS, LS Swi S Sy
| (

2The magnetic susceptibility is a response function of the material. It describes how much does the
magnetization M changes when the external field h is changed. It is analogous to the specific heat, ¢y =
% (g—g) ,» which describes how much heat the system absorbs when the temperature 7' is changed.



PBC states that sy; = s;. Therefore the Hamiltonian can be written as,
H = —J(5182+8253+"‘+SN,18N+SN51) (10)

Alternatively, we can use the “free-end” B.C.
N-1
H = —JZSZ'SZ'_H = —J(s182+ S283+ -+ + SN_1SN) (11)
i=1

The difference between different B.C. should vanish in the thermodynamic limit (N — o).

Under free-end B.C., the partition function can be easily evaluated through a coordinate
transformation.

{817827"' 78]\7}_){817])2)"' 7pN} (12)

where py = 5152, p3 = 5283, - -+, PN = SN_15N.
Since s; = 1, p; = £1, p; describes whether the spin flips from ¢ to ¢ + 1.
The inverse transform can be written as
S2 = S1P2, S3 = S1P2P3, SN = S1P1° "' PN (13)
Hence there is a one to one correspondence between
{s1,50,---,sn} and {s1,ps,--- ,pn} (14)

e For free-end B.C., H = —J (p2 + p3 + - -+ + pn). Hence the partition function is

7 = Z eﬁJ(P2+p3+---+PN)
{s1,p2, PN}
N
- [y e
i=2 p;=+1
Z = 2(2cosh )N (15)

e One can show that under PBC

Z = (2cosh BJ)N - [1 + (tanh 3J)V] (16)
We see that here J is taking the place of h in the previous section.

Given the partition function Z, we can easily obtain A, E, S, M, as well as specific heat cy .



2.3 The general case (J # 0, h #0)

To obtain the magnetic susceptibility y at non-zero J, we need to consider the case of J # 0,

h # 0, which is a true interacting model.

The partition function is usually expressed in terms of the trace of a matrix.

The trace is the sum of the diagonal elements of a matrix

TI'(B) = Bll + ng + .-+ Bnn
By Bz -+ Bn
By Bz -+ DBy,
where =1 . .
Bnl Bn2 e Bnn
For example, for an Ising model with one spin, H = —h sy, the partition function is
Bh
Z:Tr( 8 o0 ) = e el
Now consider two spins, under periodic B.C.,
H(Sl, 82) == —Jsng - J8281 - h81 - hSQ
Define matrix
oBUI+R) =BT
P=
- e_BJ eﬁ(‘]_h)
then,
Z=> eM™=Ty(P-P)
{s1s2}
Q: Why?

A: Notice that P is a 2 x 2 matrix.

Let the 1st row (column) correspond to s = +1, and let the 2nd row(column) corre-

spond to s = —1, e.g.,

— B(J+h _ . —BJ
Pog =V py o =e P
_BJ J—h
P,y =e A , P = e ),
P8182 — eﬁ(J8152+%81+%82)

Te(P-P) = > (PP, = PusPus

S1 51,52

(23)

(24)



TI”(P . P) = Z eﬁ(Js152+%s1+%s2) _eﬁ(Jsgsl+%52+%51)

51,52

— Z e PH(s1,52)

51,82

- Z (25)

In general, for N spins forming a linear chain under PBC, the partition function is

Z = e o)

{si}
_ Zeﬁ(Js152+%31+%82) . eﬁ(J3253+%32+%33) .
{si}
eﬁ(JSN—1SN+%8N—1+%SN) 'eB<J3N51+%5N+%S1)

= Tr(PY) (26)

Now we have obtained a concise formal expression for the partition function. But to compute
matrix PV, it requires a lot of calculations. Fortunately, we don’t need PY. we just need
Tr(PY). This is the time we need to introduce a little more matrix theory, concerning the
properties of the trace.

1. Every symmetric (real) matrix can be diagonalized,
P=U-D.-UT (27)

where U is a unitary matrix (U-UT = I), and D is a diagonal matrix. For 2 x 2
matrices, define Ay = Dyy, A_ = Dy (D13 = D9y = 0). Ay are the eigenvalues
of matrix P.

2. Trace is unchanged after diagonalization
Tr(P) = Tr(D) = Ay + A (28)
Hence the trace equals the sum of the eigenvalues.

3. The same matrix U that diagonalizes P also diagonalizes PV, because

pY=W-D-U")-(U-D-U")---(U-D-U")=U-D"-U" (29)

4. Notice that
v (AN 0
PE={0 v (30)

Te(PY) = Tr(DV) = AV + 2\ (31)

We have



Thus, all we need to do is to diagonalize P. We can do this using Matlab (or Maple,

Mathematica, etc). The result is

Ay = &% [cosh Bh £ \/sinh2 Bh + e—4ﬂJ]

_— {_ew (PU-n=\+) 1 ]
1 B (e,a(JJrh)—A,)

Tr(P) = A +A_=2¢e"7 coshh

Z = Te(PY)= XY +\Y

N
= V87 { {cosh Gh + \/Sinh2 Gh + e4m]

N
+ {cosh Bh — \/Sinh2 Bh + e4m] }

In the special case of h = 0,
Z = Tr(PY)
= NP [(1 + e_w‘])N + (1 — e_QﬂJ)N]
= (7 et 4 (¥ — )Y

= (2cosh BJ)Y 4 (2sinh BJ)N
Z = (2coshBJ)N [1+ (tanh 8.J)"]

Given the general expression for Z(N, T, J, h), we can obtain analytic expressions for

e Magnetization

M(N,T,h) <Zs> - k;BTia—Z - k;BTaan __o4

Zoh oh oh

e Magnetic susceptibility

_ 1 (OM\ kT ®WnZ
X=N\on ). N o2

(32)

(33)

(34)

(36)



In the thermodynamic limit (N — o0), notice that A, > A_, we have,

InZ~NIn\,

N In {eﬁ‘] . [cosh Bh + (simh2 Gh + e_w])l/Z] }

NBJ+ Nln [cosh Bh+ (sinh® Bh + 674&]) 1/2] (39)
—kJB TInZz
“NJ—=NksT In [cosh Bh + (sinh? Bh + e~197) "/ 2} (40)

oF _ .
or

OlnZ 0A
e = o

loM 104 _ (41)
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3 Generalized 1D Ising model

3.1 Spins with more than two states

The transfer matrix method can be applied to generalized Ising models. For example,
we can consider a Hamiltonian similar to the one considered above,

H({si}) = =T sisi—h) s (42)
(6,3) i

except that each spin can take three possible values, s; = —1,0, +1ﬁ

-+ Lo |

0

- -

R
oL 2

The partition function can be written as

Z = Y e M =Ty (PV) (43)
{si}

where P is now a 3 X 3 matrix,

S).:| §‘tz o SJ:—|
! RO+ ~Th ' 593
P b L | f C‘-&_{J e - o L‘E’ _g, &
S¢y=0 e‘g:;' 1 | €72 h
Som—y. \-@ 53 e-th ' RTR
Z = A4+ N+ AN
~ A (N — ) (44)

3This is similar to the Potts model (http://en.wikipedia.org/wiki/Potts model).

11



3.2 More than one row of spins
Another generalization of the 1D Ising model is to consider two rows of spins interacting

with their nearest neighborsEl

r—a
— 1

f ‘lv.\'\
V A i
m-fu.fv $Fﬁﬂ, S“"‘*l‘-?ﬁ' 9}7'“" L S
Sy hon 4 ctolns
[ f+r ’ ) ""J
\.4.‘ ) , ; + /i (»'-l

Apply periodic boundary condition in x-direction and free-end boundary condition in y-
direction. In this case, each spin has 3 nearest neighbors. The Hamiltonian and partition

function can still be written in the same way as before,

H({s;}) = —JZS s; —thl

7 = Ze—ﬁH i) = v (PN)
{si}

To apply the transfer matrix method, let us consider the two rows of spins as one row of

“super-spins”, §;. Each “super-spin” represents the 2 spins in each column, and hence has 4

different states: (+,+), (+,—), (—,+), (—, —). Hence we can still write,
Z =Tr (PY) (45)
where P is a 4 x 4 matrix, N is the size of the Ising model in the z-direction.
3’.‘4|=+"* ) + - R & Tigh
P: 55‘:‘?"‘* *'-':—"Y‘"‘ ,._,
{ +, - \= =% 1 — -] B
=L 1 R A Dot s
Tats i
Let A1, A2, Az, Ay be the four eigenvalues of matrix P (A > Ay > A3 > Ay). Then,
Z=XV+ AN+ + A~ A (N — ) (46)

4We can consider this as a baby 2D model. As the number of rows increases, we gradually go to the 2D

Ising model.

12



4 2D Ising model

4.1 Analytic solution

Consider the 2D Ising model defined over a square lattice of N spins under periodic boundary
conditions. Again, the Hamiltonian can be written as

2

H({s;i}) =—=J Y sisj—hY s (47)
(6,3) i

! J describes the strength of interaction, A is exter-

nal magnetic field, and the sum (i) 18 over all
nearest neighbor pairs. Each spin has 4 nearest
neighbors.

Onsager’s solution in the absence of magnetic field A = 0 in the thermodynamic limit is [4]

A = —kgT InZ
7z = \N
1 (2 1
In\ = In(2cosh23J) + —/ dw In {5 {1 + (1 — K*sin? w)l/Q} (48)
T Jo
~ 2sinh23J
~ (cosh23.J)?

Onsager’s original solution used the transfer matrix method, and was very compli-
cated (Phys. Rev. 65, 117, 1943). Nine years later, Kac and Ward (Phys. Rev.
88, 1332, 1952) re-derived the result using a much simpler graphical/combinatorial
approach. The combinatorial approach was also explained in Feynman’s book on
Statistical Mechanics (Ref. 2). While Onsager was well known for his exact solution
of the 2D Ising model, he won the 1968 Nobel Prize in Chemistry (not in Physics)
for his reciprocal relations in non-equilibrium thermodynamics.

-1.95

2.
kT = ———
PR 1+ v2)

Onsager’s solution predicts a phase tran-
sition at T = T.. From Monte Carlo
simulation (below), we will see that
T < T, is the ordered phase; T > T, is the
disordered phase. T, of Ising model is anal-
ogous to the Curie Temperature of mag-
netic materials (e.g. Fe). The spontaneous
magnetization disappears if T > T..

—2269---J (49)

A/N
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From Eq. we can obtain the energy F of the 2D Ising model and its heat capacity.

oln”Zz Oln A
g -V op
9E 1 9E N &)
oT  kgT? 08  kgT? 0B2

E =

(50)

Cy = (51)

In the above, we plot A, E' and Cy for the 2D Ising model as a function of kgT' (with J = 1).
(Download plot_Onsager_solution.m and try it yourself.) We see that Cy becomes singular
as T — T.. (It has been shown that Cy o In|T — T,| as T — T,.) This means that the
slope of the E(T) curve becomes infinite as 7" — T.. The second derivative of the In \(3)
curve becomes infinite as T" — T,. In other words, the second derivative of the integral with
respect to § in Eq. becomes infinite at "= T, (K = 1). The integral itself and its first
derivative with respect to # remain finite at T =T, (K = 1).

4.2 Monte Carlo simulation

The Metropolis algorithm is a simple and widely used approach to generate the canonical
ensemble. It is especially convenient to explain (and to implement) for an Ising model. The
algorithm has the following steps.

0. Start with some spin configuration {s;}.

1. Randomly choose a spin s;

2. Attempt to flip it, i.e. s; := —s; (trial).

3. Compute the energy change AE due to this flip.
4. If AE < 0, accept the trial.

5. If AE > 0, accept the trial with probability p* = e PAF,

14



6. If trial is rejected, put the spin back, i.e. s; := —s;.
7. Go to 1, unless maximum number of iterations is reached.

* More details about this algorithm will be discussed later.

Numerical exercise: run ising2d.m for N = 80 x 80, starting from random initial conditions,
with J =1, at kgT = 0.5,1,1.5,2,2.269,3. Write down your observations.

kgT =0.5 kT = 2.269 kgT =3

Q: Why does the Metropolis algorithm generate the canonical distribution?

To simplify the notation, let A, B represent arbitrary spin configurations {s;}. Our goal is
to prove that when the MC simulation has reached equilibrium, the probability of sampling
state A is

1
pPa= = e I (52)
where
Z =Y e (53)
A

— the sum is over all possible (2V) spin configurations.

Monte Carlo simulation follows a Markov Chain, which is completely specified by a transition
probability matrix 74 g — the probability of jumping to state B in the next step if the current
state is A.

For an Ising model with N spins, there are 2V spin configurations (states). So map is a
2N x 2N matrix. However, most entries in 745 are zeros.

map 7 0 only if there is no more than one spin that is different (flipped) between A and B.
For example,
if A ={+1,+1,4+1,+1,+1,+1} then
for B ={+1,—-1,+1,+1,+1,+1}, 7map >0
but for B ={-1,—1,+1,+1,+1,+1}, map=0

15



To prove the Metropolis algorithm generates the canonical ensemble:

(1) transition matrix can be written as

TAB = Qap-DPyp, for B# A (54)
Taa = 1— Z TAB (55)
B#A

where a4p is the trial probability that satisfies

QAB = QBA (56)

and p%% 1s the acceptance probability.

without loss of generality, let’s assume Eg > F 4, then

{ Ps = exp (—%) _.  TaB _ 0B Pis _ exp (_ Ep — EA> (57)

acc __ acc
pus =1 TA  QpaAPEY kgT

(2) If the equilibrium distribution is reached, with p4 being the probability of sampling
state A, then we expect the following balance of fluxes.

/FA Ij(_f’«B — ﬁITBA . PATAB = PBTBA
‘\/g\/ ]E = ﬂ-ﬂ prmng eEEB?fA
\/\e/ PB TAB
_Ea
B = pa = const-e BT for all A
A (58)
The normalization of pa, Y 4, pa = 1, requires that
1 _Ba _Ea
pa= e BT, 7= Y e Far (59)
A

(end of proof)
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4.3 Qualitative behavior

Ofsowttod fram, MC Sbawlafion ot~ 4 =0

T< Tc, T:Tc,_ T>T°
Low  femperatue ental remperatwe M‘gk fempuratune
phase rhase
: B AU
Df? ’ ‘.( by
- \ 6 (Ll (( !/
| Dominance of ont PA | | Cluchumtion o ald I no deminama off
(89, Si=+1) scoles Otk SpivL
With flackedind o the | ane 2. Mo obVisuA pottenms
a%w»si?m (6\9. Si==1) ﬁ»m spn -
A Isolated dmatans
2. Number & 5% <

stz favease oa TP |
3. WW conelation |3 Wm\é&m\y\ 5 Shsrfmxgbmwdm\

G\
Gie =455 =455 ACy P
l\ 4) ) L _J e | . Pob\jnnm‘al 1 WFWM
7 s 4 3
s bQW /\M/N N
%/ TR Spinh A lotof fhuctnoti;g & 0 Spontangrns
ik )  oxchremely Yore ”‘“"f/ “““ H PO ROATERA
A : WMWW[\WW% T )
____M "fin\g:,) 4--— - — ———- -
" A/ | AMN
l‘k'*’* e %‘“’f ok = tink /K
}FO_ < 7 0 ) >

17



+] ,
r %OC(E‘T)P T< Te

i k °T cnfical expomant [S:é (2D

L sl pro3i3 (30>
not 4o bt&(»\fﬂud wih
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|
|
' G o 8B/ )Zj)nl__l____/ (20)
f > N T (FJ‘T T-Te

L %7 < [T-T|™ oK=xvf25 (D)

There is a problem with the top plot M/N vs T.
If we define M = <Zf\il si>, then if h = 0, we should always have M = 0 by symmetry.

Why do we claim that there is a difference between low temperature regime (7" < 7,) and
high temperature regime (7' > T.)7

To reduce this paradox, we need to imagine the magnetic field h is a very small but positive
number. h — 07,

In this case, only the upper branch of the %(T) curve will be selected, when T < T,.. The

value remains positive as h — 07 when T' > T,.. The magnetization 4 — 0% as h — 07,

This is too complicate to do in a numerical simulation. So we need a different way to compute
magnetic susceptibility y, especially near h — 0.
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We expect the susceptibility y = %g—% to diverge if T' < T, and N — oo.
Fluctuation-Dissipation Theorem
1 oM 1 ~ ~
= —=—= M?) — (M 2)
XN on N@T« )~ (M) (60

~ N
where M =57, s;

= g o) — (i) (61)

Therefore, we arrived at another of fluctuation-dissipation theorem (FDT),

1
X = —== Z Cij (the right hand side does not depend on 7) (62)
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where
Cij = (sisg) — (si)(s;) (63)

is the correlation function between spins 7 and j. When T' < T,., x — 00, corresponding to
long range correlation, Zj\;l Ci; < N. (unbounded as N — 00).

Proof of Eq.

Z = Z e PHUsD) — Zexp BJZ S5 9= ﬁhz S
(:4) g

{s:} {s:}
0z CAH e
% _ Ze BH({Z})ﬁM (64)
{s:}
1 07
M = kBTE_% (65)
oM _ o |LPZ_ 1 (07)°
on BT \zon2  z2\on
= kT |B01%) — BX(TY’]
R U S
= o (1)~ ary’] (66)

4.4 Sketch of derivations of partition function in 2D

Consider a 2D array of spins with dimension N x L under periodic boundary conditions in
both directions.

e
:
|

- Fer

We can follow the approach in Section and define “super-spins” for each column of spins.
The system then becomes a linear chain of N “super-spins”. But each “super-spin” has 2%
states. This means the transfer matrix P is a 2¥ x 2F matrix. Let \; be the largest eigenvalue
of matrix P. Then,

Z=Tr(P") =X (N — o) (67)

If L is not too large, this problem can be solved numerically using Matlab.
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This is the approach Onsager took (1943) to find the analytic solution for Z in the limit of
N — 00, L — oof]

Onsager used some very advanced mathematical techniques to solve this problem. His solu-
tion predicts a critical temperature of kg7, = I 1+ f) = 2.269 J. Onsager also stated the

zero-field magnetization should be
M
N
for T < T, but did not give a proof (Onsager 1943)! Finally, C. N. Yang (1952) was able
to proof this (again) using a very difficult derivation.

M
JYaN

= [1 —sinh™*(28 J)] /8 (68)

In 1952, Kac and Ward found a much simpler approach to re-derive Onsager’s result, using
a graphical /combinatorial approach, which is what we will describe below.

The new idea is to rewrite the partition function as a multiplication and expand all the
terms.

Z = Zeﬁ‘]z“ﬂ ) %%

— ZH BJsis; (69)

{si} (i.d)
Notice that s; s; = £1, hence
A

755 = Sty s
= (cosh BJ) + (sinh 5J)s; s;
= cosh BJ(1+1t-s;s;) (70)
where t = tanh 3J. Therefore,
Z = (cosh gJ)N ZH 1+t-s;55) (71)
{si} (i)

The key is to find the term following (cosh 3J)Y

®Onsager obtained the solution for the case of h = 0. No analytic solution has been found for h # 0.
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It turns out that Z’ can be obtained by summing over all polygons that can be drawn on
a square lattice, each one contributes t", where n is the number of lattice points on the

polygon. For example,
6 e v
s O

It also turns out that there is a “simple” way to sum over all the graphs (need to use Fourier
transform).

The entire derivation was explained by Richard Feynman [2] in 14 pages. So it is not so
“easy”. But all we need to do is to “count carefully”. There is no need to master the theory
of Group and Group Representations, which are used in Onsager’s original proof.
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