Chapter 5

Ensembles

5.1 Characteristic variables

In chapter 3 we have introduced various thermodynamic functions, with differentials

dU = TdS — PdV + pdN (5.1)
dH = TdS + VAP + pdN (5.2)
dA = —S8dT — PdV + pdN (5.3)
dG = —SdT + VAP + pudN (5.4)

So, for example, instead of using S, V and N as independent variables for the energy
U, we changed to T', V and N as independent variables for the free energy A.

Each thermodynamic function is associated with a special set of variables, called
its characteristic variables. These characteristic variables are exactly the terms
appearing after the differentials “d” in the list above. Knowing a thermodynamic
function as a function of its characteristic variables, we know everything there is to
know (thermodynamically speaking) about the system.

Let us first consider the internal energy U. Suppose we are given U as a function
of entropy and volume, U = U(S, V') (for brevity we ignore the dependence on N).
Then

= U(S,V) (5.5)
ou

= <%)V =T(S,V) (5.6)

P = — (g—g)s = P(S,V). (5.7)

This is all there is. All other thermodynamic quantities can now be calculated. For
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5. ENSEMBLES

example the heat capacity at constant volume:

T = TS, V) — S=81T,V) (5.8)
oS
Cy = T (a—T>V = Cy(T, V), (5.9)
or, if inverting to S(7', V') is too difficult,
as T (%%)
Cy=T (—) = = 2057V — (S, V). (5.10)
or Vv (?)_T)V (ng)v

On the other hand, if we are given the energy U as a function of temperature
and volume, U = F(T,V'), we cannot know everything about the system:

v - (&) vy - (YY) —rov (5.11)
25 ), 25 ),

(%)v — BU,V) (5.12)
SW.V) = F(V)+ / AR (5.13)

So we can find the energy dependence of the entropy, but not its volume dependence
because we cannot derive the function Fy(V'). We are lacking information.

This example shows why S and V' are called the characteristic variables of the
energy U. In the same way it may be shown that the number of particles N is
also a characteristic variable of the energy U. The characteristic variables of the
thermodynamic functions we have encountered up to now are given by:

U = U(N,V,S) (5.14)
H = H(N,P,S) (5.15)
A = AN,V,T) (5.16)
G = G(N,PT). (5.17)

5.2 The canonical ensemble (N,V,T)

We will now explore how we can change variables in statistical physics.

Consider a system A immersed in a very large thermal reservoir A’; see Fig. 5.1
(top). The boundaries between A and A’ are impenetrable to particles, but they
allow for energy to be exchanged. The composite system of A+A’ is adiabatically
sealed from the rest of the universe and has a total energy U, If at any time the
system A is in a state characterised by an energy ¢, then the reservoir must have an
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5. ENSEMBLES

Figure 5.1: (top) A given system A
immersed in a thermal reservoir A’.
Exchange of energy (heat) is possi-
ble. (bottom) The density of states |A’
in A is a sharply increasing function
of the system’s energy e¢. The den- 4
sity of states in A’ is a sharply de-
creasing function of U — . The
integrand of Eq. (5.18) is therefore
sharply peaked around some value
e="U.

energy U'" — e. The total number of ways to combine the density of states Q' of
the thermal reservoir with the density of states €2 of the system is therefore

Wﬂ:/ﬂgmwwm—@ﬂ@. (5.18)

The integrand of this equation is a sharply peaked function around some value e = U,
see Fig. 5.1 (bottom). We are therefore only interested in values of € close to € = U.
Using the same arguments as in section 4.1 it is easy to show that the maximum
occurs when

T="T", (5.19)

as expected for a system in contact with a thermal reservoir. For the density of
states of the thermal reservoir we now write

ch(Utot o 6) — ch(Utot o U"— U o 6)

'9WW”—U+U—Q]

= exp

I kp

e [SEUE =) oS U—1
L OU |puor_y ks
r Qth(Trtot

::em)ﬁi%r—gl+mU—a], (5.20)
i B

where we have made a first order Taylor expansion around ¢ = U, and defined
B =1/(kgT). The total density of states of the composite system is therefore

oo = [deatu - o0

Sth (Utot o U)

o }exp (ﬁU)/de exp (—F¢€) Q(e). (5.21)

=]
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5. ENSEMBLES

The last integral defines the partition function Q.!' The entropy of the composite
system can now be expressed as

Stot — kB hl Qtot
= SMU™ - U) + % +kpln@Q (5.22)
= Shys (5.23)

The entropy of the system is therefore given by

S = % +kpnQ. (5.24)

Making use of Eq. (3.9) the free energy A of the system can now be expressed as

A=U-TS =—ksThQ. (5.25)

Note that () depends on the variables N, V., and T. Of all the thermodynamic
functions it is the free energy A that is directly proportional to In@). This is no
coincidence, since A is the thermodynamic function whose characteristic variables
are also N, V, and T. Knowing ) as a function of these variables allows us to
calculate all thermodynamic properties of the system (Problem 5-1). Depending on
the representation of the energy states, the partition function ) may be expressed
as an integral

Q= / de Q(e)e™, (5.26)

as a sum over all states?

Q= Z e P (5.27)
or as a sum over energy levels

Q=> Qe (5.28)

where €2, is the degeneracy of energy level n.

Do not confuse the partition function with the total amount of heat @ added to a system. It
will always be clear from the context which is implied.
2This is why Q is sometimes also referred to as the sum-of-states
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5. ENSEMBLES

5.3 Canonical treatment of the ideal gas

In section 2.2.4 we have treated the ideal gas of N particles in a box of size V = L3,
the energy of which is given by

(n2+ ... +n2y). (5.29)

We will now try to find the free energy A of the ideal gas by first calculating its
partition function. Each of the quantum numbers n; can have a non-negative integer
value, so @ is calculated as

L T S Sy _
Q = ﬁzze smILZ/71 X ... X e ‘8mL SNZW (5.30)

7r8mL2 27ka:BT
= 31
\ 2 T Ly ——— (5.31)

Note that we have taken into account an additional factor /N! because of quantum
symmetry. The free energy is now given by

q3N

Vi (5.32)

h2 N

ormkpT\>? V
N

A:—]{?BTIH< ) :—NkBTln

All thermodynamic quantities can now be calculated. In Problem 5-2 you are asked
to calculate the energy U and pressure P.

5.4 Canonical treatment of the harmonic crystal

In section 2.2.3 we have introduced the harmonic crystal and shown that its energy
is given by

Y (5.33)

1
En17---7l3N = hw(nl + _) + ... hw(ngN + 5

2
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5. ENSEMBLES

Each of the quantum numbers n; can have any non-negative integer value. Therefore
the partition function @ is given by?®

Q = Z Z e—ﬁﬁw(m-l- % e—ﬁﬁw(nw\r-i-%)

n1=0 n3n =0

3N o -

_ et —Bhwn

= exp( 5 ﬁhw) [;e ]
3N IR R

The free energy is then
3N —hw/kpT
A=—kgTlhQ = T}M +3NkgTIn (1 —e ). (5.35)

All thermodynamic quantities can now be calculated. For example, the entropy is
found from S = —(9A/9T) ,, and the heat capacity from Cy =T (95/0T) y =
—T (9?A/IT?)y, yielding the same result as Eq. (3.27) obtained through another
route! (Problem 5-3.)

5.5 The grand canonical ensemble (u, V, T)

Consider a system B immersed in a very large system B’, see Fig. 5.2 (top). The
composite system B+B’ is immersed in a thermal reservoir and enclosed by walls
which allow for energy to be exchanged. The boundaries between B and B’, however,
are open, i.e. they allow for both particles and energy to be exchanged. B’ could for
instance be a certain small, but still macroscopically large, region of the composite
system. If at any time the system B is in a state characterised by a number of
particles n, then the reservoir B’ must have N%' — n particles, where N is the
total number of particles in the composite system. Because B and B’ are in thermal
contact, and B’ is in contact with an external thermal reservoir, the temperature T'
is constant throughout the composite system. For each value of n we may therefore
treat B and B’ in the canonical ensemble, and sum over all possible values of n. The
total partition function then reads

Ntot

ot — Z Qo Qn (5.36)

3Note that, because of the localisation of the particles to the lattice points, they are in principle
distinguishable. In this case we therefore do not include the factor N! in the partition function.
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5. ENSEMBLES

Figure 5.2: (top) A given system B
immersed in a thermal and particle
reservoir B’. Exchange of both en- !
ergy (heat) and particles is possible. S
(bottom) The partition function of |B’

B is a sharply increasing function of
the system’s number of particles n, 4
while the partition function of B’ is
a sharply decreasing function of n.
The product Q'}\}}wt_nQn is therefore
sharply peaked around some value
n=N.

ffffff

The partition function (), of the system B is a sharply increasing function of n, while
the partition function Q%,._ . of the reservoir B’ is a sharply decreasing function of
n. The product Q¥.,,_ @, consequently is a sharply peaked function around some
value n = N, see Fig. 5.2 (bottom). The maximum occurs when

d
d?’L Ntot_nQn = %Ltot_n ln{QNtot_n }

th
= QM Qn { T kBT} 0, (5.37)

where we have used that 1 = (0A/0n)y,r and Eq. (5.25). The maximum is therefore
determined by the condition that the chemical potential in the system B equals the
chemical potential of the reservoir B,

=" (5.38)
Making a first order Taylor expansion around n = N we find

T, = exp { — BAYL.. n}

8/4 tot _
= exp {—ﬁ [ANtot N + gn . (n - N):| }
= exp {—BA%u_y — B (N —n)} (5.39)
Ntot
Q" = exp{—BARVw_y — BN} Que’n. (5.40)
n=0

The last sum defines the grand canonical partition function =. Since the reservoir
B’ is assumed to be much larger than the system B, the total number of particles
N' is much larger than N and may for all practical purposes be considered infinite:

E=) Que™m (5.41)
n=0
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5. ENSEMBLES

The free energy of the composite system B+B’ is now expressed as

At = —kpTIn Q" = Aoy + uN — kgT'InZ. (5.42)
We therefore identify the free energy of the system B as

A=uN —kgTIhE. (5.43)

Since pN is the Gibbs free energy, see Eq. (3.80), we find the following relation

PV = kgTIn=. (5.44)

Of all thermodynamic functions, it is PV that is directly proportional to In=. Again
this is no coincidence: = depends on the variables u, V', and T, which are exactly
the characteristic variables of PV see Problem 5-4. Knowing = as a function of
these variables allows us to calculate all thermodynamic properties of the system
(Problem 5-5).
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5. ENSEMBLES

Problems

5-1. Thermodynamic properties from the canonical partition function.
Suppose we know the canonical partition funtion Q(N,V,T'). Using thermodynamic
relations, show that we can express the energy, pressure, and entropy as

U — kyT” (81n@)
V,N

oT
P = kBT(aan)
V' Jrn
B O0ln@Q
S = ]{JBT< oT )MN_'_]{;BIHQ.

5-2. Energy and pressure of an ideal gas. Starting from Eq. (5.32), calculate
the energy U and pressure P of an ideal gas as a function of (N, V,T).

5-3. Entropy and specific heat of the harmonic crystal. Starting from the
free energy of a harmonic crystal, Eq. (5.35), calculate its entropy and specific heat
at constant volume.

5-4. Characteristic variables of PV. Show that the thermodynamic function
PV has characteristic variables p, V', and T'. Hint: Gibbs-Duhem.

5-5. Thermodynamic properties from the grand canonical partition func-
tion. Suppose we know the grand canonical partition funtion =(u,V,T). Using
thermodynamic relations, prove the following relations

P o— kT <0ln:>

oV T
Oln=
S = kT kpln=
v ( or )V,,u+ o
N — kBT(aln:)
op V,T
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Chapter 6

Ideal gases

6.1 Quantum description of an ideal gas

In this chapter we are going to focus on the statistical mechanics of non-interacting
systems, also referred to as ideal gases. We will start with a quantum mechanical
description.

Suppose we have N identical non-interacting particles. The Hamiltonian of such
a system is the sum of N independent contributions!

H(ry,....ty) =Y h(ry). (6.1)

i=1

To describe the state of the system we will first focus on single particle states, which
are the eigenfunctions v, (r) of h(r):

hip, = €(n)i,. (6.2)

We can construct system states by attributing a state 1, to each particle. One
possible realisation is

\Ilnl7~~~7nN (I'l, c.. ,I'N> = wnl (I'l) X ... X ¢”N (I'N) s (63)

which would correspond to an energy

En oy =€(m)+...+€ny). (6.4)

IFor simplicity, in our notation of the wave function we do not explicitly indicate the spin of the
particles. This implies that each of the 1, (r;) is the product of an ’orbital’ and a spin function. n
therefore includes a spin quantum number. The (anti-) symmetry requirements of the next page
actually apply to these combined ’spin-orbitals’.
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6. IDEAL GASES

So the eigenfunctions of a sum of independent Hamiltonians are products of the
eigenfunctions of the individual Hamiltonians, with eigenvalues equal to the sum of
the individual eigenvalues (like it was in classical mechanics).

The above wave function W is however not yet correct! In an ideal gas each par-
ticle can occupy every position in the box. Consequently, it is relevant to ask about
the probability of a particular configuration of particles, which differs from another
one by the interchange of two particles. Obviously in the case of indistinguishable
particles the probability distribution for both configurations should be the same, i.e.

\\If(rl,...,ri,...,rj,...,rN)|2: |\If(r1,...,rj,...,ri,...,rN)|2. (6.5)
In general condition can be met by stating
W(ry, ... ey, ty) = €7W(Ty, 0 Ty, Ty, T,

where 7 is some phase. It turns out that in nature only v = 0 and v = 7 are
encountered. Therefore: W must remain the same or it must change sign upon
exchange of two particles. In the first case we call the particles bosons, in the second
case we call them fermions,

bosons:  W(ry,...,r;,....r5,...,rn) = V(ry, ..., 15, ..., T, ..., TN),

fermions :  W(ry,...,r;,...,rj,...,ry) = —Y(ry, ..., ..., ..., IN).

Particles with integer spin, like photons, are bosons. Particles with half-integer spin,
like electrons, protons and neutrons, are fermions. Particles composed of a number
of other particles can be either bosons or fermions, depending on their total spin.
Hence, many nuclei are in fact bosons. For example the a-particle (a ‘He nucleus)
is a boson. Let us now see how to construct a (anti-)symmetrised product of single
particle states.

Bosons. Suppose we have just two bosons in our system. It is easy to verify
that a properly symmetrised state function, which remains the same upon exchange
of the two particles, is given by

W (61,82) = o (o, (00 (52) + ¥ (£2) s 10)}. (6:6)

In the general case of N particles the symmetrised state function is
1
Yoy = W Zp:wm(rpl) X.o.. X ¢nN(I'PN)a (6-7)

where the sum over P denotes all possible permutations of the coordinates (/N! in
total).
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6. IDEAL GASES

Note that permutations of the quantum numbers n; do not result in new states.
We are therefore free to choose the order in which they occur in Eq. (6.7). We may
for instance order them according to

n; < Njj1- (6.8)

This will be useful when we treat quantum gases.

Fermions. Suppose we have just two fermions in our system. Again it is easy
to verify that a properly antisymmetrised state function, which changes sign upon
exchange of the two particles, is given by

Vo na01,72) = = (U, (1) (12) = W, (025, 10)} (6.9)

In the general case of N particles the antisymmetrised state function is
1
Vot = W ; EPwm(rpl) X...X ¢nN(I'PN)7 (6-10>

where again the sum over P denotes all possible permutations of the coordinates.
The variable €’ is either +1 or -1,

e =41 even permutations

—1 odd permutations.

where an even permutation means that an even number of pair exchanges was needed
to establish that permutation, and similarly for odd permutations.

Again permutations of the quantum numbers do not result in new states. What
distinguishes fermions from bosons is that states with two or more quantum numbers
equal don’t exist! (Explain why?) We can therefore order the quantum numbers
according to

ne < nasa. (6.11)

6.2 Ideal gas partition function: Maxwell-Boltzmann
statistics

The partition function of a system of bosons or fermions is given by, respectively,

Q% = S Vexp{—Be(m) — ... - Be(ny)} (6.12)
Q" = 3 exp{—Be(n) — ... — Be(nn)}, (6.13)
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6. IDEAL GASES

where the superscipts B and F' indicate a sum restricted to the boson and fermion
symmetry requirements, respectively. Before solving these partition functions ex-
actly, let us first consider what happens if we can neglect the symmetry restrictions:

3 exp{—BE(nl)—---—HE(nN)}z[ZeXP{—ﬂe(n)}] — ¢, (6.14)

N1yt NN

where we have defined the single particle partition function ¢. In this sum every state
with no two quantum numbers equal to each other is counted N! times. In ¢V /N!
these are counted like they should be counted both for bosons and for fermions.

At high temperatures, the number of states contributing to @ is extremely high
(Problem 6-1); the great majority of them has all quantum numbers different; there-
fore

N
Q" = (- "< (6.15)
Q" = L a-cf)  cf
= ﬁ( - C") <1, (6.16)

where C® and C*' are some very small numbers. The free energy is therefore given
by

AP = —[pThhQ®
qN B qN
= —kTIn T = kTl (1= C%) = ~kpThn T (6.17)
AP = kpTInQF
qN - qN

So at high temperatures the distinction between bosons and fermions becomes irrel-
evant. In this regime the particles are said to obey Maxwell-Boltzmann statistics:

o=21_ (6.19)

6.3 The two-atomic molecular ideal gas

Up to this point we have assumed that the ideal gas particles have no internal
structure. If the particles do have internal structure, the total energy should also
include energy terms representing changes in the internal structure. As an example
we will treat now an ideal gas of two-atomic molecules. The two atoms may be the
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Figure 6.1: Sketch of the effective |
(electronically averaged) potential & NS
energy of a two-atomic molecule as
a function of the distance between
the nuclei. For each electronic state
n® there is a different curve; only
the first two are depicted here. The
ground state energy has a mini-
mum e; at a distance Ry. Vibra-
tions around this minimum are ap-
proximated by a (quantum mechan-
ical) harmonic oscillator, with en-
ergy levels indicicated by the dashed
lines. T&

t

&

same, in which case we speak of homonuclear molecules (Hs, Ny, O, etc). If the
two atoms are different, we speak of heteronuclear molecules (CO, NO, etc).

As we have seen in section 1.3.6 the energy of a two-atomic molecule consists
of several parts: The electronic, vibrational, rotational, and translational energy.
A sketch is given in Fig. 6.1. The total energy and single particle (or molecular)
partition function may therefore be written as:

e(n) = e(n,n",n",n')=en)+e(n")+en")+n) (6.20)
¢ = ¢¢"qq" (6.21)
We will now treat each contribution in more detail.
For the electrical contribution we have

q¢° = wiexp{—Pei}, (6.22)

where w§ is the degeneracy of the ground state. Usually there is just one ground
state, w; = 1. Notable exceptions are O, for which w§ = 3, and NO, for which
w§ = 2.

The vibrations of the two nuclei are approximately harmonic, so summing over
all possible quantum numbers gives (see Problem 6-2)

e(n?) = (n—i—%)ﬁw (6.23)

v _ exp{—%ﬂhw} B exp{—%@”/T}

1—exp{—fhw} 1 —exp{-6v/T} (6.24)

where we have defined the vibrational temperature ©V = hw/kg. Typical OV range
from 300 K (for Hs) to 6000 K.
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The vibrations are usually much faster than the rotations. To a good approxi-
mation, the molecule therefore rotates as a rigid body, with the nuclei fixed at the
equilibrium distance Ry. The moment of inertia for rotations around an axis through
the centre of the molecule, perpendicular to the axis connecting the two nuclei, is
therefore

mimes

[ = RS = uR?, (6.25)

my + me

where p is the reduced mass of the molecule. According to quantum mechanics the
possible energies of a rigid rotator, and the degeneracy, are given by

h2
= —=JJ+1 6.26
¢ = I+ (6:26)
wy = 2J+1, (6.27)
where J = 0, 1,2, . ... Calculating the rotational partition function ¢" we now replace

the sum by an integral:

¢ = 32T+ 1)e U

J

~ / dJ (2] + 1)e P57+
0
21 T

where ©" = h?/(2[kp) is the rotational temperature. Typical ©" range from 0.05
K (for Hy) to 80 K (for I). Replacing the sum by an integral is only justified if the
distance between consecutive energy levels is much smaller than kgT', that is if

pn? s s

— 1 2) — — 1) =— 1 1. 2

2[(J+ (J+2) 2IJ(J+) I(J+)<< (6.29)
When applying Eq. (6.28) we have to convince ourselves that the temperature is
high enough to obey Eq. (6.29).

Finally, for the translational partition function we again consider the energy of

a particle in a box of size V = L3. Similarly to Eq. (5.31) (but now ¢' stands for
three dimensions instead of one) we find

ormkpT\ />
¢ =V <TB) : (6.30)

where now m = m; + m» is the total mass of the molecule.
There is one subtlety related to the nuclear spin. This is where we find that
homonuclear molecules behave differently from heteronuclear molecules. According
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to quantum mechanics, for homonuclear molecules the nuclei must be indistinguish-
able. Specifically, the nuclear spin function either changes sign under exchange of
the two nuclei, or it doesn’t change at all. Even though the nuclear spins do not take
part in the thermal fluctuations, there is a way in which they influence the partition
function: a rotation of 180° around an axis through the centre of the molecule, per-
pendicular to the axis connecting the two nuclei, is the same as exchanging the two
nuclei. Therefore, the nuclear spin functions and rotational functions are coupled.
Analysis shows that if the nuclear spin is integer only even J values are allowed,
and if the nuclear spin is half-integer only odd J values are allowed. Therefore, for
homonuclear molecules, Eq. (6.28) should be replaced with

2 T
¢ = Y (2] +1)e Pl & T (6.31)
J=even
2 T
¢ = > (27 +1)e IV & 55 (6.32)
J=o0dd

Note that both even and odd nuclear spin yield the same answer. In general, the
rotational partition function is denoted as 7/(¢©"), with ¢ = 1 for heteronuclear
and o = 2 for homonuclear two-atomic molecules.

In summary, for an ideal gas of two-atomic molecules, the free energy is given
by A= —kpgTInQ, with Q = ¢"/N! and

—30Y/T} (T 2mmkpT >
q = wiexp{—pe;} 1ei{pe}{{p {2_94/;} (a@f) 1% (m}iizB) : (6.33)

In Problem 6-3 you are asked to calculate the entropy and specific heat of an ideal
gas of two-atomic molecules.

6.4 Boson gas

We have seen in section 6.2 that at high temperatures the distinction between
bosons and fermions becomes irrelevant. In that regime the particles obey Maxwell-
Boltzmann statistics. In this and the next section we will analyse the more general
case, also applicable to low temperatures. As it turns out, it is quite difficult to
treat the statistics of bosons or fermions in the canonical ensemble, but much easier
in the grand canonical ensemble. We will show why.

6.4.1 Bose-Einstein statistics

First we consider an ideal gas of N identical bosons. We can select the quantum
numbers such that
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There is an alternative way to label the state of the system, namely by means of
occupation numbers m,,, such that

i m,, = N. (6.35)
n=0

The occupation number m,, is, in a way, equal to the number of particles in state n.
We need to keep in the back of our minds that these m,, particles are, of course, not
a distinct set of particles; quantum mechanics requires that all (identical) particles
are indistinguishable. All particles therefore play an identical role. But often it is
useful to think of the occupation number in this way. For example:

n = 0,1,2,3,4,5,6,...
m, = 2,0,0,0,1,1,0,...

means that 2 particles are in state n = 0, 1 particle in state n = 4, and 1 particle in
state n = 5, i.e.

ny = 0,712 = 0,713 :4,7’L4 = 5.
In terms of occupation numbers, the (canonical) partition function reads

Z Z Z o7 2 mne), (6.36)

mo Om1 =0 moo—O

Zn mn=N

where we have labeled () with a subscript N to make explicit its dependence on
the number of particles N. The condition Eq. (6.35) makes this sum a restricted
sum, which is very hard to evaluate. If we imagine the Bose gas to be coupled to
an external reservoir of identical bose particles at chemical potential p, the grand
canonical partition function reads

[eS) [ [eS) %)
= = E E E E e AL n mne(n) o3, mn
N=0 mop=0m1=0 Moo=0
N ~ -
Enm":N

_ i i i 0B (e(n)—p)

mo =0 mi =0 Moo=0

_ ﬁ { i e—ﬁmn(E(n)—u)}

n=0 \m,=0

[e.9]

1
= 11 1 — o Be-m" (6.37)

n=0

96



6. IDEAL GASES

VA <m,>

Figure 6.2: Average occupa- N
tion number of a Bose gas as y
a function of the energy e(n) of
state n. The energy of the low-
est energy state is €(0). The
chemical potential p must be . «— £(n)
lower than this. Hoo g0)ed) @)

In going from the first to the second line we have used the fact that a restricted
sum, when summed over all possible values for the restriction (/V), is the same as
an unrestricted sum (see Appendix A for a simple case). This is why this problem
is much simpler to solve in the grand canonical ensemble than in the canonical
ensemble.

Now the thermodynamic potential associated with the grand canonical ensemble
is the function PV (u, V,T). It is equal to

PV = kBTlnE

= —kBTZIn 1 — e Alem=m)y. (6.38)

We are now ready to do thermodynamics. For example, because the differential of
PV is

d(PV) = SdT + PAV + Nd, (6.39)

the (average) number of particles, at given chemical potential p, volume V| and
temperature 7', is given by

N — <8PV)
op TV

0 ~Ble(n)—p) > >
- Z_% 1— e Blem—m — Z% eﬁ(e(n 1 2_% ' (6.40)

In the last line (m,) is the average occupation number of state n (a proof will be
given in chapter 7). The average occupation number is plotted as a function of €(n)
in Fig. 6.2.  Notice the singularity when p = €(n). We want our mathematics
to be correct, and extract from this physical results. In order for the derivation of
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Eq. (6.37) to be valid we need

Z eIl < oo o p<e(n) (Vn) (6.41)
my=0
1 [e.e]
~ - H (1—e M) co & Ze—ﬁ@(n)—m < 0. (6.42)
- n=0 n

So we see that the chemical potential x4 in an ideal bose gas is necessarily lower than
the lowest energy state ¢y, and that there are certain requirements on the speed with
which exp(—((e(n) — p)) tends to zero as n increases.

6.4.2 Bose-Einstein condensation

An ideal Bose gas has the peculiar property that at a low but finite temperature all
particles tend to pile into the single-particle state of lowest energy. Let us see why
this happens.

Suppose we have a fixed amount of N Bose particles at temperature T in a
volume V. Using the results derived above, we can express N in terms of the
chemical potential p (as well as V' and 7). If the spacing between consecutive
energy levels is small compared to kgT', we can replace the sum Eq. (6.40) with an
integral over the single-particle density of states p(e):

00 0o 1

Here we have shifted the energy states such that the single particle state of lowest
energy corresponds to € = 0. For an ideal particle of spin s (be it a Bose or Fermi
particle), contained in a box of volume V' = L3, the single-particle density of states
is given by (see Problem 6-4)

o\ 32
o) = (25 + 1) (%) %ﬁ, (6.44)

leading to (Problem 6-5)

3/2 00
N = M (Q_m) V/ dx L (6.45)
0

472\ Bh? e Prer —1°
This can in principle be inverted to
p=pu(N,V.T). (6.46)
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We see that © < 0 because otherwise the integrand is singular. Notice that the inte-
gral in Eq. (6.45) becomes larger when —fu (a positive quantity) becomes smaller.
Notice also that the factor in front of the integral becomes smaller when (5 becomes
larger. Therefore, if at constant N and V we increase 3 (i.e. we decrease T'), the
first factor goes down, so the second factor must go up. Therefore —Fu must go
down. We have done this difficult exercise to prove that u approaches 0 faster than
[

We now find the interesting result that, as we lower the temperature of a Bose
gas, at a certain critical temperature 7T, we encounter a situation where Gu = 0.
Below this temperature most of the available particles will start to go into the
lowest accessible quantum state (n = 0). This collapse of Bose particles into a
single quantum state is called Bose-Finstein condensation. It was predicted by
Albert Einstein, by generalising Satyendra Nath Bose’s work on massless photons
to massive atoms.

We can find the critical temperature by first using S = 0 and 8 = . = 1/(kgT)
in Eq. (6.45):

2s+1 (2m\*"* [~ Jz

The last integral equals ¢(2)\/7, where ¢ is the Riemann zeta function which at
3/2 is approximately 2.6124. Inverting yields

T, =

1onR2 [N 1 1 13
IELLILE T 619

Vas+1¢(3

This is a good estimate for T..

Below T, the sum over states can no longer be replaced by an integral. The
largest error comes from the fact that more and more particles go into the lowest
quantum state n = 0, whereas according to Eq. (6.44) the single particle density of
states p(e) equals zero at € = 0. It turns out that the integral approach can still be
used, provided that the number of particles in the ground state is added separately.
Let us call the number of particles in the ground state Ny. We can then approximate
the number of particles for T' < T, as

2s+1 (2m\**  [*  z

Here we have used that for 7" < T, the chemical potential is essentially zero. For
T = T, the number of particles in the lowest quantum state is still very small, which
is why we were allowed to use Eq. (6.47) to estimate T.. Again using Eq. (6.47), we
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Figure 6.3: The fraction Ny/N
of particles in the lowest quantum
state (dashed line) and the specific
heat Cy/(Nkp) (solid line) of a
Bose gas as a function of temper-
ature. Note the discontinuity in
the derivative of Cy, at the critical
temperature 7.

can express the fraction Ny/N of particles condensed in the lowest quantum state
(see dashed line in Fig. 6.3) as

N, T 3/2
WO ~1— <T> . (6.50)

The dependence of the specific heat of a Bose gas on temperature is also quite
peculiar. Knowing the occupation number and the density of states, we can find the
total energy of the system:

- > 1

U, V,T) = ZO (ma) €(n) ~ /0 de ep(0) s (6.51)
Note that the lowest quantum state need not be included because its energy is set to
zero by definition. The specific heat is the derivative of U to T' at constant (N, V),
whereas we have available U as a function of (i, V,T). The chemical potential u
needs to be determined at each temperature 1" such that the total number of particles
equals N. In general it is therefore a difficult exercise to calculate the specific heat
from this equation. However, we can easily calculate Cy for T" < T,.. In that case
i = 0 and there is no temperature dependence of p. Using z = (¢, the energy for
T < T, can be expressed as

25 +1 (2m\*? N
=— | — - d T <T. .52
v=22 (hQ) V3 /O P (<) (6.52)
Differentiating with respect to T" gives
5 2s+1 [/2m\*? o g3/2

The last integral equals ¢(2)3/7, where the Riemann zeta function at 5/2 is ap-
proximately 1.3415. With the use of Eq. (6.47) this may be expressed as

15 T 3/2 C(g) N T 3/2
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More elaborate calculations are needed for 1" > T,.. The result, to very good ap-
proximation, is:2

T3/ T3
Cy ~ 1.496 Nk +0.341 Nkp (?) +0.089Nkj (T) (T >T.) (6.55)

Figure 6.3 (solid line) shows the very peculiar shape of Cy (7). Note that the
derivative dC'y/dT is discontinuous at 7' = T,.

6.5 Fermi gas

6.5.1 Fermi-Dirac statistics

We now consider an ideal gas of N identical fermions. We can select quantum
numbers such that

ns < it (6.56)

The treatment is similar to the treatment of the Bose gas. We will again turn to a
description in terms of occupation numbers m,,. Since for fermions states with two
or more quantum numbers equal do not exist, the occupation number of a state is
either 0 or 1. The (canonical) partition function is therefore given by

1 1 1
Qn=>_ Y ... ) elzammdn) (6.57)
mo=0 m1=0 moozg
S, mn=N

and the grand canonical partition function by

o0
= - Yo
N=0

— i i 0B (elm)—pa)mn

mo=0 Moo=0
= ] (1 +epetny, (6.58)
n=0

2Note that this is an approximation, but the accuracy is at least 0.3% over the full range of
temperatures. For example the high temperature limit should be Cy = 3/2Nkp, whereas the
approximation yields a prefactor 1.496.
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<m,> ; Figure 6.4: Average occupation
! number of a Fermi gas as a func-

tion of the energy €, = €(n) of

state n. At very low tempera-

tures T — 0, all lower states are
occupied by one particle. The

energy of the highest occupied
R g, sStateat T = 0 is called the Fermi

energy €r.

1/2

where again we have used the fact that a restricted sum, when summed over all
possible restriction, is an unrestricted sum. The thermodynamic function PV is
now equal to

PV =kpT» In(1+ e m), (6.59)

n=0

The number of particles, at given chemical potential p, volume V', and temperature
T, is given by

oPV - -
V= (), = Sy = o o

n=

The average occupation number (m,) is plotted as a function of ¢(n) in Fig. 6.4.
Notice that as T" — 0, all lower level states become occupied by exactly one particle.
Remember that this is the maximum occupation number allowed for fermions. The
energy of the highest occupied state at T' = 0 is also called the Fermi energy ep. It
is equal to the chemical potential u at T'= 0 (can you explain why?).

6.5.2 Specific heat of free electrons in a metal

Consider a block of metal. In metals, the highest energy electrons are not “bound”
to any specific nucleus. Rather, they move almost freely in the entire volume V' of
the metal, which is why they are called free electrons. We may now ask what is
the contribution of these N free electrons to the specific heat of the metal? In fact,
this is an age old problem, which could not be solved prior to the development of
quantum mechanics. Classically, one would expect Cy =~ %N kg, at least at high
enough temperature. Experiments on metals, however, show that Cy, is proportional
to NkgT, i.e. linear in the temperature 7'.

To show why, consider the free electrons to form an ideal Fermi gas, contained in
the volume V' of the block of metal. The single-particle density of states, according
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Figure 6.5: Density of states 4 ~2kT
p(e) and average occupation \/
number times density of states p(e)
p(€) (m(€)) of a Fermi gas. The
integral over the latter gives the
number of particles N. The
width of the transition zone be-
tween the two vertical lines is
approximately 2kgT.

| <m(e)>p(e)
vy

to Eq. (6.44), is given by (remember that the spin of an electron is 3):

om\*? v
The number of free electrons is related to the Fermi energy er by
o 1

where we have put the lowest energy ey of the free electrons equal to zero. A plot
of the integrand, i.e. the number of particles between energy € and € + de, is given
in Fig. 6.5. The argument is now as follows. The electrons can only gain energy
if they move into a free state in their energetic neighbourhood. Only a few of the
electrons can do this, namely the ones with an energy near p. The width of the
transition zone (between the vertical lines in Fig. 6.5) is of order 2kpT, whereas
for a typical metal ep/kp ~ 10° K. Therefore u ~ ep also at room temperature.
Because the specific heat is proportional to the number of electrons which can move
into a free state, we predict that Cy will be linear in T'.

Now a more precise calculation. The integral in Eq. (6.62) is particularly easy
at T' = 0 K, because all states up to e are occupied by one particle, whereas all
higher energy states are unoccupied:

r om\*? v V[ 2mep 3/2
N = de [ — —\e=— . .
/0 ‘ ( h? ) o2 V© T 32 ( h? ) (6.63)

Now suppose we heat the metal from 0 K to a temperature 7', assuming the volume
and number of free electrons remain constant. We may then write the increase in
energy of the free electrons, and the number of free electrons as

*° 1
o 1
EFN = EFA de p(E)m (665)
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Differentiating Eqs. (6.64) and (6.65) with respect to T" yields

o 0 1
0

o 1

Subtracting Eq. (6.67) from Eq. (6.66) we find for the specific heat

o 0 1
As we have seen, the 0/0T'( ) term is only significant in a small region around € = €.
We may therefore approximate p(€) & p(er) in this integral. Furthermore, the chem-
ical potential i changes only very slowly with temperature 7" and is approximately
er throughout the entire solid state range of a metal. We therefore write

o0 %eﬁ(e_eF)
Cy =~ d — Bl
v P(GF)/O € (e —er) ePle—er) 1 1]
00 2.
~ kiTp(e / dx _re
B p( F) . (em n 1>2
2
= k?BTp(eF)? (6.69)

In the second line we have used that ex > kgT. Note that in this last derivation we
have made no assumptions about the precise form of p(e). We do know the precise
form, namely Eq. (6.61), which may be expressed as

e\ 12

) =pler) (=) (6.10)
€F

allowing us to write (again assuming e > kgT)

2

N =~ /OEF ple)de = gp(eF)eF. (6.71)

Our final result for the (electronic) specific heat of a metal is therefore

2 T
Cv = & Nks <T_p) , (6.72)

where Tr = ep/kp is the Fermi temperature. That this result is linear in the
temperature is entirely due to quantum effects.
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6.6 The classical limit: Maxwell-Boltzmann re-
visited

Let us now show how Maxwell-Boltzmann statistics arise for a Bose gas at high
temperatures. We have argued that, at constant N and V', —(u increases as the
temperature increases (and p < €(n) for all n). Therefore at high enough tempera-
ture we have exp { (e(n) — p)} > 1. In that case

PV = —kgTy In(1—e Pltmmm)
R~ kBTZe_ﬁ(E(")_”) (6.73)
= kgTefyq. (6.74)

The chemical potential can be related to the number of particles by writing

dPV
N = _— = e’B“q 675
< op )TV ( )
4 = —kgTln (%) . (6.76)

Note that the above implies PV = NkgT. We can now express the free energy as

A = G-PV=Nu—PV
— _NkzTh (%) — NkyT = —NkyTln (q—]\f)

qN
= —kpTh (ﬁ) . (6.77)

This is in exact agreement with Maxwell-Boltzmann statistics Eq. (6.19).
A similar argument holds for the case of a Fermi gas at high temperatures, with
the same outcome.
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Figure 6.6: Example of
a summation over occupa-

012345 » /M  tion numbers mo and my
0 X with the constraint that
1 X the total number of parti-
2 X cles N = 4. When a fi-
3 X nal summation over N is
4X made, each combination of
Sy mg and my is encountered
m exactly once.

Appendix

In this appendix we will show for a simple case why the summation over N in
Eq. (6.37) effectively removes the restriction that > m, must be equal to V.

Suppose we have just two states, n = 0 and n = 1, and a total of N = 4 particles.
When performing the sums over de occupation numbers for my and my, we will have
as an added constraint that > m, = N, i.e. mg+m; = 4. The occupation numbers
can then be chosen according to the crosses in figure 6.6. Now if we perform a sum
over the total number of particles N, other diagonal rows of crosses will be added
until we have encountered each combination of mg and m; exactly once. The same
argument applies to a larger number of states.

Problems

6-1. The classical limit. Calculate n,, n,, n., for the case n, = n, = n, for a
hydrogen atom in a box of 1 ecm? if the particle has an energy of U = %l{;BT and
T = 300 K. What significant fact does this calculation illustrate?

6-2. Vibrational molecular partition function. Give a proof of Eq. (6.24).

6-3. Entropy and specific heat of an ideal gas of two-atomic molecules.
Prove that the entropy and specific heat of an ideal gas of two-atomic molecules are

given by
S 2rmkpT\*? |,V T
N]{jB = In [(7}12 ) e N + In U—@Te
ev/T v
ﬁ —1In (1 — 6_6 /T) + 11’1&)8
Cy _ 5 (O T
Nkpg 2 T (GGU/T_1)2‘
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6-4. Single-particle density of states. Consider a quantum particle of spin s in
a box of volume V = L3. Prove that the single-particle density of states at energy e
is given by Eq. (6.44). (Hint: what is the number of realisations for s, for a particle
of spin s? Use the result of Problem 1-9 for the energy of the particle.)

6-5. Number of particles in a Bose gas at chemical potential y. Prove
Eq. (6.45) from Egs. (6.43) and (6.44).

6-6. Molecular adsorption on a surface. Consider a gas in contact with a solid
surface. The molecules of the gas can adsorb on M specific sites on the surface.
All these sites are identical and we assume, for simplicity, that these sites do not
interact with each other. Each site can accommodate at most two molecules from
the gas; each site has an energy that we take as zero when the site is empty, €; if
the site is singly occupied, and €5 if it is doubly occupied. If we consider the surface
as our system, the total energy of the system is

E = Z e(n;),

=1

where n; is the number of absorbed molecules at site i, and €(0) = 0, €(1) = ¢, and
€(2) = €. The total number of absorbed molecules can be expressed as

M
i=1

We assume the surface is in equilibrium with the gas, which has a temperature 7'
and chemical potential .
Show that the average number of molecules adsorbed per site is given by

<N) e Ble—n) 1 9o—HBle2—2p)
M 1+ eBen 1 o Blea—2m

and that the average energy per site is given by

(B) e Blan 4 eeBle=2)
M 1+ e Bl 4 o Blea—2m)"

(Hint: Show that the grand canonical partition function can be written as = = 2™,

with z = 1 +exp{—0(e; — )} +exp{—F(ea —2u)}. Then use the results of Problem
5-5.)
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6-7. An ideal gas of atoms. In this exercise we will consider an ideal gas of real
atoms. Besides the translational energy associated with point particles, atoms also
have an electronic contribution to the single particle energy. Since these two types
of energy contributions are independent, the single particle partition function of an
ideal gas of atoms factorizes into two parts:

q=q¢

where ¢ is the translational partition function of a particle in a box, and ¢° is given
by

¢- =) wi(n)exp {—Fe(n)}

Here w®(n®) is the degeneracy of the n®’th electronic energy level. For hydrogen
w(0) = 2, for carbon w®(0) = 9, and for oxygen w®(0) =5, w(1) = 3 and w*(2) = 1.
We are allowed to set the ground state energy of all atoms to zero: €(0) = 0.
The other energy levels may then be measured experimentally by analysing the
adsorption spectra of the atoms: photons (light) are adsorbed by the atoms at
frequencies v, the energies hv of which correspond to the distance between the
different electronic energy levels. As it turns out, for most atoms even the first
level is much higher than the ground state, giving no contribution to the electronic
partition function. Notable exceptions are atomic oxygen and fluor. Oxygen has a
first excitation at 158.5 cm~! and a second at 226.5 cm~!. The next is at 15867.6
em™t. Using 1 em™ = 1.986 x 1072 J, we see that the last excitation gives a
contribution only when 7"~ 15000 K.

Calculate the atomic entropy (per mole) of carbon atoms and that of oxygen
atoms at standard temperature (7° = 298.15 K) and standard pressure (P° =
1.048 x 10° Pa). (You may use that the molar entropy of atomic hydrogen equals
114.71 J/mol/K.) Experimentally: S(C) = 158.10 J/mol/K and S(O) = 161.06
J/mol/K.

6-8. Chemical potential in an ideal gas mixture. Suppose we make an ideal
gas mixture of N4 molecules A and N molecules B. Because the mixture is ideal,
the molecules do not interact, and the canonical partition function may be written
as

N N
0 a4 q5”

"~ N4 Ng!
a Show that the total free energy A is given by

[ [
A= —NukgTln (%) — NgkpTIn (%)

108



6. IDEAL GASES

Since we have not specified the exact nature of the molecules A and B, we do not
know much about the partition function. However, we do know that the translations
of the molecules lead to the appearance of the volume V in the single particle
partition function. We denote the remaining part of the single particle partition
function by ¢'. Specifically, for molecule A:

qa

Note that ¢/4(T") only depends on the temperature, not on the volume of the system.

, may be

b Show that the chemical potential of A, defined as 4 = (%

> Ng,V,T
written as

pa(P,T) = py(T) + kpT'In (Pz.a)

where x4 = Ns/(Na + Np) is the fraction of A molecules, P = (N4 +
Np)kgT/V the pressure, and p%(7") a function that only depends on tem-
perature.

Note the p%(T') depends on our choice for the unit of pressure. In the literature it
is common practice to express everything in molar quantities and the pressure P in
units of atmosphere, so that % (7") is the chemical potential per mole at temperature
T and standard pressure P°:

,uA(P, T) = ,MZ(T) + RT'In ((P/PO)SL’A) .

6-9. Chemical equilibrium. We consider the following chemical reaction:
COQ + Hy, = CO + HQO

at a temperature of T = 2000 K and reference temperature P = P° = 1 atm. Under
these conditions the reaction takes place entirely in the gas phase, which we may
assume to be an ideal gas mixture.

Denoting the chemical potentials of the components in the mixture by p; (see
end of previous exercise), thermodynamic equilibrium is reached when

ZMM =0

where v; are the stoichiometric coefficients of the reaction (i.e. +1 for CO and H5O,
and -1 for CO, and Hy).
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110

a Show that the above condition implies that K, defined as K, = II;(Px;)",

can be expressed as

Aui@))

K, = exp (— BT

where z; = N; /N is the mole fraction of component ¢ and Ay (T') = >, i (T)v;
is the change in chemical potential (per mole) of the reaction at temperature T’
and standard pressure PY. Note that for this particular reaction the pressure
dependence of K, falls out:

K — (Pzco)(Pru,0) _ ZTcoTH,0
" (Pxco,)(Pra,)  Tco,Tm,

Calculate Apf(2000K) of the reaction using the table given below. Hint: con-
sider Eq. (3.89).

I sV cp
species  kJ/mol J/mol/K J/mol/K
CO -110.53  197.54 29.14
H,O -241.82  188.72 33.60
CO, -393.52  213.69 37.05
Hy 0 130.57 29.16

Suppose we start with 1 mole of CO, and 1 mole of Hy at T" = 2000 K and
standard pressure. Our reaction will take place. How many moles of CO,, Hy,
CO, and Hy0O are there in equilibrium? Hint: suppose o mole of COy have
reacted, how many moles of the other components are there?



Chapter 7

Probabilities and fluctuations

In this chapter we will study probabilities associated with each type of ensemble. We
will encounter the principle of equal a priori probabilities, the ergodic hypothesis,
and study fluctuations of the thermodynamic variables in each of the ensembles.

7.1 Probabilities

7.1.1 Microcanonical (N,V,U)

Suppose we have an isolated system, containing N particles in a constant volume
V. Because the system is isolated, its energy U is in principle a conserved property.
We have discussed in section 2.2 that perfect isolation is never possible, and small
perturbations cause the system to continuously jump between any of the €2 different
states of the same energy. A measurement of a quantity F' will therefore be given by
some average over the expectation values of all possible states. We postulate that
this average must be performed with an equal probability for each possible state. In
other words, the probability to encounter the system in state n is'

1 .
o Q len:U,
P"_{ 0 ifE, U (7.1)

A measurement of a quantity F then yields?

(F) = ZPnFna (7.2)

Do not confuse the notation of P, for probability with P for pressure.
2Note that the notation (...) for the ensemble average is similar to that of the quantum me-
chanical expectation value (...) of an observable. Technically we should write

(F)) =) Pu(Fn),
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where F, is the expectation value of property F' in state n. The average in Eq. (7.2) is
called the microcanonical average, to distinguish it from the canonical average which
we will encounter in the next subsection. Eq. (7.1) is the fundamental postulate
of statistical thermodynamics. It is referred to as the principle of equal a priori
probabilities. “A priori” means that the principle refers to the most elementary
property of the system, its quantum mechanical state, about which one cannot
justify any other statement than that all outcomes are equally probable. For all
kinds of derived properties it is of course no longer true that each outcome is equally
probable. An analogy is this: if we shake a box containing 1000 balls, and blindly
take one ball, the probability to take a certain ball is 1/1000, and this probability
is equal for each ball. Now suppose 3/4 of the balls are red and 1/4 are white. The
colour of the ball we take can be either red or white. The probability to take a red
ball is however not 1/2, but 3/4.

Only in an idealised case can the energy be kept exactly constant, in practice
this is impossible. We therefore assume that the energy fluctuates between U and
U+ dU. If we say the system is thermodynamically isolated, we mean in practice
that dU is very small relative to U, e.g. dU = 107!°U. For a system containing 10
particles this would mean dU = 10'°(U/N), in other words: no matter how small
the fluctuation at the macroscopic scale, it will still be many orders of magnitude
larger than the energy per particle. Quantum mechanically there are many states
between U and U 4 dU. In the language of section 2.2, the density of states Q(U) is
very large. Small perturbations therefore cause the system to jump between different
states for which U < E,, < U + dU. The principle of equal a priori probabilities is
also applied in this case, leading to

1
&:{ﬁmﬁ U<E,<U-+dU, 73)

0 otherwise.

In the above we have assumed an idealized experiment, in which an average
is taken over all possible states corresponding to the macroscopic thermodynamic
parameters. In other words, we have performed an ensemble average. In a real
experiment a property F' is measured by averaging of a certain amount of time T,

F:%Aduw) (7.4)

Since a finite amount of time is spent in each state, and the number of states between
U and U +dU is so great, one may wonder whether this time average is equal to the
ensemble average Eq. (7.2). Indeed, even though many different states are sampled

where (F,,) is the quantum mechanical expectation value of F' in state n. However, this would
make all our notations needlessly complicated. We stick to the notation of Eq. (7.2), assuming the
reader understands from the context which average is meant.
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during a typical experimental time, the actual number of states visited is still much
less than the number of states between U and U + dU. Despite this we assume that
to a good approximation

F=(F). (7.5)

This is referred to as the ergodicity hypothesis. We can think of the analogy of red
and white balls above. If we have a huge box containing, say, 10%° balls, we only need
to take 10* balls to determine the fraction of red balls with an accuracy of 1%. If
the distribution is not random, but for instance red balls are preferably surrounded
by other red balls, we may need to take more balls, but never it is necessary to take
all balls out of the box. Similarly a time average yields a good approximation of the
ensemble average, and vice versa.

7.1.2 Canonical (N,V,T)

Now consider a system immersed in a thermostat at temperature 7. The system
and thermostat combined are enclosed by adiabatic walls. The energy F, of the
system is determined by a quantum number n, the energy E!* of the thermostat is
determined by a quantum number m. The total energy of the combined system is
then

EX =E,+E)=U"" (7.6)
The total number of states of the combined system at total energy U is equal to the

total number of states in the thermostat, summed over all commensurate states of
the system:

Qtot(Utot) _ Z ch(Utot _ En) (7.7)

The probability to encounter the system in state n is therefore

B ch(Utot _ En)

Py = Qtot([tot) (7:8)
As we have seen before Q™ has the general form
ch(Utot) — Cth(Nth, Vth) (Utot)aNth ’ (79)
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where « is a constant of order one. We now rewrite
ch(Utot . En) _ Cth(Nth’Vth) x (Utot N En)O‘Nth

aNth
_ Cth(Nth’Vth) y (Utot)aNh % (1 _ Ly, )

Utot

aNth
th (7 rtot aN" E,
= Q*U™) x (1_ [Jtot o Nth
] En O!Nth'
~ ch(Ut t) X (]_ — ﬁm)
= Q™MU™) x exp{—BE,}. (7.10)

We can therefore write the probability to encounter the system in state n as

P, - %exp (—BE,} | (7.11)
where
Q=> exp{—PBE,}. (7.12)

The factor exp {—(E,} occurs very often in calculations in the canonical ensemble
and is called the Boltzmann factor.
The average of any quantity F' in this ensemble is again

(F) = ZPnFna (7.13)

where F), is the value of property F' in state n. For example the average energy of
the system is

(E) = Y P.E,

1 0
— _ _ﬁEn —_
0 En Ee a5 In@Q
_ dT'Olm@ ,0In @
= B or kgT T (7.14)

We may ask if this is the same as the (classical) thermodynamic energy U. The
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answer is yes, as the following consistency check shows:

U = a+rs=a—1 (%4
aT )
= —k Tan+Tik TlnQ
— B aT B
SR (7.15)

or

So indeed the average value of the energy in the canonical ensemble equals the
thermodynamic energy, (E) = U.

7.1.3 Grand canonical (u, V, T)

Now consider an open system in contact with a particle reservoir at chemical po-
tential p. The combined system contains N particles and is thermostatted from
the outside. We can therefore treat the combined system in the canonical ensemble.
The probability to encounter the system in state n and containing N particles is

—BE th
e IB N'HQNtot_N

- ZN QNQ?\}[ltot_N .

Pyn (7.16)

This probability is maximal for N &~ (N) and quickly becomes much smaller for
values of N away from (N). We therefore make a Taylor expansion around N = (N):
Bo_y = exp {—BA"(N™ — N)}
8Ath(Ntot o N)

~ exp{—a Ly <N—<N>>>}
= exp {8 [AM(V®! — (V) — (N — (N)))}. (7.17)

Ath(Ntot o <N>) +

where u'" = 1 as before. We can now write the probability to encounter the system
with N particles and in state n as

1
Py g = —e PENathulN (7.18)

—_
—
—

where

E=) Qe (7.19)
N
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Averages are expressed as sums over Py, times the quantity of interest. For exam-
ple, the average number of particles and average energy are given by

1
(N) = > PyvaN=2=) NQye™™ (7.20)
N.n - N
Oln=
— kpT ar; (7.21)
Oln=

(E) = > PvnEnn=-— + (N (7.22)

9B

Again we can make a consistency check to see if this equals the thermodynamic en-
ergy U: The differential of the characteristic thermodynamic function PV associated
with Z(u, V,T) is

d(PV) = SdT 4+ PdV + (N) dpu. (7.23)
Therefore
OPV OlnZE
NY = Z—— — kT .24
(V) = G = kT (7.2
U = G+TS-PV
0PV
_ Wy r2FEIRE s (7.25)
oT
Oln=
_ 2
= (NYu+kgT T (7.26)

7.2 Average occupation numbers

In section 6.4 we introduced the concept of occupation number m, to count the
number of particles in an ideal gas that reside in a certain state n.

We would now like to know how many particles, on average, are in this state n.
In other words, we would like to calculate the average occupation number (m,,). It
is obvious that in an ideal gas (m,) /N is the probability to find a certain particle
in state n. If we treat that particle as our system, and the other particles as the
thermostat, we then suspect that

<”;;> _ éexp (—Be(n)}, (7.27)

where ¢ =) exp{—0fe(n)}. That this is indeed the case can be shown as follows.
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We first assume the particles are distinguishable. The occupation number then
may be written as

M = Oy + Opyr -+ Onyin = > O (7.28)

Here 6, ,, is the Kronecker delta, which equals 1 if n = m and 0 otherwise. In
Eq. (7.28) we check each particle for n; = n, and increase m,, by one if this is the
case. The average of m,, then is

<mn> = Z R Z mnpnl,...,nN
n1=0 ny=0
1 00 oo N
= é Z Z Zéni,nexp{_ﬁe(nl) ——ﬁE(nN)}
n1=0 ny=0 1i=1
= NG Y buesp {—fem) .. = felnn)}
n1=0 ny=0
= NqiN Y Snimexp {—Pe(n)} ¢V
n1=0
= Né exp {—0e(n)}. (7.29)

So we see that Eq. (7.27) is true for distinguishable particles. If the temperature is
high enough, the same result applies to indistinguishable particles. You are asked
to prove this in Problem 7-1.

At low temperatures quantum mechanical effects become more important and
Eq. (7.27) is no longer valid. In Problem 7-2 you are asked to calculate the average
occupation number (m;) of a state j in a Bose gas and a Fermi gas along a different
route, namely in the grand canonical ensemble:

1

(mi) = Seorm =1 (7.30)

where the minus sign applies to a Bose gas and the plus sign to a Fermi gas. We
have already used this result in section 6.4.

It is important to realise that the above results are not restricted to the case of
an ideal gas of structureless particles. More generally, the same arguments apply
if the Hamiltonian of a system consists of several independent parts. Treating the
system quantum mechanically, this means that the wave function can be written as a
product (or rather a sum of products) of partial wave functions and the total energy
as a sum of partial energies, each associated with their own quantum numbers n;.
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The average occupation number of a certain quantum state n, then again is given
by Eq. (7.27).

For example, in an ideal gas of two-atomic molecules the electronic, vibrational,
rotational, and translational contributions to the energy are to a good approximation
decoupled, see Eq. (6.20). The probability to find a certain molecule in a vibrational
state n" [see Eqs. (6.23) and (6.24)] is therefore

<m]\7;u) = %exp{—ﬁe”(n”)}. (7.31)

7.3 Fluctuations

Until now we have only studied averages. But in the canonical ensemble the energy
E fluctuates, and in the grand canonical ensemble both £ and N fluctuate. This can
only be useful if the fluctuations are small. We will now show that, quite generally,
the magnitude of the fluctuations relative to the average scale as 1/v/N. So indeed
the fluctuations become arbitrarily small as the system size becomes macroscopically
large.

In the canonical ensemble (N, V,T) are the fixed variables. The energy E, how-
ever, can fluctuate. The density of states () is a strongly growing function with
energy, and the probability to encounter a state of a certain energy decreases ex-
ponentially with energy like exp(—(FE). Combined, we can define the probability
P(E)dE to encounter the system’s energy in the interval [E, E +dFE]. According to
Egs. (7.11) and (7.12) the energy distribution P(F) is given by

P(E) = Q(E) eg(_ﬁE) (7.32)

Q = /dE Q(F)exp(—pE). (7.33)

P(FE) is sharply peaked around some average (E) with a standard deviation o, see
Fig. 7.1. The latter is defined as

0w = \/{(E - (E))?). (7.34)
A little manipulation yields

o = ((E—(B)’) =(B*-2(B)E +(E)")
= (B — (BE)*. (7.35)
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Figure 7.1: The density of states 2 is
a strongly growing function with energy.
In the canonical ensemble, the probabil- \.e\Xp(_B E)
ity to encounter a state of a certain en-
ergy decreases exponentially with energy
like exp(—pE). Combined, the probabil-
ity P(E) to encounter a certain energy is
sharply peaked around some average (F)
with a standard deviation og.

Q(E)

We can work out the average of F and E? as follows:

(E) = %ZEne_ﬁE” - —81;5@, (7.36)
(E?) = %ZEge—ﬁEn, (7.37)
PnQ an1 s,
KT TPV
1 _ _
— _@ (; E,e ﬁEn> Q ZEz BEn
= (E?) —(B)*. (7.38)

The magnitude of the energy fluctuations is therefore related to the specific heat of
the system:
9?In ou ou
2= he_ 0U_, p0U
0p? ap oT
We can now make some estimates for the fluctuations. Usually, the energy of a
system may be approximated as U ~ akgT N, with o some constant of order one.
Hence Cy ~ akgN. The relative magnitude of the energy fluctuations is therefore
op _VvaN 1 (7.40)
U™ aN  VanN ‘
So, even though the absolute magnitude of the fluctuations goes up with v/N, be-
cause the average increases with N the relative magnitude goes down with 1/v/N.
In Problem 7-3 you are asked to show that the fluctuations in the number of
particles in a grand canonical system grow as v/N. So also the relative fluctuations
in particle number scale as 1/ V/N. In Problem 7-4 you will use the grand canonical
ensemble to show that the distribution of particle numbers in an ideal gas is given
by the so-called Poisson distribution.

= kgT?Cy. (7.39)
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Problems

7-1. Average occupation number for indistinguishable particles. Show that
Eq. (7.27) is also valid for indistinguishable particles at high temperature. (Hint:
Follow the argument of Eq. (7.29). Use the fact that we may treat the particles as
distinguishable, and divide by N! to correct for the indistinguishability of all states
with no two quantum numbers equal. All other states can be neglected at high
temperatures, see section 6.2.)

7-2. Occupation numbers of a Bose and Fermi gas. Show that for given
chemical potential y, volume V', and temperature 7', the average occupation number
of state j in a Bose or Fermi gas is given by

B/F 1

mi)™" = FaomE T

where the minus sign applies to a Bose gas and the plus sign to a Fermi gas. (Hint:
Write (m;) as a partial derivative of In=, where = is the grand-canonical partition
function.)

7-3. Particle number fluctuations in the grand canonical ensemble.
(a) Show that in the grand canonical ensemble the particle number fluctuations,

defined as o = 1/(N?) — (N)* may also be expressed as

O (N)
2 _

(b) Show that

NkgT
(Y

2 _
On = KT,

where v = V/N and kr is the isothermal compressibility defined as
or = L (VN __1(ov
T ov\or),y  w\oP),

(Hint: Use the fact that V' may be written as a function of N, p, and 7. Then
derive

(), G), ), (5),
ol v oV T oV NT v \ Ov N7T'
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Rewrite (Op/0v), using the Gibbs-Duhem relation in the form dy = —sd7" + vd P,
where s = S/N.)
(c) Show that for an ideal gas

oN 1
N VN’

7-4. The Poisson distribution. Suppose we have an ideal gas of N particles in
a volume V%' 'We now focus on a small subvolume V', where V' < V%! and count
the number of particles for different placements of this subvolume. On average we
would expect to count (N) = NV /V particles. Show that the probability to
find N particles is given by the Poisson distribution

—(NV)

NI

Prob(N) = (N)N &

(Hint: Use the grand canonical ensemble and Eq. (6.75), realising that the thermo-
dynamic N is now (N), i.e. (N) = e#q.)

7-5. Unifying expression for the entropy. In general, in any ensemble, the
entropy is given by

S=—kp» P.InP,

where P, is the probability to encounter the system in state n in that ensemble.
Show that this expression is indeed correct for the microcanonical and canonical
ensembles.
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