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“Thermodynamics is a funny subject. The first time you go through it, you
don’t understand it at all. The second time you go through it, you think you
understand it, except for one or two small points. The third time you go through
it, you know you don’t understand it, but by that time you are so used to it, it
doesn’t bother you anymore.”

-Arnold Sommerfield
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1.1 Ensembles

e As discussed in Stat-phys I, there are three types of ensembles we are concerned with.

1.1.1 Microcanonical

e This is for completely isolated systems. Here we have that S,V,N; are conserved. The main
thermodynamic function is £ = E(S,V, N).

1.1.2 Canonical

e Now the system is in a heat bath and is allowed to exchange energy with the surroundings. Here
we have that T, V, N; are conserved. The main thermodynamic function is F' = F(T,V, N).

1.1.3 Grand-Canonical

e Now the system is in a heat and particle bath and is allowed to exchange energy and particles with
the surroundings. Here we have that T, u; are conserved. The main thermodynamic function is

T =J(T,V, ).

e In the thermodynamic limit, the physics at equilibrium can be effectively described by all ensembles
with the understanding that

— In Microcanonical ensemble total energy E and number of particles N are constant.
— In the Canonical ensemble, the average energy (F) = E = E,, the most probable energy.
— In the Grand Canonical ensemble, the average energy (E) = E = F, as well as (N) = N = N,.

e In the quantum regime i # 0, so the phase space is no longer the appropriate approach. Instead we
deal with a mostly discrete system.

1.2 Discrete systems

1.2.1 Microcanonical ensemble

e Here the relevant function for relating micro-to-macro state is the number of microstates 2 . This
is related to the entropy of the system via S = kIn(€2). And the probability of any one state is just
Pr =1/Q. It is easier to write down the form of Q in a discrete system as we can just say:

Q=> o, 5 (1.1)
()

This is just the Kronecker delta function I.e we count a one for each possible way the total energy
of the system can be made up of the quantum states available. This means we sum over not
only all particles in the system but also each possible quantum number they could have. {n} =
{n1,ne,...,ny} and each particle can take energies n; = 0,1,2,.... where i =1,2,...,N.
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1.2.2 Canonical ensemble

e Here the relevant function for relating micro-to-macro state is the Canonical partition function
Z(T,V,N), related to the Helmholtz free energy by F' = —kT'In(Z). The probability distribution
is given by P, (F) = %e_ﬁEn. The partition function is given by:

_ N\ 8E
Z=) e’ (1.2)
n}

This just comes from Normalizing the probability distribution over all possible states of the total
system.

1.2.3 Grand -Canonical ensemble

e Similar to the microcanonical ensemble. Instead of the partition function we hyave the grand-
canonical partition function E. This is related to the grand canonical potential via J = —kT In(Z).
The probability distribution is P, = %eﬁ(“N —E) and the grand canonical potential takes the form:

(1]

oo
=> Nz (1.3)
N=0

1.3 Density Matrix

e Since we are dealing with quantum mechanical systems, when we talk about something like the
partition function, it may be more proper to talk about (Z) = (n| Z |n), the expected value of the
partition function. Here (njm) = dnm, |n) are just energy eigenstates. Looking at the form of Z
we see:

(Z) = (nlePnin) = 3 (n| e ) (1.4)
{n} {n}

Where # here is the Hamiltonian. This then means that Z = T r(e_"m) and the probability P,
becomes:

1
p=e A (1.5)

This matrix p is what we call the Density matriz or Thermal density operator.

1.4 Average quantities

e We know how to calculate average quantities, by using the probability distribution, here we will use
this to calculate neat expression for the average energy and average particle number in the grand
canonical ensemble. First up average particle number:

SO NetiE) — LSS S v om (1.6)

N=0 1 N=0 1

(N) =

[1]] —
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Where z = e is known as the fugacity. Then:

But since whats right of the is just the definition of the grand canonical partition function

(1.8)

z 0= In=

(N =29, =%,

e Similarly the average energy is given by:

SR DI WLLEES ) DAL )
- N=0 T N=0 i

ZZEQ B(Nu—E;)

N=0 =1

(E) =

%

[I]

But this last term is just p times the average particle number so we can write the average energy

(B) =(N)p— 8;;5 (1.10)

e Alternatively, we could hold the fugacity z = e®#, constant while we take our beta derivative, this

way we avoid having extra terms:

N=0 ¢ z z

N=0 1

[11] —

(B) =
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e We now look at an example, as turns out one of the only systems we can solve analytically solve.

Consider N 1D oscillators each with an energy €; = hw(n; + %), n; = 0,1,2,.... We can then write
the total energy as:

~ N 1 N N
E=Y (ni+5)hw="ho+hw) n (2.1)
i=1 i=1

We then set M = Zfi 1N = (% — %), which is fixed as we are considering microcanonical/Canon-

ical ensemble. M is a positive integer.

2.1 Canonical ensemble
e Now we look at calculating the partition function Z(T,V, N), as per equation :
2=y e [ (£ ) o2
n i=1
Then since we have a system of identical particles we know we can write the partition function as a
product of all the individual identical partition functions associated to a single particle, {(T,V, 1).
So Z = ¢N. We can write  as:
> ! Lo e 1 1
—Bhw(n+3 — 5 Bhw —Bhw —1Bhw
C:Ze B (n+2):e zﬁ Z(e B )nze 26 (—1_e—ﬁﬁw> (23)
n=0 n=0
So we can write Z as:
—1B8hwN -N
e 2 Bhw
= -—— = 1 —_— 2.4
Z 1= PN [2smh( 5 )] (2.4)
If the oscillators are not distinct, i.e. w; # w, then Z becomes:
o3 L Bhw
7 = H — H (2.5)
2.2 Micro-Canonical ensemble

We now consider how we can go about calculating 2. As per[I.1| we know {2 must take the following
form for the Harmonic oscillator:

Q(E,V,N) Za SN (2.6)
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Where M = (% — %) This problem is the same as trying to find how many ways we can distribute

M objects (the total sum of all the quantum numbers) into N boxes, the number of particles. Here
we can just use the stars and bars method, so this becomes equivalent to the number of ways we
can place (N — 1) bars in M + N — 1 positions. This then means that {2 must take the following
form:

(M + N —1)!

€= MI(N —1)!

(2.7)

Now we want to see if we can obtain the same result from examining the previously calculated Z.
As we did in 2.2l we can write:

_ BN e(ni) _ —LBRwN —Bhw N n;
7= Y ) = i 3 23)
n n

But since Ef\il n; is just M and {n} = {ni,ne,...,nny}, we can write this as:

(o]
7 — ¢~ 3PN Z o BhwM Z 52{1 ot (2.9)
M n -

The second sum here is the constraint on this sum. We have made this jump as summing over all
the quantum numbers of all the particles is the same as summing over all the possible total sums
that the quantum numbers could have, with the constraint that M must be the sum of N quantum
numbers. This constraint can then be recognised as {2, we can then also relate this expression to
the previously derived expression We can then let 2 = e ™ to write as:

™ NN~ M
(L > M0
M= (2.10)
1 M
- = g M Q
_ N
(1-2) M=0

Now this looks familiar it is like a taylor expansion, so €2 must be the co-officiants of this expansion.
This means we can write:

1 aM )N

UM) = 3 ggar =@

(2.11)
=0

To save us some hastle we can ask mathematica to evaluate this, this results in an expression in
terms of something called factorial power, which is just another way of of writing the expression we
derived above as needed.
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2.3 Vibrational mode of a solid

e We now look at the non-identical oscillators and see if we can derive expressions for measurable
quantities that match with observational results. First we wish to calculate the energy of the
system F , which for this system is:

3N
1
E=Vo+> (ni+ 5w (2.12)
i=1
We have established that the total energy E is the same as the average energy (E) = _6118122)’ SO
using our expression [2.5 we can write:
v 3N —lﬁfwi
— 0
Z =e H e
3N
hw;
— In(2) :—BVO—ZB Zln 1 — e Py (2.13)

= =1

J

These first few terms have no dependence on the temperature 7' as § = 1/kT. So if we want to

calculate the heat capacity Cy = g—g we only have to worry about the last term, this turns out to

be:

eﬁhwz

— kZ eﬁhwz — (2.14)

e Einstein in 1907 was analysing these systems and set the frequencies to the same w; = wg, then we
set x = fhwg, so we can write:

) op
Cy = ?’kaﬁ — 3Nk (9’3) - (2.15)
(6 - 1) T (eTE _ 1)2

Where 0 = % Taylor expanding this equation for x = fhwgp << 1 = kT >> hwg, i.e the
high temperature limit. We return the classical result Cyy = 3Nk as e* = 1+ 2 and x << 1 so:

1
Cv ~ 3NEz2= 42 ~ 3Nk (2.16)

0
In the low temperature limit kt << hiwgp = T << 0g, so we have that eT >>1 so:

Cv ~ 3Nk (?) e F (2.17)
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However experiments indicated a universal behaviour of Cy, ~ T3, so something else is needed to
fix this.

2.4

Debye frequency

Enter Debye, If we work backwards, Cyy ~ T3 (as T — 0 = [ — 00) implies (E) ~ T* =
In(Z) ~ —61—3. If we look back at the middle equation we see that the last term is the one that

contributes to the heat capacity. However, if we take the limit limg_,, In(1 — e~#"i) = 0. The way
to fix this is to notice that if the frequencies w; are very small then they can make it so that even
for large 3, PBw; can remain finite making e=#"i not go to 0.

This is what Debye came up with, using the fact that only the low frequencies contribute to the
measurable heat capacity, he set an upper bound on the frequencies called the Debye frequency wp.
We ignore any w > wp. The physics to explain this can be found by examining a lattice. Here, the
Debye frequency is wp ~ é, where a is the inter atomic distance. Suppose we have a wavelength A
associated with a frequency w st A\ < a, then this wave cannot propagate through the lattice points.
So assuming a constant propagation speed for all waves A % implies we cant have any larger

frequencies then wp.

2.5

Density of frequencies

We would like to know how these frequencies are distributed so that we may attempt to calculate
the heat capacity. For this we need the density of frequencies. This is g(w) defined as the following:

3N
g(w) = Z 0(w — w;) (2.18)
i=1

Here w; are the discrete allowed frequencies of the lattice. We can notice that g(w) is a continuous
function (we say there are g(w)dw frequencies between w and w + dw). Despite this we know we
cannot have infinite frequencies, so this density must be normalised in some way. For this we can
use the fact that we know the number of frequencies we have must be equal to the number of degrees
of freedom of the system. To normalise we would usually integrate g(w) from 0 to co and set the
result = 3N. But, we must remember that we don’t care a bout w > wp, so the upper bound can
just be wp. This looks like the following:

[ / 7 g(w)dw = 3N (2.19)
0

We can construct an argument that will help us determine g(w) using this normalisation condition.
Consider two solids of the same volume V', one has an inter atomic distance a and N particles, the
other has a’ = ¢ so to have the same volume the number of particles must be scaled to N' = 3N,

-10 -
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as V ~ Na?. Since wp ~ % = w}, = lw},. We can then see that for the second system we have:

’

lwp
/ g(w)dw = 3NI?
0
wo
— / g(@hldw = 3NI3, w=1&
0 e (2.20)
= / g(@l)do = 3N
0

wo wp
= / g(wl)dw = 12/ g(w)dw
0 0

\.

Where in the last step we are comparing to the first system where 3N = f(;” P g(w)dw. This tells
us that g(w) is a homogeneous degree 2 function! (g(lw) = [?g(w)). Then by Euler’s theorem since
this a single variable function g(w) = Aw?. We can find A by subbing this into resulting in

A= Z—JQ]. In summery g(w) can be written as:
D

N2, w<wp
glw) = b (2.21)
0, w > wp

2.6

General density of states

The definition of a density of states, we have had before was the sum of a delta functions of the
energy levels, as well as for the density of frequencies in [2.18] This cant really be extended to
something like momentum, where we know momentum is not quantised. the natural solution to
this is to replace this with an integral. This then means we can interpret W (p)dp as the number of
microstates with momentum lying between p and p + dp.

But we can remember there are other ways of expressing the number of microstates. We can also
write:

dPpd?
— (229

Where ¢ here is the degeneracy factor. Integrating over the spacial co-ords d3q just gives us the
volume V and we can separate out the angle terms of the momentum giving us a factor of 4m. If
we then restrict this to microstates with momentum less than or equal to P , we get that

ArgV [, d7gV
Q(P)=—5 ; pidp=—3

pP3 (2.23)

To find the density of microstates we simply differentiate with respect to P and evaluate this at any

- 11 -
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general momentum p, so W (p)dp is given by:

d (4mgV
W(p)dp = — < P3> dp
dpP \ 3m3 e
drgV
— W(p)dp = —5—p"dp

(2.24)

2.7 Debye Heat Capacity

e Now we can go about calculating the heat capacity using the above density of frequencies g(w), to
do this we first calculate In(Z), using what we had in we can re-write this in terms of the

density of frequencies.

3N 3N
In(2) = 8V~ Y TS (1 — e
1=1 i=1
=—BVo — % /OwD wg(w)dw — /OwD g(w) ln(l _ e—ﬁhwi)dw

(2.25)

We can write this as our definition of g(w) reduces the last equation to what we started with.
We can then compute the average energy and the heat capacity as before:

(B) :%+Z/Owag(w)dw+/0wDM

:CEZk/Odew(Aw%m&m
:kii\;) (/f)S/OID dﬂ:(efiejﬁ’ v = Blw
:9N/€<9:’;)3/00$dw@51fw1)2, HD:%

(2.26)

Here 0p is the Debye temperature, i.e. the temperature of the highest frequency as kT ~ F = hw.

e The remaining task is to calculate this integral, For this we need to consider some sort of limit as
getting an an analytic result with limits is difficult. First we consider the low temperature limit,

_12 -
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that is T << 0p — 9TD—>00.

—/ da:Zke kxa:‘*sz:/ rre Fr dy
0 k=1 k=1 70

> o0 gt du
= Z k —e Y—, u=ke

4 )

— Jo k k

=1 [ 474
=3 [Tt = ) =

2 it Jg 15

This means we can write the heat capacity as:

Cv:lem# T 3
5 9p

This is the required behaviour at low temperatures.

e In the high temperature limit 7' >> 6p:

op 4

3 .90
—onk (L / " aet — 3Nk
QD 0 332

)
T\® 7 401 :
CU:9Nk<> /dex( rry
op) Jo (I+z+-- -

1)2

The Dulong—Petit law as needed.

- 13-
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e We consider a system of N particles in thermal and diffusive contact with a reservoir.

A single

particle can take energies ¢y < €1 < .... At any such energy ¢; there are n; particles. We call this
the occupation number. The total number of particles can then be expressed as N = > 2, n;, and
the total energy as E = Y% nj¢;. If we want to study this system with the canonical ensemble, it

is a little difficult as the partition function takes the form:

{ni}

Z = Z e P2 nméZi ng, N

(3.1)

This is hard to deal with, but we can make it easier if we deal with the Grand canonical ensemble:

r

N=0

{ni} {ni}

{n:}

2(T,V, ) H (Z Bri(p—e;

\

E(T,V, ) Z PN 7 — Z PN Ze B3 ”16152 ni,N

{n:}

_ Z PRI migB Y i€ Z B 2ini(p—ei)

— == Z eBini(p—e) — (Z eﬁﬂo(u-%)) (Z eﬁm(u—fi)) .
7o ni

) -1

Here &; is the partition function for particles occupying the ith level.

3.1 Bose-Einstein and Fermi-Dirac statistics

e If any number of particles can occupy a single state n;, = 0,1, 2, ...,

statistics (and have integer spin). These particles are called Bosons.

the particles follow Bose-FEinstein

If a single level can be occupied by at most one particle, so n; = 0,1. Then the particles follow Fermi-
Dirac statistics (and have half integer spin). These particles are called Fermions these conditions

the individual partition functions take the form:

r

1 — eBlu—e)’

=
Z efrilu—e) — 1 4 6/3(#—61‘)’

ng

\.

Bosons

Fermions

We must note that in the case of Bosons, we are restricted to having p < €, otherwise we cannot

sum the geometric series.

e The full partition functions can then be written as one with a plus denoted for Fermions and a

- 14 -
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minus for Bosons:

By = [J(1 £ ze Py (3.4)

i

Here z = ®# | and is called the fugacity. Naturally we want to find (n;) the average number of
particles in the ith level, this then means (N) =Y, (n;) = — (81&&5)) = zalgf). So we can write

(n;) = zalgffi), so computing this we see:

(ni) Oln((1 £ ze~Pa)*) +ze e 1
ni =z = = -
0 14 ze Pe efci
z (L zemfa) 4y (3.5)
1
= ) = e i1
3.2 Non-relativistic Bosonic gas
e We consider a bosonic gas enclosed in a volume V. The possible energy levels are then:
R?i?
€ =575 1= 041,42, (3.6)

Here L is the characteristic length and has L? ~ V. We can also note that the energy is always
positive and we must have that t < ¢ = pu < 0. If we look at the ground state occupation
number we see (ng) = 1=, so we must have that 0 < z < 1. We can then write down the log of the

partition function of the system using

In(=) = — Zln(l — ze”P4) (3.7)

And in the same manner as we did in the section on the Debye model, we can write the sum over
specific energy levels ¢; as the integral with the density of states W (e) defined as W (e) = >, 0(e—¢;).
This means we can write:

In(=) = — /000 deW () In(1 — ze~P¢) (3.8)

e Then from the definition of W (e) we can separate it out and write it as:

W(e) = Za(e —6)=6(e) + Za(e — )
% h2i2 1#0
=0(e) + D _0e— 5 —)
i#£0

(3.9)

- 15 -
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For large L (large with respect to /), we have that this sum can be approximated by the integral
as long as we account for the degeneracy of energy states, i.e. the number of different ways each
energy level can be reached. This degeneracy factor turns out to be g = 2s 4+ 1, which depends on
the Bosonic system, s here is the spin of the specific Bosons, this is related to the number of possible
different z-angular momenta, m, which is 2/ + 1. W (e), can then be written as:

) (3.10)

o] 3 h2i2
W (e) =~ d(e) —i—g/o d’id(e — 512

Tig hig

Then since momentum p is related to the wave vector k by p = hk, and k, = 2T = Pa = T~
So changing co-ords to momentum:

A p?

Wi(e) =~ d0(e) + W, d>pé(e — %) (3.11)

The V here comes from using L? ~ V. We can then use d®>p = p?dpdf) and the no angle dependence

to pick up a factor of (47). Then setting t = %, so dt = % = 7}1

L (2mt)/2 dp , we get the following:

3

W(e) i) 1 £V Umm2m)!” IR
0

he . (3.12)
—5(e) + QV(QW;L(?’QT”) l/2
e Now we go back to computing In(=):
In(Z) =— /{OO y ded(e) In(1 — ze™P¢) — /OOO deW () In(1 — ze™P)
—e,e<<
=—In(l-2)- gV(27r21(32m)3/2 /OO dee'/? In(1 — ze %) .
0

Focusing on solving this integral, we can see through taylor expansion that we can write it in the
following way:

o 0 > (— —Be\l
I 2/ dec'/? In(1 — ze %) :/ d€€1/2z (D) (ze™”)

0 0 I=1 l
(D) [ (D@L 1 o
= AEASA dee/?e~1Pe = — - / t1/2e_tdt, t =1Be
> 2 B
The integral here can just be recognised as F(%) = @ so we are left with:
ﬁIB—3/2 & Zl
I e — JE—
5 2. 1572 (3.15)

- 16 -
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3.2.1 Poly-Logarithms

e This function is called a poly-logarithm Lisj5(z) = > 2, 1;% More generally:

o0 Xl
Liy(x) = ) T (3.16)
1=1

And these functions have the property that:

x%Lir(X) = Li;_1(x) (3.17)

They also have a integral representation for x € C:

00 r—1
Lir(x)zr(lr) /0 — (3.18)

It can be shown that we can integrate by parts our integral in [3.14] and arrive at this integral
representation of the poly logarithm.

It can also be shown that:

Liy(1) = ¢(r) ] (3.19)

Which we can notice diverges for 0 < r < 1.

Returning to the problem at hand we can now write down our partition function as follows:

2mm 3/2
In(E)=—In(l—2)+gV (W) Li5/2(z) (3.20)

3.3

Bose-Einstein Condensation

We would then like to know the average particle number (N) for this system, to calculate this we
can use our expression from [I.§]so that:

(N) = 2 4 gv (200 S/QLi (2) (3.21)
1Y Bh? 3/2

The first term here must be the number of particles in the ground state (ng), as this term comes
from the §(e) we had in our density of states function, corresponding to the state with 0 energy. This

17 -
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then means that the latter term is the average number of particles in excited state (Nex). Writing
this out:

\

z
AL (3.22)
2mm 3/2 . ’
o = (375) " Ligpal
e Next we would like to know the average energy of the system. Using [1.10]:
0 2rm\ /% 9 .
() =)~ 55 (a1 =) +av (55) 5 (Lis)
2rm \ >/ . 3
OlnZ 2rm\ /% . 3
= pu(N) — pz 9, 14 <hQ> L15/2(Z)(—W)
Here we have used a% = uz%, so that the first term and the second and third terms can be

recognised as the same, so they cancel out leaving us with just the last term. What we have done
here seems extremely counter intuitive, when taking the derivative with respect to z we consider g
to not be a function of z, but when taking the derivative with respect to 8 we do consider z as a
function of 3. This is rather silly, but the reason is, § is well defined with out z as 8 = z°*, but =z
is only defined as a function of 3.

- 3/2
<E)=2359V <2h2?> Lis 5 (2) (3.24)

Now if we briefly consider changing to the canonical ensemble. Here we now have a fixed number
of particles N. Looking at the above expression for Ney since poly-logs are monotonic and
0 < z <1, this means N is bounded for finite temperature.

But what happens if we have more particles in the system then this limiting value? then it is natural
that the number of excited states will be at this maximum while, the rest will be pushed en mass
in to the ground state, who's capacity is essentially unlimited (as z goes to 1, ;%7 goes to infinity).
The point at which this starts to happen is the critical temperature 7., and is when z ~ 1 and
Nex >~ N, this then means from we have that:

2 2/3
- " N (3.25)
2mmk Vngg/Q(l)
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3.3.1 Low temperature limit

e When T << T, we have that a substantial number of particles sit in the ground state, in this case
we see by inverting the expression (ng) in that:

o <’I’L0> _ 1 ~ . 1
2= Sl B 1 o) (3.26)

So since (ng) is large z ~ 1 is consistent. We can also re-write our expression for Nex in terms of
the critical temperature T, this takes the form:

3/2 1 3/2
Ny =N (T) Lspp(n) (T> (3.27)
T LZ3/2(1)

Which as expected is very small for 7' << T,. This also implies that (ng) ~ N(1 — (Tl)?’/ 2)

(&

3.3.2 High temperature limit

e In the classical regime T' >> T, 2 << 1 we have that Lis/5(z) =~ z, this can be seen by looking at
the taylor expansion. This means that the number of excited particles as per the first part of
is:

Nex =~ N <Tc> z (3.28)
But we must also have that Ney ~ N, due to most particles being excited, = 2z ~ (%)3/ % 50
z << 1 as needed.
3.3.3 Pressure of Bose-Einstein gas
e One way of writing the grand Canonical potential is J = —PV = —kT In =, so using our expression
for the partition function [3.20
PV =_|-In(l-2)+gV (”T) Lis o(2)
B ph (3.29)

(E) — kTIn(1 — 2)

[SSRN )

\. J

Where we have used our expression for the average energy [3.24] . What can then be noticed is that
for T >> T,, z << 1 and T << T, the temperature is generally small, so this second term can
nearly always be neglected, leaving us with:

_ 2(E)
p== (3.30)
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3.3.4 Energy distribution

e We would also like to know the average number of particles with in energies {e, € + de}, to compare
to classical mechanics. In order to compare to classical mechanics we can ignore the ground state

as it barley contributes. Since d (N) = (n(e)) We(1,€)de and [ d(N) = Ne is given by This

implies that:

e = O g ) 2
e W T v

(3.31)

Where we have used the fact that W,(1,¢€) is given by ignoring the ground state as that
corresponds to € = 0. This should in the classical limit look like the Maxwell Boltzmann distribution.
Which we can see is the case as in the classical limit (n(e)) ~ ze~?¢and Li,(z) ~ z, so we have:

p(e)de = 666\/277_61/253/2d6

As needed

3.3.5 Heat Capacity

(3.32)

e And of course we couldn’t analyze a gas if we didn’t look at its heat capacity! But how do we

compute the heat capacity if we usually keep N constant? Well lets keep N constant and see if we
get the expected classical result Cyy = 3/2NK in the classical limit. For fixed N we know the heat
capacity is just the derivative of the average energy, wrt T. So using the expression in [3.24], and
using the 7" >> T, approximations so that Lis/(z) =~ z, we have that:

3 (2rmkT\*? |5 2
Cy = =gV —kz+ kT | — 3.33
=5 (T) e (5, (333)
Since we have fixed N, computing (g—%)v s not trivial as it was before. Instead what we can do

now is impose the condition that % = 0, so applying this to with N ~ N and Liz/s(z) >~ z
we get:

5

5 3/2
0= gV ( ka)

3ry2, a2 (92
o 1+ T a7 VAN

h2
(3.34)
oTr ), 2T
We can then plug this into our above expression for the heat capacity
2rmkT %/
ov =5 () v
2 h (3.35)

- CV:gNk
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Here we have used the fact that N takes the form [3.21] This has all been in the classical limit, but
we would also like to know the behaviour of the heat capacity at T ~ T, and T" << T,. In this
region we can write the heat capacity as:

3 (2rmkT\*? |5 _ , 1 ( 0z
OV = igV (h2> [2k'L15/2(Z) + kTL13/2(Z); <8T‘>VN] (336)

: : ON _ (.
So once again we impose Fr = 0:

2mmk 3/2
h2

0z 3 zLig/a(z)
— B o ~ ——
8T V,N 2T Lll/Q(Z)

B § 1/27 3/2Li1/2(z) %
0= gV < 2T L13/2(Z) + T 72 8T VN

(3.37)

e We would then like to determine the the behaviour of Li, j5(z) for 2 close to 1, (Lijjo(1) diverges as
per [3.19). To do this we look at the integral form Here, when z — 1, the integral diverges for
t << 1. So we re-write the integral as follows:

) 1 € tfl/Z [e.9] t71/2
Lll/Q(Z) = m . T_ldt + ; ﬂ _ 1dt (338)

The second term here is finite so we will just call it a constant A. The first term can then be
re-written, as t << 1 and € << 1:

Li L[ TP a4
11/2(Z)_r(1/2)/0 1t

S (3.39)
= t
r(1/2)/0 TS ETR
1/2
So if we let U = (liz> / , then:
. B 2z ¢ du
Lirjal) = <1—z>1/2r<1/2>/0 Trw A (340)

This integral can then be recognised as arctan(e) (as arctan(0) = 0), so we can say in the limit as
z — 1, Lij j5(z) behaves like:

Liy o(2) o 2(1 — z) /2 (3.41)
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e Returning to our expression for (g—%) in

0z 3 zLiz(2)
<8T>VN b _ﬁz(l —z)71/2 (342)

Then since N can be expressed as is it is in (we are close to the critical temperature we can
ignore the ground state), we can write this as:

0z
(07) = 7V1 D) 4

This is a differential equation with the boundary condition that z(1) = T¢, and we get the solution:

)? (3.44)

Where b is a constant that depends on various constants but not on N. This means we can finally
write the heat capacity from for T — T

Lis /5(1 3/2 -
15 Lisp2(1), T _C<T TC) (3.45)

Cv =7 Lig/o (1)’ Te T.

J

Where here C' is a constant and we have used the above expression of T, Comparing this result
to 13.35|, we can see that Cy is continuous as T — T.

We can then see that (‘%,Y) is discontinuous as T" — T,. Since this derivative will naturally depend

on (C‘?—;) and for T — T

)2 (3.46)

Where as for T' — T, :

-1
RS SN 1
Z=(1+ <n0>) ~ <1 + N (%;)3/2)> (3.47)

So (5—;) = O(1) for T > T, and (g—%) = O(%) for T < T.. This makes Cy discontinuous in the
thermodynamic limit when N becomes very large.

_99 .



Statistical Physics I1 3 Theory of ideal subsystems of identical particles

3.3.6 What is, and what is not BEC?

e If we consider the energy difference between the first excited state and the ground state e; — ¢g =

#22/3. Then if we have a system with thermal energy kT < €1 — €y, then naturally since they
do not have enough energy, all particles will sit in the ground state. This is not BEC! BEC (Bose
Einstein condensation) occurs in macroscopic large systems where % << kT << kT.. Here
almost all particles populate the ground state even though they they have enough thermal energy

to classically not do so. It is a purely quantum mechanical phenomena.

3.4

Fermionic gases

We start just as we did with the bosonic gas with the energies that are obtained from the
free-particle wavefunction:

K242

=5 1= 0,41 E2, (3.48)
m

€

And we can also write down the log of the partition function via [3.4

In(Z) = Z In(1 + ze™P¢) (3.49)

This time however we have that the fugacity z € (0,00). Once again we will treat this semi-classically
converting the above sum into an integral with the density states:

In(Z) =In(1 +2) + /OOO deW.(1,€) In(1 + ze ) (3.50)

Where we have already separated the ground state energy here with the first term. For a non-
relativistic gas we have that from that W,(1,€) o €//2, so we can write the second term above
in [3.50] as:

{ / deWC(l,e)ln(Hzeﬁf)oc/ dee'/?In(1 + ze ") (3.51)
0 0

We will call this integral I, so that if we integrate by parts, the boundary terms make the first term
vanish leaving us with:

28 > 63/26—55

I= — 3.52
3Jo 1+ % (3.52)
So with the substitution z = e this becomes:
2 00 5(33/2
I=———+ —d 3.53
33572 /0 1+ (3.53)
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The integral here can then be recognised up to a factor of I'(5/2) = 37/4 as the poly log of —z so
Li5/o(—z) as per This means becomes:

2mm \ %/
In(Z) =In(1+2z) — gV <ﬁh2> Lis/2(—2) (3.54)

e From the definition of fermions we know the ground state can hold at most one particle, so in our
following calculations we can ignore the ground state, which corresponds to dropping the first term
above.

We can now calculate the average particle number via leading to:

2rm\*?
<N> = —gV <6h2 > Ll3/2(—Z) (355)
And using [T.10] the average energy is:
2 2mm 3/2 .
(E) = —*359‘/ <ﬁh2 ) Lis/o(—2) (3.56)

This involves the same tricks we used in the Bosonic case 3.24] We can then notice that this is

simply just (F) = % In =, and recalling grand canonical potential is just J = —PV = —% InZ=, we

can write:

3
(E) =3PV (3.57)
3.4.1 Classical and quantum regimes
e It is however most usefully to write (F) as:
3 Lis/o(—2)

(B) = o (V) 22— (3.58)

26 " Ligjo(—2)

As then we can consider the classical limit, i.e the limit as z << 1 (this is because T is large). In
this limit Li,(—z) &~ —z, so we have:

(B ~ ng (N) (3.59)
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e Where as in the low temperature limit, i.e. the quantum regime (z >> 1), it is useful to use the
following expansion of poly logs in powers of In z:

, Inz)* - . 1Y ¢(2i)
Liy(—2) = ——2 142 D) @i—) (1o .
() = s [T - - G- 0) (1 ) gy
=1 (3.60)
) (Inz)* m2r(r+1)
Li,(—z) = = e
=)= Tt 6 (nz)? T
We can then write (E) from as:
3
(E) ~ 5]{:T (N)Inz (3.61)
Where here we have used only the first term from [3.60]
3.5 Fermi-Energy
e Using the expansion we can write for z >>1,(T — 0) as:
27m \ /2 (Inz)3/2
N) ~ gV 3.62
W= <ﬁh2> r(5/2) 02

And since z = e®* = Inz = Bu, so we can see that the £’s will cancel, meaning there is a low
enough temperature, at which g becomes constant, even for fixed (V) = N. This value of p we will
call ep, for reasons we will see later, and is given by:

K2\ (T(5/2)N\%3 K2\ (37N\%3
= = - - = li 3.63
r <27rm> < qgV > (27rm) (4gV> 11“1—>mou ( )

Where we have used I'(5/2) = 37/4. What is very interesting about this is that we can now see that
the average occupancy level as given by now turns into a step function as T' — 0, depending on
weather the energy ¢ is above or below this ep:

1 1, ep > ¢
= () =1 {0’ < (3.64)

This is because the sign of the exponential changes based on the two conditions. This property
makes (n) behave like a step function for 7" — 0 with the transition point at € = ep. This is why it
is denoted ep, and this particular energy is called the Fermi energy. Below the Fermi energy, each
state is occupied by one molecule, where as above it, there are no occupied states.
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e If we want to calculate the total average energy in terms of the Fermi energy we just have to
calculate:

N

(E) = /000 deWe(1,¢€) () = /000 deWe(1,€) (n)e

= Il‘iino (E) :/0 deWe(l,e)e,  ((n) — 1)

(3.65)

If we then use out expression for W,(1,¢) from (ignoring the ground state as it vanishes after
the integral is evaluated) we get that:

. [ gV (2m)(2m)3/? 32 _ 29V (2m)(2m)%/2 5,5 AgV [ 2mwmep 3/2
Jim, () = /0 de 13 © = 5h3 F T 5 w2 r

(3.66)

Then if use our expression for N above (after cancelling the kT7s), we get that:

2mmep 32 4
N =gV — 3.67
g ( h? > 3 (3.67)
So we get that the average energy as T" — 0 is given by:
3

E= 5N €R (3.68)
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e Here we will be considering the scenario of a cavity of volume V' containing photons (free bosonic

particles) with the idealised case that the surrounding body absorbs and emits light of all frequencies.
We will look at the system when at equilibrium, with 7" £ 0.

4.1

Ultraviolet Catastrophe

Classically we had that due to the equipartition theorem the average energy of the system is given

by (E) = %kT (we are talking about a single particle), so the energy density € = ‘E/, would be given

kT
Where the Catastrophe comes in is if we try find this above result from quantum statistical mechanics
. In the usual manner we treat this semi-classically, relating the density of frequencies to the energy

density, via e(w)dw = W,(1, w)g—gdw, we then would like to write this in terms of momentum as we
can find the quantity W,(1, p), here we can use [2.24] so e(w)dw becomes:

4gV 8tV
We(1,p)dp = hgg pdp = =5 h*k*dp (4.1)

Where we have used the fact that photons have two degeneracy’s (corresponding to the two trans-
verse ways they oscillate), and we have used the fact that p = k. Finally using w = kc (equivalent
to ¢ = fA) and plugging this all in, we see £(w)dw becomes:

> kT %d
g(w)dw = il rar

23 3 W= mamg T 42)

The problem, or catastrophe even, is that we have an energy density that increases with frequency,
so integrating over all frequencies to calculate any sort of average will diverge, not realistic!

4.2

Planck’s Law

The solution to this problem is to instead look at expressing the average energy through occupation
number as then we can use our previously developed Bose-Einstein statistics to solve the problem.
This means that in the energy density we had earlier %kT, should be replaced with (n)wh, as we
assume our system consists of particles with energy e = iiw, so we combine this with the occupancy
level of each frequency (n). We can then use our expression for occupancy level that we have in
for bosons so with a minus.

This comes with one caveat, we are treating our gas as an interaction-less gas, as photons cant
interact with each other. But we still need a mechanism for transferring energy so that we can
reach an equilibrium. (In the case of a regular ideal gas, the mechanism for transferring energy is
just elastic collisions between the particles). If we constrain our system to be in a volume V', then
the mechanism by which equilibrium can be established, is through the absorption and emission of
photons by the matter of the surroundings. This results in the number of photons N, not being
conserved, making N itself being variable, that must be determined by the conditions of equilibrium.
We know from thermodynamics, that at constant temperature, the Helmholtz Free energy F is at
a minimum, and since N is our variable that governs change in the system, we must have that at
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equilibrium g—ﬁ = 0. But we know this quantity! this is the chemical potential. This means we have

the very important property that for a photon gas:

=20 (4.3)

Another way of interpreting this is that, there is no work associated with adding/removing particles
from our system. This means we can write the energy density £(w)dw as:

We(1
e@)dw =L (y oh) d
v (4.4)
W
T r2e3 b — 1
Where we have used the same W,.(1,w) as in This is Planck’s law.
We can then once again make the change of variables x = hw/3, which results in:
3 dz
e(z)dr = AR e 1 (4.5)
We can make this dimension less by looking only at the factor containing x, so we define:
23
U(x)dz = 2B he(x)dx = - 1da: (4.6)
e —

Now we can look at the limits of this expression, for x << 1, the regime of small frequencies or
classical regime (7' >> 0), we have that U(z) ~ 22 (the low frequency limit that we had in the
ultraviolet catastrophe). But in the large x limit # >> 1, we have that U(x) ~ x3¢~*. This
corresponds to the limit of high frequency or low temperatures and can be recognised as Wiens
Law.

4.3

Stephan Boltzmann law

We can get the total energy density by integrating e(z) over all :

00 1 00 .’L'3 (kT)4 7T4
= [ @t = s | 4= o s 4.7)

Where we have calculated this integral in a similar way to This is the Stephan Boltzmann Law
, but it is not in the most recognisable form. If we open a small hole (the small hole is so that we
have a point source of radiation that is easier to work with) in our blackbody cavity we would like
to know the flux F' emitted. If we recall that total energy density ¢ is related to energy flux F' by
F = ec, as the energy in the form of photons is propagating at the speed of light. How ever we then
have to deal with the specific angles. If we orient our point so that the small hole in the cavity is
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facing the z axis, then the the flux through this hole as a function of 6 is F'(0) = ce cos(). This is
actually known as Lambert’s cosine law, but we can just intuitively interpret this as if we are off to
the side of the hole then we wont observe as high of an intensity as if we were directly over it.

One last issue with this expression is that it is not "normalised” in a sense, all the energy flux of
the cavity is isotropic, so only a small part of it is in the direction of the hole. So to account for
this, we must divide this expression of flux by 47, the area of the unit sphere. We don’t have to
divide by the area of the cavity 47V, as we are working with an energy density and have effectively
already divided by this V. Finally we can integrate our expression over all angles (with 6 € [0, 7]
as flux cannot go through and behind the blackbody itself), to get the total flux emitted from the
black body:

c m(kT)* 27 2 . kN 4
F= yo (€) cos 0dS) = 0213 /0 dgf)/o cos 0 sin 6df = 60072h3T =oT (4.8)

This is the Stephan Boltzmann Law we know! and o is Stephan Boltzmann’s constant.

4.4

Radiation pressure ‘

We would like to then know the pressure from this radiation. To do this we first need the log of
the grand canonical partition function, for which we can use [3.4] This is a sum over the energy
levels, so we can, as we have many times before , treat this semi-classically and turn the sum into

an integral with a density of states W(1, e)de = 4;390‘3/ e2de, which comes from W,(1,p) and the
relation € = pc :

—_ —Be; o0 —Be 47TgV o0 —Bey 2
In==— E In(l — ze 7)) ~ — deW,(1,p)In(1 — ze 7€) = — 103 deln(1l — ze 7)e
i 0 “Jo

(4.9)
We can then integrate this expression by parts:
_ dwgV €3 —Bey [0 1 o0 e3
ln;_J = — h303 |:3 hl(]. — Z€ ) 0o % . d66567_1 (410)

Imposing the limits makes the first term in the brackets here vanish, leaving us with a familiar

00 63 1 00 33'3 7r4
de———=— [ d = (kT)*
/0 CeBe 1 ,34/0 i e G

integral:

(4.11)

Using the fact then that the grand canonical potential 7 = —PV = —kT' InE, we can see that:

™9yt (4.12)

470 g 1
32(15)h3c3

P=—=
45h3¢3

(kT)* =
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Then if we use the fact that ¢ = 2 for photons and compare this expression to the energy density
in 4.7 we get the nice result that:

(40) L (4.13)

Where we have relabelled the factor of 47” as a.

4.4.1 Radiation entropy

e This can be calculated easily from looking at the potentials. We have that —PV =7 = F—u (N) =
F, and since F = (E) — TS = PV =TS — (E), Then using our above expression for the

pressure P = % (e) = %, we can write the entropy as:

4(E) 4PV 5
_ _ 4.14
S 3T X VT (4.14)

e This means that for a reversible adiabatic process VT® = const <= PVi = const, as P oc T4,

This reminds us of the classical PV7 = const, where « is given by v = %. But this is not true in

quantum mechanics, since:

Cp
WZCT/:(

)T: ! L (4.15)

As (g—{j)T =0as P= %aTA‘, is independent of volume.
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e It is often quite useful to generalise our calculations to that of d space dimensions (so d 4+ 1 space-

time dimensions). This not only allows us to plug in for d = 1,2,3, to get results we would be
able to produce in real life but it is good to see what range of dimensions do phenomena occur in.
This can give us new insights into these phenomena or even confirm that we do indeed live in three
dimensions!

5.1

An even more general density of states

In section we saw how we could write down the density of state in terms of momentum W (p)dp,
this was in d = 3 so we we would like to now generalise the result to d—space dimensions!

For this we follow the same approach this time writing down the number of microstates as:

7

dpdp

\

g is again the degeneracy. We can then integrate over all the spatial co-ords, which before gave us
the volume, for now we will let this be [ d%q = L%, where L is the characteristic scale of the system.
The remaining integral can be split up into the magnitude and angular parts. In d = 3, this left us
with a d®p = p?sin @dpdfdé. This in d dimensions can be generalised to d%p = p?~ldpdQy, where
Qg4 is the d-solid angle or the area of the d — 1-Sphere S;_1, with unit radius. This all means our
integral becomes:

Ld _ %)
0= gh#/o p?ldp (5.2)

Then we can do the same trick we did in section and say the number of microstates with
momentum p less then some max value P is:

LS,y (f Lis, , p?

Then the density of states W (p)dp is just the number of microstates with momentum lying between
p and p + dp, so:

d
W(p)dp = —5(P)|  dp
P=p (5.4)
L4S,
= Wi(p)dp = ngd_ldp
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5.1.1 General dispersion relation

e We are on a roll of being general, so why stop here? Lets now see if we can get an expression for
the density of energy states for a general dispersion relation. Dispersion relations usually take the
form € = ap®. Examples of this include the regular free particle when the energy of each particle is
%, or for relativistic free gas when it becomes € = ¢p. So we can clearly see that if we solve this
generally for e = ap®, then we can apply our results to many types of problems!

We know that density of states in different variables satisfy W (e)de = W (p)dp, so since € = ap® —>
de = asp®tdp, so we can write as:

L4S,_ =t d
W (€)de = 97dd1 (E) 76_1
h @ as(Q) s (5.5)
_ gL%S 4 (g) St de gL' _a 4oy
e a as  shd 7€ ¢

e From my ”Statistical physics I” notes we have that the area of a d— 1-sphere is Sy_; = 27%2/T'(d/2),
So we can write this expression as:

2 NZIANEE
W (e)de = sI'(d/2) <ha1/5> orde (56)
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