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1 Introduction

One mole of a substance contains N4 ~ 6.022 - 10?3 particles’. This corresponds to 12 grams of
carbon 2C or about 2 to 100 grams of a gas, depending on its type. At room temperature and
atmospheric pressure, 1 mol of a gas takes up a volume of approximately 24.6 liters. Knowing
that even the three-body problem does not possess a general closed-form solution, it seems
hopelessly complicated to calculate properties of a system of this size. However, we will see in
the course of this lecture that large systems are particularly amenable to statistical treatment.
In the regime of the thermodynamic limit, where the particle number N — oo, things can in
fact become easier — as long as we are only interested in statistical properties of the system as
a whole. This is the central motivation behind Statistical Physics and Thermodynamics.

1.1 Objective of Statistical Physics and Thermodynamics

The fields of Statistical Physics and Thermodynamics are concerned with physical systems
containing a large number of particles. Examples include gases, liquids, solids, and photon
gases. In fact, most systems are large; isolated particles rarely occur.

The key objective of Statistical Physics (or Statistical Mechanics, SM) is to predict the behav-
ior of a large system based on known properties of the individual particles and their interactions.
In principle, we can write down the equations of motion of an N-particle system. Solving this
problem, however, is difficult or impossible. Furthermore, the solution would not be very inter-
esting because we couldn’t test its details experimentally. From an experimental perspective,
we are interested in macroscopic parameters like temperature, pressure, heat capacity, etc. Sta-
tistical Mechanics aims at deriving these macroscopic parameters from microscopic properties
of the system.

Conversely, Thermodynamics (ThD) states relations between macroscopic quantities without
considering microscopic details. These relations result from the laws of Thermodynamics, a set
of heuristic rules that have been deduced and generalized from experimental findings. While
these laws are very general, allowing various predictions of a system’s behavior regardless of its
particular composition, they fail to yield substance-specific properties like heat capacity.

1.2 A brief history

Historically, Thermodynamics was developed earlier than Statistical Mechanics and even before
scientists understood the atomic structure of matter. The idea of the equivalence of heat and
energy (Mayer 1842, Joule 1849) marked an important milestone. The laws of Thermodynamics
were formulated by Clausius and Kelvin around 1850; Gibbs completed their work in 1878. The
theory of Statistical Mechanics was developed mainly by Boltzmann and Gibbs between 1860
and 1900. With the emergence of Quantum Mechanics, many results of Statistical Mechanics
were modified; yet the original framework remains valid today.

In this lecture, we will not follow the historical path but instead focus on deriving thermody-
namic results from the theory of Statistical Mechanics.

11 mol is defined as the amount of substance containing exactly N4 elementary entities (atoms, molecules, ... ),
where N4 is the Avogadro constant.



1.3 Systems and equilibrium
We distinguish between three types of idealized systems.

 lIsolated system. A system that is completely isolated from the surrounding environment,
i.e. it exchanges neither energy nor particles with the environment. (Example: hot coffee
in a closed thermos bottle.)

o Closed system. A system that may exchange energy but not particles with its environment.
(Example: hot coffee in a closed glass jar.)

e Open system. A system that may exchange both energy and particles with the surrounding
environment. (Example: hot coffee in an open cup.)

In reality, even the best thermos bottle exchanges some energy and some particles with the
outside world. The isolated system and the closed system are idealizations that serve merely as
approximations of real-world systems.

Equilibrium. A system is said to be in equilibrium when none of the macroscopic parameters of
the system change in time. Systems that are not in equilibrium will change their macroscopic
properties until eventually reaching an equilibrium state.

Ezxample 1.1. Imagine you add a cube of sugar to your hot tea. When the cube dissolves,
it initially forms a layer at the bottom of the tea cup, leading to an inhomogeneous sugar
concentration. After a while, the sugar is completely dissolved and homogeneously distributed
in the tea.

Equilibrium states are significantly easier to describe than non-equilibrium states. This lecture
will mainly restrict itself to the former case. Transitions between two equilibrium states may be
interpreted as a quasi-continuous concatenation of equilibrium states, as long as the transition
process is sufficiently slow.

Ezxample 1.2. Consider the compression of a gas in a cylinder with a moveable piston. As long
as the piston motion is slow enough, the density distribution of the gas inside the cylinder is
homogenous and the gas pressure corresponds to the equilibrium pressure at all times.

1.4 Introductory example: The Boyle-Mariotte law

Before diving into the theory, let us look at a simple example that illuminates how Statistical
Mechanics works. To do this we only need Newton’s laws and a bit of statistics.

Consider an ideal gas composed of N non-interacting identical mass points (particles), confined
in a container of volume V. The container is sealed by a lid of surface area A that may move
up and down in the z direction due to an external force (see fig. 1.1). The lid, with a weight
of mass m;, experiences a downwards-oriented gravitational force F. In equilibrium, this force
is compensated by the pressure P = F'/A the gas exerts on the lid from below. The pressure
results from the elastic scattering of particles against the bottom surface of the lid.

During each elastic collision, momentum and energy must be conserved. We assume that
before the collision, the lid is at rest. Let m be the mass of a particle, v its velocity before the
collision, and v’ its velocity after the collision. Furthermore, we denote by v;" the velocity (in
the z direction) of the lid after the collision. Conservation of momentum and energy requires

muv, = mvzl + mwl’
mv,2  muv,? N myv;’?
2 2 2

(1.1)
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Figure 1.1: Gas in a container with moveable lid. Left: N particles of an ideal gas are confined in a
container of volume V' which is sealed with a moveable lid of mass m;. Right: lllustration of the
scattering process. A particle with mass m and vertical velocity v, collides elastically with the lid
(m < my). After the collision, the particle has a vertical velocity of v,” = —v,; the momentum
transfer to the lid is myv;’ = 2mu,.

where v, represents the z component of the particle velocity (normal to the lid surface A;
components parallel to the lid surface are not relevant). The first line of (1.1) can be rewritten
as

1
mu,? = . (mu, — myy)?

Inserting this into the second line of (1.1) yields

2
ml = < T”Z . (1.2)

3

If the lid is much heavier than the particle (% — 0), the momentum transfer from the particle
to the lid becomes

m = 2mu, . (1.3)

According to Newtonian mechanics, the force acting on the lid equals the time derivative of
its momentum. To compute the total force F' exerted by the gas, we must find out how many
particles collide with the lid in a certain time interval At. The vertical distance a particle
travels during this time is Az = v,At. Assuming that half of the particles move upwards
(v, > 0) while the other half moves downwards (v, < 0), the probability that a particle in the
volume Vo = Av,At hits the lid is p = 1/2. Particles outside Vo will not reach the lid during
the time interval At¢. Thus, the number N of particles colliding with the lid during At is

1
Ncoll = §PAUzAt )

where p := N/V denotes the particle density. The force F, given by the total momentum
transfer per time, reads

Neon - myvy’
At
= pAmov? (1.4)

z

F=

where we have used (1.3). This leads to a gas pressure P = F'/A of



Actually, particles in a gas follow a continuous velocity distribution and the pressure P should
depend on the average of the squared velocity (v2) (more on statistical distributions follows in
chapter 2). Thermal particle motion in a gas has no preferred direction, i.e. (v2) = <v§> = (v?)
and the average kinetic energy (Eyi,) is given by

m
(Exin) = 5 <vg + U; + vg>

_3m (v2) . (1.6)

2
With (1.6), we may write the pressure (1.5) as

2N

P = 3V (Exin) - (1.7)

This agrees with the experimentally known result

Po o (1.8)

X = .
|4

which is referred to as the Boyle-Mariotte law.

Experiments have shown that the product PV is constant at constant temperature 7' (for
sufficiently low pressure, see fig. 1.2). This holds independently of the type of gas and is thus
independent of the particle mass m; we will see later why this is the case. At the same time,
the temperature relates closely to the average kinetic energy (Eyi,). Indeed we may define the
temperature of a mono-atomic gas as

2 <Ekin>
T:=—-——+. 1.9
Here, kp denotes the Boltzmann constant. Its value kg ~ 1.38-10723 JK~! is chosen such that
water freezes at T' = 273.15K (0°C) and boils at 7" = 373.15K (100°C). The Boltzmann constant
serves the purpose of aligning the thermodynamic temperature scale (in units of Kelvin) with
the Celsius scale; it is not a natural constant.

Now, we may invoke (1.9) to replace the average kinetic energy in (1.7) with the temperature,

leading to the ideal gas law:
PV = NkgT (1.10)

Fig. 1.2 shows that even real gases with particle-particle interaction follow the ideal gas law for
pressures up to 10 bar. We will return to the ideal gas in sec. 3.6.

Velocity of gas particles. In the derivation above, the average squared velocity (v?) = (v2 +
U; +v2) of gas particles appeared. How fast are gas molecules actually, say, of gaseous Hydrogen
Hs or Oxygen 037 Equations (1.6) and (1.9) yield an expression for the average velocity v in
terms of temperature as well as the particle mass m:

_ 3kpT
= 2y = . 1.11
pi=yf02) = [ 22 (111)
At T = 273K, we find

for Hydrogen: mpg, ~ 2-1.661-1072" kg = o ~ 1800 5

for Oxygen:  mo, ~#32-1.661-1072" kg = 0~460 2 .
Hence gas molecules move quite fast! Furthermore, the relation between temperature and aver-
age kinetic energy,

3
(Exin) = okBT
implies the existence of absolute zero: a minimum value (7' = 0K) of the thermodynamic temper-
ature scale where particles do not move (according to the classical description, in disagreement
with quantum mechanics).
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Figure 1.2: Pressure of ideal and real (air and helium) gases at constant temperature 0°C. Data in the figure
are for one kmol of gas. The table is for an amount of air that at 0°C and normal pressure of 1
bar has a volume of 10cm3. Up to pressures of ca. 10 bar the ideal gas law works well. For higher
pressures interactions between gas molecules give rise to corrections that can be treated by the
virial expansion.



2 Mathematical Statistics

2.1 Probability

We demonstrate the key characteristics of a statistical description with the help of an experiment
which we conduct NV times. As an outcome, each experiment yields an integer m. After N
repetitions the overall outcomeis the set {m;} with ¢ = 1,..., N. The absolute frequency of
the event m, denoted my n(m), states how often the event m occurred. We define the relative
frequency h of the event as

>
=

3
~

Il

N
which is a normalized quantity such that >, h(m) = 1.
In the limit of a large number of experiments (N — o0), the relative frequency converges to
the probability p of an event,
p(m) := lim h(m) where Zp(m) =1. (2.1)
m

N—oo

Addition theorem

For mutually exclusive events, the probability of observing any of these events in an experiment
is given by the sum of individual probabilities:

p(ml VmoVmgV-- ) = p(ml) +p(7TL2) +p(m3) + e (2.2)

Here, the symbol V means “or.”

Ezample 2.1. Imagine we roll a single die. The probability of obtaining either a 1 or a 2 is the
sum of individual probabilities,

p(1V2) =p(1) +p(2) = 5 +

1
3"

| =
=

Multiplication theorem

The probability of observing two independent events simultaneously is given by the product of
individual probabilities:

p(m1 Amgz) = p(m1) - p(ma) , (2.3)

where the symbol A means “and.”
Ezample 2.2. Now we roll two dice at the same time. The probability of obtaining 1 two times
is the square of the probability of observing one 1 alone,
1 1 1
=66 36
Ezample 2.3. As a slightly more complicated example, consider the chance of rolling a straight

(1,2,3,4) with four dice. If we roll the dice in a specific order, the probability of first rolling 1,
then 2, then 3, and then 4 is

p(LA1)=p(1)-p(1)

(1/\2/\3/\4)—(1>4— L 0.0008
p —\6) T 1206 " 0
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according to the multiplication theorem. However, also (1243) or (3142) qualify as a straight if
the order of the dice doesn’t matter. In total there exist 4! = 4-3-2 -1 = 24 possibilities to
arrange the numbers 1, 2, 3, and 4. Therefore, according to the addition theorem, the probability
of observing any of the 24 possible arrangements of a straight is

4!
P(AA2A3ANAVIA2ALAZV ) = o ~ 0.019 .
In the above example, we introduced the factorial of a positive integer n,

nl:=nn—-1)(n-2)---2-1,

which states the number of permutations (possible distinct arrangements) of n distinct items.

2.2 Expectation value, variance, and deviation

Let x be an arbitrary system variable which takes the value z(m) when the system is in the
state m. In terms of the normalized probability distribution p(m), we define the expectation
value or mean value (x) as

(x) = Zm(m)p(m) . (2.4)

m
Ezample 2.4. A die has a uniform probability distribution p(m) = % form =1,2,...,6. Fur-
thermore, x(m) = m. The expectation value is thus
6
m 1+2+34+44+5+6 21
— S =—=35.
(2) =2 5 6 6

m=1

To quantify deviations from the expectation value, we define the variance Az?,

Aa? = ((z () )2> : (2.5)

which states the mean squared deviation of z from the expectation value (z). Expanding the
square, we can rewrite the variance as

Ax? = <$2 — 2 (z) + (z)? >

2(z) (x) + (2)”
{

- @)
22 z)? (2.6)

= (%)

Thus, the variance is given in terms of the expectation values of z and z2. The deviation Az is
defined as the square root of the variance,

Az =/ (22) — (x)? . (2.7)

Ezample 2.5. What’s the deviation of the number of pips when rolling a die? In example 2.4,
we calculated the expectation value of the number of pips, (x) = 7/2. Moreover, we have

6 6

(2 — irrj_ 1+4+9+16+25+36 _ 91
6

m=1

/ 2
Ax = 91—<7) ~1.7.
6 2

Thus, the deviation is



2.3 Binomial distribution

Imagine a random walker in one dimension who, per unit time, takes a step upwards with
probability p or a step downwards with probability ¢ = 1 —p. Random walks are used to model
the food search of animals, fluctuations in protein configuration, diffusion processes, and many
other applications in science. What is the probability that the walker, after taking N = 5 steps,
will end up one step higher than its original starting point? The binomial distribution provides
the answer.

To arrive one step higher after five steps, three of the walker’s steps must go up, while two
must go down. According to the multiplication theorem (sec. 2.1), the probability of such a
path is p3¢®. However, since we disregard the order in which the walker goes up or down, there
exist ten distinct paths to reach the desired final position. The number of possible paths can be

found by calculating ‘

where n! again denotes the faculty of n, stating the number of possible ways to arrange n
distinguishable objects in a line. The denominator accounts for the fact that not all five steps
are distinct: the three steps upwards (as well as the two steps downwards) are indistinguishable
among each other, and exchanging them will not change the path. Consequently, the probability

of taking three steps up and two steps down in an arbitrary order is Ps(3) = 10p3(1 — p)2.

Ezample 2.6. If p = 1/2, i.e. a step up is as probable as a step down, the probability of a net
upwards movement of one step after N = 5 steps is

1

Py(3) = 10 <2>5 ~0.3.

Generally, if a random walker takes N steps of which m go upwards (and N —m downwards),
the total number of different paths is given by the binomial coefficient,

N N!
(m) = (N —m)l (2.8)

We may think of the binomial coefficient as the number of possibilities to allocate m objects
to N places, or to choose m objects from among N objects. The probability of taking m steps
upwards among N steps in total is thus given by the binomial distribution

Py (m) = (ﬁ)pm(l _pNm (2.9)

Ultimately, the binomial distribution states the probability of observing precisely m single
events of probability p in a total of IV experiments. It is suitable for repeated experiments with
“digital” outcome (e.g. yes/no, up/down, success/failure, one/zero).

Ezample 2.7. The probability of a newborn child being a girl is approximately p ~ 1/2. There-
fore, the probability that a family with three children has two girls is P3(2) ~ 0.375.

Ezample 2.8. The probability of being born on New Year’s Eve is p = 1/365 (except in leap
years). This implies that the probability of having precisely one student with birth date Decem-
ber 31 in a Stat Mech lecture of 50 students is Pso(1) ~ 0.12.

Expectation value

First, let us prove that the binomial distribution is a normalized probability distribution. This
isn’t simple when applying brute force, but invoking the N-th order binomial formula,

N
p+oN =) (Z)pqu_m :

m=0
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brings us directly to the result. With ¢ =1 — p, the proof reads

N N N
> Pu(m)= > <m>pm(1 —p)N
m=0

m=0
=(p+1-p)¥
=1 q.e.d. (2.10)

Since the binomial distribution Py(m) is a normalized probability distribution, its expectation
value (or mean) is, according to the definition in (2.4),

(m) = Z mPn(m) . (2.11)
m=0

Now, we use the binomial formula again to obtain a simple expression for (m) in terms of N
and p:

(m) = ZmPN(m)
N! N

m

- %:mm!(N —m? 1

—m

_p%;m!(N—m)!p a
—Pa*p(P'HJ)
=pN(p+q)N
=pN,

—m

where we have used p+¢ = 1 in the final step. Note that at * we rewrote the expression in terms
of a partial derivative, (m) = pa% Yo Pn(m), to get rid of the factor m in the sum. This is a
trick worthy to remember, as we will use it more often in the course of this lecture. At *x, we
inserted the binomial formula. In summary, the expectation value of the binomial distribution
is given by

(m)=Np . (2.12)

This result agrees with the addition theorem for independent events (sec. 2.1).

Variance

To find the variance, we must additionally calculate the expectation value of m?. The procedure
is similar to the calculation above, though with two partial derivatives this time:

<m2> = %: m? Py (m)

- ; QO!(NNi m)!pqu "
iy e
= p@ppai(p N

= paap(pN(p +)N )

=pN(p+ )N+ pPN(N = 1)(p+ q)V 2
=pN +p’N(N - 1),



where p + ¢ = 1. Together with (2.12), we have
Am? = (a%) — (z)?
= pN 4+ p N(N — 1) — p>N?
= pN + pN .

Thus the variance of the binomial distribution is given by

Am? =pN(1—p). (2.13)

Relative Deviation

By taking the square root of the variance (2.13), we obtain the deviation Am from the mean
for the binomial distribution:

Am =/pN(1—p) . (2.14)

When comparing probability distributions characterized by different expectation values, the
comparison of deviations is not very meaningful unless they are put in relation to their respective
mean. A standardized measure which takes this into account is the relative deviation o, defined
by

Am

Orel i= W .

(2.15)

The relative deviation quantifies the dispersion of a probability distribution relative to its mean
value (m). For the binomial distribution, the relative deviation is given by

(2.16)

Am  [1-p 1
(m) pN VN
Since the relative deviation is proportional to the reciprocal of the square root of NV, it approaches
zero as IN gets very large:

lim — =0. (2.17)

This important result is known as the law of large numbers. 1t justifies describing the properties
of statistical systems in terms of mean values, as long as the number of experiments N is
sufficiently large.

Ezample 2.9 (Compound system). Consider N = 10?* molecules of a gas (that’s roughly 1
mol) in a box of volume V. We divide the box into two equally large sub-volumes. Then, the
probability of finding m out of N molecules in one of the sub-volumes is given by the binomial
distribution. Let’s assume that a molecule is equally likely to be in either of the sub-volumes,
such that p = ¢ = 1/2. On average, there are (m) = Np = 0.5 - 10> molecules in a sub-volume.
The deviation of this mean occupation number is Am = /Npg = /N/4 = 0.5 - 10'? (half a
trillion molecules!). However, in relation to the expectation value (m), we obtain a negligible
relative deviation of %” = 107'2. This illustrates why Thermodynamics works: since most
physical systems are very large, the probability distributions of statistical system properties
have very sharp peaks (relative to the mean value).

Rare events. There exist situations where N > 1 is very large but the probability p <« 1 is
very small, such that the product (m) = Np is finite!. This characterizes rare events for which
the relative deviation may in fact be large. To demonstrate this, let us consider the following
example.

'Here we mean finite in the sense that Np isn’t a very large number like N.

10
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Ezample 2.10 (Rare events). The number of car trips a driver undertakes in a lifetime can
arguably be very large, whereas the probability of having an accident per car ride is pretty
small. For p <« 1, the deviation Am is approximately

Am =/Np(l —p) = VNp=/(m) ,
where (m) gives the average number of accidents in a lifetime. Then, the relative deviation,

Am 1

~

(m) = /m)

does not become negligible for large N ({m) remains finite). For example, if the mean of a

rare event is (m) = 0.1, the relative deviation is approximately % ~ 3. Thus, we may expect
significant deviations from the mean, which is why it’s good to insure yourself against events

with large relative deviations!

2.4 Normal distribution

We can simplify the binomial distribution (2.9) in the limit of large N > 1, while p remains a
finite number, such that Np — oco. Let us take the logarithm of the binomial distribution,

In Py(m) = 1In <m!(]\ivim)!pm(1 - p)zv_m)
=mlnp+ (N —m)In(l — p) + In(N!) — In(m!) — In((N —m)!) . (2.18)

This expression may be simplified using the Stirling formula,

[In(N) = NInN — N+ O(In N) | . (2.19)

To derive the formula (2.19), we first rewrite

N N
In(N!) = In (H j) => Inj. (2.20)
j=1 j=1

Since N > 1, we may approximate the sum by an integral:

N N
Zlnjz/ drlnzx
i=1 !

N
=zlnxr —=x
1
=NInN-N+1
= In(N)=NInN-N+O(nN) . (2.21)

Choosing 1 as the lower boundary of the integral is merely an approximation, such that the
formula contains an error in the order of In V. Inserting the Stirling formula (2.19) into (2.18),
we now obtain

In Py(m) =mlnp+ (N —m)In(l —=p)+ NInN —mlnm — (N —m)In(N —m) . (2.22)

Py (m) has a sharp peak at (m) for large N, as we know from the law of large numbers. This

also holds for the logarithm, In Py(m). We perform a Taylor expansion around the maximum

m*:

* ]‘ * d2
In Py (m) = In Py(m") 4 5 (m —m )2 7oz Py (m) +..., (2.23)

m=m*

11



where m* is defined by

d
0= %IHPN(m) 5

m=m*

such that the linear term vanishes in the expansion. At the maximum, we have

d P N—m
am n(m) nl—p+n m
1-— N —
= In p:ln mn
D m
1-p N-m
p m
1 N
—=— = m*=Np. (2.24)
P m

Thus, the maximum m* of our approximation for In Py (m) coincides with the mean (m) = Np.
As we might expect, the mean is equivalent to the most probable value in the limit of N — oo.
Using this result, the second derivative reads

2 ()
. m N—-—m/) | —m*

d

- = (2.25)

where ¢ = 1 — p and the last line follows from the definition of the variance Am? of the binomial
distribution (2.13). Finally, it is easily verified by inserting m* = Np into (2.22) that the
constant term of the Taylor expansion vanishes, In Py(m*) = 0. The expansion up to second
order therefore reads

(m — m*)?

In Py(m) = — IS

+0(m?) . (2.26)
Exponentiating both sides yields an approximation W (m) of the binomial distribution,

(m — <m>)2> 7

A2 (2.27)

W(m) o exp (

where we replaced m* by (m). Note that by Taylor expanding the logarithm of the binomial
distribution instead of Px(m) itself, we obtained an exponential solution for W(m) that is
normalizable (such that [°_ dm W (m) = 1), as required for a probability distribution. The
normalized normal distribution W (m) is given by

W (m) = 1 exp <_(m—<m>)2> (2.28)
V2 Am?2 2Am? . '

As a simplification of the binomial distribution, the normal distribution is valid in the limit of
N — oo while p remains finite. It is fully determined by the mean (m) and the variance Am?.

12
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2.5 Poisson distribution

For very large N > 1 but simultaneously p < 1, such that the product Np is finite, we
can simplify the binomial distribution in a different way. This case leads us to the Poisson
distribution. Let us break down the binomial distribution (2.9) into parts,

Py(m) = (N]_V!m)! % <1fp>m 1-p". (2:29)

First, we approximate the factor (1 — p)" by writing
(1-p)N =exp [NIn(1 —p)] e 7, (2.30)

where we have Taylor expanded the logarithm up to first order, In(1 + z) = 2+ O(z?). Secondly,
we use p < 1 to approximate

P \" _om
— ) = . 2.31
(7%5) =» (231)
Lastly, we tackle the binomial coefficient:

N!

gt = O [In(N1) — In((N — m)1)]

~ exp [NIn(N) — N — (N —m)In(N —m) + N —m)]

—m

I N
=exp |Nln (N> +mln (N —m) —m}
: N - N -
= exp _—Nln <Nm) +mln (Nm) +mlnN—m}

= exp —N1n<1—2) —I—mln(l—%)—}—mln]\f—m}

2 2
;exp m—i—(’)(n]z]) —l—(’)(ﬂjz]> +mlnN—m]

~exp[mln N]=N™ . (2.32)

Here we applied the Stirling formula at x and used the Taylor series up to first order, In(1 + z) =
z + O(z?), in the step marked by f. Putting things together, we arrive at an approximation of
the binomial distribution for finite Np,

1
Pn(m) ~ Nm—'pme_Np . (2.33)
m!

For simplicity we define A := Np. Then, the Poisson distribution is given by

AT
This result turns out to be normalized: using N — oo we show
N 00 00 A
Z W(m) ~ Z W(m) = Z —'ef)‘ =cter=1. (2.35)
m=0 m=0 m=0 "V

13



Expectation value. Let us calculate the expectation value of the Poisson distribution:

=\. (2.36)

As expected, the expectation value of the Poisson distribution, (m) = A = Np, is identical to
the expectation value of the binomial distribution.

2.6 Continuous density distributions

Previously, we have seen two different ways of normalizing a probability distribution. The
normalization of the normal distribution was carried out via integration from —oo to co, whereas
we showed the normalization of the Poisson distribution by means of a discrete sum over all m.
In other words, we interpreted the normal distribution as a continuous distribution but the
Poisson distribution as a discrete distribution. In this section, let us briefly address how discrete
and continuous probability distributions relate.

In the continuous case, we have a continuous random variable x controlled by a density
distribution p(x) (e.g. the normal distribution). The normalization requirement reads

oo
/ dep(x)=1.
—0o0
The moments® of this density distribution are then calculated via
oo
(™) ::/ dzz"p(z) .
—0o0
More generally, the expectation value of any function f(z) is given by
(e.9]
()= [ def@ple) . (2:37)
—o0

A discrete probability distribution p,, may be written as a continuous density distribution p(x)
by summing over J-distributions representing the outcomes x,,, such that

p(z) = me5(x — Tp) - (2.38)
The §-distribution, as a reminder, is defined by

| e f@ita - y) = 1)

2The n-th moment of the distribution p(z) is defined as the expectation value (z"). For more about moments,
see section 2.7.

14
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We may switch between the continuous and the discrete description of the expectation value (f)
by inserting (2.38) into (2.37), which yields

(= [ des@pla)
_ /O:O 42 § (@) Pl ~ )
=Y pm [ def@)(a )
- émn:pmf(xm) . (2.39)

2.7 Characteristic function

Let us introduce the characteristic function G,

G(k) = (e = / dz p(z) ek | (2.40)

This is nothing but the Fourier transform of p(x). As we will see, the characteristic function
serves as a tool to quickly calculate moments and cumulants of a distribution.

Moments. The n-th derivative of G(k) is

d”diflk‘) = /da:p(a:) (—iz) e~ e

Note that n-fold differentiation leads to a factor (—ix)™ within the integral. Evaluating the
derivative at k = 0, we find

d"G (k)
dkn

k=0

Thus, the n-th derivative of G(k) is directly linked to the n-th moment of the distribution p(x).
The characteristic function allows us to easily calculate all moments:

n d"G(k)
Ny =q" . 2.41
@ = | (2.41)
In turn, moments of p(z) correspond to coefficients of the Taylor series of G(k),
= k™ d"G(k) = (—ik)"
k) = — = ™. 2.42
G = 2 T “a ey~ 2t (242)

In fact, it turns out that the logarithm of the characteristic function is much better for
characterizing probability distributions. Taking the logarithm has already proven to be useful
when we derived the normal distribution (see section 2.4). In many cases, the logarithm is easier
to work with. For example, the normal distribution is exponential, p(z) o exp[—(z — z*)?]. Its
logarithm, however, is simply a second-order polynomial: Inp(x) o< (z — 2*)2.

Cumulants. We define the n-th cumulant (z"), as

n n d"InG(k
<.CE >C =1 CWL() o 5 (243)
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which implies that

In G(k) = i (@, . (2.44)

How do moments and cumulants relate? We show this with the following derivation sketch.
First, we explicitly write the Taylor series in eq. (2.42),

G(k) =1 — ik <a;>—112<x2>+@<x3>+..., (2.45)

where we label the underbraced term z and use the Taylor expansion of In(1 + z) = z — %22 +
%zg—iz‘l—{—... to find

. k2 o k%,
InG(k) = —ik (2) - () + o @ (2.46)
Comparing this with eq. (2.44), that is, InG(k) = —ik (z), — %2<x2>c + ..., we obtain the

cumulants in terms of moments:

=
\9
o
I
=
\9
|
w
S
no
=
_l’_
[\
=
w

(2.47)

Note that the first cumulant corresponds to the mean, while the second cumulant corresponds
to the variance Az?. Generally, camulants are great for characterizing probability distributions!

Ezample 2.11 (Cumulants of the normal distribution). The normal distribution is given by eq.
(2.28). According to (2.40), the associated characteristic function is

dx
V2r A2

where z* denotes the mean and A? represents the variance. We solve the integral by applying
the technique completing the square. In the first step, we shift the integration variable by the
mean, x = & + z*. (The infinite integration limits remain unchanged; z* is finite.) This yields

00 5. ~2
G(k) = / o [—ikx* — ik — f”] .

Gk) = /_ O;de(x)e-m: /_ O:O M] ,

exp [—ilm ~ oAz

—0o0 27TA2 2A2
Now we complete the square in the square brackets by rewriting

~2
ik — S — X (e tikna?)? -

E2A?2
2A2 ~ 2A2 '

2

We transform variables again, such that & = & + ikA2. This results in

< dz .15 k2A?
G(k) = [w Toons exp |—ikx™ — Y ]
ik E2A2 /°° dz &2
=e 2 e 242
—00 27TA2
k2 A2
= exp [—zkx* - 1 (2.48)
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Based on eq. (2.43), the cumulants of the normal distribution are found by calculating derivatives

of nG(k) = —ika* — LQN, evaluated at k = 0. Specifically, the first and second cumulants are
dl k
d’InG(k
3]62() — _AQ = <7~32>c — <$2> . <ZL‘>2 - 1. (_AQ) _ AQ ’ (249)

as expected. Since InG(k) is a quadratic function in this example (note that the logarithm is
easy to work with), we immediately know that all higher derivatives vanish. Thus, all higher-
order cumulants (n > 2) are zero; the normal distribution is characterized entirely by the first
two cumulants. This implies that non-zero higher-order cumulants indicate deviations from the
normal distribution.

2.8 Multi-dimensional probability distributions

A joint distribution of several random variables x1,zo,...,z, is determined by the multi-
dimensional probability density p(z1,zo,...,x,). Normalization requires that

/dxl/dxg /de‘n p(x1, e, ..., xy) . (2.50)

To obtain the probability density for one of the variables, we must integrate over all other
random variables:

p(x1) = /d:z:z /dxn p(x1, o, ..., xy) . (2.51)

Some refer to this projection process as the marginalization of the variables xo, ..., z,: we are
interested in the probability of x; regardless of the values of the other variables. Furthermore,
moments are generally of the form (z{"'...2"). In this context, the covariance,

cov(zy, zx) = (xjzK) — (25) (Tk) (2.52)

plays an important role as a measure of the correlation of the two random variables x; and w.
In the case that their joint distribution factorizes, i.e. p(x;,x) = p(x;)p(xy), the variables are
independent of one another and the covariance vanishes:

(xjor) = /dwjdmk zjxkp(x;)p(Tr)

= /da:j xip(x;) /dmkﬂfkp(xk)

= (z;) (zk) = cov(zj,zx) =0.

2.9 Central limit theorem

Consider a sum of random variables x1, 2, ..., Zm,
K2
y=> —, (2.53)
— m
i=1

where each random number z; follows the same probability distribution p(x;). In the limit
m — oo, y represents the mean of p(x;). What is the distribution of y? The central limit
theorem provides the answer. Let us illuminate this theorem by means of a concrete example.

17



Ezample 2.12. Let p(z) be the weight distribution of a single person. Then, what is the weight
distribution of 100 people? This question is important, for instance, when estimating before a
flight how much fuel the airplane must carry. The average weight y of 100 individuals obeys the
distribution W (y), given by

W(y) = /dxl codzg p(xy) o p(ag,) 6 (y — i Z) . (2.54)

i=1

Here § denotes the delta distribution. Note that we assume individual weights to be uncorrelated,
such that the multiplication theorem (see section 2.1) holds. For the n-th moment we find

- <<§:1 ;>n> . (2.55)

The characteristic function of W (y) reads
= [dyewiy)
= /dxl coodzg p(xr) . p(an) /dy e M5 (y Z xl)

=1 m

T
= [ da1.. dzmp(z1) ... p(@m —iky o
/ x Tmp(x1) ... p(Tm) €xp [ i ; m}
= /dxl play)eo/m . /da:Q plawg)ehe2/m .. '/dxmp(xm)e_ikxm/m
k m
_[(Fk 2.
where g(k) = [ dz p(x)e~**® represents the characteristic function of p(z). This implies that
k
InG(k) =ml — | - 2.57
nG(k) =min g (2 )] (257)
Consequently, the cumulants are given by

m AP InG(k)
<y >c_7’ dikn

k=0
d"Ing(k/m)
dkm
1-n 4"Ing(q)
dg”

_Z'n

k=0

(2.58)

Il
.

q=0
where we have substituted ¢ = % in the final step. Now, since

d"Ing(q)
dqg™

("), ="

q=0
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by definition, we may write

(y"). =m' " (2").|. (2.59)

This is the central limit theorem. The only assumption made here is that the n-th moments
must exist. Importantly, the central limit theorem has the following implications.

en=1 = (y),.=(@"),,
In terms of our example, the mean of the average weight of 100 people equals the mean of
the weight of an individual.

en=2 = (y). =, @"), .
This underpins the law of large numbers: for the distribution W (y) of the sum, the mean
deviation becomes much smaller than for the individual distribution p(x). Thinking back
to the application to fuel planning on airplanes, this presents a relieving result. While
individual body weights might vary quite significantly among airplane passengers, the
total weight of all m = 100 passengers will not deviate much from its mean, making safe
estimates of needed fuel possible.

en=3 = (y).= 0",
In words, deviations from the normal distribution (which are characterized by the third or
higher-order cumulants, as shown in example 2.11) are very small for large m — this states
the key result of the central limit theorem!
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3 Statistical Mechanics

3.1 Recap: Classical mechanics

Before introducing key concepts of Statistical Mechanics, let us recapitulate some fundamentals
of classical mechanics. Newton’s equation of motion in one dimension is

mi(t) = F(z,t) , (3.1)
where the conservative force F' can be extracted from a potential V' according to

Py = -2V a2

In terms of the momentum p = m#, egs. (3.1) and (3.2) yield p + %% =0 as well as

pz%@mm)

_d o (mi
Cdtox \ 2
_dar

T dt o’

where T' = mi? /2 represents the kinetic energy. Thus, we may rewrite the equation of motion
(3.1) as

doT oV
We define the Lagrange function L,
L(xz,&):=T(&) — V(x) , (3.4)

and rewrite the equation of motion in terms of L to obtain the Fuler-Lagrange equation,

d 0L(z,%) OL(x,%)
T 0 o 0. (3.5)
Moreover, let us define the action S,
t1
S = dt L(x(t), (1)) . (3.6)

to

The action is a functional, i.e. a function of a function. For a functional F'[x(t)], its functional
derivative! is defined as

OF(x()] _ Fla(t) +ed(t — )] — Fla(t)]
Sz(t) £

(3.7)

e—0

!For more about functional derivatives, see the Appendix.
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Thus the functional derivative of the action reads

PSEOION [ a0 [PEge iy 0% Lo )

Sz (t) Ox Ox dt
« [0 oL d oL ~
=) [833 - dt(%] 5(t — 1)
oL d 6L~ 1y (3.8)

T oz dioi(D)

Here the step marked by * results from partial integration; in the last line we inserted the
Euler-Lagrange equation. This calculation accords with Hamilton’s principle which states that
a solution of the Euler-Lagrange equation minimizes the action.

The Lagrangian formalism has proven to be very useful for problems with constraints. In
Statistical Mechanics, however, the Hamiltonian formalism turns out more suitable. To switch
from Lagrange to Hamilton, we perform a Legendre transform which replaces & in L by the
momentum p,

mw_nm@_fgf)_aﬁgﬁ. (3.9)

The Legendre transform yields the Hamilton function H,

(H(x,p,t) = ip— L(x,a,1)] . (3.10)

Note that H does not depend on 4. To see this explicitly, let us write down the total differential?
of the Hamilton function,

OH OH oOH on
d bLpt) =5 ded o) dibd oo dpt o) di
H(«'E7 x,p, ) BI pit T+ 81‘ Tt &+ ap @i, b + 8t T,T,p
oL oL oL
_ oL dz +pdi — — di +&dp — — dt
O ..t 0 lapt O Lo
=0
= dH(z,p,t) . (311

Due to the Legendre transform, the i-dependence cancels® (the underbraced term vanishes
according to eq. (3.9)) and the three remaining variables are (z,p,t). In general, Legendre
transforms can be used to change independent variables of functions. Eq. (3.11) now leads to

oL

dt . (3.12)

A comparison with the general form for the total differential,

oH oH

dH(z,p,t) = —| dae+ —| dp+ —| dt, 3.13
( ) 0z |4 Op ot ot zp ( )
yields the Hamilton equations,
OH OH OH oL
=7 — = —7 —_— = —— . 3.14
ap " x0Tt T ot (3:14)

2The total differential of a function f(z,v) is defined as df(x,y) = g—i |y dzr + %i ’I dy.
3Even though # still appears in the total differential (3.11) in the term & dp, it is not an independent variable of
H anymore.
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These equations completely specify the dynamics of a system. We can see this by calculating
the total time derivative of the Hamilton function using the chain rule,

dH(z(t),p(t),1) OHdzr OHdp OH

at “ordat Topat ot
— it apt O
dH OH
a_9n 1
dt ot (3 5)

If the potential is constant in time such that the Hamiltonian H is not explicitly time-dependent,

ie. %—t‘ = 0, then H is a conserved quantity. But what is H physically? Returning to the

Legendre transform, we find

H=px—L
=mi? — (T -V)
=2T-T+V
=T+V. (3.16)

Thus, the Hamiltonian represents the total energy! In a time-independent potential, the total
energy is conserved.
After this brief summary, let us get started with Statistical Mechanics.

3.2 Liouville’s theorem

A gas of N atoms is completely specified by 3V position coordinates qi,...,qsny and 3N mo-
mentum coordinates py,...,p3n. These variables constitute a 6/N-dimensional coordinate space
termed phase space, or I'-space. A point in phase space defines a microstate. It moves according
to the canonical Hamilton equations,

OH (>N, p*")

ii(t) = 3.17
OH(*N, p*N)

i(t) = —————— 3.18
where i = 1,...,3N (6N equations) and ¢ abbreviates qi1,qo, ..., q3n. Typically, we assume
that H depends only on ¢3" and p*>", not on time ¢, p, etc. Then,

M _oH_
dt ot

As shown in the previous section, this implies conservation of total energy H. Therefore, with
given initial conditions, eqs. (3.17) and (3.18) uniquely determine ¢ (t) and p3V (¢) for all times
t. This also means that ¢3V (t) and PN (t) are unique, which brings about the consequence that
trajectories in phase space never cross. Indeed, if a trajectory would cross itself in a certain
point, there would exist two different ways to move on from that point — in contradiction with
the uniqueness of solutions. Closed curves, however, are possible and describe periodic motion.

In Statistical Mechanics, where we deal with large systems, following 6N coordinates around
is neither feasible nor worthwhile; it’s just too much information. But we don’t need all details
because not all microstates have distinct physical characteristics. Imagine, for example, a gas
composed of N identical particles. Then all N! possible permutations describe identical systems
but represent different points in phase space! Many microstates are equivalent and lead to the
samemacroscopic properties such as temperature, pressure, total energy, etc. In other words, one
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macrostate characterized by these “coarse-grain” quantities can be realized by a vast number
of microstates. This motivates a probabilistic description of the problem. We assign each
microstate a probability p(¢*V,p3",t). The probability density can be normalized such that

/ BNgd3Np p(N,p*N 1) =1, (3.19)

where, in short notation, d®Ng = dg; - - - dgzy. Thus, we may calculate the expectation value of
any observable A, e.g. pressure or internal energy, according to

AW) = [ dgd™p A p) pla™ 1) (320)

A probability distribution p in phase space is also called an ensemble, and the expectation value
in eq. (3.20) is sometimes termed ensemble average. We may think of an ensemble as a collection
of “mental copies” of the given system, each of which represents a possible microstate the system
could be in under the constraints of a given macrostate. This powerful interpretation, introduced
by Gibbs, sets the conceptual foundation for much of what will follow in this lecture. We will
discuss different types of ensembles soon.

What are the properties of the density distribution p, and how does it evolve in time? A
microstate (¢, p3V), with probability p(¢*", p3V,t) at time ¢, moves along a completely deter-
mined trajectory according to the canonical Hamilton equations (3.17), (3.18). Since probability
is conserved over time when integrating over the entire phase space (there are no sources or sinks
of microstates), p must obey a so-called conservation or balance equation. Consider a fixed vol-
ume () in phase space: the change in probability p integrated over {2 must be balanced by a
probability flux through the surface S(€2) of the volume Q. In mathematical terms, we write
this as

d .
_7/ d*Ngd®Vp p(¢*N,p*N, 1) =/ ds 7i(s) - 9(s)p(s, 1) , (3.21)
dt Jo S(Q)
where ¥(s) = (d¢1,...,43n,P1,---,P3n) denotes the 6N-dimensional velocity in phase space, s

is the surface element, and 7i(s) denotes the surface normal on S (pointing outwards). Using
Gauss’s theorem, sometimes referred to as the divergence theorem, we rewrite eq. (3.21) as

0
—/Szd3qu3Np TR /d?’qu?’Np V- (5™, 0") p(@®, N, 1) . (3.22)
Here V represents the 6 N-dimensional gradient operator,
S (AR R
O Ogsn’ O’ Opsn )

Note that we could pull the time derivative inside the volume integral since we assume that 2
remains fixed in time. Rearranging eq. (3.22), we get

. . 0
[ @@ (Soata®™ o)+ - (565N e N 0) ) =0 (323)

We may choose the time-independent volume € arbitrarily, which implies that eq. (3.23) is only
true for any test volume ) if the integrand vanishes. This requirement results in an equation of
continuity for the p,

ot V- (Up)
3N
Jd . aJ . }
= - qip) + i
2 {aqi (4ip) o, (Bip)
3N
. Op . Op (8% apz>:|
= i + Di , 3.24
= iq 9a; " op; dq;  Opi (3.24)
=0
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where we know from the Hamilton equations (3.17), (3.18) that the underbraced term must
vanish:

8q1+5’]§1_i87{_ 0 oH

dqi * Opi  Dq;Opi  Opi g

according to Schwarz’s theorem about the symmetry of partial derivatives. This leads to the
Liouville equation,

op(®N,p*N.t) & { o .9 ]
—_— 7 = — i— | p. 3.25
Defining the Liouville operator L= f’ivl [qia% + pia%}, we may write this compactly as*
dp -
—— = Lp]|. 3.26
5 = LP (3.26)

The Liouville equation describes how p changes in time at a fixed position in phase space
(q1y---,93N,D1,---,p3n) (Eulerian description). We might ask ourselves: how does p evolve in
time when we “go with the flow” by moving along with the trajectory as it moves through phase
space (Lagrangian description)? Using the chain rule, we find that

dp(¢*N (1), p*N (t), 1) Z (3/) dgi _ 9p dpi )
dt 0g; dt 8pi dt
3/)
Lp

“a "
dp
a0 _ ol 2

= |3 0 (3.27)

This is Liouville’s theorem. It states that the density p is (locally) constant when moving
along a trajectory through phase space. Essentially, p propagates through phase space like an
incompressible fluid.

3.3 Postulate of equal a priori probability

If we imagine that a trajectory visits every point in phase space compatible with energy conser-
vation (H = const.), then the Liouville theorem tells us that

const. U <H(q,p) <U+A

. (3.28)
0 otherwise.

p(q, P, t) ={

Here we allow the total energy H to lie in a small interval [U,U + A] to comply with the
uncertainty principle. According to this argument — which only assumes that a trajectory may,
in principle, visit every point in phase space without crossing itself —, every possible microstate
which results in total energy U is equally probable. In other words, a system with total energy
U is equally likely to be in any of the compatible microstates. This defines the microcanonical
ensemble, which we will discuss in further detail soon. Since the total energy is fixed, the
microcanonical ensemble describes an isolated system.

“As a side remark, we mention that the Liouville operator may be used to formally solve the Liouville equation
(3.25). Given an initial distribution p(q,p,0), the solution is p(q,p,t) = exp [th] p(g,p,0). This is an
extremely powerful method, since it provides an exact solution of the many-body problem!
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Remark. If we more generally consider an ensemble where different energies are populated with
different probabilities, that is,

p(q,p:t) = p(H(Z,P), 1) , (3.29)

X [87—[8p87—[ - aHapa’H}
Op; OH 0q;  Oq; OH Op;

1=
=0, (3.30)
where we have used the chain rule. This implies that p cannot be explicitly time-dependent:

p(H(7,p),t) = p(H(Z. D)) - (3.31)

Consequently, a distribution that depends on the Hamiltonian only and not on phase space
variables directly is stationary. This statement is true for arbitrary systems and for a general
Hamiltonians H(q, p).

3.4 Concepts of entropy and temperature

The “number” of microstates within the energy range U < H(q,p) < U + A is given by the
volume integral

(U, V,N) :/ BNgd®Vp 1, (3.32)
U<H<U4+A

which quantifies the allowed volume in phase space of a system with that energy. This relates
to the density of states: the total number of states with any energy H below U is

»(U) —/H<Ud3qu3Np 1. (3.33)

Thus, we may write the number of allowed microstates I' as

T(U) =S(U 4+ A) = 2(U)
~ N(U) + A (U) — S(U)
= AY(U), (3.34)

where we used the Taylor approximation up to first order, assuming that A < U. Based on
this, we define the density of states w(U) for a certain energy U as

w(U) ::iiglor(AU) =Y'(U), (3.35)
X(U) = Y dU' w(U") . (3.36)

Two Coupled Systems. Consider now an isolated system, characterized by fixed total energy
U, particle number N, and volume V. Imagine that we insert a dividing plane which divides
the system into two subsystems. The dividing plane lets energy pass from one side to the
other; however, neither particles nor volume may pass through. Thus, subsystems 1 and 2 have
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fixed particle numbers Ny, N — Nj as well as fixed volumes Vi, V — V; but fluctuating energies
U1,U — Uy under the constraint U; < U (see fig. 3.1).
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Figure 3.1: Two coupled subsystems isolated from the environment

The total number of microstates I' for the compound system at energy U is calculated as
(U, V,N) = /dU1 Ty () - To(U — U7) . (3.37)

Note that for a fixed energy U;, the number of microstates I' of the total system equals the
product I'1 - I's of the number of microstates of the subsystems. This is founded upon the
multiplication theorem (see eq. (2.3)). Since the subsystems may exchange energy, we must
furthermore integrate over all possible energies Uy (from 0 to U).

Let us now introduce a new function which we label S(U). The reason why we do this will
become clear later; it will turn out that S represents the entropy in Thermodynamics. We define

SU)
kp

=In(T(U))|. (3.38)

Let us use this function to explore our example of a compound system further. Inserting eq.
(3.37) for I'(U), we obtain

SliU ) 1 < / U, e[sl<U1>+sz<U—U1)1/kB> ' (3.39)
B

Assuming that the integrand has a maximum at energy Uf, the sum S; + S2 is also maximal
at U because the exponential is a monotonic equation. Therefore, we may Taylor expand the
sum around its maximum,

S1(Ur) + S2(U — Uy) = S1(Uy) + S2(U - Uy)
+ (U = U7) [S1(U7) = S5(U = U7)]

=0

N (U1—2Ul)2 [SUU7T) + YU —UD] +... (3.40)

where the first derivative vanishes at the maximum. Re-inserting the Taylor series up to second
order into eq. (3.39) yields

SIEU ) 1y (€[<51<Uf)+sz<U—Uf)J/kB / AU, e(Ul—Ul*)2[Si’(U—Uf)+S§’(U—U1*)]/(2k3))
B
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Here we have pulled the Uj-independent part in front of the integral. The integral itself is
a Gaussian integral for which the solution is known: [dze~*@t0)* = | /r7a. Performing the
integral, we find

B 2rkp
STUY) + 85U - UY)

S(U) :Sl(Uf)+Sg(UUf)+kBIn\/ (3.41)
where we assume that S7(Uyx) + SY(U — Uf) < 0 (which will be shown to hold true). From this
result we may draw several fundamental conclusions:

o The function S(U) is extensive. This means that the entropy of the total system equals
the sum of the individual entropies of the subsystems. In other words, S(U) is proportional
to the system size N. This statement is true because in fact the square root term in eq.
(3.41) becomes negligible for large N. To see this, imagine that each particle in a system
contributes an equal share of entropy to the entropy S of the whole system, such that
S = Ns, where the lower-case s denotes the per-particle entropy. We can similarly define
a per-particle energy w such that U = Nu (s and u are independent of N). This implies

d?S(U)  d®Ns(u) 1 d?s(u) 1

_ L 1" o~
wr T ANe? N ae o TWr g

Thus, the second derivative of S(U) scales like 1/N, and the square root term consequently
scales according to

2rkp
knl — ~Inv N .
s n\/ Sion + S5 —upn "

For large N, we have N > In+/N, such that the square root term approaches zero and
S(U) is an extensive function, i.e.,

S(U) = Sy(U7) + So(U — UT) . (3.42)

Eq. (3.42) is exact in the thermodynamic limit (N — 00).

In Thermodynamics, we generally distinguish between eztensive quantities which scale
with the system size N and intensive quantities which are independent of N. Other
examples of extensive variables include the total system the volume V', energy U, and
obviously N. Contrarily, the temperature T or pressure P belong to the intensive variables.

o In equilibrium, S(U) is maximal. The function S(U) ~ S1(U;)+ S2(U —U7) is maximized
with respect to the free variable U;. Since S relates to the phase space volume via (3.38),
maximizing S also maximizes I'. Therefore, the composite system automatically goes to the
state where Uy = U{ because this is the most probable one in equilibrium. This corresponds
to the Second Law of Thermodynamics: in equilibrium, the entropy S is maximal with
respect to all “free” variables (under all constraints imposed by the macrostate).

« Systems in contact exchange energy until equilibrium. In equilibrium, where the energy
of subsystem 1 has reached Uy = Uy, we find that S’(U) is the same for both subsystems:

dS1(Uf)  dS2(Us)

dU; vz

where Uy = U — Uy*. This suggests that in equilibrium the derivative S’ takes a constant
value, which we define as

1 dS(U)
7= | (3.43)
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You may have heard of T'; in Thermodynamics it is called temperature. We deduce that
systems in thermal contact must have the same temperature (after sufficient time, when
equilibrium is reached). Otherwise, if two systems in thermal contact would not have the
same temperature, they would exchange energy until the two derivatives dS;/dU; and
dSy/dUs are the same. This corresponds to the Zeroth Law of Thermodynamics.

3.5 Canonical ensemble

As in the previous section, let us consider two systems in thermal contact (fig. (3.1)). Their
combined energy U, particle number N, and volume V are fixed. The particle number and
volume of system 1, N1 and Vi, are also fixed. However, the systems may exchange energy, such
that U; may fluctuate. Once again, the “number” of microstates for a given energy U; is given
by the multiplication theorem,

LU, U) =T1(Uh) - T2(U - Th) . (3.44)

We now argue the following. If a microstate of system 1 allows for relatively many microstates
of the composite system, then that microstate of system 1 will have a relatively high probability.
In other words, the number of microstates of the composite system per microstate of system 1
equals the (non-normalized) probability of that microstate of system 1:

F(U17‘/17N1) i F(U - U17V - ‘/’1’]\] - Nl)
L'(Uy, Vi, N1)
—T(U - U,V —Vi,N — Ny)

p(Ur, N1, Vi) =

1
= exp [S(U— Ul,V — Vi,N— Nl)]

kp
2
—oxp |50 - Doy + Lsrwy+..| | (3.45)
. . Shen

where p is the non-normalized probability distribution of system 1. Here we used eq. (3.38) and
expanded S(U — U,V — Vi, N — Ny) around U; = 0. Let us now assume that system 2 is much
larger than system 1, i.e. No = N —-N; > Ni, Vo=V —V; > Vi, and Uy = U — Uy > Us.
Then, the second-order term of the Taylor expansion is negligible because

U s w) N
2kg 0U? N

—0 (N1<<N)

Similar arguments hold for higher-order terms of the expansion. Furthermore, we know from
the previous section that

dsU) 1

U T T’

where T is the temperature. Inserting this into eq. (3.45), we obtain the Boltzmann distribution,

p(Ur) o exp [k[;vlT] (3.46)
Here we simply discarded the constant factor e(V)/k5 coming from the zeroth order of the

expansion in eq. (3.45), as the distribution is not normalized anyway.

Above we assumed that system 2 is much larger than system 1, such that N — N; = N.
In that case, we call system 2 a reservoir or heat bath — a system which is so large that its
extensive properties like N,V U essentially do not change when put in contact with a small
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system like system 1. The Boltzmann distribution, sometimes termed canonical distribution,
thus gives the probability distribution for a closed system that may exchange energy with a
reservoir. It defines the so-called canonical ensemble which is characterized by the macroscopic
variables N, V,T. The fixed temperature T' of the reservoir controls the energy of the closed
system. All states are possible, even states with extremely high energy Uj, but they will be
extremely unlikely unless the heat bath is very, very hot.

Expectation values and variances. We now want to calculate the mean energy and its variance
for a system governed by the canonical distribution p(U;). Let us suppose the system has discrete
states ¢ with energy U;. Then the expectation value reads

Ui
> Uip(Ui) _ X Uie F8T

U = —
S (7% R—

(3.47)

It is convenient to define 3 := ICB% for increased simplicity. In terms of 5, we write

Y Uie AU

> e Pl

= _875 In <Z efBUi> , (3.48)

i

where, in the final step, we have used the chain rule “backwards” to arrive at the logarithm.
Thus, the expectation value of the energy in the canonical ensemble is given by

(U) = _886 nz, Z= Z e Pl |, (3.49)

Here we introduced the partition function Z. It states the sum of Boltzmann weights e #Vi over
all microstates. The partition function is the central object in statistical mechanics; it allows to
calculate any expectation values, variances, etc. by means of suitable derivatives. To obtain the
variance of the energy, for example, we calculate

0? 0
Tﬁgln( ):—%<U>
B S Use™BUi
-2 = e iU
_ ZiUfe > Uie™BY 9

e e P52t
> Ufe_ﬁUi (32 Use=PUi)2
SN U (e )2
= (U%) —(U)* = AU . (3.50)

Connection to Thermodynamics. The expectation value of the energy (U), as derived here
from Statistical Mechanics, is a macroscopic observable that we would also deal with in Ther-
modynamics. How does the variance, which describes deviations from the mean, connect to
Thermodynamics?
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Remembering that 5 depends on the temperature T', the variance can be written as

0
= 55
or o
= -5557)
_ 010
- OBkpBOT

0
S (0) - (3.51)

(U? —(U)?

= kpT?

Moreover, we introduce the heat capacity Cy at constant volume as the derivative of energy by
temperature,

Cy = =L . (3.52)

The heat capacity quantifies how the system’s energy increases with increasing temperature.
More specifically, it states the amount of heat needed to increase the temperature by one Kelvin.
Cy is always positive and extensive; we need to double the heat to warm up double the amount!

Ezample 3.1 (Heating water). At 15°C, the specific heat capacity of water is Cy = 4.2;};—‘]}{ -m,
where m denotes the water mass in kilograms. So to heat up 1 kg of water from 7" = 0°C (273
K) to T'=100°C (373 K), we need roughly 420 kJ of energy (Cy is temperature-dependent). A
1000 W heater adds 1 kJ per second and would thus take 7 minutes to boil freezing water. In
comparison, the same amount of energy would suffice to lift up a weight of 1 kg by 42 kilometers
(1 kg excerts 10 N, 1 J=1 N-m, 420 kJ=10 N - 42 km). This demonstrates that heat is costly!

Coming back to the variance, we now combine egs. (3.51) and (3.52) to obtain
(U —(U)? = kpT?Cy . (3.53)
Accordingly, energy deviations are given by
AU =/ (U?) — (U)* = TVkpCy , (3.54)
and the relative energy deviations become

AU  TvksC, VN 1
U U N N

-0 (N —o0). (3.55)

Once again, this result reflects the law of large numbers: as N — oo, relative deviations in
the energy approach zero. In the thermodynamic limit, the canonical ensemble (where the en-
ergy may fluctuate) and the microcanonical ensemble (where the energy is fixed) are equivalent
because fluctuations around the mean vanish. Thermodynamics does not know about these
fluctuations, but Statistical Mechanics does! Variances are determined by response functions
(Fluctuation-dissipation theorem).

Concept of free energy. We have introduced the canonical partition function Z(T,V,N) =
> e PHi where f = kBLT and the index i sums over all microstates. Calculating or approxi-
mating this sum is difficult. Therefore, we look for an expression of the partition function which
circumvents the explicit summation over microstates. Let us insert unity, i.e.

1= /Oo AU S(U — H,) | (3.56)
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into the expression of the partition function:
o0
Z = Z/ AU §(U — H;)e P
i —o0

- /OO aU'S" 6(U — Hy)e U

= dU w(U)e PV

— 00

= AU e ®)=8U" (3.57)

Here w(U) := ", 6(U —H,;) denotes the density of states, which we may interpret as the number
of states with energy U. To verify this, consider the following “intuitive proof.” The total
number of states with energy H; < U is given by the function (U, V, N), and should likewise
be found by summing 1 over all possible states. Using eq. (3.36), we show that®

S(U) = /_(; AU’ (U

_ /U AU’ S 5(U" — Hy)

-y /_O:OdU’é(U’ ~ )

H;<U

=> 1, (3.58)

H;<U

as required. In section 3.4, we defined the entropy S(U) as

SU) =InT(U) = In(w(U)A)
kp
= 2 e +lnd

—0

Here we simply discard the non-extensive constant In A, which becomes irrelevant for large N.
Now, inserting Inw(U) = S(U)/kp into eq. (3.57), the partition function reads

Z - / Y AU e AU-TSU) (3.59)

We define F :=U — T'S(U), yielding

Z:/ dUe—ﬁF<U>:/ AU p(U), F=U-TS|. (3.60)

This expression does not include a sum over all microstates anymore. The partition function
is now given in terms of the free energy F, which is the relevant potential in the canonical
ensemble.

To learn more about the free energy, let us Taylor expand F' around the most probable energy

5Don’t get confused with the function ¥ and the sum Zl
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U*, as we did earlier with the entropy S. For the first derivate evaluated at U*, we find

dFU)|  d
B dS(U)
_171w e
=1-T
=0. (3.61)

The fact that the first derivative vanishes implies that the most probable energy U™ also ex-
tremizes the free energy F. Note that we deal with two kinds of temperatures here. We must
distinguish between the temperature of the reservoir, 7' = T(U*), which is independent of U,
and the temperature of the canonical system, Toq, = T(U). In thermal equilibrium (at U*),
both temperatures coincide and we simply denote them by 7. Let us also calculate the second

derivative,

d?F(U)
dU?

d2s(U)
dU?
d 1
_%ﬁﬂm
T dT(U)
T2(U) dU |-

1

T dUN\"

_WWKMJ
1 1

Ty “n-V

=T
U*

U*

U*

T(U~)

(3.62)

The inequality in the last line holds for any substance; energy must be added to raise the

temperature. We draw the following conclusions from the preceding investigation.

e The most probable energy U* is determined by the extremum of the free energy F' where

dr

ds

temperature 1" of the reservoir: ao 1

U*_T'

o We know that the most probable energy U* exists because 2P

implies, together with 9| =0, that F has a minimum at U*.
dU U*

o The variance of the energy, (U — U*)?) ~ Cy ~ N is extensive.

Frod P 0. At this energy, the temperature of the canonical system coincides with the

auz | . = 0. This result also

2
e The relative variance becomes negligible for large N: <(UU* — 1) > ~ % — 0 (N — o0).

We have shown that iU% < 0, as used in the derivation of the entropy as an extensive
function (see sec. 3.4). Thus, the curvature of the entropy is positive. The most probable
state of the system is characterized by a balance between minimizing the energy and

maximizing the entropy. At this equilibrium point, the free energy is minimal.

Since the relative variance of the energy U approaches zero for very large N, the distribution
of energies is sharply peaked at the dominating energy U*. In the thermodynamic limit, in fact,
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energies other than U* become irrelevant; the distribution approaches a é-distribution. For the
partition function Z this means

Z = / AU e PFW) N20 o —BFU”) (3.63)

Rearranging this equation for F' yields

|F=—kgTInZ|. (3.64)

Though derived in the thermodynamic limit, this result for the free energy F' also holds for
finite N. The mean energy (U) = U* can by obtained by the following recipe: We combine
BF =—InZ (eq. (3.64)) with the previously established result

olnZz
[ AU Ue=AFU)
T [dU e FFO)
[dU Ue=PU+SW)/kp
T [dU e AUSO)/ks
to obtain
O(Fp) OF 1 0T oF
= o p B = .
Wir="g5 =F+ b= o or (3.65)
The derivative 91'/0f is the reciprocal of
o _0Q/(kgT)) 1
or —  or  kpT?’

such that (U), often simply written as U while tacitly referring to the mean value, becomes

OF
U=F-T5: . F=U-TS
OF

T =

- —S|. (3.66)

The boxed equation states an important thermodynamic relation between free energy and en-
tropy. Another central relation that we already know is 0S/0U = 1/T (eq. (3.43)).

In the canonical ensemble, the equilibrium energy U = (U) = U* is a function of the tem-
perature of the reservoir, U(T'). Therefore, functions like entropy or the free energy depend on
temperature T, particle number N, and volume V:

S=S8(T,V,N), F=F(T,V,N), U(T,V,N), Z(T,V,N),

3.6 Examples of the canonical distribution

3.6.1 Velocity distribution of ideal gas atoms

The Hamiltonian of a gas is given by

N _2 N N N
Hiot =S 2 V@) + 3 S V(Gd) (3.67)
=1 2m =1 i=1j5=i+1
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The first term is the kinetic energy. The second term describes the potential energy due to
an external potential. Finally, the third term represents two-body-interactions between gas
particles. In the ideal gas, however, particle-particle interactions are neglected; it is assumed
that a gas atom moves without being influenced by other gas atoms. Thus, the Hamiltonian for
the ideal gas becomes

N o~
M =3 (2 v (3.9

i=1

The partition function is given by
Z = / dpi...dpn / A . .. gige P (3.69)

[/ dpe~ = /dqe_ﬁv@} =zN (3.70)

Here Z; is the single particle partition function. It can be seen that the ideal many-body

partition function factorizes into the single-particle partition function. The kinetic energy of
2 2 2
one gas atom is Fyj, = % — PatPytp: For an isotropic system the expectation values of the

2m
momenta are equal: (p2) = (pi) = (p2). Each of them can be written as

2
Py

ﬁ fdpx Pze 2m
2m fdpx -5
= —ln (/clp;D B2m>
_—aln 2mm
B B
01
8621n5
_1
=35
T
= k’% (3.71)
kBT

Thus, the kinetic energy of one coordinate is This generalizes into the equipartition theorem.
It states that for a degree of freedom =z descrlbed by a quadratic energy H = ax?, the average
energy is (H) = kT /2. For a system with f degrees of freedom this means

f

U=(H)=3hT. (3.72)

In the ideal gas, each atom has three degrees of freedom (x,y,z). Therefore, each atom has the
kinetic energy of

Exin =3 <]9:2':> (3.73)

2m
3
= SkpT (3.74)
For N atoms this becomes
3N
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The heat capacity is constant as a function of temperature:

dU  fkp
For a monatomic gas f = 3N and for a diatomic gas f = (6 + 1) N (6 momenta and 1 distance
coordinate). Since kT at T = 300K is 4 - 10721 J, the kinetic energy of a gas atom at room
temperature is a very small. The velocity can be calculated by setting the energy equal to the
formula for the kinetic energy.

3@T—<mﬁ> (3.77)

2 2
(v?) = ’“%T (3.78)
(v2) = 4602 (3.79)

So the velocity is very high: of the order of the speed of sound. The expectation value of the
velocity (v) = 0 vanishes, however. Otherwise the gas as a whole would move in a certain
direction!

3.6.2 Maxwell-Boltzmann distribution

The un-normalised distribution of one velocity component v, is, according to the Boltzmann
distribution, given by

2

_PzB

PUg X € 2m (3.80)
Bmv%

xe 2 . (3.81)

The expectation value of the second moment of ¥/ is

——9 —
L\ [ diio(d)
= 3.82
)= Tawm 352
[ dvzdvy,dv v2€_m5(ug+2v§+u§>
= S A (3.83)
'vaQ
o7 dvdmvtute e
= = w2 (3.84)
Jo dvdmvZe” 2m
m6v2
Jo° dvvPv?e "z
= 3.85
j‘OOd 9 7mﬁv2 ( )
o dvvie” 2m
oo
= dvv’pyrs (V). (3.86)
0
Here parp (v) denotes the Maxwell-Boltzmann distribution which is given by
2 va2 mIB _%
pmB (V) =ve 2 4w | — .
(v) = ot 5 ar (1) (3.87)
™
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since

[ee] m ,U2 1 o m ,UQ
/0 dvv?e™ "3 25[ dvv2e™ ™3 (3.88)
1 d o0 mBv?
= ——— dve™ 3.89
2 d(mB ) /_oo e (3.89)
1
1 d 2T\ 2
T 2d(mBf) <m5> (3.90)
1 11 /mB\ 2
= i (28 (3.91)
3/ 2\2
T 2
1 (27kpT\ >
The maximum of pyp (v) is at
3
dpMB v m/B 2 _mﬂvZ ’[)Zmﬂ _vaQ
dv2():4ﬂ<27r> (e Ty e (3.54
2
Vnax = B (3.95)
2kpT
= Ti . (3.96)
Compared with equation (3.78) this yields
7> 3
é“z ) =5 (3.97)

max
So the mean and the maximum are not the same. In other words, the average velocity does not
coincide with the most probable velocity. The law of large numbers does not apply here because
the Maxwell-Boltzmann distribution describes a single-particle property and is independent of
N.

3.6.3 Barometric Height Formula

Close to the ground of the earth the total Hamiltonian for N gas atoms is

N 2

p.
Hiotal = Z ﬁ +mygzi. (3.98)

i=1
Here g ~ 9.815 is the acceleration due to gravity. The momentum and position distribution
factorises, so the height distribution of one atom is

p(z) = e Pm9? (3.99)
and with that the expectation value for the height z is

JoC dzzePm9z
(z) = Y00 7. —mon
Joo dze=m9

d /OO B
= dze=Pmo=
d(pmg) Jo

d 1
=i " (g
_ 51mg (3.100)
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For a nitrogen atom at around 0°C this yields an average height of around 15 km above the
surface of the earth. If anything, this is merely a rough approximation of the height of the
atmosphere, as f = 1/(kgT) is not at all constant across different heights and, furthermore, g
decreases with height.

3.7 ldeal Gas in the Canonical Ensemble

The partition function for an ideal gas of N identical mono-atomic gas particles in a volume V
is given by

Z(N,V,T) = %H;V: {h3/d3pﬂ/ d3 } BH(p3N,q3N) (3.101)

The pre-factor % avoids over-counting of micro-states due to permutation of indices. This
avoids the Gibbs paradox of a non-extensive entropy.

h is Planck’s constant and has units of an action (Js). It makes the integral over phase
space and thus Z itself unitless. For all physical observables, the value of h is not important
since F' = —kpT'In(Z).

 The (inverse) pre-factor (N!h3) follows from quantum statistics.

=2
For an ideal gas H(psn, ¢3n) = Zi]\;l 2177% and there is no dependence on ¢; for an ideal gas,
while the finite volume V enters via the integration boundaries.

L L L
[ da= [ dar [Caq [ (3.102)
1% 0 0 0

=3 (3.103)
=V (3.104)

Clearly Z depends on the thermodynamic parameters N,T,V so the partition function
has variables Z(T,V, N) as well as the free energy F(T,V,N).

1 1 N B
Z MHN:1 [hB / d*p; /V d3q]} e P il o (3.105)
171 7 N
= = {hg / d3pePom / dSq} (3.106)
1 3N
i (h > U dpe” ﬂzm] (3.107)
1 [V
~ <3> 27kaBT)7N (3.108)
1 [V
i ( % ) (3.109)
h
M= ————— (3.110)

vV 27kaBT

Here )\; is the de Broglie wavelength at temperature T'. The free energy follows as

F = —kgTn(Z) (3.111)

3
= kgTNIn (?}) + kT In(N!) (3.112)
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Using the Stirling approximation this yields
N}
~ kgTN |In v ) 1 (3.113)

The free energy F is extensive and scales like N. Without the factorial in the definition of Z,
the free energy would be proportional to N In(/NV). Now other state variables can be calculated
from F.

F(N,T,V)=kgTN [m (]‘\/[h?’ (27rkaT)3) — 1] (3.114)
= kgTN [m (]‘\/[h?’) - ;m (2rmkpT) — ;m (T) — 1} (3.115)
OF

-S=-x (3.116)

F 3

F 3
S =—7+ kN (3.118)
= —kpN {m (gﬁ) — 1} + ngN (3.119)
N 5

= —kgN {m (VAf’) - 2} (3.120)
F=U-TS (3.121)
U(N,T,V)=F+TS (3.122)
- gNk:BT (3.123)
=U(T,N) (3.124)

So the internal energy of the ideal gas does not depend on the volume V.

OF  kpTN
- = (3.125)
= P(T,V,N) (3.126)

This is called the thermal equation of state of the ideal gas. And the total differential of the
free Energy dF can be written down.

oF oF oF
dF = — dT + — dV + — dN 3.127
7 I 172 ML v (3.127)
For N = const. this becomes
dF = -S(T,V,N)dT — P(T,V,N)dV (3.128)
furthermore with U = F + T'S this becomes
dU = —=SdT — PdV +TdS + SdT (3.129)
dU = —PdV + TdS (3.130)
= —P(V,S)dV +T(V,S)dS. (3.131)
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To summarise

ou
P=—-—— 3.132
oV ( )
ou
T=— 3.133
39 (3.133)
1 908
- -2 134
T 0U (3:134)
3.7.1 First law of Thermodynamics in Differential Form
The total differential of U corresponds to the first law of thermodynamics.
dU(S,V)=TdS — PdV (3.135)
dU(S,V)=AQ — AW (3.136)

Here AW = PdV is the mechanical work done by the gas and AQ = T'dS is the heat transferred
to the gas. As discussed later in more detail, AQ and AW are not total differentials; That means
that Q and W are not state functions.

3.8 ldeal Gas in the Microcanonical Ensemble

B3N ga*N g (3.137)
U<H<U+A

—
Il

I
N~

(3.138)

Here T" is the number of micro-states in the energy range U < H < U + A. So the number N’
of micro-states with the energy H < U is given by

S(U,V,N) = / &N N (3.139)
H<U+A
and
dx.
/ _
Y(U) = o5 (3.140)
— (1) (3.141)
I
= — 142
X (3.142)



For a mono-atomic ideal gas of N atoms in a volume V the shape of the container is not relevant.
To calculate ¥ a (quantum mechanical) correction factor has to be introduced.

1 .
Y=— dqy ...dgndpy ... dp, .14
N‘h3N /H , da - dgdpy ... dpy (3.143)
H= Z —|— Vivall ql)] (3.144)
0 eV
Vivanl = { ‘(i ) (3.145)
o |GgV
d .dp; .14
Z(U) N'h3 / @ / QN/ ' 2;n<U PN (3.146)
VN 3N
=———2m) 2 / dxy ...dzsn (3.147)
v (
NI S e
i
= 3.148
T am (3.148)
dpy = (2m)2% (3.149)
VN 3N 1
(3.151)
Here v3y is the volume of a 3N-dimensional hypersphere which is v,(R) = ¢, R". The coefficient
¢y, turns out to be ¢, = 7;7 . With this the volume becomes
r(5+1)
]
n(R) = 7}2" 3.152
dZ
r =A= .1
(U) AdU (3.153)
ormU\ 3\ 1 1 3NA
amU )\ 2
_ V< ’ > ) - - Sa (3.154)
11 (3N
S=kpln(I'(U)) (3.155)

=t (i (v (20 ) o - (0 (5)) +(3)) s

For very large systems (N >> 1,V >> 1) N >> In(V) and the Stirling approximation (In(N!) =
N1In(N) — N) the expression simplifies a lot.

3
V /4ArmU\ 2 5
kpN |1 = 3.157
S = ks [n( (Srv) )+21 (3.157)
So the entropy S is extensive, but only because the % factor was introduced in the beginning.

With the thermal wavelength \;, introduced earlier and using that
U= %NkBT, it can be written that

V. 5
S =kpN <ln (N)\t 3) + 2) (3.158)

— kN (111 @H?) - g) , (3.159)

which is the same result derived in in the canonical ensemble (see equation (3.120)).
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3.8.1 Heat capacity of a solid

A very simple model for a solid is just a cube lattice with localised atoms that can be modelled
as 3N harmonic oscillators with the same frequency w. The Hamiltonian H is given by

H = Z ( + mw ql> (3.160)

As the particles are distinguishable since they are localised on lattice sites, no ﬁ is needed.

1 . N ﬁ
X(U) = hgTv/ dqy - ..dgndpy ... dpN (3.161)
23N
th o / dry...dzen (3.162)
1 23N 1
= AN, VN (U2> (3.163)
U = 3NkpT (3.164)
2nU
=3Nkp (] 1
S—3 B(n(3th)> (3.165)

3.9 Grand Canonical Ensemble

For an open system, where particles can exchange with the reservoir, also the particle number
can fluctuate. This is important for example in cells, chemical reactions, and others. Again
considering two coupled systems, and H(psn, gsn, N) ~ H(psn, qsn, N1) + H(psn, g3n, No) +
interactions.

Figure 3.2: A small volume V7 in contact with a reservoir of volume V5. The total number of particles stays
constant N = Nj; + Ny, but the volume V; can exchange particles with the reservoir; Further
Vi << V3 and Ny << Nj. (The stripy pattern represents thermal insulation).

The canonical partition function is

Z(N,V,T)
( h3NN' Z Nl'NQ

% / d3N1p1d3N1 q1d3N2p2d3N2q26—ﬁH(P1,q1,N1)—57'l(p27Q2,N2) (3.166)

N
= > Zn(i,T)Zn, (V2. T) (3.167)

Introduce the probability distribution p

ZN2 (V27 T) eiﬁH(p?’Nl 7q3N1 ,Nl)
ZN h3N1N1!

(3.168)

P(P3Ny > 43N, N, )
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which is normalized

N
> /d3N1p1d3qu1p(p1,q1,N1) =1 (3.169)

(3.170)

With the free energy F(N,V,T) = —kgT In(Z,(V,T)) it can be obtained that

Z(No, Va,T) o~ BF(N=N1,V—Vi,T)~F(N,V.T)) (3.171)

Z(N,V,T)

Now N; << N, which means that system 2 is a particle and volume reservoir. Now F(N —
N1,V — V1, T) can be expanded around N; =0 and Vi = 0.

OF(N,V,T)

gy v =P, V.T) (3.172)

Here %WE = u(N,V,T) is the chemical potential. Furthermore p is the free energy
needed to add a particle to the system.

F(N—-N, V-V, T)~ F(N,V,T) — Ny + V, P (3.173)
Zn, (V2. T) _ sNyu-ppPvi
— i = ! 3.174
ZNV.T) C ATy
e~ BPV—uN+H(p,q))
p(p,q,N) = NN (3.175)
With this the grand canonical partition function can be written
Z,(V,T)= Y "NzZy(V,T) (3.176)
N=0
d3qu3Np
— Z BNM/ IR —BH(psn,q3n,N) (3.177)
=PV Z d*N qd*" pp(p, q, N) (3.178)
N=0
= PPV, (3.179)
which is the grand-canonical equation of state.
=PV (3.181)
= P(p,V,T)V(u,T) (3.182)
Here Q(u, V,T) is the grand (canonical) potential.
3.9.1 Properties of Particles in the Grand (Canonical) Ensemble
Mean Number of Particles
From the definition of the grand-canonical partition function it can be seen that
olnZ
N) = =5 3.183
(V) =5 (3183)
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Next, we calculate the particle number fluctuation (N2) — (N)?

o 0 o 0 >
——IZ,(V,T) = ————1 BNu 7 3.184
gonpon ") = Goy pon (ZVZ:OQ N) (3184

8 ZN NE/BNMZN

_ 1
Bon Soy iz (3.185)
S NNzy (5 NeNuzy ) 3186
I (LaNe (3.136)
= (N?) — (N)? (3.187)
o o PV
1 02 PV
-7 (3.189)
52 8#2 VT /CBT
2
- kBTVg]; (3.190)
Py
2P(u, T
= kBTVW (3.191)
x N (3.192)

So (as for energy fluctuations in the canonical ensemble) the relative particle number deviations

from the mean number are 7W x N 7%. This tends to 0 as N — oo. This means that

there are no particle fluctuations as N becomes large and thus (N) = N’ = N for large systems,
where N’ denotes the most probable particle number

Conclusions

The important conclusion from this is that the grand canonical ensemble, the canonical ensemble
and the micro canonical ensembles are equivalent. Therefore the grand canonical partition
function Z,(V,T) becomes

Z,(V,T) =Y "NtzZy(V,T) (3.193)
N=0
~ Nz (V, T) (3.194)

Here N’ is the most probable particle number which is of course equal to the mean. Thus the
logarithm of the partition function becomes

InZ,(V,T) = BN'p+1nZn (3.195)
(3.196)

The grand potential results from the free energy via a Legendre transformation Q = F — uN,
using that ' = —kgT'In Zns and Q) = —kgT'InZ,.

e With Q = —PV it follows FF = uN — PV. And from F = U — TS it follows that
U=TS5+4 uN — PV. This is the fundamental equation. All thermodynamic potentials
(U,F,Q, (G)) can be expresses in a bilinear form as products of extensive(S, N, V) and
intensive (7', u, P) state variables.
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3.9.2 Total Differential of Q2

dF(T,V,N) = pdN — PdV — SdT
Q=F—uN
dQ) = dF — d(uN)
= pudN — PdV — SdT — pdN — Ndu
= —PdV — SdT — Ndu
=dQ(p,T,V)

3.9.3 Gibbs-Duhem Equation
Since Q = —PV

dQ = —PdV — VdP
= —PdV — SdT — Ndu

it can be concluded that

0 =VdP — SdT — Ndp.

(3.203)
(3.204)

(3.205)

This is the Gibbs-Duheme equation which is the relation between all intensive differentials.

3.9.4 Derivation of g%fkry

The free energy is F(N,V,T) = N f(N,V,T). By construction f is intensive, it can only depend
on % =wv,s0o F(N,V,T) = Nf (%,T) = Nf(v,t), where v is the volume per particle. The

chemical potential p again is defined as

_or
- ON

I
TV

Nf(v,T)]
of(v,T)
ov

:aw[
- f(’l),T) -
= p(v,T)

The pressure P is

From this

P(v,T) =P (v(u,T),T)

=P(u,T)
OP| _ 0P| v
oplp Ov |p Oplr
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(3.207)

(3.208)
(3.209)

(3.210)

(3.211)

(3.212)
(3.213)

(3.214)
(3.215)

(3.216)
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So with 3.209 g—‘; . can be calculated.

ou|  of of O’ f
82f
— 2 L 21
v 52 i (3.218)
oP 82f
and therefore
o oP
With all of this 3.216 becomes
P 1
and
%P oL
K v.,T Hlr
1 ov
1 Ov

Going back to variables T, V, N and using the isothermal compressibility x7(P,T") this becomes

9*pP N2oV(P,T,N
o - v3( it ) (3.225)
o1, T,N
N2

3.10 Ideal Gas in the Grand Canonical Ensemble
The grand-canonical partition function was defined as

Z(p, V,T) = Y ’NrZ(N,V,T) (3.227)

N=0
(3.228)

The free energy was derived in section 3.7 as F(N,V,T) = kgT N ln(N‘??) —kgTN = Nf(v,T)

3
and the chemical potential is p = g—ﬁ = kBTln(NV/\i ) So the partition function becomes

Z i ! (V 5ﬂ>N (3.229)
= _ —36 .
S NN
- )\%eﬁu
— e (3.230)



And the grand potential 2 is

v
= —k:BT/\—?eﬁ“ (3.232)
= —-PV. (3.233)
and from that follows
—kgTN = —-PV (3.234)
PV = NkpgT. (3.235)

The ideal equation of state is equation (3.235).

3.10.1 Chemical Reactions

A bimolecular reaction is an example of a simple chemical reaction. Here two atoms react to
one molecule which can split back into the two atoms again: A + A = B. Examples are gases
like hydrogen H + H = Hs. Here puys and pup are the chemical potentials, V' is the volume and
T is the temperature. The partition function is

Z(pa, up, V,T) = Z Z ePNaraBNBks 7 (N4, V,T)Zp(Ng, V,T). (3.236)
Np=0Np=0

Here Z4 (and similar for Zp) are ideal gas partition functions,

Np
1 \%4
A(N4, V, T — . 3.237
o0 NA [e’e) NB
1 \% 1 \%
Z= Pra — — | ePrE 3.238
N;ONA' < Al > NZ Ng! ( Al ) ( )
7 = exp l s Y + eWB ] (3.239)
The expectation values of N4 and Ng are
(Na) = Na (3.240)
101n(Z)
=— 3.241
5 Oua (3:241)
= eﬁ‘“‘% (3.242)
>\tA
(NB) = Np (3.243)
= efrn % (3.244)
Y,

The chemical energy of the reaction 24 — B is given by Ay = pup — 2u4 (one B created, two
A destroyed).

Ng = ePfBrt2ua) 14 (3.245)
)\tB
Voo AL

= eBA“)\TNA 5 (3.246)

Np ( 4 )2 _Cs (3.247)

vV \N.) 3
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Here C'y = % and Cg = %.

CB BAH )\?A

— = —= 3.248
c3 ‘ AL ( )
=K (3.249)

This is the law of mass action, K is the equilibrium reaction constant. The concentrations
of components in a chemical reaction are related by power laws; The powers are given by the
multiplicity in the reaction. The total or maximal concentration of A is given by C4 + 2
Cp = CTOT (if Op = 0 then Cy = CF°T and if C4 = 0 then Cp = C5°7 o).

Cp
— K 3.250
(CTOT ZCp)2 (3.250)
2
% = C;{OT) +4(Cp)? —40pCTOT (3.251)
1 CTOT 2
0=(Cg)*~Cs (C};OT + 4K) + (A4) (3.252)
CTOT | 1 OTOT | 1 y2 TOT) 2
Cp= -4 2+4Ki (Ca 4+4K) —(A4 ) (3.253)

TOT
Since Cg cannot be larger than CA2 the negative root is the correct one.

Cio" + % 1 CFoT
Cp=—A 5 1K _ 4+ A

64K2 ' 8K (3:254)

So this is the concentration of the product.
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4 Thermodynamics

As already mentioned in Chapter ??, Thermodynamics (Thermostatics would be a better name)
describes macroscopical systems with the help of a few phenomenological rules which are called
the laws of thermodynamics. These rules are not mathematically derived, but rather are gener-
alisations or idealisations of experimental results. With these laws a large number of predictions
becomes possible. The advantage of Thermodynamics is the generality of the predictions, the
disadvantage is that material specific properties like the heat capacity of gases are not deducible.

4.1 Axiomatic Thermodynamic
Starting with the fundamental equation

U=TS—- PV +uN (4.1)
and taking the differential form

dU = TdS — PdV + pdN (4.2)

T(S,V,N), P(S,V,N) and (S, V, N) can be derived, so U(S,V, N) contains the complete infor-
mation and everything can be derived from it. T'(S,V, N) does not contain all the informations
since one would need the three functions 7'(S,V, N), P(S,V,N) and u(S,V, N) to reconstruct
U(S,V,N) - they are the slopes of the 3-dimensional function U along the 3 directions. Now
one can do the Legendre transform.

F=U-TS (4.3)
dF =dU —TdS — SdT (4.4)
= —8dT — PdV + udN (4.5)
dF(T,V,N) = —-S(T,V,N)dT — P(T,V,N)dV + u(T,V,N)dN (4.6)
So the above Legendre transform is performed by
o obtaining S(T',V, N) by inversion of T'(S,V, N)
o replacing S by S(T,V, N) so that
F(T,V,N)=U(S,V,N)-TS .
=U(S(T,V,N),V,N)—-TS(T,V,N) (4.8)

In fact F(T,V,N) does also contain the complete thermodynamic information, so do the
inversions V (T, F,N), T(F,V,N) and N(F,T,V): For example, from the expression for dF' the
expression for dV can be derived:

S

1 1%
T — —dF + ZdN. 4.
d Pd +Pd (4.9)

From this differential the functions 15;((?1;%)), P(T,F,N) and p(T,F,N) can be obtained.

There are many ways of formulating thermodynamics, but here the focus will lie only on the
most important ones.
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4.2 Equation of State and Response Functions
We again consider the differential of F
dF(T,V,N) = —S(T,V,N)dT — P(T,V,N)dV + u(T,V, N)dN. (4.10)

F(T,V,N) contains the complete information, the functions S(7,V,N), P(T,V,N), u(T,V,N)
however do not. They contain other useful information though and so they are called equations
of state and they are first derivatives of thermodynamic potentials. The following one is called
the thermal equation of state:

OF(T,V,N)
P(T,V,N) = ——————. 4.11
(T.V.N) Ak (411)
The functions P(T,V,N),V(P,T,N),N(P,T,V) are equivalent; in fact P(T,V,N) = P(T,v),
where v = % The so-called caloric equation of state can be derived from
dU =TdS — PdV + udN (4.12)
1 P I
- - il | VRt 4.1
dsS TdU+ TdV TdN (4.13)
N 1
95(U.V, N) = . (4.14)
oU T(U,V,N)
(4.15)

T(U,V,N) connects the variables T, U,V and N and is called the caloric equation of state.
Typically one writes U (T, V, N), which is derived by inversion. So in conclusion, first derivatives
of thermodynamic potentials are called equations of state. Now one can also take the second
derivatives. These give the so-called response functions. We again consider the thermal equation
of state

OG(P,T,N)
op

Here G = U —TS+ PV is the Gibbs free energy. Considering the total differential of V/(P, T, N),
we obtain

V(P,T,N) = . (4.16)

ov
dP + ——
TN oT

ov
dT' + —
PN ON

oV

dv = 2=
V@P

dN. (4.17)
P T

So the second derivatives of thermodynamic potentials describe how state variables change,
when other state variables are varied. These response functions are extremely important to
characterise systems, so they are very useful in applications and hence they are tabulated in
books. Now with this the isothermal compressibility xr can be written down as

~ 10V(P,T,N)

k(P T) = v ap (4.18)

_ OV(P,T,N)
—Vkr(P,T) = —ap (4.19)

9?’G(P,T,N)
— T. (4.20)

Now the expansion coefficient « is

10V (P,T,N)
PT)=—-———_—"—=. 4.21
a(PT) = (421)
(4.22)
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And the volume per particle is

dV(N,P,T) _ ONuv(P,T)

N = N 4.23)
=v(P,T) (4.24)
With that equation (4.17) can be written as
dV = —VkpdP + VadT + vdN. (4.25)
Hence differentials of equations of state define response functions.
4.3 Maxwell Relations
Again starting from the fundamental differential form dU = T'dS — PdV + udN:
OU(S,V,N)
T=—7" 4.26
55 (4.26)
=T(S,V,N) (4.27)
oU(S,V,N)
—P(S,V,N)= —————~ 4.28
(5,V,N) = S (129)
So since
0 ou 0 ou
il el - - 4.29
OV lsn 0Slyn 8S‘V,N oV lsn (4.29)
it follows that
oT(S,V,N OP(S,V,N
(5.V, ):— (5. V, ) (4.30)

ov oS

This is called a Maxwell relation (not to be confused with Maxwell’s equation from electrody-
namics), which relates derivatives of state variables. This concept is very powerful, but it can
be confusing, because there are many Maxwell relations. Just from U(S,V, N) many pairs can
be formed and there are many more:

F(T7 ‘/: N)’ G(T7 P7 N)’ H(S7 P? N)? Q(T7 ‘/’7 N) tte (4'31)

4.4 Adiabatic Processes and the Application of Thermodynamic
Calculus

The differential form of the first law of thermodynamics is (again)

TdS = dU + PdV — udN (4.32)
= AQ (4.33)
£ dQ. (4.34)

The last equation stresses that heat is not a potential! Adiabatic processes are processes where
no heat is exchanged with the environment, for example by doing the process as quickly as
possible, so nearly no heat can be conducted away from the system. To describe typical adiabatic
processes, such as compression of a gas, it is useful to switch the independent variables of S
from (U,V,N), to for example (V, P,N) or (V,T,N). To make calculations easier, the yN in
equation (4.32) is dropped, as N is constant most of the time anyway.
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4.4.1 From S(U,V) to S(P,T) and S(V,T)

From the caloric equation of state U(P,T), dU is written as
ou ou
dU = —|7dP + —|pdT.

From the thermal equation of State V(P,T), dV becomes

ov ov
dV = —| dP+ —| dT.
op | T ar|,
With this equation (4.32) becomes
ou ov ou
TdS = || +P2=| |dP+ | %= SAS
[GPT+ oP |7 +{6TP+ aT
Alternatively, T'dS can be written in terms of dT" and dV'.
ou ou
TdS = —| dT+ |P+ —| |d
5= o § +{ + 5 T] 1%

ov

| ar
P

(4.35)

(4.36)

(4.37)

(4.38)

The expansions (equations 4.37 and 4.38) are the total differential of dS in terms of the non-
canonical variables P,V and V,T. In contrast to dS in terms of U and V they do not contain

the complete thermodynamical information.

Obtaining the Heat Capacity

The heat capacity at constant volume is defined as

AQ

v =37,

Using equation (4.38) and that AQ = T'dS, we find

ou
Cy = —| .
VT ooTy
The heat capacity at constant pressure is
AQ
Cp=—| .
P= AT,

Using equation (4.37) and again that AQ = T'dS we thus obtain

vl pov
AU + PV)
oT

OH

AT |p

Cp =

P

o1

(4.39)

(4.40)

(4.41)

(4.42)
(4.43)

(4.44)



Here H = U + PV is the enthalpy. For an ideal gas U = %k‘BTN and hence

ou
= — 4.4
= arl, (4.45)
- ng N (4.46)
ou ov
- = P 4.47
T T (447
)
= §NkB >cy. (449)
(4.50)
In deriving equation (4.48) the equation of state
PV = NkgT (4.51)
ov Nkp
) =122 4.52
T oT|p T P (4.52)

has been used. So in general cp > cy, because part of the absorbed heat is converted to
mechanical work.

TdS equations

Now the task is to relate the prefactors in equations (4.38) and (4.37) to response functions.

10U P 10U
dS = ——| dT — 4+ —— |dV 4.53
T 0T |y +<T+T6VT) (4.53)
Using
028 0?8
= 4.54
orov.  ovoT (4.54)
this yields
0 10U 0 P 10U
— == = = — 4+ —— 4.55
oV | TOT |, 8T’V(T+T8VT) (4.55)
1 9°U 1 ou 1 0P 1 9°U
———=—— | P+ — = = 4.56
T OvVoT T2( +8VT>+T8TV+T6T8V (4.56)
ou oprP
P+ —| =T—| . 4.57
tovl. = tarl, (4.57)
The second step now is to relate %‘v to something already known.
ov oV
dV = —| dT'+ —=| dP 4.58
ar |, Tt apl, (4.58)
av 5
dP = o' — — g@’P dT (4.59)
oplr  GplT
With that the derivative of P with respect to T' can be rewritten as
oP %‘P
—lv=-2 (4.60)
T oV
o
= 4.61
- (4.61)
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With all of this

aU oP

P+ =12 4.62
¥ e =T )y (162)

Ta

i 4.
o (4.63)
Therefore
T

TdS = eydT + ~2dv (4.64)

RT
TdS = cpdT — TV dP. (4.65)

Where the first one was derived above and the second one is left as an exercise. These so-called
TdS equations are important since for adiabatic processes T'dS = 0.

4.5 Different Ways of Expanding a Gas

There are many different paths of expanding a gas from an initial Volume V; to a final volume
V¢ > V;. The mechanical work W performed by the gas is

V.
w= [Py (4.66)
Vi

Pt >

Vi Ve
Vv

Figure 4.1: P — V diagram of an expanding gas from initial volume V; to final volume V;. Green lines are
isotherms and blue lines are isochors (vertical) and isobars (horizontal).

Here it can be assumed that the state changes are slow, so that the equilibrium holds and
T(P,V) is given by the equation of state. So the path 1 can be assumed to be an isothermal
expansion (P = %) The work W1 along this path is

Vi
W' = NkpT 4 (4.67)
v, V
1%
= NkgTln (F) (4.68)
Vi
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Obviously path 2 and 3 are not isothermal

NkpT V,
W2 = P(V; — Vi) = —2= = NkgT (f - ) (4.69)
Vi Vi
NkpT ;
W3 = Pp(V; — Vi) = —2~ = NkgT |1 — Y (4.70)
Vi Vi

Clearly W2 > Wl > W3, since%—1>ln(vvf) >1—%0rm—1>1n($)>1—%forx>1.
It can be clearly seen that the work is not an exact differential, since W;_, s is path dependent.
So the total work Wit done in a cyclic process is

Wios = f AW (4.71)
- f Pav (4.72)
20, (4.73)

This is the area of a cyclic process in the PV diagram, so the work done is not a state function.
Because of that a work function W (P, V') has no meaning.

4.5.1 Conclusions

e For a closed contour integral over the first law of thermodynamics

dU = AQ — AW (4.74)

we have

f dU = 0. (4.75)

Thus, it becomes clear that heat is also not a state function, since in general

7{ AQ = }{ AW (4.76)
£0 (4.77)

« In this example, it also becomes clear that Uy —U; = 0 and with that the absorbed heat @
is equal to the work W performed along the isotherm for an ideal gas, since U = %N kT
(for an ideal mono-atomic gas).

e For a thermally insulated system, so that AQ = 0, it can be seen that

dU = —AW (4.78)
= —dW (4.79)

and the differential work becomes an exact differential.

4.5.2 Adiabatic Expansion of an Ideal Gas

Now a third T'dS equation can be derived. Inserting

1 KT
dl' = —dV + —dP 4.80
oV + « ( )
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into the first (equation (4.65)) and second (equation (4.65)) T'dS equation yields

T
TdS = YL gp + (CV + O‘) av (4.81)
a oV kp
and
Tds = L av + (CP T aTv> dP. (4.82)
aV
Comparing the coefficients of dP yields
VT _SPET a1V (4.83)
o o
T
cp—cy = aQ—V. (4.84)
KT
Comparing the coefficients of dV also yields
cy T cp
Bl T 4.85
oV kp aV ( )
TV
cp—cy =’ —. (4.86)
KT

Inserting either of equations (4.84) or (4.86) into either of the modified T'dS equations (4.82) or
(4.82) yields
Tds = L gp 4 L gy (4.87)
o aV
This now is the third T'dS equation. It can be used to describe an adiabatic process (T'dS = 0).

1ds = Y ap + L gy (4.88)
Q aV
-0 (4.89)
For the ideal gas we have
10V
-7 4.90
T Ty oap|, (4.90)
1 ONkgT
=— — 4.91
V. 0P |r ( )
NkgT
=+ p2 (4.92)
1
—— 4.
= (493)
For a monoatomic, ideal gas
3
cy = iNkB (4.94)
5
cp = §Nk‘B (4.95)
which are independent of V' and P. Inserting these expressions into equation (4.89) this yields
dP dv
> 2 4.
=Ty (4.96)
In(P)|} = —y n(V)|/ (4.97)
Py V;
In{—=|=—-yIn|— 4.98
0 ()= (Vf) (4.98)
Py (Vi)
=1 . 4.99
7= () (4.99)
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This is the adiabatic equation and v = 2—5 > 1 is the adiabatic exponent. Since v > 1 the
adiabatic P(V') curves fall off faster than the isotherms. The temperature decreases during this
adiabatic transformation. So for the ideal gas we find

y=F (4.100)
Cy
5
_2 4.101
° (4.101)

which can be used to describe the Carnot process.
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4.6 Carnot Process

The Carnot process is the idealisation of real heat engines which convert heat into work. The
P — V-diagram can be seen in figure 4.2.

T, = const.
T1 = const.
AQO=0
AQ=0

Figure 4.2: P-V-diagram of a typical heat engine / Carnot cycle

The cycle consist of four steps (colours refer to figure 4.2).
o a — b: isothermal expansion at T (green)
o b — c¢: adiabatic expansion (light blue)
o ¢ — d: isothermal compression at T < T (blue)
e d — a: adiabatic compression (red)

Figures 4.3 and 4.4 show these four steps again in a semi-realistic realisation with a cylinder
that is periodically connected to two different heat reservoirs. As a result heat is transferred
from the hot reservoir (77) to the cold reservoir (73).

STEP 1 (a — b) STEP 2 (b — c)

v

Ty V,P 15 Ty 15

N NN
N R NN

7
22027722222727722727

Figure 4.3: Carnot process steps 1 and 2: isothermal and adiabatic expansion. (In step 2 the cylinder is
thermally insulated - shown with the cross-hatching pattern).

o7



STEP 3 (¢ — d) STEP 4 (d — a)

s 20207 A R
71777777 2227277, 7 7777 17777777
77777777 2222277 27777777 17227777
77777777 2027777, 77777777 17777777
77777777 2222277 17777777 17227777
77777777 2022777, 77777777 17777777
72777777 o 17777777 17727777
11707777 2222777, 77777777 12777777
72777777 V2222277 27277777 27727777
77777777 2022277 27777777 /| /1 12707777
77777777 2227277, 77777777 7| 7 77727777
77777777 2222277, 17777777 7| Y 12227777
77777777 2227777, 77777777 7| 7 17727777
77777777 2222277 17777777 7| Vi 17727777
77777777 2022777, 77777777 7| 7 17777777
77777777 2222277 17777777 7| Vi 17227777
1777777 2022277, 77777777 7| 7 /7777777
72777777 o 17277777 7| 7 27727777
77777777 2022077, 77777777 7| 7 12777777
72777777 22222772 27277777 7| 7 17727777
77777777 2222277 17777777 7| 7 12707777
77777777 2227777, 77777777 7| 7 17727777
77777777 2222277 17777777 7| 7 12727777
71777777 2727277, 77777777 7 17727777
72777777 2222277 17777777 7| Vi 17727777
77777777 2027777, 77777777 7| 7 17777777
72777777 o 17777777 7| 7 17227777
17777777 2022777, 77777777 7| 7 /7777777
1 sr2777777 V7777777, 2 1 17777777 7| /| rr777777. 2
12277777 20222770 77777777 7| ) v /2707777
72777777 V2222277 27277777 7| 7 27727777
77777777 2022277 17777777 7| Y 12727777
77777777 2227277, 77777777 7l 7 17727777
72777777 2222277 17777777 7777777777777 77777777 12727777
77777777 2027777, 77777777 17777777
72777777 2222277 17777777 17727777
77777777 2022777, 77777777 /7777777
72777777 o 17777777 27727777
17777777 2027777, 77777777 /7777777
72777777 22222772 27277777 27727777
77777777 2222077, 77777777 12777777
72272277 /722222272 27227277 27227777

Figure 4.4: Carnot process steps 3 and 4: isothermal and adiabatic compression. (In step 4 the cylinder is
thermally insulated - shown with the cross-hatching pattern)

As in every cycle the integral over U is zero
f U =0, (4.102)
it follows that
fAW = Wtot (4103)
= Q1+ Q2. (4.104)
In the adiabatic processes no heat is absorbed.
Here Wy is the total work done by the system. This is equivalent to the area within one cycle

in the P — V diagram. @ is the heat absorbed from reservoir 1 (which has the temperature
T1). Q2 is the heat absorbed from reservoir 2 (which has the temperature T5). Further

7{ s =0 (4.105)
— Ql/T1 + Qz/T2 (4.106)

and thus

Q=71 (4.107)

Wiot = Q1 — 7 Q1 (4.108)

~ 0 (1 _ T2> (4.109)
= Q. (4.110)

Here n = % =1- % is defined as the efficiency of the heat engine; it is the net work done

per absorbed heat from the hotter reservoir. Since 0 < % < 1, it can be seen that 0 < n < 1.
Wiot is larger, the smaller 75 is. For 15 = T} the work and the efficiency are zero.
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4.6.1 Principle of Cogeneration (of Heat and Electricity)

The idea is to heat a house as efficiently as possible. In the house is a tank with natural gas to
burn and below the house ground water can be found. By just burning the gas per one Joule
of burned gas the house is fed with (obviously) one Joule of heat. By using a Carnot engine
this can be done much better: The first idea would be to just burn gas in a heat engine and
use the electricity to power other appliances. The room is at 77 = 313K and the gas burns at
Ty, = 873K. The efficiency of the heat engine is

n=1-"0 (4.111)
= 0.64 (4.112)

So for every Joule of chemical energy 0.64J go into mechanical (quasi electrical) work and 0.36.J
go into the house. But this can be improved further: The 0.64J can be fed into the heat pump to
transfer heat from the ground water at 283K to the house as well. The coefficient of performance
can be calculated via

Ty
- 4.113
n Ty —T ( )
313
= 313-283 (4.114)
=10.4. (4.115)

This means that for every one Joule of electric power 10.4 Joule of heat can be transferred.
Using the 0.64J of electricity from above to power this ground-water-based heat engine

E =0.36J +10.4-0.64J (4.116)
~ 6.7J (4.117)

of heat can be transferred to the house per one Joule of burned gas. This seems like a violation
of energy conservation, but it is not to forget that the groundwater actually became a lot colder
by doing this. This is where the energy comes from. There is just a huge amount of ground
water, so the effect is not really noticeable. These systems are used in many private and public
buildings. The process is called co-generation (of heat and electricity)

4.7 Transfer and Creation of Entropy

Now we discuss why real engines are less efficient than the idealised Carnot process. AQ is the
heat transfer from reservoir 1 at T3 to reservoir 2 at T5. The two reservoirs are connected via a
wire that conducts heat (see Fig. 4.5).

T1 T2

N
I N N N NN
R NN
NN NN NN

Figure 4.5: Two reservoirs with temperatures 77 and T can exchange heat and entropy via wires. (The stripy
pattern represents thermal insulation).
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4.7.1 Reversible Case

The entropy changes in the reservoirs are AS; = —% < 0and ASy = —AT? > 0. For T1 =15
the total entropy change ASiot = AS; + ASy = 0 is zero. This is an example of a reversible
heat transfer. Heat is transferred, but the total entropy stays constant. The second law of
thermodynamics allows these kinds of reversible processes to happen.

4.7.2 Irreversible Case

Opposite to the reversible case, here the assumption is that 77 > T5. The heat will low from
the hot to the cold reservoir. AQ is so small that 77 and T5 stay quasi constant. The entropy
however increases:

ASior = AS] + ASs (4118)
1 1
~ AQ (T2 _ Tl) (4.119)
T =T
2 (4.120)
>0, (4.121)

and thus this process is irreversible. Note that the opposite process, i.e. heat flowing from the
cold to the hot reservoir, would increase the entropy and is not allowed.

4.7.3 Comments

e The Carnot process is reversible if no heat leaks from the hot to the cold reservoir.

e The heat flow from the hot to the cold reservoir without the conversion to mechanical
work is the main reason for the low efficiency of real heat engines.

e There is no heat engine with a higher efficiency than the Carnot engine.

4.8 Extremal Properties of Thermodynamic Potentials

e In an insulated system the entropy S(U,V, N) is maximised, as shown in section ?7.

o If energy transfer is allowed between a small system and a reservoir (see Fig. 4.6),

dU = TdS — PdV + pdN (4.122)

s = %dU + gdv - %dN (4.123)

Stot = S(U1,Vi,N1) + S(U — U1,V — V4, N — \y) (4.124)
— S(Uy, Vi, Ny) + S(U,V, N) — % (4.125)

— S(UL, Vi, Ny) — % (4.126)

- —%(U1 —8T) (4.127)
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LIIIIIIIIIIII SIS IS IS IS IS
1777777777777 777777777777777777
1IIII I,

7

’
777
7

YIIIIIIIIIIIIIII I 7777777777777

Y
R Y

Figure 4.6: A small reservoir in heat contact with a reservoir (The stripy pattern represents thermal insulation).

So from the second law of thermodynamics follows that S; — % is maximised. And thus

Uy — TS is minimised. The free energy F' = U — T'S is minimised when T, V, N are fixed.

o Now entropy transfer and volume transfer are allowed: V; and U; can change (see Fig. 4.6):

Stot = S(U1, Vi, N1) +S(U - U,V — Vi, N — Ny) (4.128)
u, WP
— N)—- = -~ 4.12
E;], _+_ t;'( 1;77 ‘/}; ) Clj fzﬂ ( E))
The total entropy Siot is maximised, and thus T'S7 — Uy — V1 P is maximised. With that
the Gibbs free energy (free enthalpy) G(T', P, N) = U —T'S+ PV is minimised for a system
at fixed T, P, N.

i
77777777777

N
N
N
N

V-w
Uy U-U;

7777777777777777777777777777777777
ey
ey
ey

SANYNUNNNNNNNNNNNNNY
FA:

NN
Y

Figure 4.7: A small reservoir in contact with a reservoir, but now V; and U; can change (The stripy pattern
represents thermal insulation).

4.9 Thermodynamic Description of Phase Transitions
Simple substances can exist in one of three phases, solid, liquid, vapour (gas).

P

N

solid 1

liquid

triple point gaseous

R 4

Figure 4.8: Example of a phase diagram.

Along the lines in the diagram, two phases coexist, here are two solutions to the equation of
state with different volumes v = % per particle. On the two-phase coexistence lines, the system
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splits into two coexisting phases (phase separation / phase equilibrium). At the triple point all
three phases coexist. At the critical point the difference between two phases (liquid/vapour)
vanishes.

4.9.1 Thermodynamic Stability at the Phase Transitions

Consider a two phase system like liquid-vapour at constant 7" and P. As shown in section 4.8, at
constant T, P, equilibrium is characterised by a minimum of the Gibbs free energy (free enthalpy)

G=U-TS+ PV (4.130)
Now let N = N; + Ng, where N7 is the number of particles in phase 1 and Ny the number of

particles in phase 2.

G = Nlﬂl + NQ/,LQ (4132)
= Nipi1 + (N — Ni)uo (4.133)

This can be minimised with respect to Ny

oG 0

N, 87N1(N1M1 + (N = Ni)p2) (4.134)
= p1 — p2 (4.135)
|
Lo. (4.136)

We see that in equilibrium the chemical potential has to be equal for the two phases.

4.9.2 Clausius-Clapeyron Equation

Consider two coexisting phases ¢ = 1,2. For each phase we can write

dGZ = —SidT + Vzdp + ,UidNi (4.137)
= d(piN;) (4.138)
S; Vi
dy; = ——dT + —dP. 4.140
[ N T+ (4.140)
With the definition of the total differential this yields
Opi Si
=—— 4.141
oT |p N; ( )
O Vi
= — 4.142
OP|p N; ( )
I(p2 — ) (52 S1 )
== - = 4.143
oT P Ny N ( )
= —As (4.144)
Here s = % is the entropy per particle.
O(p2 — 1) Vo, W
e PO 2 2 4.145
OP 7 No N ( )
= Av (4.146)
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Here v = % is the volume per particle. With Ay = po — pg and using the differential chain rule

this becomes

8aAT”‘ As
P _ _="
> AM‘ = (4.147)
Pt
dP.o(T) 0P
A T s (4.148)
As
= —_— 4.14
Ao (4.149)

With Agq; = T'As, which is the latent heat required for the phase change, this becomes

cho _ AQZ'
(1) = = (4.150)

This is the Clausius-Clapeyron equation.
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5 Statistical Mechanics of Real Systems

5.1 Virial Theorem

Now considering a real gas of interacting atoms, again N denotes the number of gas particles.
The Hamiltonian is

H = Hkin + Hpot (51)
i = > 0 (5.2

Hpo =Y. > [ — ] ax (5.3)

Here the parameters aj; give the strength of the potential and n denotes the exponent of the
power law interaction. With this, different scenarios can be considered.

o Gravitation, where n = —1 and a;; oc —mjmy,
e Omne-component plasma, where n = —1 and aj; ¢?; q is the particle charge.
o Two-component plasma, where n = —1 and a,; & g;jqx; g; is the charge of particle j.

This model is very general, as this is a power law interaction model and n can be any arbitrary
number. The partition function Z is given by

1 ﬂ l 30 [ CPi | (B(Hnt Hyor)
7z =— / d qj/] e P\ kinTHpot), (5.4)
Nty &

An important note is that Z cannot be calculated explicitly. However some interaction infor-
mation can be obtained analytically. For this it is useful to rescale T',p and ¢, using a rescaling
factor of A, according to

T =\"T (5.5)
q=A
p=X2p (5.7)

This rescaling is constructed so that the Hamiltonian stays invariant under this rescaling.

2 =2

gy + (65 — @) gk g+ (3 — Qo) agk (5:8)
kBT B kBT '
The integration boundaries however do change as
L X
/ dg = Adg (5.9)
0 0
L
= Adq (5.10)
0
L=\L 5.11
V=MV, 5.12)
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Here L is the length of a cube with volume V. Now the partition function in rescaled coordinates
becomes

1 Bp; sn] _ Hen®tipo @
2V TN =511 [ : dgﬂsf?fl a7 (5.13)
N! i h
= N+ Z(V, T, N) (5.14)

This A factor has no physical mef%ning, it is just a scaling factor. Now from the three variables
V,T, N three new variables VI'"», T and N are defined; with those the partition function can
be written as

Z(V,T,N)= (VT =,T,N) (5.15)
= (MBVT=A3, A", N) (5.16)
= (VT2 AT, N). (5.17)

Here h is an unknown function and it can be seen that X\ only appears as a pre-factor to 7.
Since Z is proportional to N*¥N(*32) the partition function must have the functional form

3N(1+%) -~ 3

Z(N,V,T) = (\"T)n  ¢p(VIT~n,N), (5.18)

where ¢ is another unknown function. This formula for Z is exact, as no approximation were
made. The scaling factor A was used to reveal certain symmetry relations but can well be set
to A =1 now. With that Z becomes

3N(1+%)

Z(N,V,T) =T ¢(VT =,N) (5.19)

And from that it can be concluded that the free energy reads

3N
F=—kpT |~ <1 + Z) In(T) + In (gb(VT—fG))] (5.20)
oF
P=—-— 5.21
V| (5.21)
¢ \VT™n
= kgTT » ) (5.22)
¢ VT*E)
oF
S=—-— 0.23
oT |y (5:23)
3
F 3N a1 3 s, ¢ (VT‘E)
= kT2 —(1+ =)= — kpT-T ="'V (5.24)
T 2°T ® (VT*%)
by comparison with equation (5.22) this yields
F 3N n 3V
= kgt (14 2)=22p 2
T—‘ran <+2> T (5.25)
and with
F=U-TS (5.26)
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this becomes

3N 3 (VT
U =kpT |— (1 + ”) - —VT‘%LJ (5.27)
n 2 n p(VT )
3N 3
— kT2 (1 + ”) ~2yp (5.28)
n 2 n

This is an exact relation between U,T, N,V and P for an interacting system. It is not an
equation of state, as it depends on 5, state variables. This is called the virial theorem. For

n = —1 (gravitational or Coulombic systems this becomes)
kTN
U2 32 +3VP (5.29)
(5.30)
For a vanishing interaction n = 0 it becomes
3 3N
3N
kTN = VP, (5.33)

which is the equation for the ideal gas, which is what was expected.

5.2 Virial Expansion

This virial expansion is a perturbative analysis of a real gas. This chapter is also about pertur-
bation theory. The partition function for an interacting gas is

N 3, . 13
1 &’p;id’q; | _gm,.
Z(N.T.V) =+ H1 V — J] ¢~ (Hian+Hpor) (5.34)
]:
Ny
_ !
Hyin = l:zl 5 (5.35)
N N
Hpot = Y > w (g — ) (5.36)
I=1 k=I+1
Here w(q) is an arbitrary pair potential. The momenta can be integrated out exactly.
1 d3q; _gyN _
Z(N,T,V) = N'H/Atgfe B vl (5.37)
J
Here )\; is again the thermal wavelength. Now switch to the grand-canonical ensemble.
[e.9]
Z(w,V,T) = Ntz (V,T) (5.38)
N=0
The grand canonical equation of state was previously derived as
PV =kpTIn(Z(u,V,T)) (5.39)

66



Statistical Mechanics of Real Systems

and also

19In(Z (p, V,T))

N=-Z-
B o

(5.40)

Z = eP is called the fugacity and with this the grand-canonical partition function from equation
(5.38) can be written as a power series in z.

Z(u, V,T) = i N Zn (V,T) (5.41)
N=0

With that the equation of state can also be written as a power series.

PV
o0 l
= V; (g) b (5.43)
i ZNZN] (5.44)
=0

With Zy = 1 the first few terms can be written as

=In[l+4 22, + 2°Zo + 2323+ .. ] (5.45)
using the Taylor expansion for In (1 + €) this yields

— 27 + 22 <Z2 - ;Z12> 428 <23 — 27y + ;)Zi‘) +0 (=) (5.46)

By comparison with the definition from equation(5.43) the coefficients of b; can be read of as

by = X L7 (5.47)
o

by = Lvt <22 - ;2%) (5.48)

bs = A (23 — 717y + 123) (5.49)
v 371 '

by=.... (5.50)

Using the Mayer function fio = e #%(@1-9) _ 1 the Z, become

7, = d;fl 0 (5.51)
_ % (5.52)
Zy = 2“6 / B d’gpePra—e) (5.53)
= 2“6 /d3q1d3qg(1 + fi2) (5.54)
Z3 = eV /d3q1d3q2d g3 (1+ f12) (1 + fa3) (1 + f13) (5.55)
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and finally the coefficients b; follows as

by =1 (5.56)

1 [ dPqd
by = 5/%]”12 (5.57)

3. 73 13
bs = fli/dqququg[(l""fl?) (1+ faz) (1 + fi3) =3 (1 + fi2) + 2] (5.58)

3 3 13
— é/dqwlvm[fufzsflg + fiafoz + fiofis + fo3f13] (5.59)

1 [ dBPgd3god®
= E/W[fufmfw + 3 f12f23]. (5.60)

With this N becomes
10 (Z ()

N 5.61
3 o (5.61)
1 In (Z
B ou 0z
0ln(Z(z))
=y 5.63
Py (5.63)
With the concentration being defined as
N
== 5.64
=7 (564
this becomes
oo l
z
Iy <3) b (5.65)
=1 Ay
c~bz+62(z>2+ (5.66)
~ 01 )\? 2 )\? . .
c 2 3
33 O e’ 0() (5.67)
P z 2 \?2 z\?>
— == —= | bb+O||—= 5.68
kpT A§+(A§) 2+ ((A?> > (568)
=c—by? +0 (c3> : (5.69)

The leading term is the ideal gas law and the correction term is proportional to —byc?. With
the model of hard spheres with diameter d this becomes

bp=1 (5.70)
1 dSQldng —Bw(q1—q2)
by = 5 / — (6 — 1) (5.71)
14n
Sl .72
573 (5.72)
1

Here ve, = %”d?’ is the excluded volume. And with all of that kBLT becomes

—_— 76$ -4
T c+2v c+0(c) (5.74)

So the first correction to the ideal gas law is proportional to the excluded volume of the hard-
sphered particles.
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5.2.1 Side Note on the Inversion of Power Series

[e.e]

c= Zdlzl (5.75)
=1
Starting from the Ansatz
z = Z ! (5.76)
=1

and inserting it ¢ becomes

c=dyz + dy2® + d32> (5.77)
2 2 2
=di (mctnac® +..) +dy (nicmac +..) 4 (5.78)
=dinic+ (leLQ + dQTL%) 2 + ... (579)
(5.80)
By equating the coefficients this yields
dyng = 1 (5.81)
dins + don® =0 (5.83)
d 2
ng = — 24 (5.84)
dy
do
=—— 5.85
5.3 Van-der-Waals Equation of State.
The typical pair potential w(r) (figure 5.1) of a real gas is
00 |r <D
r) = s 5.86
w(7) {_U’O(e) > D (5.86)
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Figure 5.1: Typical pair potential (Here for example: D = 2, s = 2)

The first non-trivial virial coefficient is the second one, which becomes
1 o0
_1 / dramr? (1 ¢Pu) (5.87)
(2)°
= 271/ drr? + 277/ drr? ( eFBT > (5.88)

The second integral can not be solved in closed form as it will result in a gamma function. So
rather weak attraction can be assumed and

Wo

— <1 .
5T < (5.89)
2T 3 _orpS MO /Ood 2-s, .
a2 = T rr (5.90)
For s > 3 the integral converges and it can be written as
2 2 wo
=D} —_Dp3 — 5.91
“2=73 s—3" kpT (5:91)
with
27
= D3 .92
a=_—3 (5.92)
2
b=""p? (5.93)
3
this becomes
/ a/
=b - 5.94
ay P (5.94)
(5.95)
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Which is now the second virial coefficient. It can be plugged into the virial expansion.

_ = 2
T ¢+ asc (5.96)
_ _ ¢ 2
=c+ (b k:BT> c (5.97)
P = ckgT + (bkpT — a) c? (5.98)
P +d'c? = ckgT (1 + be) (5.99)

with the expansion for 2~ ~ 1 + € + O (%) this becomes

C/CBT
~ 5.100
1—bc ( )

kT
Ptdc=": 101
+ad'c T be (5.101)
(P + acQ) (1 —bc) = ckpT (5.102)
(5.103)

With ¢ = % this becomes the Van-der-Waals equation of state.
aN?

<P+V2> (V—VN)=NKgT (5.104)

5.3.1 Conclusions

o In the ideal limit (wp — 0 and V' — 0 and from that results that a = b = 0 and the
Van-der-Waals equation of state becomes the ideal equation of state.

e The real volume V,e,) =V — DN is reduced by the volume of particles.

e The real pressure P,y = P + a‘%z is increased by the attraction between the particles, as

as o< woD3.

Equation (5.104) can be rewritten as

NkgT ¢N?
P= - 5.105
-1 (5.105)
which is plotted in figure 5.2.
P
Pc

T>1Tco

T="T:
T <To

Ve 1%

Figure 5.2: P-V diagram of the Van-der-Waals equation
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So there is a finite range of volume for T' < T, within which the volume goes up when the
pressure increases. As a negative compressibility is unphysical, the Maxwell construction is used.

dF = —SdT — PdV
With a constant T this becomes

= —PdV.

Hence the free energy difference between two volumes Vi and V5 along an isotherm is

Va
AF = —/ P(V)dv
Vi

The AG for two system parts with the same P is
AG = AF + Ph)AV

Vs
:/ (Py— P (V) dV
\%1

=0
This is the equilibrium condition at phase coexistence.

I

v

(§
L4

(5.106)

(5.107)

(5.108)

(5.109)
(5.110)

(5.111)

Figure 5.3: V-P-diagram. The two areas A; and Ay must be equal: only then the integral becomes zero.

h 42

The region with 77 > 0 is never observed, because the system splits into two volumes V;
and V5 at pressure Fy. These so called binodals limit the two-plane coexistence region. Below
the critical temperature T" < T, there are two planes and there are volumes, where the slope
is zero, there is a volume where the curvature is zero. At the critical point the slope and the
curvature are zero. This is how the critical point can be found. So from equation (5.105) the
volume, temperature (up to a factor of kp) z/md the pressure at the critical (¢) point Q. are

/ S o
Veritical = 3V'N, kple = ﬁ% and Prritical = Z;ZW-
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6 Quantum Statistics

6.1 Quantum Theory

There are a number of experimental discoveries that led to the development of quantum theory.
One of them is the photo electric effect, where an electron is emitted from a metal surface when
hit by radiation, which suggested that the energy is quantised by h with £ = hv. The second

one was the electron diffraction experiment which resulted in A = %. In classical mechanics

Newtons equation of motion describes the energy E of a system E = %. This can also be
applied to waves. The simplest possible wave is a planar wave
U(z,t) o elhe—wt) (6.1)
with the momentum
h
P= (6.2)
(6.3)
Here k = 27” and h = % With w = 27v the energy can be written as
FE=hv = hw. (6.4)
And thus the Schrédinger equation emerges:
ov h? 0%?W
h— = —— 6.5
T 2m Oz (6:5)
With an external potential V' the energy becomes
p?
E=—4+V(x). 6.6
2+ vi) (6.6)
And the stationary Schrodiger equation is
E, U, (z) = HY, (z), (6.7)
with the Hamiltonian
. h? 02
H=—-——— :
2m Ox2 Viz) (6:8)
6.1.1 N-Particle Wave Function
The N-particle Hamiltonian reads
. 2N N N
H:%ZV?+ Zu(ﬂ») + Zv(ﬂ—fj) : (6.9)
=1 i=1 i=1

external potential interaction potential
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The Schrodinger equation becomes
B, (7, ..., 7N5) = By Un(fi, ..., 7x) (6.10)

Pauli 1940 in his famous paper (Physical Reviews 58, 716) introduced a permutation operator
P;;, exchanging the ith and the jth particle.

Py, (F1, oy oo Ty oo TN) = (P, Ty ooy Ty e o TN) (6.11)

Clearly double application of P results in the original order.

A

PR (7, Ty Ty ) = W (P, Ty T, TN) (6.12)

But how is this interesting? Assuming that ¥, is an eigenfunction of ]5, with the eigenvalue of
P? being 1, in principle the sign in front of ¥ after application of P can be either plus or minus
one, i.e.

Py, (P, Ty gy oo s PN) = O (FL, Ty oo Ty TN (6.13)

The sign tells what kind of particles one is dealing with.

’ Sign ‘ Spin ‘ Particles ‘
+ integer bosons (photons, phonons,He* atoms, Li, Na, oY)
— | half integer fermions(electrons, He? atoms, .. .)

Table 6.1: Particle overview, sorted by spin and sign of U after application of the permutation operator

Consequences for fermions

A product wave function can be expressed as

Var,a0,.) (T -+, TN) = B(ar) (T1)Da) (T2) - - - Dan) (TN) (6.14)

Where o are quantum numbers characterising the N particle state. Assuming the fermionic
case, P can be applied.

Pijdan)(F1) - ban) (75) - - Day) (75) - - Ban) (FN) (6.15)
= —Pa1) (1) -+ P(a) (T7) - D(a)) (T7) - - Dan) (TN) (6.16)

If the particles ¢ and j are in the same quantum state o; = o; = « then

A = = l = =
Pijba; (75)bo; (75) = —¢a; (75)Pa, (77) (6.17)
= ¢0[j (Fj)qsaz ('FZ) (6'18)
Which would result in 1 = —1 which means that the assumption was wrong. So what this

shows is that all particles, that have a negative sign when the permutation operator is applied,
can never be in the same state. This is called Pauli’s exclusion principle, which states that all
fermions must be in different states.

In the occupation number picture n, is the occupation number of state a with the normalisation

N=) nq (6.19)
a=1

For fermions there can be either one or no particle in any state, n, = 0, 1. For bosons however
there can be any number of particles n, = 0,1,2,3,... in any state at the same time.
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6.2 Boson and Fermion Statistics: General Results

A quantum system of N particles is characterised by the occupation numbers n; of state i and
single particle energy levels ¢;. The total number of particles N is

o)
N=> n,. (6.20)
i=1
And the Hamiltonian H is given by

{nz} anfz (621)

The partition function Zy is the sum over all distributions n;:

=) e ), (6.22)
{n:}

And the grand canonical partition function Z(z) becomes

N=0 {n;}

=3 p2me i (6.24)
{ni}

=3 S A e (6.25)
niy n9

= Z ZFMePam Z ehenz (6.26)
ni ng

so this factorises completely. For fermions this becomes

1 1
= Z e Pam Z ZM2ePem (6.27)
n1=0 no=0
= (14 ze P) (1 + ze Pe2) . .. (6.28)

And the grand canonical partition function for fermions becomes

o0

Z(z) = [J(1 + ze~F<) (6.29)
=1

For bosons the grand canonical partition function is

Z(Z) _ z pesa! 6—ﬂ61n1 Z Z'fl26—/3€2n2 L. (630)
n1=0 nz2=0
Z ZMePam — 1 4 zePa o (zemP)2 4 (ze7F)d 4 (6.31)
n1=0
1
=1 o Pa (6.32)
1 1
Z(z) = . e (6.33)

1—ze B 1—zeba
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And the grand canonical partition function for bosons becomes
= 1
Zz)=|| ————— 6.34
@=11— (634

There is a problem, when ze™?¢% — 1 as Z diverges. This results in a phase transition, the Bose-
Einstein condensation. So the grand canonical partition functions Z(z,T,V) are calculated
exactly for bosons and fermions. And from these all thermodynamic relations can be calculated.
The mean occupation of energy level m is

Sy 22k e 2 G
) = A 6.35
<"Il ) an Zanke_IBZj €515 ( )
10 Y
=55l (% kg B, ) : (6.36)
_ 19l(z)
(nm) = ~3 0, (6.37)
In(Z) = + i In(1 4 ze~F) (6.38)
=1

Here the equation with the plus sign is true for fermions and the one with the minus sign
corresponds to the bosons.

_ﬁem
ze
(nm) = 1+ ze Bem (6.39)
1
i T——— (6.40)

This is the distribution function for fermions and bosons. The total particle number is

N =) (nm) (6.41)

1

I (6.42)
%: ethemz=1 +1

And the internal energy U is

U= (mem (6.43)

€m
m
(6.45)
6.3 Free Ideal Fermions
How to correctly count quantum states? A normalised plane wave can be written as
1
r)=—=eh 6.46
with
| drion@t =1. (6.47)
1%
(6.48)
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So the kinetic energy operator operates on the plane wave such that

h2 . ~2
5 V2 00(7) = 5 ()

(6.49)

So ¢p(7) are eigenfunctions to the kinetic energy (and many more) operator(s). With periodic
boundary conditions in a box of length L with Volume V = L3 the wave function is invariant

under translation.
Gp(7+ Léz) = ¢p(7)

This means that

So the momentum quantum numbers form a cubic lattice with lattice constant

o _h

L L

In the continuum limit L — oo this becomes.

1
{rm) efemz=1 41
with z = €5 n(e) is
1
n(e) = 1 + eBle—er)

So the Fermi energy is the chemical potential.

1.001 —— T=0(B-w)
T1:>0
0.751 —_— T>Ty
< 0.501
0.251
0.001
0 2 4 6 8 10

Figure 6.1: Fermi distribution for three different temperatures
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The Fermi energy ep is determined by the total number of particles N. At T =0 N is

N=g > 1, (6.58)

Pi<pFr

where ¢ is the multiplicity of a state; further

v
N=9 / d*pl (6.59)
he Jipl<pr
gV 4w
T3 2 (6.60)
2
Using ep = 572 and the multiplicity which is g = 2 for spin s = % particles, p3. is
Nh3 3
3
- 6.61
b V g 4n ( )
and the Fermi energy is
W (N 33 6.63
= om (v 47@,) - (6:63)
With the electron mass me = 9 - 1073'kg, Planck’s constant h = 7 - 10734Js and
n = % = m the Fermi energy at room temperature is
erpa2-107197 (6.64)
= 50kpT. (6.65)
So typical electrons in metals are in fact very hot.
6.4 Free ldeal Bosons and Black Body Radiation
From E = mc? follows
E =mc® (6.66)
2
mopc
(1- 72)2
2 v’ 2 4
E°(1- 2| =mic (6.68)
2 2 4 5 0
= mict + m2?e?, (6.70)
E = \/mct + p2c? (6.71)
So in the non-relativistic limit this becomes
2 p?
E= 1 6.72
mocC + m%cQ ( )
2 P?
~ — 6.73
moc” + 2m0, ( )
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where the first term is a constant and the second term is the normal energy-momentum relation.
In the ultra-relativistic limit this becomes

2.2
E =pey1+ ”?; (6.74)
~ e 6.75
pe, (

which is the correct limit for photons, which do not have a resting mass. From the ultra-
relativistic dispersion relations the internal energy becomes

U=y Z ep(np) (6.76)
2
—Bpe
B peze
=g zp: TR (6.77)

Here g is the multiplicity which is g = 2 for photons and U becomes

_ LV [ s [plee” PPl
U =2 /_Oo ap (6.78)
Here the fugacity z = 1 as u = 0 and the energy is
2VA4mce [° 3 e Pre
With p = %w this becomes
U 8rh* [ w3
== —= dw——— 6.80
vV 3h3 /0 WeBhy 1 (6.80)
o0
= / dwu(w) (6.81)
0
h w3

Here u(w) is the spectral energy density. For small w the denominator e® — 1 becomes Bhw
and from that the famous Rayleigh-Jeans law

- kBTw2

~ 6.83
u(w) ~ "2 (6:83)
is obtained. For large w this becomes Wien’s law
u(w) ~ i(,u?’e_m““’. (6.84)
m2e3
The maximum of u(w) is located at
kpT
Winax = 2.8% (6.85)

and shifts to higher frequency with rising temperature. This can be seen in figure 6.2.
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Figure 6.2: Wien's law for three different temperatures
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7 Appendix

7.1 About this Script

This lecture was given by Prof. Roland Netz in the summer of 2016. This document started off
as private notes that were turned into a full script.

Most of the script was proof read multiple times, but if you find any errors, please mark them
on a printed or PDF version of the script (or in a plain list with page numbers) and send them
to me. I will try to correct them directly. Most importantly we want to correct the contextual
and mathematical errors, but if you find layout errors, wrong labels on figures, simple typos or
wrong commata or anything else, please also send them to me. I hope this script helps you with
your studies :)

Martin Borchert (martin.b@robothek.de)

Update (June 2019): This version includes fully revised chapters 1-3.

7.1.1 Distribution

For the rights about distribution to people outside the physics department or for other uses,
please contact Professor Netz.

7.1.2 Graphs and Figures

All graphs and figures were done in latex via the Tikz package or in python 3 with Matplotlib
(of course via Jupyter Notebook!) or with Inkscape. Note: svg2tikz is an awesome extension
for Inkscape (awesome vector graphics drawing tool) to create Tikz much more easily!
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