Mathematical Statistical Physics — LMU Miinchen, summer semester 2012
Hartmut Ruhl, Imre Péter Toth

Homework sheet 5 — due on 25.05.2012 — and exercises for the class on 18.05.2012

5.1

0.2

Grand canonical reference measure and identical particles. In the grand canonical description
of a particle system in the container A C R?, we “try to” use the phase space

QA = Unonﬁ,
where Q2 is the phase space of an n-particle system, so
QY = (A x RYH)™.

We “try to” equip this phase space with the reference measure

M= dan,

n>0

where Aga is the Lebesgue measure on QA that is Aopr = (M ® Ard)®". Now the Liouville
theorem ensures that this measure is invariant under any Hamiltonian dynamics.

(a) Show that the choice of the phase space is consistent in the sense that if A = A;UA,, then
OA = OM x QA2 (with suitable natural identifications).

(b) However, show that the choice of A" is inconsistent: A\ # A\ @ \A2,

(¢) Notice that in our choice of the measure we have some “freedom”: If we want the Liouville
theorem to ensure that the measure is invariant, then any measure of the form

M =3 "edan

will do, with 0 < ¢, € R. How should we choose the sequence ¢, if we want to ensure
also that A\ = A\ @ \A2?

(d) What has this got to do with indistinguishability of the particles?

Canonical entropy and patrition function. The canonical measures jip gy describing a Hamil-
tonian particle system (with Hamiltonian #H) of N particles in the container A C R? are
probability measures on the phase space A which are absolutely continuous w.r.t. )\Q?V (see

footnote 1), and have density

1

prsale) = ome

See the first exercise for notation. [ is a parameter and Z(A, 3, N) is the suitable nor-
malizing factor called the “partition function”. The canonical entropy S" is defined as the
relative entropy

Scan(A’ 67 N) - H(MA,B,N; AQAN)a

where H stands for relative entropy (not to be mixed with the Hamiltonian ).

1If we want to get “correct dependence on N7, we better use cyAos = —Aoa as the reference measure, as we
p ) NAQL NTAQY )

learned from Exercise 5.1 and 4.7



(a) Let E denote the expectation of H w.r.t. uj sn. Express 5" in terms of 5, F and Z

i. using the definition of relative entropy,

ii. using the maximum entropy principle.

(b) What is the physical meaning of log Z?

5.3 (homework) Grand canonical entropy and patrition function. The grand canonical measures
pa.p s describing a Hamiltonian particle system (with Hamiltonian ) in the container A C R?
are probability measures on the phase space Q" which are absolutely continuous w.r.t. A\*, and

have density
1

pup.p (1) ::Z?CK_ZFZ?SG
See the first exercise for notation. Here N denotes the particle counting function N :
OM = N, N(z) = nif 2 € Q) B and B are parameters and Z(A, 3, ’) is the suitable

normalizing factor called the “partition function”. The grand canonical entropy S9" is defined
as the relative entropy

—BH (@)~ N(z)

Sgr(Av 67 B,) = H(MA,B,ﬁ’; )\A)’
where H again stands for relative entropy (not to be mixed with the Hamiltonian #).
(a) Let E denote the expectation of z-[ and N denote the expectation of N w.r.t. LA B3 -
Express S9" in terms of 5, E, 5/, N and Z

i. using the definition of relative entropy,

ii. using the maximum entropy principle.

(b) What is the physical meaning of log Z7

Solution:

(a) 1. For transparency, we omit the non-important arguments of the functions. By defini-
tion,

S(A,6,8) = Hlpinpri M) = = [ plogpdi®

QA

Of this, —log p(x) = log Z + fH(x) + B'N(x), so
S9N, B, B = logZ/ pdAA+5/ de)\A+B’/ Npd\ =
oA oA oA

~ logZ / Ldp+ 8 [ HE)du@) + 8 [ N dulz) =
QA A or
— logZ + BE+ B'N.

ii. We use the notation of Exercise 4.6. We apply the maximum entropy principle with
Q=0 v=Mn=2 X =H, Xo=N,m =FE my, =N, t = f and
ts = '. With this substitution, the theorem ensures exactly that our grand canonical
measure is the measrure on Q* which has maximum relative entropy w.r.t. A*, under
the constraints E,H = F and E,N = N. The final statement of the theorem ensures
that the relative entropy is

S =pBE+ AN +logZ.



(b) In thermodynamics, the “grand free energy” or “free entalpy” is defined as
G=FE-TS—kN

where T is the temperature and x is the chemical potential. (The chemical potential is
normally denoted by g, but I would like to avoid confusion.) With our notation, § = %

and ' = —f0k,s0 G =F — % + %N = —% log Z, so the physical meaning of log Z is

G
logZ = —4G = ——.

5.4 (homework) Canonical description of the free gas. Consider the free gas with the Hamiltonian
given in Exercise 4.7.

a) Describe the canonical distribution.

(
(

)
b) Calculate the canonical partition function. Keep the footnote in mind.
(c) Calculate the canonical entropy.

)

(d) Set V' = Nv where V is the volume of A, so S“"(A, 3, N) becomes S§%'(N). How does
Sg(IN) scale with N7 Compare with the result of Exercise 4.7.

Solution:

(a) According to the canonical distribution, the configurational positions of the n particles
are (mutually) independent and identically distributed on A (apart from the identification
of permutations due to the indistinguishability of the particles). The d- N = 3N moment
components are also mutually independent of each other and the configurational positions,

and have identical Gaussian distribution with expectation 0 and variance 2

7
(b) We set d = dim(A) = 3.
1 —N L2 3N 13N Lon( [T~ o
Z(N,B,N) = N e~ i=t2mPi 4°Vgd p:ﬁv e 2P dp =
'ANX(R3)N ' e
VN /2rm\ *NV?
- N (7) '

(¢) From Exercise 5.2 we know that S..,(V,5,N) = BE + log Z(V, 3, N) where E is the
expectation of the energy H with respect to the canonical distribution. F can be calculated
in many different ways. Maybe the the easiest is to read it out from the description in
point (a):

N

1 3N 3Nm 3N
E=_— Ecanzz—v ) = —— = —
2 2 Pia = g Varle) = 505 = 55

i=1 ac{e,y.2}

SO
3N 3N . 2
Sean(V. B, N) = ==+ Nlog V — log N! + =~ log ;m.

(d) From the Stirling formula log N! = Nlog N — N + O(log N), so

3N 3N . 2
Sean(V.B,N) = ==+ NlogV — Nlog N + N + ng% + O(log N),



and

can B 5 Vo 3, 2mm B
SE(N) = N<2+logN+210g 3 )+O(logN)—

2
= N<g+logv+glog Wﬁm)+0(log]\f).

In particular,

. Sgw(N) 5+1 +31 2m
N1~I>noo N N 2 oY 2 08 6

This is in perfect agreement with the result of Exercise 4.7 if we substitute u — which

denotes the (deterministic) energy per particle in that exercise — with % = %, which is

the (expectation of the) same quantity here.

5.5 Grand canonical description of the free gas. Consider the free gas with the Hamiltonian given
in Exercise 4.7.

a) Describe the grand canonical distribution.

()
(b) Calculate the grand canonical partition function. Keep the footnote in mind.
(c¢) Calculate the grand canonical entropy.

)

(d) Let V' be the volume of A. How does S9(V, 3, B’) scale with V7 Compare with the result
of Exercise 4.7. and the previous exercise.

5.6 (homework) Free gas with several types of particles. Consider a container which is devided
into k parts, separated by thin walls. Each part has volume V, and contains N identical
particles of a free gas, which, however, differ from the particles in other compartments. The
system is in equilibrium as much as it can be: exchange of energy is allowed. Now we remove
the walls, and wait for equilibrium to be reached again. How much does the entropy change?

Solution 1: using the strict definition, avoiding unnecessary calculations. Before the
solution, one is welcome to choose between the microcanonical and the canonical description
of the free gas. Both approaches lead to a correct solution, and the result will be the same.
The canonical description may be a little easier from a conceptual point of view.

The question is only about the change in the entropy, so an explicit calculation of the entropy
is not needed — it is enough to understand the V-dependence. With that in mind, there is no
serious difference between the microcanonical and the canonical description:

e In the microcanonical description we are interested in the V;-dependence of
S(‘/lu‘/%'"7Vk7N17N27"'7Nk7E>

while F and the NN; are kept fixed.

e In the canonical description we are interested in the V;-dependence of
S(‘/lu‘/%"kaaN17N27"'7Nk76)
while 5 and the NN; are kept fixed.

In both cases, it’s enough to consider the change in the value of log Z:



e In the microcanonical description S = log 7,

e In the canonical description S = fE +log Z = %(Nl + -4 Ni) + log Z, and the particle
numbers don’t change.

The partition function Z is an integral, over the phase space, of some “weight function”. The
domain of that integral (the phase space itself) is different in the microcanonical and the
canonical setting, and so is the function to integrate. However, in both settings, they have two
crucial properties:

e the phase space is a product of the configuration space and the velocity space,

e the weight function we are integrating does not depend on the configuration point. (Here
it is important that the particles are noninteracting, so the Hamiltonian doesn’t depend
on the configuration.)

As a result, in the integral Z, the volume of the configuration space appears as a factor multi-
plying the rest of the integral. But the configuration space is nothing else than the Cartesian
product of the domains into which the N = N; + - -- + Ny, particles are confined (apart from
some identification of the particles), so its volume is just the product of these N volumes (apart
from some normalizing factors coming from the idetification, which do not depend on the V}).
Thus

® Zmicr(‘/la‘/éa .. '7Vk7N17N27 .. '7Nk7E) = ‘/1N1‘/2N2 o Vka : zmicr<N17N27 .- '7Nk7E)7
® Zean(Vi,Vay oo, Vi, Ny Noy oo Ny, B) = VIV V32 VN 2 (N1, N, o N, B).

In both cases, removing the walls means replacing every V; with V :=V; 4+ ...+ Vj, so

Zaft
Safter - Sbefore = 10% Zafter - 10% Zbefore - 10% Zaf < =
before

AN v\ M k 1%
— 1 ) — N "N log —.
og<<vl) (V)> > il

Solution 2: using the canonical distribution, understanding what it is. If we use
the canonical measure to describe the free gas, then all the positions and velocities of all the
particles are completely (mutually) independent — see Exercise 5.4. (One only has to be careful
about non-distinguishability of the particles.) So, according to the canonical measure, the
k subsystems (containig N} particles each) are mutually independent, i.e. they “don’t know
about each other”, even after the walls are removed. To be precise: the joint distribution is a
product measure, Z is just the product of the Z;-s of the subsystems, and S is exactly the sum
of the S;. So one can rigorously write in the canonical setting

k
AS =) AS,

i=1

where

ASZ = Scan(‘/va NZuﬁ) - Scan(‘/i,Ni,6> = NlegV - NZ 1Og‘/2

from Exercise 5.4. This gives
k
v
Safter - Sbefore - Zzl Nz log VZ

bt



5.7

(Note that this argument does not work in the microcanonical setting: the “entropy of the
subsystems” doesn’t really make sense, since there is only one total energy FE.)

Solution 3: canonical setting, by explicit calculation of the entropy. The calculation
of Exercise 5.4 can easily be repeated with k different kinds of particles, with particle numbers
Nj;, masses m; and constrained to the domains A; each. A possible overlap of these domains

N o, \ 4/2
321 + N, log <V( ”ﬁm) ) —logNi!] .

plays no role, and the result is

S(Viyoo Vis Niy oo N B) =

=1

So

k
v
Safter_Sbefore:S(‘/a---a‘/ale--aNkaﬁ)_S(‘/la---avkale--aNkaﬁ) :ZNZIOgV
i=1 ¢

Solution 4: microcanonical setting, by explicit calculation of the entropy. If all
masses are equal, the explicit calculation of the microcanonical entropy as done in the solution
of Exercise 4.7, can be repeated in the setting of several kinds of particles. If the masses are not
equal, the calculation is more difficult, since the constant energy surface is no longer a sphere
in the velocity space, and |V H]| is not constant. After overcoming that difficulty, we get

1 E3N/2 k %Nim§N¢/2

]

Zmicr(‘/la"'7Vk7N17"'7Nk7E)

~ (3N
ET(55) i N;!
So i
Zmier(Vy ..,V Ny, ..., Ni, E) V
Sa er_Seore:l = Nll —.
fter T before O et Vi Vs Ny, Ni, B) ; 5V,
Grand canonical description of the free gas and the Poisson process. Consider the grand canon-

ical ensamble of the free gas in a container A with parameters (3, 3.

(a) Let Ay C A. What is the distribution of the (random) number N; of particles that are in
A7
(b) Let Ay and Ay be two disjoint subsets of A. (That is, A;, Ay C A, Ay N Ay =10.) Let IV;

denote the (random) number of particles in A; (i = 1,2). What is the joint distribution
of N1 and NQ?



