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Fermi-Dirac functions

Series expansion:
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Recurrence relation:
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Asymptotic expansion for z > 1:
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Ideal Fermi-Dirac gas:
equation of state and internal energy (o

Conversion of sums into integrals by means of density of energy levels:

gV m NP2 554 _ 7D
D(e)_F(D/Q)(Qth) e V=1Ln

Fundamental thermodynamic relations for FD gas:

kBT Zln (14 ze™ 56") :/0 de D(¢€) In (1+ze‘65) )\Dfp/2+1( z),

1 > D(e) gV
= — d —
N=X =)t = Splen)

€ e D(e)e D %
U= zk: po = /0 de 7_1665 1 k?BT )\D fD/2+1(Z).

Note: The range of fugacity has no upper limit: 0 < z < oo. The chemical
potential p is unrestricted. The factor g is included to account for any
existing level degeneracy due to internal degrees of freedom (e.g. spin) of the
fermions.

Equation of state (with fugacity z in the role of parameter):

PV fopn(2)
N]{?BT fD/Q(Z) '
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Ideal Fermi-Dirac gas: chemical potential ..

Fugacity z from & = fp,»(2), where

| h?
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v?/ 2rm

For a complete list of reference values see [tIn71].

Fermi energy: :lrin%),u =ep = kpTkp.

T D
Fermi temperature: ?F = [[(D/2 + 1)]2/D D31 =
e

(%



[tex117] FD gas in D dimensions: chemical potential I

(a) Start from the fundamental thermodynamic relation N' = (gV/A2) fp2(z) for the ideal Fermi-
Dirac gas in D dimensions and use the reference temperature kpT, = A/v¥/P, v = gV/N, A =
h?/27m to derive the following parametric expression for the dependence on temperature 7' of the

chemical potential p:
" T T

= i —2/D,
ks, T, nz, T, [fD/Q(Z)]

(b) Derive the following expression for the Fermi energy e and the Fermi temperature Tr:

w(T) 93 Tp 2/D
— = ——=[I'(D/2+1 .
720 kT, kgl T, C(D/2+1)]

(c) Show that this result includes the familiar result, ez = (h?/2m) (3N /4mgV)?/? for D = 3.

Solution:



[tex118] FD gas in D dimensions: chemical potential II

Start from the results derived in [tex117] to infer the following expressions for the fugacity z and
the chemical potential p at T < Tp:

Tr N 2 T\?
Iz~ -F ~1-Tpooy (=) .
BENTT Ty 12 ) Ty

Solution:



Ideal Fermi-Dirac gas:
average level occupancy .

Average occupancy of 1-particle state at energy e if system (with fixed N, V)
is at temperature 1"

1

(ne) = o r=mE) with u(T") from [tex117].
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Note: (n.) = 5 occurs at €= u(T).

Limit T'— 0:  w(T) — €p, (ne) — Olep —¢).



Ideal Fermi-Dirac gas: isochores I ..

Reference values for temperature and pressure:

A ks T, S 14
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Tv Dy 2 26.
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—2/D
P _ EM’ L [F (2 + 1) fD/2(Z)} ‘
pr Tr fpjp(2) Tr :

Low-temperature limit [tex119]:
D —1
lim £ = (— + 1) .
T—0 pp 2
High-temperature asymptotic regime [tex119]:

-1 D/2
oo H[QD/QHP@H” (T?) ]

NksTp ~ Tr
The excess pressure relative to the Maxwell-Boltzmann line may be called a

manifestation of statistical interaction pressure.
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[tex119] FD gas in D dimensions: statistical interaction pressure

Consider the isochore of an ideal Fermi-Dirac gas in D dimensions, as given by the parametric

relation ; @)

p T fpjey1(z T

L G

Dov Tv fD/Q(Z) Tv [ D/2( )]
where kT, = A/v*'P, p, = kgT/v, A = h?/2xrm, v = gV/N. The upward deviation of this
result from the Maxwell-Boltzmann result, p/p, = T/T,, is a manifestation of repulsive statistical
interaction between fermions. (a) Calculate the high-T asymptotic dependence of p/p, on T/T,
including the leading correction to MB behavior. (b) Calculate the low-T" limit of p/p,. (c)
Calculate the low-T limit of p/pr, where Tr = T,[['(D/2 + 1)]*/P is the Fermi temperature and
pr = kpTr/v the associated reference pressure. (d) Compare the differently scaled statistical
interaction pressures p/p, and p/pr at T = 0 in the limit D — oo.

—2/D

Solution:



Ideal Fermi-Dirac gas: isotherms .«

Reference values for reduced volume v = gV /N and pressure p:

vr = A7, pr = gkpT/\2.

Parametric expression for isotherm:

p% = fpj2+1(2), % = [fpp(2)] 7"

Isotherm at low density [tex120]:

pv = const, v > vr.

Isotherm at high density [tex120]:

(D+2)/D

pv = const, v <L Ur.
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[tex120] FD gas in D dimensions: isotherm and adiabate

(a) Show that the isotherm of an ideal Fermi-Dirac gas in D dimensions is described by the
parametric relation

p% = fp2+1(2), % = fpp2(2)] 7,

where vr = AR and pr = gkpT /AP are convenient reference values and v = gV/N is the reduced
volume. (b) Show that the adiabate is described by the relation pv(P+2)/P = const for all values of
v/vg. (c) Show that the relation for the isotherm approaches Boyle’s law, pv = const, for v > vr
and that it approaches the adiabate, pv(P+2)/P = const, for v < vy.

Solution:



[tex102] FD gas in D dimensions: ground-state energy

Given are the following expressions for the average number of particles, the average energy, the
average occupation number at 7" = 0, and the density of states for an ideal Fermi-Dirac gas in D
dimensions:

mm\ 2/?
N = Z(nw, U= Z(m)ek, (ng) = Olep — €x), D(e) = 1“(%32) <2h2 ) (D/2-1
k

k

Derive from these expressions the following results for the dependence of the ground-state energy
per particle, Uy/N, on the Fermi energy ez and for the dependence of the ground-state energy
density Uy/V on the particle density N'/V:

D U 'M (D+2)/D
v .

Solution:



Ideal Fermi-Dirac gas: heat capacity .

Internal energy:

. 2 fD/2+1(Z)
U= 2NkBT7fp/g(z) )

Heat capacity [use z¢/,(z) = g,—1(2) for n > 1]:

i:@ E)M_Djw
Nkg 2 4 (fD/Q(Z) 4 .fé/Q(z) .

Low-temperature asymptotic behavior:

High-temperature asymptotic behavior:
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[tex100] FD gas in D dimensions: heat capacity at high temperature

The internal energy of the ideal Fermi-Dirac gas in D dimensions is given by the expression,

B D fpj211(2)

(a) Use this result to derive the following expression for the heat capacity Cy = (OU/IT )y nr:

Cyv <D 1?2) fojp1(2) D2 fpjoia(2)

Nkp 2 4 Ip)2(2) 4 fpe(2) .
Use the derivative 9/T of the result fp/2(z) = NAP/gV with V = L to calculate any occurrence
of (0z/9T)v s in the derivation. Use the recursion relation zf, (z) = fn,—1(z) for n > 1 to further
simplify the results pertaining to D > 2. (b) Infer from this result the leading correction to the
Maxwell-Boltzmann result, Cy = (D/2)Nkg, at high temperature.

Solution:



[tex101] FD gas in D dimensions: heat capacity at low temperature
Use the results of [tex118] and [tex100] to determine the low-temperature asymptotic behavior,
v D ™ 27
Nkp 6 Tr
of the heat capacity of the ideal Fermi-Dirac gas in D dimensions.

Solution:



Ideal Fermi-Dirac gas: isochores II ..

Reference values for temperature and pressure:

oo A kT, SR gV
B v_v2/D7 Pv = 3 _27rm’ 'U_N'
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e 2 <00, D— ox:
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Ideal FD gas: phase d

Equation of state

(ideal MB gas)
(pure Fermi sea)

kgT, T >T,
k?BTC, T < Tc

{

Transition temperature
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[tex121] Stable white dwarf

Consider a burnt-out white dwarf star. For simplicity we assume that it consists of equal numbers
N of electrons, protons, and neutrons. The electrons form a fully degenerate, nonrelativistic Fermi
gas that prevents the star from collapsing into a neutron star or a black hole.

(a) Under the assumption that the kinetic energy is predominantly due to the electrons and that
the potential energy is predominantly gravitational in nature, show that the total energy of the
star depends on N and R (radius) as follows:

E = Eyin + Epot = 4

e —— G
10m, m

3r% (9n\*P N3 12, N?
. R 5 "R’

where m,, m,, are the electron and neutron masses, and G is the universal gravitational constant.
(b) Using a star of solar mass, mq ~ 1.99 x 10%3%kg, find the radius R,,q in units of the solar radius,
Ro ~ 6.96 x 103m.

Solution:



[tex122] Unstable white dwarf

Consider a burnt-out white dwarf star of the same composition as described in [tex121] but with
N so large that most of the electrons are ultrarelativistic, € ~ ¢p = hkc, in the fully degenerate
state.

(a) Under similar assumptions as in [tex121] show that the expression of the total energy now reads

he (9n\ Y3 N4/3 12 N2
E:Ekin+Epot: ¢ (7.[-) — Imifa—

37\ 4 R3O R
where c is the speed of light.

(b) Find the critical mass in units of the solar mass, m./mg, beyond which this star is unstable
and thus prone to a gravitational collapse into a neutron star or a black hole.

Solution:
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