Concepts of Statistical Physics



Concepts of Statistical Physics

 Macroscopic World 1 liter of gas ~10°* atoms

* |Impossible to treat the problem atom per atom
Statistical approach

* (Kinetic theory of gases — Temperature induced
transitions between excited states)



Classical Statistics (I)

« Itis possible (although difficult) to follow individual , but
identical, particles [e.g. one can “paint” a number on
each partlcle] In an isolated system in thermal

equilibrium

fo(E) = Ae™"!
— A: a normalization coefficient
— k, the Boltzmann constant: 1.381x10° J/K = 8.617x10™ eV/K

called the

n(E) = g(E)fs(E) = Ag(E)e™"

Note: classically, the energy E is a continuous function, so is f;(E) and g(E)



Classical Statistics (I1)

* We can still use the Boltzmann distribution
to solve a “Quantum” problem

Example:
H atoms in first excited states.
First excited state is E,=10.2 eV above the ground state

Density of states: Ground state E, can contain 2 electrons: degeneracy: g,(E1)=2
First excited state E, can contain 8 electrons (2+6): g,(E2)=8

n(E) = Ag(E)e ™"

Ratio of the number of particles in the first excited state to the number in the
ground state: p B b
-E2/KT -E1/KT -(E2-E1)/KT
n,/n; = (Ag,e )/(Ag,e ) = (gzlgl)e( )

Numerical application: at room temperature: T = 300K n,/n, ~ 107" |
Room temperature: kT=0.026 eV

[Meaning: at room temperature, hydrogen gas does not emit visible radiation]




Quantum statistics

State 1 | State 2
AB
particles are identical but distinguishable A B
B A
AB

State 1 | State 2

XX

— 2 particles approaching each other X X

within one De Broglie wavelength XX

become undistiguishable [e.g. one
cannot know if the observed emerging
particle is particle 1 or particle 2]



Fermi-Dirac Distribution

* Fermions [half-integer spin particles] are undistinguishable.
They obey the Pauli exclusion principle.

 When “recounting” the number of possible configurations:

With B,: normalization factor = n(E)dE
and b = 1/KT

 Fermions: electron, proton, neutron...



Bose-Einstein Distribution

* Bosons [integer spin particles] are undistinguishable. They
do NOT obey the Pauli exclusion principle.

 When “recounting” the number of possible configurations:

With B,: normalization factor = n(E)dE
and b = 1/KT

« Bosons: photon, “He atom, ...






Comparison

More particles can occupy
the low energy state

Low energy occupancy limited
by the Pauli exclusion principle

When E>>KT, the 3 distributions
are equivalent



Exercise

 When can we use MB instead of BE or FD ?  when the
average distance between the atoms in the gas is much
larger than the associated De Broglie Wavelength.

 He atoms have spin O and hence are bosons. He makes
up 5.24 x 10° of the molecules in the atmosphere.

— Can the Boltzmann distribution be used to predict the thermal
properties of atmospheric helium at T=273K?

— Can it be used for liquid helium at T=4.2K?



Fermi-Dirac Statistics (1)

B,, normalization factor also depends on Temperature B, = exp(-
bE[), with E- the Fermi energy

When E = E_, the exponential termis1 F=%
Inthe limitas T O,

At T = 0, fermions occupy the lowest energy levels.

Near T = 0, there is little chance that thermal agitation will kick a
fermion to an energy greater than E..



Fermi-Dirac Statistics (I1)

T>0

—
[
o

As the temperature increases from T = 0O, the Fermi-Dirac factor “smears out”.

Fermi temperature , definedas T E;/k.

T=T¢ T>>Tc

When T >> T, F, approaches a decaying exponential.

Application: Quantum theory of electrical conduction




Fermi-Dirac Statistics (l11)



Bose-Einstein Statistics (I)

« Blackbody radiation: electromagnetic radiation a
collection of photons (bosons, spin 1)

Bose-Einstein distribution
2~ with E = hn = hc/l

/

Obtained from calculating the density
of states accessible (+a bit more calc.)




Bose-Einstein Statistics (l1)

o Superfluid Helium (*He  Boson)
Transition gas — liquid: T=4.2K

The “Lamda” point
(Critical temperature T_=2.17K)



Superfluid Helium

* Below the lambda point, the
flow of helium through a
capillary tube increases
dramatically

“Creeping film”



Bose-Einstein Condensate

e By cooling a boson gas to very low temperature, one can
achieve a boson condensate [e.g. the atoms Iin the gas

are in the same quantum state]
Nobel Prize in Physics (2001)
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