Physics 425, Spring 2009

Final Review

I. Introduction to Thermal and Statistical Physics: State of the System
a.

b.

Understand what are particle systems and what are their microscopic and
macroscopic properties.

Must understand how macroscopic measurements can be done: the concept of
equilibrium.

Must understand the macroscopic state, microscopic states, and accessible
microscopic states of a system.

Must know the equilibrium postulate: a system in equilibrium is equally likely to
stay in any of all the accessible micro-states.

Must be able to calculate the number of states ! or the state density " in some
simple systems, such as an ideal gas, using the classical approach and uncertainty
principle: ApPy,AX =N his the Plank constant h= 6.63e-34 J s

Must be able to draw phase space diagrams of these simple systems.

Must understand that " is a function of macroscopic parameters, such as E, V, N,
and increase rapidly with them.

II. Thermodynamics
II.1 First Law

a.

b.

C.

d.

Must know the concepts of internal energy (E), work (W), heat (Q), degree of
freedom (f), and equipartition theorem.

Must know the first law of thermodynamics and be able to use it to calculate E, Q,
or W, particularly work done by pressure, in given systems.

Must understand and be able to tell what are exact and inexact differentials and
their physical meaning.

Know the concept of quasi-static evolution of a system.

I1.2 Second Law

a.
b.

Must be able to derive the probabilities of some simple systems.

Must know the multiplicative property of probability and the number of micro-
sates (" ), and be able to calculate the number of states of combined systems.

Must understand what is the probability of a system staying in a certain macro-
state. Must know how to use the maximum probability (or " and entropy S)
argument to derive conditions for equilibrium between interacting systems (see
Example 2 in I1.2.1 for thermal interaction and Example 4 in 113.3 for mechanical
interaction). Must be able to calculate energy distribution and number of states in
final equilibrium (see Example 6 in 11.2.2).

Must know the definitions of entropy S=kin/ and absolute temperature Z_:)X“ = Tl
Know properties of absolute temperature.
Must know international conventions of temperature scales and the conversion

between different temperature scales. Must know the principles of thermometers.



g.

h.

Must know what is a heat reservoir and be able to calculate the change of entropy
or the number of states of a heat reservoir.

Must know the expressions of the second law for an isolated system (Reif 3.11.3)
and for a general system (Reif 3.11.4), and how to calculate the change of entropy
in a system undergoing quasi-static evolution (see Examples 2-3 in I1.3.2).

Know of the third law, the limiting properties of entropy when the absolute
temperature approaches zero.

I1.3 General Interaction

a.

b.

d.

Must know the concepts of generalized force and work. Know of some common
sorts of work and force.

Must be able to derive the generalized force in some simple systems (also see the

. . . OE .
review of general interactions): F, =T where X. is a general external
'xO(

parameter, and F. is the generalized force.

Must know how to derive the net change of entropy as caused by the change of

internal energy as well as work: dS='9—S)X dE+2a‘?—S)EX dxa=ﬁ+l2aFadxa,
JE % X, T T

o

specifically for gas system and work done by pressure: ds = % +§dv

Know the concepts of heat capacity C, = Z—?) y

I1.4 Applications: Ideal Gas

a.

b.
C.

Must know the definition of an ideal gas: under what assumptions, a gas can be
approximated by an ideal gas.

Must know the property of the internal energy of an ideal gas.

Must know the pressure equation of state for an ideal gas and understand how it is
derived.

Must know the specific heats or heat capacities (at constant volume and at
constant pressure) and their ratio for an ideal gas, and understand how they are
calculated.

Know the definitions of volume expansion coefficient and isothermal/adiabatic
compressibility.
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Must know how the adiabatic relations are derived.



PV =const, or P#*" =const

TV ® — constor T#*" = const

"

PY"T" = const

g. Must know how to calculate thermodynamic properties of an ideal gas, such as

the internal energy and entropy in given circumstances, as well as heat and work
during a given process, using thermodynamic laws and the equation of state
(review Example 4 in I1.4 and homework problems Reif 5.1-5.3)

I1.5. Applications: Real Gas and General Relations

a.

g.

Must understand the van der Waals equation of state for a real gas or van der
a

Waals fluid: (P+—)(v-5b)=RT
1%

Must know the property of the internal energy for a real gas, in comparison with
an ideal gas: %)T =0 for a real gas.

Know how to arrive at %)T =T é)v #P for a real gas (or a general system) using
thermodynamic laws and general properties of thermodynamic state variables.
Must know how to calculate thermodynamic properties of a van der Waals gas
such as the internal energy and entropy in given circumstances, as well as heat and
work during a given process, using thermodynamic laws and the equation of state
(review Ex.3 of I1.5; also see Fermi 16).

Know of thermodynamic potentials. Must know what independent variables are
associated with these potentials.

F=E-TS
H=E+PV
G=E-TS+PV

Must understand how Maxwell relations are derived from thermodynamic laws
and general properties of thermodynamic variables.
Maxwell relations:
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Must be able to derive expressions for dependent variables as functions of chosen
independent variables and study the relationship between thermodynamic
properties in given circumstances (review Ex. 6 of I1.5).



h. Understand the throttling process, why a throttling process cannot cool an ideal

gas, why the throttling process in more efficient in cooling the real gas than the

. . . . T
free expansion, the meaning of Joule-Kevin coefficient MEZ—P

=gt =7
what is the inversion curve, and in what regime of the T-P diagram, the gas will be
cooled or heated through a throttling process.

Must know how to calculate thermodynamic properties, such as internal energy
and entropy, of a thermodynamic system using thermodynamic laws, Maxwell
relations, and specific properties such as the equation of state and laboratory
measurables including heat capacities, #, $,,, $; (review Ex. 6, and HW problem

Reif 5.12, 5.14, 5.15; also see the review of this part.).

I1.6 Applications: Phase Transition
a. Understand the physical picture of phase transition. Take, for example, the phase

transition between liquid and gas described by the Van der Waals equation, must
understand the behavior of compressibility at a given temperature that defines a
liquid and a gas, and must understand how such a transition behavior changes
with temperatures. Must know the meaning of the critical temperature.

Must understand phase equilibrium. Must know, in general, the relationship
between the equilibrium temperature (e.g., the boiling point and melting point)
and pressure. Understand that the condition for phase equilibrium is that the
chemical potential of the two phases of the substance is identical (e.g., compare
with the conditions for thermal equilibrium and mechanical equilibrium).

Be able to calculate and sketch the phase diagram (P-T plot) using the phase

equilibrium condition (v, -v,)dP=(s -s,)dT = TL dT (must understand the meaning

of this equation). Understand the phase diagram of water in 3 phases and the triple
point.

I1.7 Applications: Heat Engines and Refrigerators

a.

Must know what is the Kelvin postulate and understand why the “second kind
perfect engine” cannot be made according to the second law.

b. Must know what is a Carnot engine, and how it works (i.e., the Carnot cycle) so as

C.

not to violate the second law.

Must be able to calculate work W and heat Q, using the first law, equation of state,
and adiabatic relations (if applicable), in a given engine cycle consisting of, e.g.,
quasi-static isothermal or adiabatic or isobaric expansions and compressions of an
ideal gas (review 11.4 and HW problems). Note: be very careful with the signs of
W and Q in your calculation/definition. Note: sometimes you can simplify your
calculations knowing and using the fact that the change in a state variable, like the
internal energy, only depends on the initial and final states and independent of the
path of evolution.

Must be able to calculate the efficiency of an engine and the Carnot efficiency




c.

Must know how a refrigerator works so as not to violate the second law. Must be
able to calculate heat and work in a given refrigerator cycle. Note: an ideal
refrigerator cycle is a reversed Carnot (engine) cycle!

Understand how the second law (entropy increase law) determines whether a
thermodynamic process is reversible or not; know of examples of reversible and
irreversible processes.

IIT Introduction to Statistical Physics
II1.1 Probability distribution

a.

Understand the probability P; of a particle (of a gas system in thermal equilibrium)

in a given quantum state with energy #.

o IKT

$re"#,. kT

Must know the Boltzmann factor: P, =

Must be able to calculate P, for a given quantum state, and the ratio of
probabilities, sometimes equivalent to the ratio of numbers of particles, of
different quantum states (review Ex.3)

Must be able to calculate the mean properties of a particle system with the
“E,. kT
ye

probability distribution function (Boltzmann factor): y= #;F T
o

(review Ex.4

7

and HW problems about how to calculate the mean energy and specific heat of a
system).

II1. 2 Equipartion and specific heats

a.

b.

Must know what is the equipartion theorem and be able to use it in the classical
limit. Understand how it is derived with probability distribution function.

Must understand why equipartition theorem breaks down when quantum
mechanics effects have to be taken into account. Must know how to derive the

condition for the classical limit: #<< KT., for example, for quantized translational
2 2

kinetic energy "=-1—= - (in one dimension), rotational energy

2 2
L M, and vibrational energy "= lerd2 + L Prt” = (n +l)h# (for a 1D
21 21 2 2m 2

harmonic oscillator). Note that the excitation temperature for the vibrational
degrees of freedom is 10 K for many materials.

Must be able to explain the discrepancy in specific heats of di-atomic gas and
solids between classical calculations and laboratory measurements, with the
quantum mechanics consideration.

Must understand the Einstein model for solids (Example 4 and 5; Reif 7.7):

; 1 1 Be(® T
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Einstein temperature ' g . Must know the temperature dependence and the high and

low temperature limits of mean energy and specific heats of solids according to the
Einstein model.

. Must understand the meaning of

I11.3 Maxwell Distribution



a. Must know Maxwell velocity and speed distribution of gas particles: how to
calculate the volume of the momentum space, what is the difference between the
two distributions, what is the shape of the distribution function, what is the mean
value of a velocity component or speed.

b. Know what are the mean speed, most probable speed, and root-mean-square
speed and how to derive them.

c. Know how to calculate mean values using the Maxwell distribution functions
(review Ex. 4 and your HW).

I11.4 Paramagnetism
a. Must understand how the intrinsic magnetism of a material is generated and the
definition of magnetic moment along the z-axis, or the direction of the external

magnetic field: y, =2< 1, yu =2%5  or u, =55 _for particles considering their
© 2m 2m 2m

orbital, spin, or total angular momentum.

b. Know the Bohr magneton: ug = 2eh =9.3x1072*)/T. Understand why magnetism of

e
a material is usually most contributed by electron spin/orbit motions.

c. Must know how to calculate the magnetic energy of orbit/spin particles in an
external field: "=#u_B. Understand that when the magnetic moment (or angular
momentum) is parallel to the external magnetic field, the magnetic energy is
lowest (most negative).

d. Must be able to calculate the mean magnetic moment and magnetization using the
probability distribution, or the Boltzmann factor, for simple cases. Must know the
magnetization at very high and very low temperatures — the Curie’s law

M=Nu=cC g and magnetic saturation (review Ex 3, 4 and HW).

II1.5 Quantum statistics

a. Know of the difference between classical statistics and quantum statistics.

b. Must know the definition of occupation number: mean number of particles at a
—n, (e, - )/ KT

an ne
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given quantum state: n, =

c. Must know what are Fermions and what are Bosons. Must know what values ng
can take for Fermions and Bosons. Must know the Fermi-Dirac (FD) distribution

and Bose-Einstein (BE) distribution: n_s = (;
e e, —u) kT +1

- —&, kT
d. Must know the Maxwell-Boltzmann (MB) distribution n, = N - — at the
Se !
v 1/3 h
classical limit (—) >> . Understand what conditions meet the classical
N N 3mkT

limit and what’s the relationship between FD, BE, and MB distributions.
e. Know how to calculate mean values of properties (specifically the energy) from
the occupation number and density of states (see Examples in applications).



I11.6 Photon Statistics and Blackbody Radiation

a. Must know the photon statistics: how to calculate the density of states, what is the
chemical potential for photons, what is the energy of a photon, how to derive the
Planck’s function to describe the energy density as a function of photon frequency
or wavelength.

b. Be able to make simple calculations using Planck’s function, Rayleigh-Jeans law,
Stefan-Boltzmann’s law, Wien’s displacement law (review HW problems):
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II1.7 Debye Model of Solids: Phonon Gas

a. Know how to calculate the energy from the density of states and occupation
number in general systems.

dN = n(}g()d"
dE - "n()g(")d"
24V

g(") = F(Zm)y 224" (nonrelativistic particle:
w_ AN 2
g( )= h3C3
b. Must know what is a phonon gas, what is the major difference between Einstein’s
model and Debye’s model.

c. Know what is Debye temperature, and what is the behavior of the energy and
specific heat at high temperatures and low temperatures.

d" (relativistic particles)

I11.8 Conduction Electrons: Fermion Gas

a. Understand the behavior of occupation number for Fermions at very low
temperatures.
b. Must know what are Fermi level, Fermi energy and Fermi temperature of
conduction electrons, know how they are derived, and what is the physical
2

3 N
87V
temperature of conduction electrons in metals. Appreciate the ideas that at T = 0,
degenerate electrons have very large kinetic energy, and that at room
temperatures, conduction electrons are nearly degenerate Fermion gas.
c. Be able to make simple estimates of gas pressure, radiation pressure, and electron
degeneracy pressure for classical particles, Bosons (e.g, photons), and Fermions
(e.g., electrons), respectively (review Ex. 4).

2
meaning of the expressions: & = u(0) = h—(

)3, Ty = £F . Know the Fermi
2m k



Preparation in mathematics:

a.

b.

e o

Be able to derive partial derivatives with respect to independent variables of

commonly used functions: power functions, exponential and logarithmic functions.

Dependent and independent variables: given a function F = F(x,,x,,....x;,...x,,) and K

equations describing the relationship between X; Xz, E x, E, Xy, such as X = %(X4,

X2, ... Xmk), for j = mk+1, mk+2, ...., m, there are k dependent variables (X;), and

mk independent variables (X, i = 1, 2, ..., mK). The partial derivative of F with

respect to any independent variable X; can be derived as: *_ E)X _ +£)X _ >
axl axl 1,1 =i é)xl 1,0 axl

Be able to derive integrals of commonly used functions.

Be able to perform integration by parts.

Be very familiar with simple calculations involving exponential functions

including some simple forms of sum or integration and derivatives; you must be

able to derive approximations of the exponential function (such as by Taylor

expansion) at high/low temperature limits.

Some tricks to help with order-of-magnitude estimate:

e"= 1Onlog(e), yn= 10n10g(y)

log(e) = 04343 log(2) = 0.301Q log(3) = 0.4771,log(@) =2log(2),

log(5) = 1-log(2), log(6) =log(@)+1og@) E .



