
UNIVERSITY of NORTH CAROLINA at CHAPEL HILL 

 

Doctoral Written Examination in Physics, 2014 

 

Part I: Classical Mechanics and Statistical Mechanics 

 

Friday, May 9, 2014 

 

 

Instructions:  Please work in the assigned room, but take a break outside any time you 

wish. Mathematical handbooks and electronic calculators are allowed. 

 

Begin each answer on a new sheet and write only on one side of each sheet.  

Identify each sheet by: 

 

Page Number_____ of Question_____ and your Identification Number______ 

 

 

CM:  Classical Mechanics 

Work 3 out of 5 problems 

 

SM:  Statistical Mechanics 

Work 3 out of 5 problems 

 

 

(Partial credit will be given for partial answers) 
 

 

My work is completed in full observance of the Honor code: 

 

 

Signature_________________________  

 

 

 

 

Print name_______________________ 

 

 

 

 

 

 

 

 

 

 



UNIVERSITY of NORTH CAROLINA at CHAPEL HILL 

 

Doctoral Written Examination in Physics, 2014 

 

Part II: Electromagnetism I and Quantum Mechanics I 

 

Monday, May 12, 2014 

 

 

Instructions:  Please work in the assigned room, but take a break outside any time you 

wish. Mathematical handbooks and electronic calculators are allowed. 

 

Begin each answer on a new sheet and write only on one side of each sheet.  

Identify each sheet by: 

 

Page Number_____ of Question_____ and your Identification Number______ 

 

 

EMI:  Electromagnetism I 

Work 3 out of 5 problems 

 

QMI:  Quantum Mechanics I 

Work 3 out of 5 problems 

 

 

(Partial credit will be given for partial answers) 
 

 

My work is completed in full observance of the Honor code: 

 

 

Signature_________________________  

 

 

 

 

Print name____________________________ 

 

 

 

 

 

 

 

 

 

 



UNIVERSITY of  NORTH CAROLINA at CHAPEL HILL 

 

Doctoral Written Examination in Physics, 2014 

 

Part III: Electromagnetism II and Quantum Mechanics II 

 

Monday, May 12, 2014 

 

 

Instructions:  Please work in the assigned room, but take a break outside any time you 

wish. Mathematical handbooks and electronic calculators are allowed. 

 

Begin each answer on a new sheet and write only on one side of each sheet.  

Identify each sheet by: 

 

Page Number_____ of Question_____ and your Identification Number______ 

 

 

EMII:  Electromagnetism II 

Work 3 out of 5 problems 

 

QMII:  Quantum mechanics II 

Work 3 out of 5 problems 

 

 

(Partial credit will be given for partial answers) 
 

 

My work is completed in full observance of the Honor code: 

 

 

Signature_________________________  

 

 

 

 

Print name____________________________ 

 

 

 

 

 

 

 

 

 

                 



UNIVERSITY of  NORTH CAROLINA at CHAPEL HILL 

 

Doctoral Written Examination in Physics, 2014 

 

Part III: Astro I (Stellar) and II (Cosmology) 

 

Monday, May 12, 2014 

 

 

Instructions:  Please work in the assigned room, but take a break outside any time you 

wish. Mathematical handbooks and electronic calculators are allowed. 

 

Begin each answer on a new sheet and write only on one side of each sheet.  

Identify each sheet by: 

 

Page Number_____ of Question_____ and your Identification Number______ 

 

 

Astro I (Stellar): 

Work 3 out of 5 problems 

 

Astro II (Cosmology): 

Work 3 out of 5 problems 

 

 

(Partial credit will be given for partial answers) 
 

 

My work is completed in full observance of the Honor code: 

 

 

Signature_________________________  

 

 

 

 

Print name____________________________ 
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SM-1 

 

Consider a system of N classical distinguishable harmonic oscillators where the 

Hamiltonian is given by 
2
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  (a) Calculate ( , )N E , the total number of microstates with energy less or equal to E. 

  (b) Based on the calculated ( , )N E , show that ( , ) 1 ln
E

S N E N k
N 

  
    

  

. 

Reminder: ln ! lnn n n n  ; The volume of n-dim hypersphere of radius R is given by     
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SM-2 

 

A particle can exist in any of the N equidistant states with energies  , 2 , 3 ,…, N  . 

 

 (a)   Compute its average energy E  when it is in equilibrium with the thermal reservoir    

of temperature T.  

 

 (b)   Find the value of E  in the extreme 0T   and T    limits. 

 



SM-3 

 

The eigenstate of a particle in a box is labeled by   and its associated energy is  . For 

N such non-interacting particles in the box of volume V and at temperature T, the 

partition function is given by  
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Here,  1 /
B

k T  , n


 is the number of particles in the single-particle state  , { }n


 

is a set of n


 numbers and the summation is over all possible set of { }n


 where 

n N




 , a condition indicated by the prime,  and { }g n


 is the number of quantum 

states of the N particles corresponding to the set { }n


. For indistinguishable particles, 

the only possible values for { }g n


 are either 0 or 1. 

(a) Show that the grand partition function  , ,V TQ  is given by 

   , , exp ( )

n

V T n







   
 
  
 
 

Q  

Here, the summation is over all n


values compatible with { } 1g n


 . For instance, 

0  or 1n

  is compatible with { } 1g n


  for fermions. 

 

(b)   Now consider a hypothetical type of particles where n


values compatible with 

{ } 1g n


  are 0, 1, 2. Show that the average value of n


, namely the average occupation 

number of state  , is given by 

   

1 3

exp 1 exp 3 1
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SM-4 

 

If the atoms in a single square layer of side length L are on a square lattice (one atom per 

lattice site) and connected by effective spring constant  , mechanical vibrations around 

their equilibrium positions give rise to normal modes called phonons.  The atoms can 

move only within the plane. Invoke the Debye approximation that the frequency of 

oscillation is proportional to wave number ( )k ck   (c is the speed of sound in the 

material and is assumed to be the same for both the longitudinal and the transverse 

modes) up to some cutoff value of 
D

k  (assume this is given) that enforces the correct 

number of modes for the system (
D D

ck   is the Debye frequency). 



 

(a)  Calculate the number of modes or “states” up to frequency   and give the expression 

of the total number of modes in terms of L and
D

 . 

 

(b)  Calculate the density of modes ( )D  .  

 

(c)  From ( )D   calculate the internal energy stored in all of the modes making the 

approximation that the temperature is very low compared to the Debye frequency (

B D
k T  ). 

 

(d)  Calculate the specific heat 
V

C  of the two-dimensional phonons, and speculate on the 

temperature dependence in one-dimensional crystals.  
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ASI-1 

 
The following questions concern fusion in double-shell-burning sources. 

(a) Using the attached table of atomic masses, compute the energy released per baryon during 

the fusion of hydrogen into helium. Assume that the total loss in neutrinos for the process is 

0.51 MeV. Do the same for the fusion of helium into carbon. 

(b) Write an expression for the rate at which a nuclear-burning shell advances into the material 

above it.  

(c) Define the condition under which the helium-burning shell will advance closer to the 

hydrogen-burning shell. 

 

 

ASI-2 

 
Consider opacity and the curve of growth. 

(a) For stars with temperatures and chemical compositions similar to the Sun, what is the 

primary source of continuous opacity in the visible portion of the spectrum? 

(b) Using the Saha equation, it can be shown that in the Sun, the dominant ionization of iron is 

its singly ionized state, Fe II. Fe I abundance are much lower. Show that the Fe I lines are 

insensitive to pressure. 

(c) Show the pressure dependence of the Fe II lines.  

(d) Sketch a curve of growth for an Fe II line, qualitatively. Specifically plot the abundance as log 

A vs. the log of the reduced equivalent width, log(Wλ / λ) for log g = 2 and log g = 4.5. 

 

 

ASI-3  

 
Consider convection in a stellar interior. 

(a) Consider a bubble of gas within a much larger layer.  Derive an expression assuming adiabatic 

conditions that may be used to assess whether convection will occur; that is, that the bubble 

becomes more buoyant as it rises. 

(b) Recast that result assuming the perfect gas law prevails into a relation involving the ratio of 

the specific heats, ϒ, and the two derivatives, d log T/d log P and d log μ/ d log P, where μ is the 

mean molecular weight.  

 (c) Under what conditions might d log μ / d log P become important? 



ASI-4 

The following questions address neutron-capture nucleosynthesis. 

(a) Consider the attached figure, showing all stable isotopes of Rb, Sr, Zr, Nb, Mo, Tc, and Ru in 

boxes. Those with open circles have half-lives to -decay of at least 104 years. Empty boxes are 

unstable to -decay and have very short half-lives. Identify the isotopes of Zr, Nb, Mo, Tc, and 

Ru that can be produced only by the r-process. 

(b) The solar mass fraction of 96Mo is X = 1.111  10-9, and it has an average neutron-capture 

cross section of <> = 112  8 mb at T = 30 keV. Similarly, for 100Ru, X = 6.097  10-10, and <> = 

206  13 mb at T = 30 keV. Verify that the “local approximation” for the s-process holds in this 

mass region.  

(c) Use this to estimate the r-process contribution to 98Mo, given that X = 1.659  10-9 and <> 

= 99  7 mb, also at T = 30 keV. 

 

 

 

ASI-5 

 
This question relates to continuum opacities in stars.   
 
Show how a discontinuity in the continuum spectrum due to atomic hydrogen over wavelength 
range 0.3 – 1 µm can be used to measure ne of F or G main sequence stars if Teff can be obtained 
by other means. 
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