
                UNIVERSITY of  NORTH CAROLINA at CHAPEL HILL    

 

                   Doctoral Written Examination in Physics,  2012                                 
 

                    Part I: Classical mechanics and Statistical mechanics 

 

                    Saturday, May 12, 2012  

 

 

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

want to. 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___________ of Question___________Student’s # (PID)_________________   

 

 

                                                           CM:  Classical Mechanics 

                                                                   Work out 3 out of 5 problems 

 

                                                           SM:  Statistical Mechanics 

                                                                   Work out 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,  2012                                 
 

                    Part II: Electromagnetism I and Quantum mechanics I 

 

                    Monday, May 14, 2012  

 

 

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

want to. 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___________ of Question___________Student’s # (PID)_________________   

 

 

                                                           EMI:  Electromagnetism I 

                                                                   Work out 3 out of 5 problems 

 

                                                           QMI:  Quantum Mechanics I 

                                                                   Work out 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,  2012                                 
 

                    Part III: Electromagnetism II and Quantum mechanics II 

 

                    Monday, May 14, 2012  

 

 

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

want to. 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___________ of Question___________Student’s # (PID)_________________   

 

 

                                                           EMII:  Electromagnetism II 

                                                                   Work out 3 out of 5 problems 

 

                                                           SM:  Quantum mechanics II 

                                                                   Work out 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,  2012                                 
 

                    Part III: Astro I and II 

 

                    Monday, May 14, 2012  

 

 

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

want to. 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___________ of Question___________Student’s # (PID)_________________   

 

 

                                                           Astro I:  

                                                                   Work out 3 out of 5 problems 

 

                                                           Astro II:   

                                                                   Work out 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____________________________ 

 

 

 

 

 

 

 

 

 

 

 



CM-1 

 

 
CM-2 

 

 



CM-3 

 

 
 

 

 

CM-4 

 

 
 

 



CM-5 

 

 
 

 

SM-1  

 
 

 

SM-2  

 
 

 

 

 

 



SM-3 

 
 

SM-4 

 
 

SM-5 
A cylinder of radius R and length L contains N molecules of mass m of an ideal gas at 

temperature T. The cylinder rotates about its axis with an angular velocity ω.  

Find a change in the free energy of the gas ΔF, as compared to that at rest. 



 

 
 

 
EMI-4 

Consider two straight parallel wires, carrying static charge with linear charge density 

of and , respectively. The wires are along the z-direction, one is located at  

and the other at . 

(a) Find the electric potential and the electric field everywhere in space. 

(b) Simplify your expression for the region far away from the wire, and express the field 

in terms of the linear dipole density p=a. 



EMI-5 

Consider two parallel plane electrodes (regarded as infinite) separated by a distance d. 

The cathode located at  with electric potential of  is capable if 

emitting unlimited electrons (charge e and mass m) when an electric field is applied to it. 

The electrons leaving the cathode with zero initial velocity are accelerated toward the 

anode located at  with electric potential of  . In the steady state there 

will be a constant electric current flowing from the cathode to the anode.  

(a) Find a relationship between the current density , the space charge density  and 

the electric potential  in the space between the two electrodes. Is J a constant or a 

function of x, why? 

(b) Derive a differential equation that determines the electric potential . 

(c) Assuming a power law solution (  is proportional to ), solve for the potential 

density J in terms of e, m, d, and . 

 

 
QM I-2 

 



 
 

 

QMI-4  

 
 

 

 

 

 

 

 

 



 

 

QMI-5 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

EMII-1 

 

 
 

EMII-2 

 
 

 

EMII-3 

 
 

 

 ε2 

 

ε1 

 
Perfect conductor 

Z= -a/2 Z=0 



 

 

EMII-4 

 
  

 

 

EMII-5 

 
 

 

 

 

QMII-1 

a) Assuming that the hamiltonian is invariant under time-reversal,   

prove that the wavefunction for a spinless non-degenerate system at any given 

instant of  time can always be chosen to be real. 

b)  The wavefunction for a plane wave state at t=0 is given by a  

complex function e 
i px 

. Why does this not violate time reversal invariance? 

 

 

 

 

 



 

 

 

QMII-2 

 

A p-orbital electron characterized by |n, l=1, m = + 1, -1, 0>  (ignore spin)  is subjected to 

a potential V = λ (x
2
 – y

2
) where  λ =constant. 

a) Obtain the ‘correct’ zero-order energy eigenstates that diagonalize the 

perturbation. You don’t need to evaluate the energy shifts in detail, but show that 

the original 3-fold degeneracy is now completely removed. 

b) Because V is invariant under time reversal and because there is no longer any 

degeneracy, we expect each of the energy eigenstates obtained in (a) to go into 

itself, (up to a phase factor) under time-reversal. Check this point explicitly. 

 

 

QMII-3 

Work  out the quadratic Zeeman effect for the ground state of hydrogen atom,  

[<x|0> =  1 / (a0
3
)

1/2
 e 

–r/a
0  ] due to the neglected term “ e

2
 A

2
 / 2mec

2
 “ in the 

hamiltonian taken to first order. Write the energy shift as =  - B
2
/2 

and obtain an expression for  “  ” .  

This is a useful integral:    ∫
∞

0e 
–ar

 r
n
 dr  = n! /(a

n+1
).   

 

 

 

 

QMII-4 

Three spin -0 particles are situated at the corners of an equilateral triangle.  Let us define 

the z-axis to go through the center and in the direction normal to the plane of the triangle. 

The whole system is free to rotate about the z-axis. Using statistics considerations, obtain 

restrictions on the magnetic quantum numbers corresponding to  Jz  . 

 

 

QMII-5 

Consider scattering from the delta-shell potential  V(r)  =  g δ (r  -  r0 ). 

a) First determine the boundary conditions at r = 0 and r = r0  , then make a suitable 

ansatz, apply the boundary conditions, and compute the s-wave scattering 

amplitude.  

b) Determine the s-wave bound states of an infinite spherical well of radius r0. 

Comment on the relation of the delta –barrier resonance and these bound states. 

What happens to the s-wave scattering length when the incident k-value sweeps 

across the “k” corresponding to one of these quasi bound state 

 



AstroI-1     White Dwarfs 

 

a) The pressure integral:      



0

)(
3

1
dpppvnP

 

allows you to calculate pressure given a distribution in momentum n(p)dp.  

Assuming that a completely degenerate electron gas has the electrons packed as 

tightly as possible, so that their separation is of order ne
-1/3

, use the Heisenberg 

uncertainty principle to estimate the momentum of an electron in terms of ne.  By 

further assuming that p = mev (non-relativistivic) and that all the electrons have 

the same momentum (to make the integral trivial), derive the exponent  in the 

power law equation of state: 

    
0TP   

 

(For this problem, don’t worry about the constants of proportionality, they’ll be 

wrong under the constant momentum assumption anyway.) 

 

b) Now use your understanding of this equation of state and hydrostatic equilibrium 

and mass conservation in scaling law form to plot white dwarf cooling curves on a 

log Teff,- log L (H-R) diagram.  Work in solar units and use the normalization 

that an 0.6 solar mass white dwarf has a radius of 0.01 Rsun at solar Teff.  Plot 

curves for 0.2, 0.6, 0.8 1md 1.0 solar mass white dwarfs. 

 

c) Now write the mass-luminosity relationship for non-relativistic white dwarfs in 

power law form. 

 

AstroI-2       Deuterium burning in stars 

 

a) In the formation of a main sequence star from a protostar there is a phase in which 

primordial Deuterium is fused.  This happens at a temperature of 10
6
 degrees 

rather than the 15 x 10
6
 required for P-P reactions.  Use hydrostatic equilibrium 

and mass conservation, along with the ideal gas law, to compare the radius of a 1 

solar mass protostar in its D burning phase to its radius on the main sequence. 

You need to assume the density profiles of the two stars are identical (one can be 

scaled to the other). 

 

b) Referring to the curve of binding energy below, estimate the total energy 

available from D burning for a solar mass star if the primordial D abundance is 

0.013% of P, and occurs in the inner 10% of the star. (Deuterium fuses via 1H + 

2H  3He +  
 

c) Compare the D-burning timescale to the Kelvin Helmholtz (gravitational 

contraction) timescale. 



 
 

AstroI-3   Lifetime, luminosity, mass scaling  

 
a) Use the plot below to estimate the exponent for a power law relation for main 

sequence lifetime in terms of stellar mass: 
ML  

 

b) Assuming that all main sequence stars convert the same fraction of their total mass 
to He, what is the expected Mass-Luminosity relation on the main sequence?  How 
closely do the luminosities expected from this relation match the luminosities seen 
in the H-R diagram depicted?  Comment. 

 

c) Assuming the gas in these stars is ideal (a fairly good assumption) and that the 
central temperature is proportional to the effective temperature (not so good), use 
the assumption of hydrostatic equilibrium and the Mass-Luminosity relation from 
above to estimate the temperature dependence of the nuclear reactions (assume 
negligible density dependence).      

 



Astro I-4 

 
AstroI-5 

 

 



AstroII-1  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



AstroII-2  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 



 
 



 
 

 

 

 

 

 

 

 

 



 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Useful facts: 
F = Gm1m2/d

2 
G=4.3 x 10-6 kpc (km/s)2/Msun  
1kpc = 1Gyr x 1km/s 
Virial Theorem 2KE+PE=0 

Poisson Equation  G42   

Wien’s Law T = 3 mm∙K / peak 

centripetal force F=mV2/r (uniform circular motion) 

Faber-Jackson Relation L  4  
Dynamical time tdyn=√2tff 
Crossing time tcross = R/V = 1 Gyr (R in kpc/V in km/s) 
Relaxation time trelax = 0.1N / ln(N) tcross = 106 yr x 0.1N/ln(N) x (R in pc/V in km/s) 
 

Numerical Constants: 

 

Solar Mass (Msun):      1.989 x 10
33

 g 

Solar Radius (Rsun):     6.96 x 10
10

 cm 

Solar Luminosity:  3.847 x 10
33

 erg/s 

Gravitational Constant (G) 6.6726 x 10
-8

 cm
3
/g/s

2 

Proton mass   1.6726 x 10
-24

 g = 938.27 MeV/c
2
 

Yield of p-p reactions (Q)  26.7 MeV = 4.28 x 10
-5

 ergs 

Boltzmann constant                1.38 x 10
-16

 erg/K 

Planck’s Constant                   6.626 x 10
-27

 erg-s 

Electron mass                         9.109 x 10
-28

 g 

mp = 1.6726 x 10
-24

 g 
 

 


