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Instructions: 

 Answer 8 of the 10 questions (10 points each) 

 Total time for the test is three hours 

 Partial credit will be given if merited, so show your work towards completion of the problems 

 No notes are allowed – potentially useful constants and equations are provided here. 
 
Speed of light    c = 3 × 108 m s−1 
Planck’s constant   h = 6.626 × 10−34 J s 
Gravitational constant   G = 6.67 × 10−11 N m2 kg−2 
Stefan-Boltzmann’s constant  σ = 5.67 × 10−8W m−2 K−4 
Boltzmann’s constant   k = 1.38 × 10−23 J K−1 
Mass of the Sun   1 Mʘ = 1.99 × 1030 kg 
Luminosity of the Sun   1 Lʘ = 3.9 × 1026 W 
Radius of the Sun   1 Rʘ = 6.95 × 108 m 
Mass of the Earth   1 ME = 5.97 × 1024 kg 
Radius of the Earth   1 RE = 6.37 × 106 m 
Mass of a hydrogen atom  1 MH = 1.67 × 10−27 kg 
Astronomical unit   1 AU = 1.496 × 1011 m 
Parsec     1 pc = 3.26 ly = 3.086 × 1016m = 206,265 AU 
1 eV     1.6 × 10−19 J 
1 Jy     10−23 erg s−1 cm−2 Hz−1 
Kelvin (K) to Celsius (C)   T[K]=T[C]+273 
1 radian    206,265 arcseconds 
 
Useful equations: 
λν = c    Speed of light 
1/μ = (1+Z)/A    Mean molecular weight if fully ionized 
I = I0e−τ     Radiative transfer - absorption only; and τ = nσs 
λmax = 0.29/T cmK   Wien’s Law 
F = σT4     Stefan - Boltzmann Law 
Bν = (2hν3/c2)/(1/ehν/kT−1)  Planck Function 
P = nkT     Ideal gas law, where n = ρ/μmH 

K.E. = 
3

2
kT (per particle) and V = (3kT/m)1/2 (average velocity of particle) 

Prad = aT4/3    Radiation pressure 
PG = GM2/4πR4    Gravitational pressure 
V = (λobs−λ0/λ0) c   Doppler velocity 
S = W/(4πd2Δν)    Flux and power 
𝜈∞/𝜈0 = (1 −2GM/r0c2)1/2 Gravitational redshift 
Rs = 2GM/c2   Schwarzschild radius 
 



 

 
1. Star formation is initiated by collapse of gas clouds. The gravitational acceleration at the surface 

of a spherical cloud of mass M and radius R is g=GM/R2.  Find an expression for the time 
required for the surface of the cloud to collapse to a point, assuming this acceleration stays 
constant with time.  Express your answer only in terms of the initial density of the cloud, ρ, and 
constants. 
 

 

 

 

2.  The vast majority of stars are observed to be nearly perfect spheres because they are in 
hydrostatic equilibrium. Using the geometry of the drawing, describe the condition of 

hydrostatic equilibrium in a stellar interior. 
 

Consider a spherical mass shell at radius r and thickness dr. 
What forces cause the spherical star to be stable, and how does 
one describe this equilibrium state in terms of those forces? It 
might also be useful to consider forces on a differential mass 
element of unit surface area embedded in the shell. 

 
Derive an equation for the mass interior to r in terms of the 
density at r, and another to describe the hydrostatic 
equilibrium state that persists for billions of years in stars such 

as our sun. 
 
 
 
 
 

3. The equation of state for a white dwarf star is: 
 

 
 
This equation contains no temperature term. Is this correct? Please explain. 
 

The central pressure can be estimated as 𝑃𝐶 ≈
2

3
𝜋𝐺𝜌2𝑅𝑊𝐷

2 . 

 

Assuming a constant density, 𝜌 = 𝑀𝑊𝐷/
4

3
𝜋𝑅𝑊𝐷

3 , estimate the radius of the white dwarf. Sketch 

the relation between radius and mass for white dwarf stars. Explain why the relationship has 
this form? Are white dwarf stars in hydrostatic equilibrium? Explain your answer. 

 
 



 

 

 
4. We observe a binary star system including a main sequence star and apparently a neutron star 

with M = 1.4 M and therefore a radius 10 km. We use satellite observations to look for a 
common iron emission line with a rest wavelength of 6.7 keV. Of course, an emission line 
emitted from a highly compact object will not appear at the rest wavelength. Why? 
How can we use the well-defined binary orbit to disentangle the system’s space velocity from 
the redshifted frequency of the iron line? At what frequency (in Hz) should we look for a 6.7 keV 
intrinsic iron emission line emitted from the surface of the suspected neutron star? 
 
This observation and other related astrophysical effects bolster general relativity as the 
appropriate theory of gravity in the universe. 

 
 
 
 

5. Dust is ubiquitous in the Galactic plane, and has temperatures determined by its local thermal 
equilibrium with the radiation of nearby stars. Calculate the temperature of a dust grain located 
100 AU from an F0 star with luminosity 6.5 L .  Assume the dust grain is a spherical blackbody 
of radius 10-5 cm, absorbs all incident radiation, and is in thermal equilibrium.  The Stefan-
Boltzmann law is F = σT4. 

 

 

 

 
6.  Assume an ISM consisting of spherical clouds with radius R=5 pc and mass M=50 M.  Each 

cloud has a typical random motion through the ISM of v=10 km s-1.  There is a density, n, of one 
cloud per 1000 pc3.  Assume the clouds lose energy by colliding, each losing half its KE per 
collision.  Assume the collisional cross-section is just the cloud cross-sectional area.  Find an 
expression for the rate of energy loss per second per pc3 in this ISM and evaluate it for the 
above parameters.  If the main heating mechanism is through supernovae, which put in roughly 
1030 erg s-1 pc-3 (roughly the Milky Way number), are the cooling and heating rates comparable? 

 
 
 
 

7.  Spiral galaxies that are more luminous generally have larger values of maximum rotation 

velocity.  This is the “Tully-Fisher Relation”, which is often used as a distance indicator for spiral 

galaxies. 

 

From basic physical principles, show that 𝐿 ∝  𝑉4   where L is a spiral’s luminosity, and V is its 

maximum rotational velocity.  Assume a constant mass to light ratio for spirals, and also 

constant surface brightness. 

 

 



 

 

8. Galaxies are observed to tidally interact. Consider galaxy mass m, with radius r, orbiting a 

massive galaxy with point mass M, in circular orbit of radius R.  Calculate the tidal radius, the 

separation between the galaxies where material from m will just be tidally stripped. Assume R 

>> r. 

 

 

 
 

 

 
9. The simplest form of the Friedmann equation can be constructed by looking at energy 

conservation assuming a pressure-less universe with a uniform density distribution. 
 

 
 

Recalling that the density evolves with the cube of the scale factor, ρR3 = ρ0R0
3, re-express the 

above equation in terms of ρc,0, the current critical density, utilizing the definition R0 = 1, for the 
current value of R. For a critical density universe, find an equation showing the dependence of R 
with time. 

 
 
 
 

10. The primordial helium synthesis in the Big Bang era took place when the average thermal energy 
of particles was of the order 1010 K. Without performing the calculation, write down how you 
would go about estimating the ratio of the number density of neutrons to protons at that time, 
(nn/np). Explain what will happen to the neutrons and protons as the universe expands prior to 
the onset of stellar nucleosynthesis. 

 


