
Physics 521, Stars 
Stanimir Metchev, Oct 11, 2011 
 
Homework Assignment 3 Due in class on Tuesday, Oct 25, 2011 
 
Material covered: Lectures 10–13, Chapters 2 and 6 of HKT. 
 Note: See http://www.phy.ornl.gov/astrophysics/data/data.html for the Caughlan & 
Fowler (1988; CN88) nuclear reaction rate fits required for this homework assignment.  
The site contains a convenient collection of formulae, FORTRAN code, and postscript 
and GIF graphs. 
 
1. (15 points)  In novae (accreting white dwarfs) and X-ray bursters (accreting neutron 

stars), hydrogen burns, often explosively and at much higher temperature than in 
main sequence stars.  Use the CN88 rates to do each of the following steps for 
hydrogen densities ρ with log10ρ = –2, 0, 2, 4, 6. 
a. In main sequence stars the CNO cycle proceeds as 12C(p, γ)13N(e+,νe)13C(p, γ)14N 

etc.  Find as a function of ρ (for values given above) the temperature above which 
this part of the chain will be replaced by the hot CNO (HCNO) chain: 12C(p, 
γ)13N(p, γ)14O(e+,νe)14N.  (The rest of the HCNO chain is the same as the ordinary 
CNO cycle.) 

b. At the temperatures of main sequence stars, the rate of energy generation εCNO by 
the CNO cycle increases rapidly with temperature.  Find, as a function of density 
(for values given above) the temperature T∗(ρ) above which εHCNO will saturate at 
a maximum value. 

c. Show that that maximum value is εmax = 5.9 × 1015ZCNO erg g–1s–1, where ZCNO is 
the mass fraction in the CNO isotopes participating in the HCNO cycle (ZCNO ~ 
0.006 for solar abundances).  Hint: neutrinos from the positron decay of 14O and 
15O remove on average 2.03 MeV. 

 
2. (10 points)  If accretion of hydrogen onto a neutron star keeps the hydrogen hot 

enough that it burns at the rate εmax that you found in problem 1, calculate the time it 
takes the hydrogen (plus a solar admixture of CNO) to burn.  If the accretion rate is 
10–10 M

 yr–1, what is the total mass of the layer on the surface of the neutron star 
which is burning hydrogen, and what is its surface density (in g cm–2)?  The radius of 
neutron stars in this class in 10 km. 

 
3. (20 points) The masses of neutron stars in this class are 1.4 M


.  Pretend Newtonian 

gravity is correct (even here it is off by factors of only ~2).  Use the equations of 
hydrostatic equilibrium and the equations of state for degenerate electrons to derive 
properties of the surface layers of the neutron star: 
a. Show that the column density above any layer is proportional to the pressure in 

the layer.  Then use your results from problem 2 to estimate the (electron) 
pressure and the hydrogen density in a neutron star at the depth at which hydrogen 
is burned in a neutron star accreting at 10–10 M

 yr–1. 
b. Below what temperatures will your assumptions that the pressure in this layer is 

dominated by degenerate electrons be valid? 



c. Estimate the depth (in cm) of this layer below the surface. 
d. Estimate the time it will take for photons to escape from that depth.  Assume the 

temperature is high enough so that all electrons are unbound, so the opacity is just 
that of free electrons. 

 
4. (15 points) For accretion rates less than about 10–10 M

 yr–1, the accretion heating is 
insufficient to keep the hydrogen burning steadily, and it burns in flashes.  Adopt 10–

10 M
 yr–1 for your layer. 

a. Show that the timescale for the hydrogen burning rate to rise from some low rate 
up to εmax is given by trise ~ 1.5 kT∗/(mpεmax), where T∗ is the temperature you 
found in problem 1.  Compute that timescale in seconds. 

b. The rise time of type I X-ray bursts is ~1 s, and their decay time is ~1 min.  Could 
these be due to unstable hydrogen burning?  Could they be due to unstable helium 
burning via the 3α process?  Is the timescale that you found in problem 3d 
important for your answers? 


