
Ay 102 - Winter 2022

Hillenbrand

Problem Set 8

due 18:00, Tuesday 8 March

We are now considering dynamics in the ISM, with the possible menu of phenomena
including: cloud collisions, jets associated with young stars, stellar winds, supernova ejecta,
and even larger scale galactic phenomena.

1. Shock Waves Derivation (based on a problem by E.S. Phinney)

a. Show that for the density change across a shock given by ρ1/ρ2 = x, that x is the
solution of a quadratic equation ax2 + bx + c = 0 with the a, b, c values related
only to the adiabatic exponent γ and the Mach number M1.

b. Show that the pressure change across the shock is given by
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c. Derive the temperature change equation for T2

T1
in terms of γ and M1.

d. Show that for a strong shock (where the Mach number M = u/cs, M1 is large),
the downstream Mach number M2 satisfies

M2
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Hence, obtain an equation for the sound speed ratio cs,2/cs,1.

2. Basic Shocks in the Cold ISM (based on a problem by E.S. Phinney)

Consider the case in which two molecular clouds collide in the ISM. They have T = 10
K and n = 100 cm−3, with turbulent velocity dispersion σ = 10 km/s. The clouds
are moving towards one another with the same speed as the bulk turbulent motion, 10
km/s speed.

a. What is the shock Mach number?

b. What is the post-shock density and temperature in the adiabatic shock case?

c. What is the post-shock density and temperature in the isothermal, radiative shock
case?

d. We can decide if the shock is adiabatic or radiative by considering the cooling
rate. Let’s test the adiabatic case first. Consider the shock at the instant gas first
enters the shock front and starts heating up as collisions among particles convert
kinetic energy into thermal energy, but at the same time, is cooling. If the shock
acts adiabatically, the jump conditions will produce the temperature and density
estimated above for this case. The cooling rate will be given by dE/dt where E
is related to Λ(T ) and we can (very crudely) approximate that Λ(T )/n2 = 10−23

erg s−1 cm3. What is the cooling time for the post-shock gas?
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e. Now let’s test the radiative case. Assuming that post-shock gas is moving at
the post-shock speed in the non-radiative case, approximately how far will it
travel before it radiates most of its energy? This is considered the “radiative
zone” in which the gas is cooling rapidly, but has not yet reached the isothermal
temperature. At the end of this zone, the temperature is equal to the pre-shock
temperature. Here, the gas can be described by the isothermal shock conditions,
provided that new gas keeps flowing through the shock and can pile up in this
region. Given the adiabatic post-shock density and the length of the radiative
zone, what is the implied column density (N =

∫
ndl)? What will happen if the

total column being shocked is less than this value? How does this compare to
typical GMC surface densities of ∼ 300M� pc−2?

3. A Supernova Runs Through It

Referring to the “realistic ISM” from PS8, discuss the propogation of a supernova blast
wave. Assume for the supernova energy E = 1051 erg and ejected mass Mejected =
5M�. Your answer should include qualitative commentary (or quantitative if you like)
relative to the simple or “average ISM” considered in the class discussion of supernovae.
Consider: shock velocity, temperature, size, and cooling time.

4. Galaxy Collisions

Suppose that the random velocities of galaxies within clusters is ∼ 650 km/s. Assume
the ISM in these galaxies has a mean density 1 cm−3. Calculate the temperature to
which the ISM will be shock-heated in a galaxy-galaxy collision? Assume that the
kinetic energy is thermalized in the interaction shock fronts.

5. Term Project, Week 9

As we approach the end of term, remember that this is due soon. See the full .pdf of
the project desciption for approaches to this week’s tasks.

[for all assignments, please write near your name how many hours you spent on the set.]
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