
Extragalactic Astronomy (ASTRO 504)
Spring 2020

Problem Set 12

Due 24 April 2020

Solving problem sets is one of the most efficient ways of learning the subject. You are encouraged to
collaborate with fellow students and/or to consult senior students, local postdocs and me. But, please
write the solution by yourself.
No homework will be accepted after I post the solution on the course webpage at the due date.

1. (25 pts) Cooling.
Consider the gas inside a dark matter halo just after the halo virializes (for a halo with virial mass
Mvir, velocity Vvir and radius Rvir). It will be shock-heated to a temperature kTvir ⇠ µmpV 2

vir. As-
sume that the gas is initially isothermal and constant-density inside the halo. Since the baryons
get dragged by the dark matter, the initial mass in baryons is just Mb = fbMvir (where fb = ⌦b/⌦m
is the Universal baryon fraction); at the temperatures of interest, we can safely treat the shocked
baryons as fully ionized hydrogen.

(a) Calculate the cooling rates of the gas assuming the cooling occurs exclusively by bremsstrahlung
(you can then look up the cooling rate as a function of density and temperature, for fully ionized
hydrogen). Qualitatively, how does the cooling time (ratio of thermal energy to cooling rate) scale
with the halo mass and redshift of virialization?
(b) How does it compare to the halo dynamical time (= Rvir/Vvir)?
(c) Show that there is a characteristic halo mass above which the cooling rates become longer
than the dynamical times – these halos will be able to set up quasi-hydrostatic “hot atmospheres”
supported by thermal pressure, while lower-mass halos simply see rapid cooling (the gas cools
and falls onto the galaxy on a dynamical time).
(c) Let’s look further at one of these “hot halos.” Suppose we model the hot gas in a cluster of
mass ⇠ 6⇥ 1014M� as a singular isothermal sphere, so the number density scales with radius as
n(r)/ r�2 out to a radius Rmax = 1Mpc. The temperature is a constant T ' Tvir ' 108 K. The
total mass in baryons for a halo of this mass is 1014 M�. Estimate (approximately) the radius Rcool
inside of which the cooling time is less than ' 1010 yrs (the age of the Universe). This predicted
cooling in the centers of halos is referred to as a “cooling flow.”

2. (25 pts) Galaxy Angular momentum.
The dimensionless spin parameter � is defined by

� =
J |E|1/2
GM5/2

, (1)

with angular momentum J and total energy E. Assume the halo is in virial equilibrium with virial
velocity Vvir and virial radius Rvir, and that the baryons initially have the same specific angular
momentum (J/M) as the dark matter. Then assume the baryons collapse, dissipating (radiating)
energy but conserving their angular momentum (and also assume the halo circular velocity is
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approximately constant as a function of radius, like an isothermal sphere).

(a) Use this to estimate the characteristic disk scale length as a function of halo virial radius
at the time of virialization. Here, assume that the final circular velocity is the same as virial ve-
locity and � = 0.05 initially.
(b) Given how the virial radius scales with redshift for halos of a fixed mass, what does this mean
for galaxy sizes as a function of when they formed?
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