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1. The Transition to Grain-Mediated H2 Formation.
In this problem we will make some rough estimates for how the Universe transitions
from H2 formation being mostly by gas-phase processes, as it must in the early Universe
where there are no metals, to H2 formation being mostly on grain surfaces.

(a) As a first simple example, consider CNM gas with a temperature of 100 K im-
mersed in a background radiation field equal to that of the Milky Way. If all H is
neutral and free electrons come only from metals, then the free electron density is
ne ≈ xCnHZ, where xC ≈ 10−4 is the carbon abundance (the dominant source of
free electrons) and Z is the metallicity relative to Solar. Similarly, if the dust grain
abundance scales linearly with metallicity, the rate coefficient for H2 formation
on grains is Rgr = 3 × 10−17Z cm3 s−1. Show that, under these assumptions, the
rate of H2 formation is always dominated by grain surface processes independent
of the metallicity or density.

(b) Now suppose that the ionization fraction of H is non-negligible. Continue to hold
the rate of photodetachment fixed. Determine the ionization fraction x at which
the rates of H2 formation in the gas phase and on grain surfaces become equal.
Your answer should depend on the gas density nH and metallicity Z. Plot the
solution for x as a function of metallicity for gas at temperature T = 100 K and
density nH = 1, 10, and 100 cm−3.

(c) In part (b), you should have found that, for a given density, there is a critical
metallicity above which grain-mediated H2 formation dominates regardless of the
ionization fraction (except for the pathological case x = 1). Solve for this critical
metallicity as a function of density, and plot the result for T = 100 and 1000 K.

2. Supernova-Driven ISM Turbulence.
Supernovae are thought to be one of the main sources of turbulence in the atomic
ISM. In this problem we will construct a simple model for an ISM driven by supernova
energy injection. For simplicity assume that all supernovae have an identical energy
E = 1051E51 erg, and that the ISM can be treated as a uniform medium of density ρ,
velocity dispersion σ, and surface density Σ. These are related in the usual manner for
a pure gas disk: scale height h = Σ/ρ = σ2/2πGΣ.



(a) Assume that a supernova remnant reaches the merger stage once its expansion
velocity becomes equal to that of the ambient ISM. After that point its remaining
kinetic energy is added to the general turbulence of the ISM. Derive an expression
for the energy added per supernova in terms of E51, ρ, and σ.

(b) Assume that the turbulent kinetic energy of the ISM is radiated away kinetic
energy on a timescale comparable to crossing time of a scale height, i.e. dE/dt =
−(1/2)Σσ2/(h/σ), where E is the kinetic energy per unit area. If injection of
energy by supernovae balances dissipation of turbulence, compute the rate per
unit area Γ at which supernovae must occur to keep the disk in steady state.

(c) For a normal IMF, roughly one supernova occurs per 100 M� of stars formed.
Assuming supernovae are responsible for maintaining the turbulence in the ISM,
calculate what the depletion time (defined as gas mass per unit area divided by
star formation rate per unit area) for star formation must be. Is supernova driving
a plausible explanation for the turbulence in a galaxy like the Milky Way (σ ≈ 7
km s−1, n ≈ 1 cm−3, Σ ≈ 10 M� pc−2, observed tdep ≈ 2 Gyr)? How about in
a starburst galaxy (σ ≈ 50 km s−1, n ≈ 104 cm−3, Σ ≈ 103 M� pc−2, observed
tdep ≈ 200 Myr)?


