
Ast 622 The Interstellar Medium

Problem Set 3
(assigned February 27th, due March 13th)

The first question quantifies the in-class discussion of a 3-level system for measuring
the electron temperature of an HII region.

The energy level diagram and details of the main transitions are shown below, la-
belled using standard spectroscopic notation, 2S+1LJ , where L = S, P, D corresponds
to 0, 1, 2.
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Transition λ (Å) A (s−1) Ω

3P1 → 1S0 2321.0 0.22 0.28
1D2 → 1S0 4363.2 1.8 0.62
3P2 → 1D2 5006.9 0.02 1.21
3P1 → 1D2 4958.9 0.0067 0.72

Level degeneracy = (2s + 1)(2l + 1).
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Optical HII regions are almost fully ionized and have low densities, ne ∼ 1 cm−3,
such that the collisional timescales are several orders of magnitude longer than
the spontaneous emission timescales for all the lines considered here. Note that
the hyperfine splitting of the 3P level is important for the different lines that are
produced but can be considered as one level (the ground state, n = 1) for collisional
excitation since they all have about the same energy. Label the 1D2 state as n = 2,
and 1S0 as n = 3.

1a. Using the equations for statistical balance of the level populations described in class,
calculate the number of photons emitted per cm3 per second in the 1S0 →1D2 and
1D2 →3P2 transitions as a function of OIII abundance, XOIII = nOIII/ne, electron
density, ne, and temperature, Te. This step requires that you now consider the
different paths for decay from n = 2 into the hyperfine structure of n = 1, and you
should explain how you handle this.



1b. Show that the ratio of the two lines calculated above depends only on temperature
and plot this function for 5000 K < Te < 13, 000 K. (Your plot should look like
Figure 6.13, also in the lecture notes.)

2. The total mass of the Warm Ionized Medium (WIM) in the Galaxy is about 1010M⊙.
Estimate how many recombinations occur per second, stating any assumptions or
estimates (e.g., extent of the WIM). If the WIM is maintained by massive stars,
estimate the number of O stars and check whether this is consistent with what you
know (or look up) about the star formation and supernova rates in the Galaxy.

3a. Consider a diatomic molecule with rotational constant B. Give an expression for
Jmax, the level that has the highest population as a function of temperature as-
suming LTE conditions. Plot the relative population levels, NJ/Ntot, for the CO
molecule (B = 57.6 GHz) for T = 10, 30, 100 K.

3b. Suppose you observe the J = 3− 2 and J = 1− 0 CO lines of a molecular cloud. If
the line strengths are the same, what can you conclude about the cloud temperature?

4. Download the PHANGS ALMA data cube for NGC4321 from the course website
and plot an image of velocity versus Right Ascension similar to the position-velocity
image in the lecture molecule (Henworth et al.). My version is shown below. I have
put a python notebook to get you started though you don’t have to use this if you
have your own methodology for reading and analyzing/plotting fits files.


