
Ay 102 - Winter 2022

Hillenbrand

Problem Set 2

due 18:00, Tuesday, 18 January

This week, we review the practicalities of simple radiative transfer, then delve into level
populations, and the grunge of spectroscopic notation. Don’t fret; it’s all in service of
improving your general appreciation of how we know anything about the universe from the
radiation we observe.

1. Simple Radiative Transfer. Observations of the 21 cm line of HI, closely spaced
on the sky, show emission at one position and absorption at another position, which
includes a background quasar in the beam.

a. Draw a figure and write down the relevant formulae for the radiative transfer
along each line of sight.

b. Now let’s assign Sν to a particular form, say Bν the Planck function. What
simplification can we make to Sν in this wavelength range?

c. Demonstrate how these data can be used to determine the column density, NHI

and temperature THI of the gas. You can assume that the optical depth is small,
so τ << 1. Note that this should be like a two-layer stellar atmospheres problem.

d. How does the setup of the problem change if there are two distinct clouds along
the line of sight, having N1HI , T1HI and N2HI , T2HI , respectively?

2. Einstein Coefficients and LTE. Using the definitions of the Einstein A and B
coefficients given in class, and the expressions for εν the emission coefficient and αν
the absorption coefficient (in linear units), verify that εν/αν = Bν(T ) = the Planck
function, if the matter is in LTE with level excitation temperature T .

3. The Utility of Line Ratios

a. Express the line absorption coefficient, αν , in terms of: frequency, the statistical
weight, number density, and Einstein A value, using a form that also includes a
temperature term.

b. Plot the ratio of the line strength of Hα to Hβ as a function of temperature.
Write a caption for your figure, describing what happens in the low temperature
limit, the change as temperature increases, and the behavior towards higher
temperatures.

c. Can you use this line ratio to determine the temperature of a gas? How might
reality be different than your plot, and why?

d. Now consider the line emission coefficient, εν , in terms of number density and
Einstein A value. What is the ratio of the line strength of Hα to Hβ?
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e. Can you use this line ratio to determine the temperature of a gas? If the observed
emission line ratio is 4.5, what value of the extinction is implied? Remember
that extinction is proportional to optical depth, and approximately inversely
proportional to wavelength.

4. Fraunhofer Lines. [based on a problem by S. Kulkarni] The Fraunhofer spectral lines
were originally identified in the 1800’s as prominent absorption features in spectra of
the Sun. Browse around for a pictorial spectrum that identifies these lines and their
wavelengths. Ignore the “A” and “B” lines, as they are actually due to bands of
absorption within the Earth’s atmosphere, from molecular oxygen. Connect each of
the other major Fraunhofer lines (C, D, E, F, G, H, K) to specific atomic transition/s
and write the proper spectroscopic term. For example, the D1 and D2 lines are due to
a doublet of neutral sodium with 1s2 2s2 2p6 (3s 2S1/2 → 3p 2P1/2,3/2). However, there
is also a D3 line which you should research and specify. If you are feeling bold, you
can also tackle the slightly weaker but also “named” lines designated as Fraunhofer
b1, b2, b3. The Fraunhofer lines are all famous spectral lines in stellar astrophysics, and
are worth knowing. Several of them, e.g. the NaD mentioned above, are also strong in
the interstellar medium. Can you say which ones and why?

5. Term Project

Try to do a little each week on the term project. Weeks 1-2 are the background and
theory, but you can jump into Week 3 if you would rather start coding.

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