
ASTR 601: Problem Set 5, due Wednesday, November 17

1. You observe a quasar in the infrared. Superposed on the quasar’s continuum emission

you find sharp absorption lines at 1.61 microns, 2.17 microns, 3.61 microns, 4.23 microns,

and 6.19 microns. You think these lines are from an intervening cloud of pure atomic (not

molecular) hydrogen.

(a) What are these transitions? That is, what are the upper and lower states for each of the

five lines? In the rest frame of a hydrogen atom, the Lyman α transition (n = 1 to 2) has a

wavelength of 1215.7Å.

(b) What is the redshift of the cloud, and below what wavelength (in our frame) do you

expect strong suppression of the continuum due to bound-free absorption from the Lyman

edge?

(c) For weak absorption, the fractional equivalent width of a line (i.e., the equivalent width

divided by the wavelength of the line) is proportional to the column density of absorbers

(number per area, projected) times the oscillator strength f times the multiplicity g of the

initial state: EW/λ ∝ nifg. Note that here ni means the number of atoms in a precisely

defined quantum state (i.e., one in which the quantum numbers n, l, m, and ms are all

specified), and g is the number of states with the same value of n. Say the five lines above

(in order of increasing wavelength) have equivalent widths of 5.04Å, 36.8Å, 0.255Å, 0.809Å,

and 6.512Å. Assuming that the cloud is in thermal equilibrium, what is its temperature to

within 100 K? Remember that the multiplicity of a state with principal quantum number n

is g = 2n2; table 10.1 in the book (page 281) gives only the f values, not gf .

2. You have discovered an expanding molecular bubble in our galaxy, at a distance of 400 pc.

You are observing an emission line, specifically 13CO(2 → 1). The bubble is optically thin

to this line, i.e., you see emission from the back side as well as the front side.

(a) The observed full fractional width of the line is ∆λ/λ = 2.3×10−4. What is the expansion

velocity of the bubble, as measured from its center? Be careful of your factors of 2!

(b) The angular diameter of the bubble is 20”, and the inferred column depth of H2 through

the bubble’s center is 4× 1023 cm−2. Assuming that essentially all of the mass is in H2 and

that the molecular bubble is a perfect sphere of uniform density, what is the mass of the

bubble to within 10%?

(c) From parts (a) and (b), derive limits on the initial kinetic energy and current age of the

bubble, assuming that after the event that created the bubble it has expanded passively into

the interstellar medium. In each case, state whether the limit is an upper limit or a lower

limit, and explain your reasoning.



3. Yet another independent theorist, Dr. May B. Right, has been exploring physics in

parallel universes. It has been suggested that in parallel universes the laws of physics may

be modified in some ways; in the modification that Dr. Right is considering, everything is

the same as in our universe except that Planck’s constant is ~ = 5 × 10−31 erg-s instead

of 1.05 × 10−27 erg-s as in our universe. Dr. Right has studied the transition properties

of hydrogen in this universe and has concluded that the strongest transition (but not by a

large margin) will be 3d → 1s. Dr. Sane, who doesn’t like the competition, has written

a scathing rebuttal; he argues that given Dr. Right’s assumptions that the laws of physics

work the same way in this parallel universe, there is a trivial argument that it is impossible

that 3d → 1s is the strongest transition. Determine, using the simplest rigorously correct

qualitative or quantitative arguments, whether Dr. Sane is finally right or whether Dr. Right

could be correct.

4. Suppose one has a “buckyball”, which is essentially a spherical cage of carbon atoms

bonded to each other. That is, we assume they are equally spaced in the form of a very

thin spherical shell. Assume that the area density of carbon atoms is one per 4 square Å.

To within a factor of 3, estimate how many atoms need to be in a buckyball so that its

lowest-order rotational transition may be excited at a temperature of T = 6× 10−3 K.

Computational challenge problem

I think the four problems above are plenty for the homework, but for those of you who

enjoy writing code I have a challenge for you. Note that this will not count in your grade

at all; you don’t need to do this as part of your homework, and even if you complete the

challenge successfully you won’t get any extra credit.

The challenge is to partially automate problem 1a above. We will assume that our

observations involve so many photons that we can use χ2 statistics (which as you re-

call require Gaussians) with a clear conscience. Someone measures the wavelengths of

n lines from a source, and also quotes their standard deviations. Thus your data are

λ1, δλ1, λ2, δλ2, . . . , λn, δλn. Assume that the probability distribution for each wavelength

measurement is Gaussian. You happen to know, somehow, that these are hydrogen atomic

transitions, and by the wavelength ratios you are able to figure out the initial and final

principal quantum numbers ni and nf for each transition.

Your task is to write a code to determine the redshift z to the source, plus the 1σ

uncertainty on the redshift. Recall that if you have n measurements of data di with standard



deviation σi and your model predicts mi, then

χ2 =
n∑

i=1

(mi − di)2

σ2
i

(1)

and that for one model parameter (z in this case), ∆χ2 = 1 for one standard deviation,

∆χ2 = 4 for two standard deviations, and generally ∆χ2 = m2 for m standard deviations

(note that these numbers change if you have different numbers of parameters). To run your

code you will also need to generate synthetic data; I recommend that you use the function

“gasdev” from Numerical Recipes to draw from a Gaussian. We have the Numerical Recipes

functions in C and FORTRAN on our system.

If this task is too easy for you, you could consider extending it to the case where you do

not know the initial and final principal quantum numbers. If you pursue this in depth you

will encounter some subtle statistical issues, and might learn a good deal about the necessity

for astronomers to have priors when they try to identify lines.


