
Exam # 1 Solutions

Lots of partial credit given, so give at least a qualitative answer to each item. Some
useful constants are given at the end of the exam.

1. Extensive spectral observations often show two peaks in high excitation emis-
sion molecular line profiles from star-forming molecular globules, and the blue
peak is usually stronger than the red peak.

1.1. With equations or diagrams, indicate how a double-line spectral
line could be formed in this situation.
In a star-forming globule, material is infalling. A double line profile
could be formed only if a given radial velocity could originate from
two different parts of the cloud. If the infalling velocity and density
both varied inversely with radius, you would get a situation that
a line-of-sight through the cloud, off-center, would traverse first a
red-shifted region of low intensity, then a red-shifted region of high
intensity, then a blue-shifted region of high intensity and finally a
blue-shifted region of low intensity. At the cloud’s midpoint, there
is no Doppler shift because there is no component of the cloud’s
velocity along the line-of-sight. This could produce a line with two
peaks: one red-shifted and one blue-shifted.

1.2. In order to obtain double-line spectral lines, how should the infall
velocity behave with radius?
A necessary condition is that the infall velocity vary inversely with
radius. In this case, a line of sight contains two points with the same
radial velocity from the observers viewpoint. Example: v(r) = v0/r.
If R is the distance from the cloud center to the line-of-sight through
r, and z from the line θ = 0 to r, a point in the cloud at position
r, θ satisfies z = r sin θ. Then the component of the cloud’s velocity
along the line-of-sight is vr = v(r) sin θ. Solving for r = (v0/vr) sin θ
which is double-valued as θ goes between 0 and π/2.
On the other hand, if the infall velocity varied positively with ra-
dius, like v(r) = v0r, one would find r = (vr/v0)/ sin θ which has
only one value for each θ value between 0 and π/2.
With two points along a line-of-sight with the same radial velocity,
the intensity at a non-zero radial velocity can be greater than that
at zero radial velocity. Otherwise, the profile is monotonic at non-
zero radial velocities.

1.3. Why is ther an asymmetry between the blue and red peaks?
The red peak is smaller than the blue peak because the higher
intensity red-shifted point along the line-of-sight is shielded by the
lower intensity red-shifted point. The opposite holds for the blue-
shifted points so we see a higher intensity.



2. Explain why the intensity or surface brightness of a galaxy (usually measured
in magnitudes per square arcsec or watts per square centimeter or equivalent
is nearly independent of its distance (ignore cosmological effects).

The intensity is a power per unit area. Both the angular area on the sky
and the flux decrease with the square of the distance.

3. Why do older stars have larger velocity dispersions than younger stars at the
same Galactic height z?

They are affected more by long-range interactions that change their veloc-
ities since the rate of these is roughly constant in time.

4. The energy density of starlight in the ISM is about 1 eV cm−3. Estimate the
energy density of magnetic fields. Estimate the energy density of cosmic rays.

They are all the same, because of equipartition.

5. Stellar systems (clusters) have negative specific heat. Explain.
This means that if energy is extracted or lost from a system, it must become

more bound. The virial theorem equates the magnitude of the potential energy
with twice the kinetic energy, but since the potential energy is negative, an loss
of total energy results in each becoming larger in magnitude: the system heats
up instead of cooling.

6. The values of Oort’s A and B constants are, approximately, A = 15 km s−1

kpc−1 and B = −12 km s−1 kpc−1. Assume that the Sun’s distance from the
Galactic center is R0 = 8 kpc.

6.1. From these values, determine the period of the Sun’s orbit (i.e.,
that of its guiding center around the Galaxy).
Ω0 = A − B=27 km s−1 kpc−1. The period is 2π/Ω0 = 0.23 s
kpc/km = 230 million years.

6.2. Also estimate, from these values, the mass interior to the solar
circle.
GM(< R0)/R2

0 = Ω2
0R0 or M = Ω2

0R
3
0/G = 8× 1010M�.

6.3. Along a line-of-sight directed in the Galactic plane along a Galactic
longitude of 45◦, what is the approximate maximum observed radial
velocity from HI emission and the value of R where this occurs?
For the tangent point, R = R0 sin ` and Vr = V (R)−V0 sin `. Thus
R = 8/

√
2 = 5.7 kpc. −(dV/dR)R0 = A+B = 3 km s−1 kpc−1, so

V (R) = V0+(A−B)(R0−R) where V0 = Ω0R0 = 27×8 = 216 km/s.
We find V (R) = 216+3×2.3 = 223 km/s and Vr = 223−216/

√
2 =

70.3 km/s.
6.4. Is the magnitude of the circular velocity V (R) of the location of

this emission greater or less than that of the Sun? Show your work.
It is greater, see above, by 7 km/s.



7. Assume all dust grains have radii of 0.1 µm, and that their mass density is
about 1 g cm−3. Assume dust comprises 1% of the mass of the ISM, and the
atomic hydrogen density is nH = 1 cm−3.

7.1. What is the mean free path ` for absorption or scattering of light
due to dust? (In the V band, one can assume the dust effectively
blocks 100% of light incident upon it.)
` = 1/(ndσd). We have σd = πr2d. From mass conservation ndMd =
0.01nHmH where the mass of a grain is Md = 4πr3dρd/3 and the hy-
drogen mass is nH = 1/N0, both in grams. Thus ` = 4rdρdN0/(.01×
3nH) = 250 pc.

7.2. In one kpc, what is the extinction due to dust, in magnitudes?
One kpc is equivalent to 4 mean free paths, so the extinction would
be e−4 = 10−AV /2.5 where m is the number of magnitudes of ex-
tinction, or AV = 4.3.

7.3. Under these conditions, what would be the apparent magnitude of
the Sun seen from a distance of 10 kpc?
Seen through 10 kpc of dust, the extinction would be 10× 4.3 = 43
magnitudes. Thus m = M+5 log(d/10 pc)+AV = 5+10+43 = 58.

7.4. Explain why the extinction due to H is negligible in comparison.
The extinction due to H is negligible because the H atom is much
smaller than relevant wavelengths.

7.5. Assume a dust grain is 5,000 stellar radii from a star whose surface
temperature is 10,000 K. What is the approximate temperature of
the grain?
Assuming the dust is a perfect absorber and radiator, the energy
balance equation is

π (rd/d)2 σR2
∗T

4
∗ = 4πr2dσT

4
d

so Td = T∗(R∗/d)1/2(1/4)1/4 = 100 K.

8. Suppose you observe Type Ia supernovae to an apparent magnitude limitmlimit.
We have good reason to believe that these supernovae form a population with
luminosities in a narrow range, i.e., they are standard candles. They are also
expected to be uniformly distributed in space. But if we use redshift to deter-
mine the distances to these supernovae, do the more distant supernovae appear
to be more or less luminous than the nearby ones? What is this observational
selection bias called?

The selection bias is called the Malmquist bias, and when we observe to a
certain magnitude limit we miss the less luminous supernovae. If we assumed
all supernovae were equally luminous, we would infer that the distances of the
fainter supernovae were smaller than the redshifts implied. Or we would infer
that the supernovae with the greatest redshifts were more luminous than the
supernovae with smaller redshifts.



9. How does the radius of a Stromgren sphere scale with the temperature of the
star producing the ionization? Qualitatively explain why the distance over
which the ionization fraction x =H+/(H++H) changes from 0 to nearly 1 is
very small compared to the Stromgren sphere radius.

The production rate of ionizing photons scales with T 4
∗ and the recombina-

tion rate scales as T−3/4. The latter times the volume of the Stromgren sphere
which scales with R3

s is proportional to the number of photons produced per
second. So Rs ∝ T 19/12

∗ .
Useful quantities: 1 pc = 3.09 × 1018 cm, 1 AU = 1.5 × 1013 cm, N0 =

1/mH = 6× 1023 g−1, 1 µm = 10−4 cm, MV,� ' 5, G = 4.3× 10−3 km2 s−2 pc
M−1

� .


