
Astronomy 7A Midterm #1
October 6, 2012

Name:

Section:

There are 4 problems of roughly equal weight that are required. In addition,

there is a 5th optional bonus problem.

Write your answers on these sheets showing all of your work. It is better to

show some work without an answer than to give an answer without any work.

Feel free to use the back of the pages as well, but please clearly label which

work corresponds to which problem.

Calculators are allowed to perform arithmetic. Please turn off all cellphones.

If you have any questions while taking the midterm, get the attention of one

of the GSIs or the instructor.

Budget your time; you will have from 12:40 pm to 2:00 pm to complete the

exam. Of course, you are free to hand in your exam before 2:00 pm. Make

sure that you have time to at least briefly think about every required question

on the midterm.

You do not need to work on the questions in order, so it is OK to skip a

question and come back to it later.
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Constants

c = 3.00 × 1010 cm/s = 3.00 × 108 m/s

h = 6.623 × 10−27 erg s = 6.63 × 10−34 m2 kg s−1

σ = 5.67× 10−5 erg s−1 cm−2 K−4 = 5.67 × 10−8 W m−2 K−4

k = 1.38× 10−16 erg/K = 1.38 × 10−23 J/K

G = 6.67 × 10−8 dyne cm2/g2 = 6.67× 10−11 m3 kg−1 s−2

1 dyne = 1 g cm/s2 = 10−5 N

mp = 1.673× 10−24 g = 1.673× 10−27 kg

mn = 1.675× 10−24 g = 1.675 × 10−27 kg

me = 9.11 × 10−28 g = 9.11× 10−31 kg

L⊙ = 3.90 × 1033 erg/s = 3.90× 1026 W

M⊙ = 2.0 × 1033 g = 2.0 × 1030 kg

R⊙ = 7.0 × 1010 cm = 7.0 × 108 m

T⊙ ≈ 5800 K (surface temperature)

1 AU = 1.5 × 1013 cm = 1.5 × 1011 m

1 pc = 3.09 × 1018 cm = 3.09 × 1016 m

1 eV = 1.6 × 10−12 erg = 1.6 × 10−19 J

1 radian = 206265 arcsec

1 Angstrom = 10−8 cm = 10−10 m

1 year = 12 months = 365 days = 3.15 × 107 s
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Some Useful Formulae

Classical Doppler Shift (vr ≪ c):

(λobserved − λrest)

λrest
= vr/c

Blackbody Surface Flux:

Fblackbody = σT 4

Planck Function:

Bλ(T ) =
2hc2

λ5

1

ehc/(λkT ) − 1

Bν(T ) =
2hν3

c2

1

ehν/(kT ) − 1

Wien Peak Law for Bλ:

hνpeak ≈ 5kT

Wien Peak Law for Bν:

hνpeak ≈ 3kT

Diffraction Limit:

θdiff ≈ λ/d

Energy Levels of Hydrogen:

En = −13.6 eV/n2
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1 Measure for Measure

(a) [2 points] A telescope of aperture area ∆A collects photons hav-

ing wavelengths between λ1 and λ2 from an astrophysical source.

Within a time interval ∆t, it collects a total energy ∆E.

Write down a symbolic expression for the flux density Fν,

in terms of the variables given and fundamental constants.

The problem asks for Fν not Fλ. We need the frequency interval, not the

wavelength interval. λ1 corresponds to a frequency of c/λ1 and λ2 corresponds

to a frequency of c/λ2. Therefore the frequency interval is c/λ1 − c/λ2.

Fν = ∆E
∆t∆A(c/λ1−c/λ2)

(b) [2 points] Suppose this same source is angularly resolved. It

looks like a uniformly bright, circular disk with angular radius θ.

Write down a symbolic expression for the specific intensity

Iλ, in terms of the variables given and fundamental constants.

Specific intensity is flux density divided by solid angle. The solid angle

of the disk is πθ2. And now the problem asks for Iλ not Iν, so we need the

wavelength interval λ2 − λ1.

Iλ = ∆E
∆t∆A(λ2−λ1)πθ2

(c) [2 points] Suppose the distance d to this same source is known.

Write down a symbolic expression for the source luminos-

ity L, in terms of the variables given and fundamental constants.

Assume the source radiates isotropically. (This is not the bolomet-

ric luminosity, but just the luminosity between wavelengths λ1 and

λ2.)

For an isotropically emitting source, L = 4πd2F , and F = ∆E/(∆A∆t).

So

L = 4πd2 ∆E
∆t∆A
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(d) [2 points] Suppose the source is known to be a blackbody, and we

measure its specific intensity at a SINGLE wavelength. From this

single measurement, can we calculate the temperature of the

blackbody? Yes or No, with BRIEF explanation.

Yes , because the specific intensity of a blackbody is given by the Planck

function, and the Planck function (on the formula sheet) depends only on λ

and T . We are told that we know the specific intensity at a certain wave-

length, so the only thing that is not known is T . We have 1 equation in 1

unknown, so we can solve for T .

2 Blackbody Star

Idealize a star as a spherical blackbody of temperature T and ra-

dius R. A telescope observes the star at a distance d. (a) [2 points]

Write down a symbolic expression for the bolometric lu-

minosity L emitted by the star in terms of the variables given

and fundamental constants.

L = 4πR2σT 4

(b) [2 points] Write down a symbolic expression for the bolo-

metric flux F detected by the telescope in terms of the vari-

ables given and fundamental constants.

F = L
4πd2 = σT 4R2/d2
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(c) [4 points] For this part (c), use only the information in (c). Do

not use information previous to (c).

It is claimed that the angular radius θ of the star can be estimated by

measuring (1) the bolometric flux F , and (2) the photon frequency

ν∗ where the spectrum — as measured by the flux density Fν —

peaks. (In other words, ν∗ is the frequency where Fν is maximum).

Is this claim true? If true, give an expression for θ in terms

of the variables given and fundamental constants. If false,

describe what additional measurements would be required.

The statement is TRUE: We CAN estimate the angular size of a star . A star

can be approximated as a black body. So, first by measuring the peak of the

flux density, Fν, and using Wien’s law, (hνpeak ≈ 3kT for Bν), we can deduce

the temperature of the star. Then from Stefan-Boltzmann’s law,

L = 4πR2σT 4

L

4πd2
=

4πR2

4πd2
σT 4

F =

(

R

d

)2

σT 4 (1)

where d is the distance to a star. By definition of the angular size, R/d = θ,

F = θ2σT 4 .

We measure the bolometric flux F and calculate T above, so we can obtain

the angular size

θ =
(

F
σ

)1/2
(

3k
hν∗

)2
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3 Diffraction and Parallax

An astronomer on Earth measures stellar parallaxes over an entire

year.

The astronomer’s telescope is diffraction limited. The mirror diam-

eter is D, and the observing wavelength is λ. Ignore the effects of

the atmosphere.

(a) [4 points] Only stars that are close enough to Earth — within a

distance r — have parallaxes large enough to measure.

Write down an expression for r in terms of the variables given

and known constants. Your answer should be accurate to better than

a factor of 2.

Assume the orbit of the Earth is circular.

For a star that is r away, the parallactic angular shift of the star is given

by θparallax = 2 AU/r (2 AU for the full diameter of the Earth’s orbit).

If we had perfect angular resolution, we could resolve any value of θparallax,

no matter how small. But our instrumentation is diffraction limited. We

can’t resolve angles bigger than θdiff = 1.22λ/D (using Rayleigh’s criterion

for a circular aperture).

So we set θparallax = θdiff and solve for r = 2 AU/θdiff = 1.64 AU× D/λ .
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(b) [4 points] If the astronomer wishes to increase the total number

of measurable parallaxes (= parallaxes large enough to measure) by

a factor of 103 (a thousandfold increase), what changes can they

make to their observing equipment? Specify two ways and

be quantitative.

Assume the volume density of stars in our solar neighborhood (the

number of stars per unit volume) is constant.

We live in a 3D universe, so to increase the number of stars accessible by

a factor of 103, we just need to increase the distance out to which we make

good measurements by a factor of 10 (because the volume of a sphere scales

as radius3). So we need to increase r by a factor of 10. We can do this

either by decreasing λ by a factor of 10 , or increasing D by a factor of 10

to improve our angular resolution by a factor of 10.
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4 The Black Hole and the Star

Consider a star orbiting a supermassive black hole of mass M . As-

sume the star has negligible mass compared to the black hole.

The orbit of the star is circular. An astronomer observes the or-

bit edge-on. Assume the black hole does not move relative to the

observer.

(a) [4 points] The star’s atmosphere contains hydrogen which pro-

duces an absorption line at Balmer γ (otherwise known as “H-

gamma”). Calculate the rest wavelength λrest of this absorp-

tion line, in Angstroms. Just 1 significant figure is enough!

“Balmer” means a transition that lands to nfinal = 2. “γ” means the tran-

sition starts 3 steps above nfinal = 2, or nstart = 5. So the electron in the

hydrogen atom is transitioning from nstart = 5 to nfinal = 2.

Use the formula (on the equation sheet) for the energy levels of hydrogen

to solve for the energy difference between nstart = 5 and nfinal = 2.

∆E = −13.6 eV

(

1

52
−

1

22

)

= 2.856 eV (2)

The question asks for wavelength. Energy is related to wavelength as

follows:

∆E = hν = hc/λ . (3)

Solve for λ = hc/∆E or λ = 4350 Angstroms (after doing the unit con-

versions).
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(b) [4 points] The Balmer γ line is observed to undergo periodic

redshifts and blueshifts. The maximum redshift observed is ∆λ (i.e.,

the line is observed at a wavelength of λrest+∆λ, where ∆λ ≪ λrest).

Obtain a symbolic expression for the orbital radius r of the

star around the black hole, in terms of the variables given and

fundamental constants.

The redshift ∆λ obeys ∆λ/λ = vr/c, where vr is the line-of-sight velocity.

Because the orbit is observed edge-on, the maximum line-of-sight velocity

is just the circular orbital velocity of the star. So we need to solve for the

orbital velocity.

We know that for circular orbits, v =
√

GM/r, so r = GM/v2.

We just need v, which we get using the Doppler shift formula: v =

c∆λ/λrest. This v equals the radial velocity vr because we are viewing the

orbit edge-on.

So combining the two formulae, we get

r = GM
(

λrest

c∆λ

)2
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5 BONUS: Optical Depth

This problem is optional, but can be solved for bonus points.

[4 points] A slab of gas has optical depth τ .

A photon tries to penetrate the slab.

Write down the probability that the photon will be ab-

sorbed, in terms of τ and fundamental constants. Your

expression should be valid for ANY value of τ .

Hint: You can start with the probability that the photon will pass

through. Consider how flux attenuates (i.e., how flux decreases with

increasing τ).

Flux attenuates as F = F0 exp(−τ), so the fraction of photons that pass

through is F/F0 = exp(−τ). This equals the probability that a single photon

passes through.

The probability that a photon does not pass through (gets absorbed) is

one minus the probability that it passes through (so the sum of probabilities

is one). Therefore the desired probability of absorption is 1 − exp(−τ) .
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