
PHYSICS 432/532: Cosmology – Final Exam

March 18, 2016, 8am-10am

You have 2 hours to complete the exam. Please answer all questions clearly and completely. Make sure that
you show all of your work. Only answers written in your bluebooks will be graded.

You may use a calculator, and, of course, reference the formula sheet, attached. Beyond that, the exam is
entirely closed book. Unless otherwise labeled, all problem parts are given equal weighting.

1. [30 points] Short Answers (5 points each)

(a) The Bullet Cluster is at a redshift of z = 0.351. This isn’t quite small enough to use the “small
redshift approximation,” χ = cz/H0, but for the purpose of the problem, please do so. What was
the proper distance between us and the Bullet Cluster when the light we’re now seeing from it
was emitted?

(b) Using reasonable values, estimate the density contrast of a large galaxy cluster. You may find the
critical density (found in the equation sheet) useful in computing the denominator.

(c) In a sentence or two (perhaps employing an equation), explain why the primordial abundance of
4He is approximately 25% by mass, regardless of parameters like ΩB .

(d) Below, I’ve sketched a relatively realistic rotation curve for a spiral galaxy, which increases linearly
from R = 0 to Rc, and then is outside of Rc. I’ve also superimposed a thin line representing the
light profile of the galaxy.

Based on the curve above, what is the density profile of the galaxy interior to R ≤ Rc (the core)
and exterior to R ≥ Rc (the halo)? Express your answer as ρ ∝ Rα.

E.C. (1 point) What does comparison with the light profile tell you about the presence or absence
of dark matter in this galaxy?

(e) What is the horizon problem and how does inflation “solve” it? Answer in a sentence or two, and
be sure to address both parts.

(f) Compare (as ratios) the temperature, photon number density, and photon energy density at z = 1
to those values today.



2. [10 points] Let us consider the growth of structure in a deSitter universe. As a reminder, this is one
in which there is only a cosmological constant, ΩDE = 1 (w = −1), and a constant Hubble constant.
(This is contrary to reality, since so far as we can tell, Dark Energy doesn’t cluster.)

Further, you may consider scales on which the pressure term in the structure growth equation are
unimportant (that is, ignore them completely).

(a) Write down the simplified growth of structure differential equation for this bizarre universe.

(b) Solve the growth of structure equation. You should get a result of the form: δ ∝ eαt. Solve for α
explicitly.

(c) E.C. (3 points) Suppose we chose not to ignore the sound speed. Redo part (a) with the sound
speed contribution included explicitly. (That is, what is the sound speed term for Dark energy?)

3. [20 points] You are a cosmologist trying to determine whether you live in one of two possible universes:

• “A”: Radiation-Dominated (Ωγ = 1).

• “B”: A (nearly) empty universe (ΩM = 0.01, ΩΛ = Ωrad ' 0).

(a) What are the ages of the two universes in units of 1/H0? For universe “B” you may assume for
calculation purposes that it’s completely empty.

(b) At what redshift would universe “B” go from being matter to curvature dominated?

(c) What is the comoving horizon distance, in units of c/H0 in each of these universes at the present
epoch? For one of them, you may need to make an approximation.

(d) Suppose you discover a population of Type Ia SN at redshift z = 1. How much brighter (or
dimmer) will the supernovae appear in universe A compared to universe B?

Note: your answer should be a dimensionless ratio, and you should make it clear which universe
produces brighter supernovae.

Note # 2: For universe B, assume a completely empty model.

4. [15 points] I would like you to make a timeline (or timelist, if you prefer) of the big-bang, starting at
the earliest time possible, and finishing with recombination (see? I’ve already given you a point on
the timeline!). The events should be in proper order, and should include (at minimum) when electrons
became non-relativistic, when equality occurred, when various fundamental forces split off from one
another, and other major events.

You are not required to put exact times, expansion factors, temperatures, or energies at every step,
but at least a couple will be required for full credit.

Also, this is not an essay. I don’t need you to describe the event. Listing them is more than sufficient.



5. [25 points] Here is a plot of the Planck power spectrum.

Along with three possible CMB maps (each approximately 10 degrees across, in case you’re curious).

(A) (B) (C)

(a) The 3 maps represent 3 different possible cosmologies in which ΩM and ΩΛ are allowed to vary
including one which represents the concordance model.

Identify the geometry of the universe for the three maps (the geometric shapes for the three are
all different), and tell me how that constrains either ΩM or ΩΛ individually, or in combination.

(b) Suppose recombination occurred around z = 1599 (set as nearly realistic for the purpose of
calculation simplification). Assuming that the universe is matter dominated during the entire
history (it makes the calculation simpler, and is perfectly acceptable for what follows), what is
the horizon scale at recombination (answers in c/H0, please)?

(c) Assume the sound speed is a constant: cs = 0.4c. This significantly simplifies the calculation of
the sound horizon. What is the wavenumber, k of the first acoustic peak in units of H0/c?

You may leave in factors of π.

(d) Compute the comoving distance to the surface of last scatter (you may set your lower limit to
a = 0 for convenience) in the Einstein-deSitter universe, and from that, estimate the angular
wavenumber, l, of the first acoustic peak.

(e) Qualitatively, how would you expect the plot to change (but otherwise everything were held
constant) if Ωb = 0.3?

This should include not only the positions (values of l) of the peaks, but also the amplitudes of
the peaks.


