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Galaxies and Cosmology

Problem Set 4 Due in class, 7 February 2012

Reading: Carroll and Ostlie (2nd edition), pages 1172-1176 and pages 1183-1199 of Chapter
29.

Homework Problem:

The dynamical history of the universe seems to be controlled by unknown forms of matter
with mysterious equations of state (dark matter, dark energy). It is important to understand
how these affect measurable parameters of the universe and thus how we infer their existence.
So in this homework, we will contrast the current ‘concordance model’ universe with a few
others (believed in previous decades to be correct). Take H0 = 70km s−1Mpc−1, but notice
that all times and distances scale ∝ H−1

0 , while volumes ∝ H−3
0 . Some of the problems

below can be done analytically but others require numerical integration (e.g. with Maple,
Mathematica or the free, open source Maxima) —and it may be most convenient to do them
all numerically (though checking answers against analytic results when available -e.g. that
given in class for our universe 1 < z < 3000 and for models b and c, is always strongly
recommended).

Here are the four model universes you will contrast:

a) Current concordance model: Spatially flat universe, with current pressureless matter
density and vacuum energy (cosmological constant) density in the ratio 0.27:0.73.

b) Spatially flat (‘critical density’) universe made entirely of pressureless matter.

c) Spatially open universe with a pressureless matter density 0.27 of the critical density.
No vacuum energy density (i.e. no cosmological constant).

d) Spatially closed universe with pressureless matter density twice the critical density.

1. Age of the Universes. For each of the above universes, give the present-day age of the
universe.

2. Ages in our Universe. For the current concordance model (a), integrate the Friedmann
equation to determine the time (in Gyr)

a) When the ionized hydrogen in the universe recombined to form neutral hydrogen (TCMB =
3000K). [Note: radiation pressure is starting to be important before this redshift, so you
might like to see how much difference it makes to include Ωr0 = 8.38×10−5. (remember
neutrinos are included in this as well as photons)

b) When the first galaxies are observed (z ∼ 8).

c) When quasars were most numerous (z ∼ 3)

d) When the first clusters of galaxies formed (z ∼ 1).

e) Today (you should already have this from problem 2).
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