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Problem 1.
Convert the following quantities by inserting the appropriate factors of c, h̄,
and kB:

• CMB temperature T0 = 2.725K → eV

• Photon energy density ργ = π2T 4
0 /15→ eV 4 and g cm−3

• Typical horizon scale 1/H0 → cm

• Planck mass mPl ≡ 1.2× 1019GeV → K, cm−1, sec−1

Problem 2.
From the lecture note, one knows that Christoffel symbols can be expressed
as

Γκµν =
∂xκ

∂ξα
∂2ξα

∂xµ∂xν
, and gµν = ηµν

dξα

dxµ
dξβ

dxν
,

where ξα and xµ are components of a local Minkowski and a global
coordinate system respectively. Show that this expression is equivalent to
the formula

Γσµν =
gσρ

2
(
∂gνρ
∂xµ

+
∂gµρ
∂xν

− ∂gµν
∂xρ

).

Problem 3.
Modern cosmological theories can exhibit horizons of two different types,
which limit the distances at which past events can be observed or at which
it will ever be possible to observe future events. These are called by Rindler
particle horizons and event horizons, respectively.
Let we set the big bang started at a time t = 0 and the space is flat (κ = 0).
(a) If the universe is dominated by radiation, compute the greatest value of
comoving distance dmax, which an observer at time t0 is able to receive
signal from the big bang. (radius of particle horizon)
(b) If the universe is dominated by cosmological constant Λ, it will be
expanding forever. Computer the largest comoving distance dmax which the
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events occurring at time t0 that we can ever observe. (radius of event
horizon)
Hint: one can adopt a spherical coordinate system for space components,
and consider a light ray coming to the observer along the radial direction.
Problem 4.
Let’s take the data of the energy densities for matter, radiation and
cosmological constant (dark energy in ΛCDM model) to be ρ0M = 0.315,
ρ0Λ = 0.685 and ρ0R = ρ0M

3401
respectively.

(a) Please make a plot of the energy densities as functions of the scale
factor.
(b) Please make another plot of the energy density propotions as functions
of the scale factor and explain how the picture indicates the coincidence
problem in cosmology.
Hint: It may be better for you to take a log-log plot for (a) and a log-linear
plot for (b). The plots can be found in the lecture notes, but the point of
this exercise is that you create your own version, using e.g. Mathematica or
you favourite computer tool, based on the correct cosmological input
parameters.
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