
Galaksit ja kosmologia – exercise 6. Autumn 2017
The exercises are to be returned for grading by Friday (1.12.) at 12:00 into the assigned
metal box in the Physicum 2nd floor. The exercises will be reviewed on Monday (4.12.)

after the lecture at 12:00.

1. We are observing a galaxy cluster where the hot intergalactic gas emits X-rays. From
the X-ray spectrum, the typical energy of an X-ray photon has been measured to
be E = kbT = 0.5 keV.

• What is the temperature of the intergalactic gas in the cluster?
• The radial velocity dispersion of the galaxies in the cluster is σ ∼ 350 kms−1.

Show that the kinetic energy of a hydrogen atom moving at this speed corres-
ponds approximately to the one-dimensional kinetic energy of monatomic gas
at temperature T ∼ 7 × 106 K.

2. Assume that a galaxy is moving in the Coma cluster at a constant speed of the
mean radial velocity dispersion σr ∼ 977 kms−1. Calculate how long it will take for
the galaxy to cross from one side of the cluster to the other, assuming a diameter of
R ∼ 6 Mpc. Based on the result, approximate the relaxation time trelax of the cluster
for a typical number of galaxies N ∼ 103, and compare the value to the Hubble time
tH = 1/H0. Argue whether the galaxies in the Coma-cluster are dynamically relaxed
or not? Are the simplifications assumed in deriving the time-scales realistic for a
galaxy cluster?

3. Assuming (incorrectly) that the luminosity of galaxies has been always constant
and that radiation energy does not decrease as a function of redshift, calculate how
long it would take for all galaxies in the universe to radiate the amount of energy
in the cosmic microwave background (in ex. 3 we calculated the energy density in
the CMB). Use LUniverse ≈ 1.4× 108hL�Mpc−3 for the value of the total luminosity
density of the Universe. Based on the result, argue whether the energy in the CMB
could even theoretically originate from stars in galaxies?

4. (a) Production of deuterium began in the early Universe when temperature had
decreased to kBT . 70 keV. Show that this happened approximately 350
seconds after the Big Bang. Show also that approximately 24% of the free
neutrons had decayed by this time, as the half-life of neutrons is τ = 887± 2 s.

(b) Calculate how much the helium (4He =2p+2n) fraction predicted by nucleo-
synthesis would differ from today’s value if the half-life was a) τ = 700 s or b)
τ = 1100 s, instead of τ = 887 ± 2 s.

5. The evolution of the Universe in very distant future.

(a) Starting from the Friedmann equation, derive a general expression for the evo-
lution of the scale factor a as a function of time in a flat Universe dominated
entirely by dark energy, i.e. ΩΛ,0 = 1, Ωm,0 = 0, h = 0.671.

(b) According to observations ΩΛ,0 = 0.682, Ωm,0 = 0.318, h = 0.671 and the
Universe is flat. Derive the corresponding general expression for the scale factor
a in this model. (Hint: a similar derivation was done in the 3rd exercises.)

(c) Compare these expressions and calculate the value of the scale-factor in the
future at t = 100 and t = 1000 billion years after the Big Bang in the models
above. Finally, compare the expressions for a to the equations which describe
cosmic inflation. Does the evolution of the early Universe look like the evolution
in the distant future?


