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The equation that describes the linear growth of a density perturbation in a non-relativistic fluid of density p and

pressure P in the matter era is

. . 2
0+2HS = M-{—quﬁ,

where

V$¢ = 4w G(6ptot)-

Here, H is the Hubble parameter, 7 the mean density, § = dp/p the density perturbation, ¢ the perturbation in

the gravitational potential, (0.P) the perturbation in the pressure and (épi0t) the perturbation in the total density.

(a) Show that for cold matter (dust), the perturbation equation reduces to

&+ 2HG — gHQQmé =0 (1)

where {1, is the matter density parameter. [2 marks]

Derive the growing and decaying mode solutions of equation (1) for a universe with critical matter density (£, = 1).

[8 marks]



(b) Consider a universe dominated by a uniform dark energy field for which the Friedmann equation is
(d)z + kc? _ Ac?
a a2 3’
where k is the curvature and A the cosmological constant. Show that density fluctuations in a flat universe of this

kind remain frozen in at their initial value. [6 marks] -

(c) Show that, whether primordial fluctuations are adiabatic or isothermal, the measured amplitude of temperature
fluctuations in the microwave background radiation implies that collapsed structures such as galaxy clusters can

only exist today if the dark matter is predominantly non-baryonic. [4 marks]
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