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(a) Explain in words the physical signficance of (i) the Jean’s Mass and (ii) the Meszaros effect. [5 marks]

(b) In the expanding universe, the first law of thermodynamics takes the form:

dp Py
EZ+3H(/}+—63>—0

where p and P are the density and pressure, and H is the Hubble parameter. Show that for a universe domirated

by relativistic particles or radiation, p o< a™. [5 marks]

(c) Consider a universe dominated by the cosmological constant, A. The Friedmann equdtions may be written as:

(B) 12 ae
a a2 3

and

where a is the expansion factor, k the curvature of the universe, ppc? the energy density associated with A and P
the pressure. Writing the equation of state for A as P = wppc? and recalling that Ac? = 87Gp,, show that in a

A-dominated universe w = —1. [5 marks]

(d) Estimate the Hubble radius at recombination in a flat, matter-dominated universe. How does the proper size

of this region at the present day compare with today’s Hubble radius? [5 marks]
{

(e) What is the dominant contribution to the temperature anisotropy on large scales? Recalling that photons
emitted from a potential well at the epoch of recombination experience both a gravitational redshift and a time

dilation, derive an expression for the Sachs-Wolfe effect. [5 marks]
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