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Duration: 2 hours

This paper has two Sections and you should attempt both Sections. Please read
carefully the instructions at the beginning of each Section. The use of an elec-
tronic calculator is permitted but no graph-plotting facilities may be used. Please
state on your answer book the name and type of machine used.

Physical Constants

Gravitational constant G 6.7x107"" N m? kg2
Speed of light c  3x108ms™!

Solar mass M, 2.0 x 10%%g
Gravitational radius of Sun 7,5 3 km

Hubble constant Hy 70 km s "Mpc™!
Hubble radius ¢/Hy 6 x 10° Mpc

1 pc=31x10"%m
NOTATION

Three-dimensional tensor indices are denoted by Greek letters «, 3,7, ... and take
on the values 1, 2, 3.

Four-dimensional tensor indices are denoted by Latin letters i, k,[, ... and take
on the values 0, 1, 2, 3.

The metric signature (+ — ——) is used.

Yy

Partial derivatives are denoted by ”,

9 .9

Covariant derivatives are denoted by 7;”.
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USEFUL FORMULAS.

Cosmology
2 k
ds® = *dt*—R*(t) [d}(2 + Sln(k\:/_X)(dQ2 + sin? 0d¢?)| (Robertson—Walker metric),
. 4G 3 AR
R=-" (p + p) R+ —— (acceleration equation)
3 c? 3
R :
q = ——— deceleration parameter
R2
: G AR?
R*+ ke® = WT pR% + 3 (Friedmann equation)
d(pc*V) = —pdV (energy conservation equation)
313 ~26 3 .
Perit = =0.92 x 107 kg m™ (critical density)
8rG

General Relativity
Minkowski metric:
ds® = nz-kdxidxk = Adt* — da® — dy? — d2?
Covariant derivatives:
Ay = AL+ DA™ Ay = Aip — TA,,, where I, are Christoffel symbols

Christoffel symbols:

. 1 .
Iy = 59% (Gt + Gmik — Grim)

Geodesic equation: '
du’
ds

+ T8 uFu™ =0,

where ' '
u' = dz'/ds is the 4-velocity along the geodesic.

Riemann tensor:
i 7 m i 7 n
Ay — Ay, = —A" Ry, where Ry, = g™ Rygim,
kim = Lkma = Ukim + Ul — DUt
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Symmetry properties of the Riemann tensor:
Riklm = _Rkilm = _Rikmly Riklm = leik~

Bianchi identity:

ikt T gy + R = 0.
Ricci tensor:

Rij, = §" Riimi; = Rijos.

Scalar curvature: ' '
R = gllgkaiklm — glkRzk — RZ
Einstein equations:
P 8rG .,
where T} is the Stress-Energy tensor.

Gravitational radius:

ry =2GM/c* = 3(M/My) km, where M, is the mass of the Sun.



SECTION A

Each question carries 10 marks. Attempt ALL questions.

1. Explain briefly: (i) what is meant by the perfect cosmological principle and why it is
wrong; (ii) what is meant by cosmological principle and why observational data support
it. What is the approximate scale above which homogeneity is reached? Explain why
the homogeneity of the Universe implies the existence of a cosmic time.

2. Use the Friedmann equation for a spatially flat Universe to find the Hubble constant H
as a function of scale factor R if the present Universe contains dust with dimensionless
density 240 and radiation with dimensionless density €2,q.

3. Assume that a small fraction of the matter density in a spatially flat Universe can
be explained by some hypothetical dark objects of mass M = 1073M, and that the
dimensionless density of these objects is Q,,; = 107", Estimate the average distance
between these objects at present time and at redshift z = 9.

4. Give the definition of the covariant tensor of the fourth rank, A;;,, and the contravari-
ant tensor of the third rank, B!,

In the local Galilean frame a:fG] of reference a mixed tensor of the second rank, C}
has the only one non-vanishing component, C’S[G] = 1, and all other components are
equal to zero. Write down all components of this mixed tensor in arbitrary frame of

. Oxt
i3 ; : l _ _oz! l _ [G]
reference, z*, in terms of the transformation matrices o, = 2u; and By,1q) = Gom--

5. Write the Hubble law in vector form. Consider three galaxies in an expanding Universe
located at points A, B and C. Prove that if the Hubble law is valid for an observer
at A, then it is also valid for observers at B and C'. Assume that the vector 7sp is
perpendicular to the vector 74¢. For an observer in galaxy A, galaxy B has a redshift
Z(BA) = 0.6 and galaxy C' has a redshift with z(c;‘) = 0.8. Find the redshift 283) of galaxy
C, measured by an observer in galaxy B.

4 [Next section overleaf.]



SECTION B

Each question carries 25 marks. You may attempt all questions but, except for a
bare pass, only marks for the best TWO questions will be counted.

1. Assume that the Universe is open (k = —1) with A = 0 and contains only dust.

[15 Marks] (a) Using the Friedmann and energy conservation equations, verify that
the evolution of the scale factor can be expressed in the following parametric form:

R(n) = 5 eoshn — 1), #(n) = 2" (sinby — ),

where (3 is a constant.

[10 Marks] (b) Determine  in terms of present Hubble constant Hy and density
parameter 2.

2. A spatially flat Universe contains dust with dimensionless density €240 = 0.3 and dark
energy corresponding to cosmological constant A.

[15 Marks] (a) Calculate the present deceleration parameter g if the Universe started
to accelerate when the density of dust was 64 times larger than at present.

[10 Marks]| (b) Determine the redshift when the contribution of “dark energy” to the
density of the Universe was only 1%.

3. Consider a sphere in a Robertson-Walker model with comoving coordinate x = ys.

[6 Marks| (a) Using the Robertson-Walker metric, find (i) the physical radius r(xs, t)
of the sphere at time ¢ and (ii) the circumference C(xs,t) of a circle in the plane
0 = m/2. Express your results in terms of the scale factor R(¢) and .

[19 Marks] (b) A spherical galaxy of diameter D has redshift z and apparent angular
diameter Af. Show that
_ DVE(1+2)

" Rysin(vky)
where R, is present scale factor. Assuming that equation of state parameter a = 0,

A =0 and k£ = 0, use the equation for radially propagating photons to determine an
integral relationship between z and Y.

Al
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4. Consider a dust sphere of average density p’ in a background flat Universe with k =
A = 0. Consider the amplitude of the small density perturbation

as a function of scale factor R, where p(R) is the average density of the Universe.

[15 Marks| (a) Show that the equation for evolution of 6(R) can be written in the
form

LR R I
dR?  2RdR 2R?>"
[Hint: Show first that (R' — R)/R = —§/3.]

[10 Marks]| (b) Show that the general solution of this equation can be represented in
terms of two independent modes, one of which is growing, while the other is decaying.
Given that these two modes were equal at redshift z = 9, find their ratio at the present
moment.
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