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Consider a flat FRW universe filled with two non-interacting perfect fluids with equations
of state w,, =0 and wyx = —%. The Friedmann equation is
2
H? = <1Z—(Z> = ? Pi s
a i=m,X

where the energy density of each fluid, p;, satisfies

dpi
— = —3H( +w;)p; -
n 3( w)p

Use t( for the present time, Hy for the Hubble constant and Q; o = 87Gp;(to)/ 3H§ for the
dimensionless density of each component today. The present value of the scale factor is
normalized to unity, i.e. a(tp) = 1.

i) Show that the evolution of the conformal Hubble parameter H = a’/a satisfies
M +H —a* =0,

where primes denote derivatives with respect to conformal time 7, and the constant
a should be determined in terms of Hy and €2, o.

Hint: Show that pxa® = const.
[ p

ii) Show that the parametric solution for the scale factor a(7) and the physical time
t(r) is

1 Qm 0

= h -1

a(T) 2= ) [cosh(aT) — 1] ,

o I_I()_1 Qm,O

t(r) = 2 (1= o) [sinh(ar) — at] .

iii) Find an expression for the age of this universe ¢y in terms of Hy and Q,, o and show

that it satisfies 5

SHy ' <to<Hy',

for all values of €, .

[You may use that sinh™ 'z =z — $2% + - for |z] < 1]
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The early universe was dominated by relativistic species. Per degree of freedom, the
number density and energy density of relativistic species are

bosons:

fermions:

1
n:0.12T3{

s p:3.3T4{
1

ool =

where T is the temperature. The Hubble expansion rate then is

T2
H =1.66 V9
pl

)

where M, = 1.2 x 10" GeV and g, is the effective number of relativistic degrees of
freedom.

1) Consider a theory beyond the Standard Model which contains an extra species of

massless neutrinos whose interaction rate is given by I' = G2T°, where G, ~ 10712
GeV~2.

i) Estimate the temperature Ty, at which these neutrinos decouple from thermal
equilibrium.
[You may assume that all particles of the Standard Model are relativistic at Tye., so
that g, (Tgec) ~ 100.]

ii) What is the present temperature of these neutrinos relative to Ty ~ 2 x 10713 GeV,
the present temperature of the CMB? Explain your reasoning. What is the present
number density of these neutrinos relative to that of the CMB photons?

[Hint: Make sure to take into account the decoupling of the ordinary neutrinos at
T ~1 MeVl]

2) Now, let these neutrinos have a mass m,,.

i) If Ty < my, < Tgee, give an estimate for the upper bound on the neutrino mass
coming from the requirement that their fractional energy density satisfies 2, < 0.1.

[You may use that the fractional energy density in photons is €0, ~ 5 x 1075

ii) Discuss qualitatively why a large mass, m, > Ty, is still compatible with the
standard cosmology.
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Consider a homogenous scalar field, ¢(¢) (the ‘inflaton’), with potential energy density
V(¢). Its equations of motion in a flat FRW spacetime are

. . 1 1.
Grsi v =0, =i (3R V)
3MZ \2

where overdots denote derivatives with respect to physical time ¢, primes denote derivatives
with respect to the inflaton, H is the Hubble parameter, and M, is the reduced Planck
mass.

i) Describe qualitatively how quantum fluctuations in the inflaton field lead to fluctuations
in the comoving curvature perturbation, R, on super-Hubble scales.

ii) The resulting power spectrum of R is

H\? ([ H\®
AQ k - — -
0= () (a)
where the right-hand side is evaluated at k = aH.

Define the slow-roll approximation and use it to write the power spectrum in terms of V'
and e = M2 (V' /V)2.

Show that the spectral index ns(k) = 1+ dln A% (k)/dInk, is
ns(k) =1 —6¢e + 2n ,
where n = M&V”/V.

iii) Now consider the potential V(¢) = £m2¢*. Determine the value of m for which this
model leads to the observed amplitude of curvature perturbations, A%(k*) =22x107Y,
where k, corresponds to a mode that exited the Hubble radius 50 e-folds before the end
of inflation.

How does the prediction for ng(k,) compare with the measurement from the Planck
satellite, ny = 0.96 4+ 0.027

iv) Inflation also predicts a stochastic background of gravitational waves with a power

spectrum given by
8 (H\?
A2(k)= — | — .
n(k) M2 <27r>

Compute the tensor-to-scalar ratio r = A2 (k,)/A% (k) for V(¢) = 3m?¢?. How does it
compare to the bound from the Planck satellite, r < 0.097
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Consider a flat FRW universe filled with cold dark matter (¢) and radiation (r). The dark
matter density contrast (in comoving gauge) satisfies

/
A 1 %A; = 4rGa(Peo + 25, ) ()

where primes denote derivatives with respect to conformal time 7, and p. and p, are the
background densities. Assume that the perturbations are adiabatic on superhorizon scales,
i.e. for kT < 1, where k is the comoving wavenumber.

i) Show that outside the horizon the growing mode solution of (%) is A. o 72, in both
the radiation-dominated era (a oc 7) and the matter-dominated era (a oc 72).

[Hint: First show that adiabatic superhorizon fluctuations satisfy the relation A, =
4N ]
3=

ii) Describe qualitatively the evolution of A, (7) inside the horizon. Explain why its
contribution to the right-hand side of (x) can then be ignored. Show that the
growing mode solution of (x) in the radiation-dominated era is A, o< In 7.

2

iii) Show that in the matter-dominated era A. grows as 7° on all scales.

iv) Early in the radiation era, A. has the following spectrum

3
%|Ac(k77)|2:147-4k4, for kr<1.

Using your previous results, explain why the spectrum retains the same shape in
the matter era for modes with k7.q < 1, but changes for modes with k7.q > 1:

k? !
ﬁ’Ac(kJ,THQ =A <L> (In(k7eq))? , for  kTeq>1,

Teq

where 7.4 is the time of matter-radiation equality.

Sketch the final form of the spectrum today.
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