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Thermal history

In the past the Universe was not only much denser than today but also much hotter.

Age of the Universe: t0 ≃ 13.7 billion years

The most remarkable events
of the hot Universe:

Recombination
(electrons and protons
combine to neutral
hydrogen).

Nucleosyhthesis (the
formation of Helium,
Deuterium, ...)

Inflation ?
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Recombination

Since the photon (radiation) energy density scales like T 4 ∝ R−4 ∝ (z + 1)4 while
the matter density scales like mn ∝ R−3 ∝ (z + 1)3, at very early time, the
Universe is radiation dominated (z >∼ 4000, t <∼ 104 years).

At T ≃ 3000K (t ≃ 300′000years) the Universe is ’cold’ enough that protons and
electrons can combine to neutral hydrogen.

After this, photons no longer scatter with matter but propagate freely. Their energy
(and hence the temperature) is redshifted to T0 = 2.728K today, corresponding to
a density of about 400 photons per cm3.

This cosmic microwave background can be observed today in the (1– 400)GHz
range. It has a perfect blackbody spectrum.

It represents a ’photo’ of the Universe when it was about 300’000 years old,
corresponding to a redshift of z ≃ 1100.
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The cosmic microwave background: the spectrum

(Fixen et al. 1996) Nobel Prize 1978 for Penzias and Wilson,
Nobel Prize 2006 for Mather

T0 = 2.728K ≃ −270.5oC
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The cosmic microwave background: anisotropies

Smoot et al. (1999), Nobel Prize 2006

Map of the CMB temperature: per-
fectly isotropic.

Subtracting the monopole a dipole
of amplitude ∼ 10−3 becomes vis-
ible. It is mainly due to the motion
of the solar system with respect of
the sphere of emission (last scatter-
ing surface).

And what is this? Left over after
subtracting the dipole. Fluctuations
of amplitude ∼ 10−5.
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The cosmic microwave background: anisotropies

ESA/Planck (2013)
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The cosmic microwave background: anisotropies

Planck collaboration: CMB power spectra & likelihood
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Figure 37. The 2013 Planck CMB temperature angular power spectrum. The error bars include cosmic variance, whose magnitude
is indicated by the green shaded area around the best fit model. The low-` values are plotted at 2, 3, 4, 5, 6, 7, 8, 9.5, 11.5, 13.5, 16,
19, 22.5, 27, 34.5, and 44.5.

Table 8. Constraints on the basic six-parameter ⇤CDM model using Planck data. The top section contains constraints on the six
primary parameters included directly in the estimation process, and the bottom section contains constraints on derived parameters.

Planck Planck+WP

Parameter Best fit 68% limits Best fit 68% limits

⌦bh2 . . . . . . . . . 0.022068 0.02207 ± 0.00033 0.022032 0.02205 ± 0.00028

⌦ch2 . . . . . . . . . 0.12029 0.1196 ± 0.0031 0.12038 0.1199 ± 0.0027
100✓MC . . . . . . . 1.04122 1.04132 ± 0.00068 1.04119 1.04131 ± 0.00063

⌧ . . . . . . . . . . . . 0.0925 0.097 ± 0.038 0.0925 0.089+0.012
�0.014

ns . . . . . . . . . . . 0.9624 0.9616 ± 0.0094 0.9619 0.9603 ± 0.0073

ln(1010As) . . . . . 3.098 3.103 ± 0.072 3.0980 3.089+0.024
�0.027

⌦⇤ . . . . . . . . . . 0.6825 0.686 ± 0.020 0.6817 0.685+0.018
�0.016

⌦m . . . . . . . . . . 0.3175 0.314 ± 0.020 0.3183 0.315+0.016
�0.018

�8 . . . . . . . . . . . 0.8344 0.834 ± 0.027 0.8347 0.829 ± 0.012

zre . . . . . . . . . . . 11.35 11.4+4.0
�2.8 11.37 11.1 ± 1.1

H0 . . . . . . . . . . 67.11 67.4 ± 1.4 67.04 67.3 ± 1.2

109As . . . . . . . . 2.215 2.23 ± 0.16 2.215 2.196+0.051
�0.060

⌦mh2 . . . . . . . . . 0.14300 0.1423 ± 0.0029 0.14305 0.1426 ± 0.0025
Age/Gyr . . . . . . 13.819 13.813 ± 0.058 13.8242 13.817 ± 0.048
z⇤ . . . . . . . . . . . 1090.43 1090.37 ± 0.65 1090.48 1090.43 ± 0.54
100✓⇤ . . . . . . . . 1.04139 1.04148 ± 0.00066 1.04136 1.04147 ± 0.00062
zeq . . . . . . . . . . . 3402 3386 ± 69 3403 3391 ± 60

33

ESA/Planck (2013)
ℓ = 200 corresponds to about 1o. ⇒ ’acoustic’ peaks. (θ ≃ 180o/ℓ)

(This is roughly the double of the angular size of the full moon (or of the sun).)
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The cosmic microwave background: anisotropies

The matter distribution in the observed Universe is
not very homogeneous and isotropic. It is in form of
galaxies, clusters, filaments, voids.
The idea is that these large scale structures formed
by gravitational instability from small initial fluctua-
tions which have been set up during inflation.

These initial fluctuations are also imprinted in the CMB.

Once a given scale enters the horizon, fluctuations on this scale begin to oscillate
like acoustic waves (sound). The first peak corresponds to fluctuations which have
had time to make exactly 1 contraction since horizon entry until decoupling.

The second peak peak corresponds to fluctuations which have had time to make
exactly 1 contraction and 1 expansion since horizon entry until decoupling (under
density).

The third peak corresponds to fluctuations which have had time to make exactly 2
contractions (and 1 expansion) since horizon entry until decoupling. · · ·
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Combined CMB data
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The cosmic microwave background: anisotropies

The patches which have of peak ampli-
tude temperature fluctuations are stan-
dard rulers. Their size is given by the age
of the Universe at the time of decoupling
(recombination). The angle under which
we see these patches determines the dis-
tance to the surface of last scattering.
(z = zdec ≃ 1100), d = r/θ.
The amplitude of the peaks depends on
the matter density
ρm ∝ ΩmH2

0 = (13±2)×100(km/s/Mpc)2

and
the difference of the amplitude of even
and odd peaks depends strongly on the
density of electrons and hence baryons,
ρb ∝ ΩbH2

0 = 2.2±0.3×100(km/s/Mpc)2

≪ ΩmH2
0 .

Most of the matter in the Universe is dark
and non-baryonic!

r

d

θ
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Baryon acoustic oscillations

The acoustic peaks are also visible in the matter power spectrum. (= The mean square
amplitude of fluctuations of a given size.)14 L. Anderson et al.

Figure 8. The CMASS DR9 power spectra before (left) and after (right) reconstruction with the best-fit models overplotted. The vertical dotted lines show
the range of scales fitted (0.02 < k < 0.3hMpc�1), and the inset shows the BAO within this k-range, determined by dividing both model and data by the
best-fit model calculated (including window function convolution) with no BAO. Error bars indicate

p

C
ii

for the power spectrum and the rms error calculated
from fitting BAO to the 600 mocks in the inset (see Section 4.2 for details).

an estimate of the “redshift-space” power, binned into bins in k of
width 0.04hMpc

�1.

6.2 Fitting the power spectrum

We fit the observed redshift-space power spectrum, calculated as
described in Section 6, with a two component model comprising a
smooth cubic spline multiplied by a model for the BAO, following
the procedure developed by Percival et al. (2007a,c, 2010). The
model power spectrum is given by

P (k)m = P (k)smooth ⇥B
m

(k/↵), (32)

where P (k)smooth is a smooth model that fits the overall shape
of the power spectrum, and the BAO model Bm(k), calculated for
our fiducial cosmology, is scaled by the dilation parameter ↵ as
defined in Eq. 21. The calculation of the BAO model is described
in detail below. This scaling of the acoustic signal is identical to
that used in the correlation function fits, although the differing non-
linear prescriptions in (Eqns 23 & 32) means that the non-linear
BAO damping is treated in a subtly different way.

Each power spectrum model to be fitted is convolved with the
survey window function, giving our final model power spectrum to
be compared with the data. The window function for this convolu-
tion is the normalised power in a Fourier transform of the weighted
survey coverage, as defined by the random catalogue, and is calcu-
lated using the same Fourier procedure described in Section 6 (e.g.
Percival et al. 2007c). This is then fitted to express the window
function as a matrix relating the model power spectrum evaluated
at 1000 wavenumbers, k

n

, equally spaced in 0 < k < 2hMpc

�1,
to the central wavenumbers of the observed bandpowers k

i

:

P (k
i

)fit =

X

n

W (k
i

, k
n

)P (k
n

)m �W (k
i

, 0). (33)

The final term W (k
i

, 0) arises because we estimate the average
galaxy density from the sample, and is related to the integral con-
straint in the correlation function. In fact this term is smooth (as

the power of the window function is smooth), and so can be ab-
sorbed into the smooth component of the fit, and we therefore do
not explicitly include this term in our fits.

To model the overall shape of the galaxy clustering power
spectrum we use a cubic spline (Press et al. 1992), with nine nodes
fixed empirically at k = 0.001, and 0.02 < k < 0.4 with
�k = 0.05, matching that adopted in Percival et al. (2007c, 2010).
This model was tested in these papers, but we show in Section B3
that it also provides an excellent fit to the overall shape of the DR9
CMASS mock catalogues, and that there is no evidence for devia-
tions for the fits to the data.

To calculate our fiducial BAO model, we start with a linear
matter power spectrum P (k)lin, calculated using CAMB (Lewis et
al. 2000), which numerically solves the Boltzman equation describ-
ing the physical processes in the Universe before the baryon-drag
epoch. We then evolve using the HALOFIT prescription (Smith
et al. 2003), giving an approximation to the evolved power spec-
trum at the effective redshift of the survey. To extract the BAO, this
power spectrum is fitted with a model as given by Eq. 32, where we
adopt a fixed BAO model (BEH) calculated using the Eisenstein &
Hu (1998) fitting formulae at the same fiducial cosmology. Divid-
ing P (k)lin by the best-fit smooth power spectrum component from
this fit produces our BAO model, which we denote BCAMB.

We damp the acoustic oscillations to allow for non-linear ef-
fects

B
m

= (BCAMB � 1)e�k

2⌃2
nl/2

+ 1, (34)

where the damping scale ⌃

nl

is a fitted parameter. We assume
a Gaussian prior on ⌃

nl

with width ±2h�1
Mpc, centred on

8.24h�1
Mpc for pre-reconstruction fits and 4.47h�1

Mpc for
post-reconstruction fits, matching the average recovered values
from fits to the 600 mock catalogs with no prior. The exact width of
the prior is not important, but if we do not include such a prior, then
the fit can become unstable with respect to local minima at extreme
values.

c
� 2011 RAS, MNRAS 000, 2–33

from Anderson et al. ’12

SDSS-III (BOSS)
power spectrum.
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The cosmological composition

Data: CMB + BAO + SN Ia

H0 = 67.8 ± 1km/s/Mpc

= h100km/s/Mpc

Ωm = 0.31 ± 0.01

Ωbh2 = 0.0221 ± 0.0002

ΩK = −0.0005+0:0065
−0.0066

ΩΛ = 0.69 ± 0.01

Ωradh2 = 0.48 × 10−5

age = 13.80 ± 0.04Gyr

Ruth Durrer (Université de Genève) Cosmology II August 6, 2014 13 / 21
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Dark matter

Most of the matter in the Universe is in the form of
an unknown non-baryonic component which does
not interact with photons (dark).

Also most of the baryonic matter is in the form of gas
which does not emit light.

The first to postulate dark matter was the Swiss
astronomer Fritz Zwicky. He realized that binding
galaxy clusters gravitationally, requires about 100
times more mass than the mass of all its stars (HPA,
1933).

In the 70ties, the American astronomer Vera Rubin
has shown that also galaxies are dominated by dark
matter which contributes about 10 times more to
their mass than the stars.
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Dark matter

Rubin found that the rotation curves of test particles (stars, hydrogen atoms) rotating
around galaxies do not show the expected decay of the velocity,

v2 =
GM

r
, v ∝ 1√

r

but have v = constant. Kepler’s law then requires that M ∝ r .

Ruth Durrer (Université de Genève) Cosmology II August 6, 2014 15 / 21
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Dark matter is non-baryonic

These original discoveries do not shed any light on the nature of dark matter
except that it does not emit visible photons.

X ray observations show that a part (about 10% ) of dark matter in clusters is in
the form of hot gas emitting X rays.

Estimations of cluster masses (and CMB and LSS observations) yield
Ωmh2 ≃ 0.14

CMB anisotropies (and nucleosynthesis) require Ωbh2 ≃ 0.02

Hence most of dark matter (env. 85%) is non-baryonic.
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. . . . . .

Dark matter : Candidates

What could this dark matter be?

A stable particle which do not couple to photons.

Neutrino (cannot be bound in dwarf galaxies, too little small scale structure).  
Sterile Neutrino which is more massive but less abundant ?

Neutralino (stable particle in most simple models of super-symmetry ⇒ LHC) ?

Axion (Hypothetical stable particle required to solve the ’strong CP problem’) ?

Primordial black holes ?

Wimpzillas ?

Gravitinos ?

All these candidates require physics beyond the standard model!
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. . . . . .

Dark energy models

Cosmological constant / vacuum energy
Provides a good fit to the data, but nobody understands its value and which it
comes to dominate exactly ’now’.
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. . . . . .

Dark energy models

Quintessence
A scalar field which first follows the scaling of matter and radiation and has started
to dominate recently.

Can reproduce the data if its behavior is close to a cosmological constant.
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. . . . . .

Dark energy models

Modification of gravity at large scales, e.g. massive gravity, degravitation, extra
dimensions.

Backreaction: If structure formation leads to relevant modifications of the
geometry, this could modify the relation between distance and redshift...
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. . . . . .

Conclusions

Observations SN
15 years after the discovery of the accelerated expansion of the Universe,
observations of several 100 supernovae of type Ia confirm it at more than 7σ.

Other data also require dark energy
CMB, BAO, ....

Cosmological constant
A cosmological constant or vacuum energy which contributes about 70% to the
energy density of the Universe is in good agreement with data.

Dark matter
25% of the energy density of the Universe is in the form of non-baryonic dark
matter. Even if several reasonable candidates exist, we still have not been able to
identify dark matter 80 years after it has been first postulated by Fritz Zwicky.

Baryons
Only about 5% of the energy density of the present Universe is in the form of
matter as we find it in our solar system, ordinary atoms made out of baryons and
electrons.
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