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Early Development
of the Universe

Bic BANG

Before recombination
e Early Universe
e High temperature
— Electrons are not in atoms
— Photons interact with them

Bic BANG PLuUs TINIEST
FrRACTION OF A SECOND

(107%°)

INFLATION

Recombination

e Late Universe

e Lower Temperature
— e- and p+ form hydrogen
— Photons travel freely




Cosmic Microwave Background (CMB)

formation of atoms
~380000 years after BB
. 3800 Myears ago!!

Discovered in 1965
Small anisotropies discovered in
1992. These are the sedes of all
structure in the Universe
The most precise ooty see
measurements of cosmological e gt s
parameters come from the CMB

The Cosmic Microwave Background Radiation's
"surfact of last scatter" is analogous to the
light coming through the clouds to our

eye on a cloudy day.




Cosmic Microwave Background (CMB)

Ingredients:

— Thomson scattering for e y collisions

— Physics of recombinatione +p <> H+y
— General Relativity

— Boltzmann equation

d Photons

Neutrinos ot = Metric + Compton Scattering

d (Electrons+Hadrons)

dt
Compton Scattering + Weak Interaction

= Metric +

d Neutrinoss
dt

= Metric + Weak Interaction

d Dark Matter
dt

= Metric + ??

Eleclrons Eassmmeeemes 4 Prolons
Coulomb

Scattering




Discovery of the CMB:
Horn antenna for radio waves

Arno Penzias
vy Robert
Wilson of Bell
Labs (1965)

Low and
permanent
noise in the

receiver

Accidental
discovery




National Historic Landmark (1988)
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The frequency spectrum:
A perfect black body at 2.725K

The Universe was in thermal
equilibrium before
recombination: The collision
rate was much larger than the
expansion rate
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On the CN non-discovery
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3874.8 38864 3890.2
Plate 3 of Adams (1941, ApJ, 93, 11-23)
Herzberg (1950) in Spectra of Diatomic Molecules, p 496:

“From the intensity ratio of the lines with K=0 and K=1 a
rotational temperature of 2.3° K follows, which has of
course only a very restricted meaning.”

There went Herzberg's [second] Nobel Prize.
Slide from Ned Wright



CMB Temperature .vs . 2

arXiv:1012.3164 [astro-ph]
A&A 526 (2011) L7

B =-0.007 + 0.027]

2.0 2.5 3.0

COBE CO Molecule lines

SZ Effect C atom lines




COBE Satellite

Launched in
1989, forad _
years mision °°§:=°,¥‘.’::':n§t'%n?§3" S

 FIRAS -

DMR Antennas

5 Earth Sensors :

A high preC|5|on_ SRR
MEASUrEMENt - pupioyabi som ranss
oftheCMB N\,
temperature
(1990)

: Deplovable Masf L

First detection -

of anisotropies'
(1992)
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FIRAS detector: Temperature of the CMB
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DMR detector: CMB fluctuations
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A Big Media Splash in 1992:

25 April 1992

Prof. Stephen Hawking of Cambridge University,
not usually noted for overstatement, said: “It is the
discovery of the century, if not of all time.”

Slide from
Ned Wright




AT =3.355 mK

AT =18 pK

Dipolar anisotropy from the
movement of the Earth

VELOCITY COMPONENTS OF THE OBSERVED CMB DIPOLE
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Planck: The most recent satellite

May 2009 — october 2013
More precise than WMAP

Able to measure polarization
Arrived at L2 in july 2009.

. -
e .




The Planck telescope

Mirror of 1.5 m diameter
2 instruments: High (> 100 GHz) and low ( < 100 GHz) frequency




The Cosmic Microwave Background as seen by Planck and WMAP

Final results
published 17
july 2018

Highest
precision
confirmation
of ACDM

Planck



¢How are the data analysed?

Map of the full sky in Aitoff projection




Statistical Properties

Expansion in Spherical
harmonics (Fourier
transform in the sphere)
Quantifies the clustering in
different scales
T,=2.726K

AT(G,CI)) = T(e,d)) I



Cosmology from CMB

Measure temperature distribution (fluctuations)

Build a map of the anisotropies

Obtain power spectrum from the map

Fit cosmological parameters to the measured power spectrum




Spherical harmonics:

Spherical version of sine waves
=1

by Matthias Bartelmann




by Matthias Bartelman




by Matthias Bartelmann




by Matthias Bartelmann




by Matthias Bartelmann
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by Matthias Bartelmann




Higher | means smaller scales; I~mt/6
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Map reconstruction
=1

by Matthias Bartelman




by Matthias Bartelmann




by Matthias Bartelmann
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by Matthias Bartelmann




|=1-5

by Matthias Bartelmann



=1-6

by Matthias Bartelmann




=1-7

by Matthias Bartelmann




=1-8

by Matthias Bartelmann




To higher |

by Matthias Bartelmanmn




Original map

by Matthias Bartelmann




Planck .vs. ACDM
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PLANCK 2018

26.60 £ 0.73 %

Dark Matter

Dark Energy

68.47 £ 0.73 %






Summary of the formation and evolution of
structure in the Universe

Photons
freestream:
Inhomogeneities
turn into
103> s ~10° years anisotropies

Quantum Perturbation

FIuc.tuations Growth: Zreion Opr W

during Pressure. vs.

inflation Gravity Matter

V(D) Q,, Q, Q,, f, perturbations

grow into non-
linear structures
observed today



Fluctuations are small. We can use perturbation

theory gw/(n; 33) (77) T 59LW(77> :E)

= G
2 types of perturbations: metric perturbations, TLW (777 €L ) — TLW (77) + 5TLW (77: 33)

density perturbations
= @, 0pm, 0Py

Remember: Spacetime tells matter how to move,
matter tells spacetime how to curve
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Matter perturbations

Use newtonian gravity.

dp
0t+v (pv) = 0

v 1
— -V = ——Vp— V¢
v + (v v ; i 0

Vo ArGp.

Since dark energy is smooth (has no fluctuations), only radiation and matter are included in the
egs.

3 regimes:

0 << 1: linear theory

o ~ 1:need specific assumptions (I. e. spherical symmetry)

0 >> 1: non-linear regime. Solve numerically, simulations (also higher order perurbations)

In general: Universe is lumpy on small scales and smoother on large scales — consider
iInhomogeneities as a perturbation to the homogeneous solution



Matter perturbations

p = p(t) +6p = p(t)(1 + 6)
P — P(t)+ 6P Linearizing the equation:

u—alt)H(t)x+ v . , 2,
(I)%(i)(X,t)—i—(b. (5+2H(5:47TG1005—|—$VC(5

Using the Fourier transform, we can write egs. For the Fourier modes:

§(z,t) = Z k(1) ek

/5$t —zk:cd?)

k22

5/« + QH(.SA; — <47erO(t> ) 0. For baryonic matter

57@ + 2H5k — 4Gy, ()0, = 0 For dark matter



Matter perturbations

We can linearize this equation because ¢ is very small . The linear regime is very important:

* On all scales, primordial fluctuations were extremelly small, 6 << 1. On all scales, the seeds of
structure formation were linear

* The linear stage of structure formation is a relatively long lasting one.

* One may always find large scales where the density and velocity perturbations are still linear.
Today, scales larger than ~10 h* Mpc behave linearly

« CMB measurements have established the linear density fluctuations at the recombination
era. By studying the linear structure growth, we are able to translate these into the
amplitude of fluctuations at the current epoch, and compare these predictions against the
measured LSS in the Galaxy distribution

(5(X, t) _ IO(X7 720 (_t)pO(t)



Matter perturbations

Matter Dominated Universe
Linear growth

5 _ ' + B (m)t— 1 Structure formation is only

possible in the matter
dominated era

Radiation Dominated Universe

Ok (t) — A+ Blnt No significant growth

Lambda Dominated Universe

) = + B(;I;)e_QHt Frozen fluctuations



Matter perturbations

2.2
Baryon photon fluid IN - k Cs
Jeans length and scales for collapse 6’f + ZH(Sk o 47TG/;O (t) - a2 5k

GRAVITY PRESSURE

Jeans Length: Both effects are equal —

; ; k a \/47TGp Jeans

2 k2 —
Czlz >4np, -> Oscillating solution J ag ; wavenumber
S
2 k2 J
“s<4mp, -> Perturbations grow 27 eans
a AJ

wavelength

ks

the perturbations grow exponentially (if no expansion) with time or oscillate as sound waves
depending on whether their wave number is greater than or less than the Jeans wave number

For k > k, we have sound waves, for k < k, we have collapse. The expansion adds a sort of friction
term on the left-hand side: The expansion of the universe slows the growth of perturbations
down.



Matter perturbations: dark matter

CMB shows that at z~¥1100, perturbations are of the order 10°. If they grow as 6 ~ t?/3, then for
z=0 they grow a factor of 1000, becoming of the order 1% - NOT ENOUGH!!

DARK MATTER ROLE

=

T IIIIIII T T TTTTI T T TTTTI T T TTTTIT T IIIIII| T T TTTTIT 3
* Dark matter is not coupled to < ]
hotons. — ~
g S 1.0 Mpe ™! ]
* Density fluctuations in dark matter § ]
: SO ]
can start growing from the startof 8 «— oot E
- ~ = otons
the matter-dominated era (zrm 5 S Baryons
3300). > - CDM
* At the time of decoupling, the e 7 ;
: i o ° :
baryons fell in the pre-existing or-
o
—

gravitational wells of dark-matter
and the baryon perturbations grew
from there. (1+2)7 "

10°% 107 107 1072 107™® 107!

® This explains the observed
structure. = LSS requires the
existence of dark matter



Matter perturbations: Comparing the theory to the

observations
® Galaxy surveys provide galaxy ‘
maps. .
* Similarly to the CMB, we want  , X 43 Meietirag s i8Rl /L Yo S8R )
to study the statistical 0.40 GUIIFR LG Ll N  SSAED 0.40

properties of the density
fluctuations

®* Since the maps are in 3D, we

use Fourier transforms and the T St
power Spectrum: i } —;::;—lfist/m;ga
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Matter perturbations: Comparing the theory to the
observations

Inflation as primordial perturbations generator = initial perturbations
are Gaussian. The density contrast 0 is a homogeneous, isotropic
Gaussian random field (Fourier modes are uncorrelated)

Its statistical properties are completely determined by 2 numbers: mean

and variance. The variance is described in terms of a function called the
POWER SPECTRUM

\ <5(/§)5*(E’>> — (27)*P(k)ép (E ~ /?) w

The initial power spectrum has the Harrison-Zel dovich form:
P(k) « k™s,ns~1Spectral index
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Matter perturbations

The full power spectrum shape

LI I
large scales

lll'll

small scales -




Matter perturbations

Measured
power E
spectrum for
different o
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