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Cosmic microwave background

1965, Penzias & Wilson

recent measurement:
T, = 2.72548 + 0.00057 K
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The CMB is an almost perfect black body with T = 2.73 K.

lts isotropy Is a very strong basis for the cosmological principle.
It gives a very strong clue that the Universe was thermalized at
early times.




py(a) — pyOa_4 — py()(l + Z)4

2 _ 4
p,c” = const [

Recombination : Ty ~ 3000K,z ~ 1100

This is the redshitt at which hydrogen combines into
atoms, so the cross-section of photons and matter,
dominated by Thomson scattering, drops and the
Universe becomes transparent for the first time.

We see the CMB at the "last scattering surface’.

At higher redshift the Universe is opaque to radiation.
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The CMB dipole, with & T/T ~10-3, measures our velocity
with respect to the radiation component
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The temperature map is expanded in spherical harmonics on the
celestial sphere
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Sound waves propagate in the coupled baryon/photon plasma
from very early times to recombination, at a speed determined by
the dominant radiation pressure:

N
S ap_\/§

One can then define a "sound horizon®, the distance traveled by a
sound wave from t=0 to recombination:

1 (" cdt’ | cdz7’

dy ~—— =
/3 L at) /3 J H(z)

Fluctuations at wavelengths
similar to the sound horizon
are then amplitied in the
CMB temperature power
spectrum




The first "acoustic peak” tracks the angular size subtended by
the sound horizon at recombination, that is a standard ruler

ultipole moment, £
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CMB measurements lead to a precise history of the Universe

Radiation- Matter-dominated era Dark energy-
10-10 L dominated era: : dominated
: ‘era
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Components in the Universe after Planck

Hubble constant

h =0.6736 + 0.0054

Ho = 67.36 = 0.54 km s Mpc-!

Matter, total

Qmo = 0.3153 + 0.0073

Pmo = 2.66 1030 g cm-3

Baryons

Qoo = 0.04930 + 0.00051

Opo=4.18 1031 g cm-=3

Dark matter

(Qgmo = 0.2660 + 0.0073

Odmo = 2.24 10-30 g cm-3

Dark energy Qno = 0.6847 + 0.0073 Ono = 5.98 1030 g cm-3
Radiation, total Qo = 9.03 105 oro= 7.85 1034 g cm-3
Photons Qyo = 5.37 105 oy = 4.67 1034 g cm-3
Neutrinos (Qvo = 3.66 10 ovo=3.18 1034 g cm-3
Curvature o = -0.011 £ 0.013




Equality

Radiation-

i Matter-dominated era ' Dark energy-
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Start of acceleration:

Dark energy-

EAaal Dominance of dark energy:
PAn PAO 3 Q) 3
— =—a’=—ua

Pm Pmo Qm
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Thermal history of the Universe
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Thermal history of the Universe

Epoca

T (K)

Eventi

Particelle presenti

Gravita
quantistica

1032

fine della G.Q.

77

Transizioni
di
fase

1016

1015
1014

100

300 MeV

1029

1028
1027

101

3.10%2

rotture di simm.,
inflazione?
bariogenesi?

fine GUT

rottura E.D.

transizione Q.A.

part. supersimm.?

gtq , Il g,
bosoni e.d., H, DM
gtq ,e"e, g,

v, v, DM
T r, ete, v, v, DM

Adronica

130 MeV

1.5-10%2

annichilazione w7 m~

p*,n,e"e”, v, v, DM

Leptonica

Radiazione

2-3 min
4-10% yr

1 MeV
0.5 MeV
0.1 MeV

2-3 eV

1010
5. 109
107
104

disaccoppiamento v

annichilazione e e~

nucleosintesi prim.
equivalenza

pt,n,e", v, v, DM
p", D, °He, “He, "Li,
e, v, v, DM

Materia

3.8-10° yr
10 Gyr

0.7 eV
1073 eV

3000
3.6

ricombinazione
dominio di A

A

13-15 Gyr

7-107% eV

2.73

oggl

Legenda per le particelle: g7 ¢ :
(prima della rottura elettro-debole); g: gluoni; H: bosone di Higgs; DM: materia oscura

J .

coppie quark-antiquark; [7[™:

coppie leptone-antileptone




Spontaneous symmetry breaking

A Spontaneously Broken Symmetry

N

V(T,o) The reflection symmetry
¢—> — @ is broken by
T>T the choice of the new

ew ’
/ vacuum state @ .




The Horizon Problem

Horizon Size

Why Is the Universe ()< 400000y
thermalized?

Two __--—--’rO

independent
regions

All-Sky CMB 10 degree square

age of universe

We can see gas at
points A and B before
% they knew about each
),

(&)

500,000 yr

. distance

Gas at point A has received signals Gas at point B has received signals
from this part of the universe. from this part of the universe.

Copyright @ Addison Waslay




My

n,

1,
6.00 x 10710

Big bang nucleosynthesis

no =412 cm™

Pro _ 2,00

n, n,

1.10 X 107 cm™ (Q,h?)

i/

W ER NS /ST S

= 2.68 X 1073(Q, h?)

FiG, 5.—The predicted prnimordial abundances of *He {(by mass). D, “He,
and "Li (by number relative to H) as a function of » for 1,., = 10.6 minutes;
for *“He the predictions for N, = 2, 3, 4 are shown, and the size of the “error™

bar shows the range in ¥, which corresponds to 104 < ¢, , < 108 minutes
Note the changes in the abundance scales.




Evolution of perturbations

p(X, 1) — p(1)
p(1)

density contrast O(X,1) =

~/

- 5 = PTE(T) e KT
Fourier transform F = 2 JV (x)

power spectrum P(k) = (|671°)
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Evolution of perturbations

entrata nell'orizzonte ricombinazione
equivalenza

radiation pressure
hampers the growth ~ matter perturbations

of perturbations can grow after
recombination

barioni

baryons remain coupled to radiation
down to recombination, then fall in
the potential wells of dark matter

fattore di scala




Evolution of perturbations

an unspecified process imprints
primordial fluctuations

T2(k) transfer function

acoustic peaks remain
imprinted in the matter
power spectrum as
Baryonic Acoustic
Oscillations (BAOSs)




Matter perturbations evolve under their own gravity




...then collapses into dark matter halos, where star
formation can start and galaxies form

V" B 0 % P
- e 3
. O ‘ (

-

dark matter galaxies
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GaIaX|eS are hlased tr’acers of the underlymg
i " ‘matter densﬂy field =

measurementfor the Baryonic
Osciftations SpectroscoQ‘ic sSurvey o, *
. : Ve n
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measurement for a simulation of the
Euclid survey

—— galaxies
—— model for galaxies
—— matter
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Redshift-space distortions

\Y
l+z, =(1+z, )1+—5)
C

Over-dense regions (eg galaxy clusters) and under-dense
regions (eg voids) induce additional peculiar velocities
Credit: Cristiano Porciani relative to the Hubble flow.




Galaxy images are subject to weak lensing

Weak
lensing

—

sSource




Programme

+ Thermodynamics of the early Universe
+ Quantum fields in a FRW universe

+ From the Planck era to inflation

+ Big bang nucleosynthesis

+ Recombination and matter-dominated era



