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HISTORY OF THE UNIVERSE

High-energy
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Cosmic microwave background

(and large scale structure)
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The cosmic microwave background

binding energy of hydrogen atom: T ~ eV o
_ ®
T > eV fime T <eV
* many free charged particles * electrons and protons from
(electrons & protons) electrically neutral hydrogen atoms
* photons scatter multiple times, * universe becomes transparent

universe not transparent
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The cosmic microwave background

binding energy of hydrogen atom; 1" ~ eV

>
T > eV iime T <eV
* many free charged particles * electrons and protons from
(electrons & protons) electrically neutral hydrogen atoms
* photons scatter multiple times, * universe becomes transparent

universe not transparent
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CMB black body radiation

COBE satellite, e cosmic microwave background
1989-93 well measured today

* black body radiation with
T = 2.7 K (microwaves)
— universe has expanded by factor
1000 since CMB decoupling

Cosmic microwave background spectrum (from COBE)
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COEBE data —+—
Black body spectrum
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. confirms key prediction
200 of "big bang’ theory
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> 4 5 8 10 12 12 1 18 2 2019.not_)el prize Peebl_esfor his
/ Frequency [1/cm] contributions to theoretical cosmology

Penzias, Wilson (nobel prize 1978)
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CMB black body radiation

COBE satellite, e cosmic microwave background
1989-93 well measured today

* black body radiation with
T = 2.7 K (microwaves)
— universe has expanded by factor
1000 since CMB decoupling

Cosmic microwave background spectrum (from COBE)
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Black body spectrum

. confirms key prediction
of "big bang' theory
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first ,snapshot’ of the early
Universe, but better resolution
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anisotropies in the CMB

completely homogeneous plasma  —#» homogeneous universe after cooling

* small perturbations needed as seeds for galaxies to form through
gravitational collapse

 anisotropies in the CMB, deviation from black body radiation 1:10*

PLANCK satellite,
2009 - 2013

PLANCK 2018 data release
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ropies in the CMB

Multipole moment, /¢
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anisotropies in the CMB

Multipole moment, /¢
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model prediction depens on

properties of the plasma

initial conditions for fluctuations
expansion since CMB decoupling
photon scattering since CMB decoupling

proton and photon density

cosmic inflation

total energy density of the universe
re-ionisation of H by star formation

— in total only 6 parameters
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Boltzmann equations

photon distribution:

f(n,%,p) = leXp (T(n)(l +p®(n,:?,ﬁ)) i 1] _1
Y syt

Thomson
Scattering

see e.g. lecture notes Daniel
Baumann,
Advanced Cosmology
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Boltzmann equations

photon distribution:

(0, %,p) = leXp (T(n)(l +p®(n,:?,ﬁ)) i 1] _1
-

ST/T

O +pVO — & + pVip = —T

d@/ d?] dilation potential wells  Thomson scattering
gravity

Thomson
Scattering

see e.g. lecture notes Daniel
Baumann,
Advanced Cosmology
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Boltzmann equations

photon distribution:

(0, %,p) = leXp (T(n)(l +p®(n,c?,ﬁ)) i 1] _1
-

ST/T

O +pVO — & + pVip = —T

d@/ d?] dilation potential wells  Thomson scattering
gravity

Thomson

Scattering
oT . L.
7(7% 1mo0) = ©(no, To, —D)
Mo
= (@ + \Ij)dec + TAL’Ub,deC + / dn ((I)/ —+ \11,)
Tdec
Sachs-Wolfe (SW) Doppler integrated SW
see e.g. lecture notes Daniel
Baumann, ) i i . .
Advanced Cosmology + Einstein‘s equations for metric perturbations

8/19 Valerie Domcke - CERN



standard model of cosmology (ACDM)

no direct detection yet,
many properties unknown

Dark Matter 26.8%

Ordinary Matter [REED we kind of understand

EA A 08.3% we really don‘t understand

particle physics

cosmology
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Large Scale Structure

* anisotropies in primordial plasma act as
seeds for gravitational collapse

» formations of stars, galaxies and
filaments

* statistical properties of CMB
anisotropies -
galaxy distribution Sl ik

4n

Sloan Digital Sky Survey
2dF Galaxy Redshift Survey

Millenium Simulation
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Big Bang Nucleosynthesis (BBN)

(formation of light elements)
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BBN - deuterium formation

a) neutron freeze-out

\. J
-

J

b) deuterium formation

\ y,
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BBN - deuterium formation

a) neutron freeze-out
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BBN - deuterium formation

a) neutron freeze-out
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BBN - deuterium formation

a) neutron freeze-out
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BBN - deuterium formation

a) neutron freeze-out

T > My y - fe A \.., e
>) N ES C ... L. 3 = s Y
L e F ) role Apan her ,TM,A— m, =1.293 Ml
N, .
><hE V)h“'hp ) Xh = /\r’""‘ {4" >(h ) - /\h"}’ ><V\

%20 > XY o (g4 e®T )‘/' luckily O(1)!

7 )
—a / Tdee &

e
Nrops Apoa ™ H;—vh decoupling = X, (41, )= 7/{&) =).0°

C/"L 7:(“, ~ ML'/ ‘ (:_"0./’;/>
(Ueak‘,fovte VS 5'“"'J'/)

- _/
f N
b) deuterium formation hr > D /B (in og wndil 9573 dV)
< 24 {3y [T \>~ Ap /)T
Ih ng XD = XV. ‘XP rﬂ; (VV’//> ()Z @ p Aozmr4mh— W)D
X A 7 o = 2.22 M
L ﬁ ~ o 7;3)/ D~0047 Hel/ /7— — ,_40
| (2 ¢ - A min ) a/wwlw'bwn bo%‘/rhg,[A
- _J

12/19 Valerie Domcke - CERN



BBN - light element abundances

r
c) light element abundances
. P D — 77#& 7-/ ) e ) _:D T— — qu/e N ) e f’:jp:,'vcw\
eu»A/
“no stalle A=5 nucde / AT
~ gll P convetded Fo @ THe v
y _‘631}1\///’7\
S Y (He) = 2 X lty,,) = X (fue) - € = 0.24
\. J
13719 Valerie Domcke - CERN



BBN - light element abundances

4 )
c) light element abundances

- pD2 % g, ., DT = Yo on, . Peschron
QQQA7
“no Sdalle A=5 nude / AT
~ gll D conmveted 4o THe 4
...‘6:\312-1\///’7\
& \/P(QH&) - th(fﬁgu) = Xy (Taee ) - € =~ 0,04
~ y

> small n delays “He formation (due to D photo dissociation)
> fraction of n is lost to n-decay
> “He abundance as measure of baryon-to-photon ratio n

( similar for *He, D, Li)
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BBN - theory vs observation

baryon density parameter Q2gh?
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* measurement of baryon asymmetry

* consistency check of ACDM

Li/H

Fig. from PDG
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baryon-to-photon ratio n = n;/n,
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HISTORY OF THE UNIVERSFE
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CMB as a probe of
thermal plasma
constituents at eV
and subsequent
expansion history

CMB anisotropies vs
galaxy counts as probe
of structure formation
(eg DM properties)

BBN as probe of
thermal plasma
constituents at MeV



HISTORY OF THE UNIVERSE
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CMB as a probe of
thermal plasma
constituents at eV
and subsequent
expansion history

CMB anisotropies vs
galaxy counts as probe
of structure formation
(eg DM properties)

BBN as probe of
thermal plasma
constituents at MeV

gravitational waves
as new window to
the very early universe



gravitational waves

1 | | | LIO LIVInStOI’], USA

Inspiral Merger Ring-
down

<
"E- 2015: first direct observation of GWSs,
-1.0 7= Numerical relativity 7] CO”ISlon Of tWO bIaCk hOIES a. bl”lon

I Reconstructed (template)
1 1

years ago
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Strain (10724

gravitational waves

1 — Numerical relativity
I Reconstructed (template)
1 1

Merger Ring-

down

next challenge:

stochastic gravitational
wave background

16 /19

LIGO Livingston, USA

2015: first direct observation of GWSs,

collision of two black holes a hillion
years ago

planned ESA Mission LISA

Valerie Domcke - CERN



Hunting for gravitational waves

pulsar timing arrays interferometers

LIGO

nHz mHz kHz

>
frequency

-

mass (merging compact objects)
time (cosmological events)
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Hunting for gravitational waves

pulsar timing arrays interferometers

nHz mHz kHz

>
frequency

-

mass (merging compact objects)
time (cosmological events)
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PTAs: A first glimpse of a SGWB?

Pulsar timing arrays, June 2023

Significant evidence for nHz GW signal,
consistent with SGWB
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NANOGrav collaboration “23
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SMBHBs or new physics?

more data & analyses coming!
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conclusions and outlook

Early Universe = HEP lab

provides evidence for physics beyond the Standard Model:

dark matter ?
origin of the matter antimatter asymmetry ?
vacuum energy ?

cosmic inflation ?

—®  laboratory experiments and astrophysical observations needed !
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