The fiarlg Universe:
Primordial Nucleo~59nthesis and Cosmic Microwave I‘Backgrouncl
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The Standard Model

The SM states that:

The world is made
up of quarks and
leptons that intferact
by exchanging
bosons.

A Higgs field interacts
as well, giving particles
their masses.

Lepton Masses: Me<Mu<Mrt ; Mv~0.*

Quark Masses: MU ~ Md < Ms < Mc< Mb << Mt



Timeline: the Cosmic Thermal Historg
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Adiabatic ‘:xpansion

Thus, as we g0 back in time and the volume of the Universe shrinks
accordinglg, the temperature of the Universe goes up. This
temperature behaviour is the essence behind what we commonlg
denote as

Hot E)ig Bang

From this evolution of tcmPerature we can thus reconstruct

the detailed

Cosmic Thermal Historg




The Idea of a Big Bang

George Gamow and Ralph Alpher Proposed in 1948 the idea of an
initial hot dense Universe to exPlain the abundance of elements

Fred Hogle) the Proponent of a steaclg~state Universe, referred to

their work Public19 as a B{gﬁang idea

The mean free Path of
Photons in a hot and dense 12
universe would have been
short so that the Universe

10

would have been in a
tlﬁermoclgnamic equilibrium

Log;o N

(besides expansion)

The blackboc]g spectrum
describes the radiation in 2
such an environment
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Cosmic Backgrouncl Radiation

George Gamow and Ralph Alpher calculated a value of 5K for the
remainder of the radiation in the Eresent dag Universe
It turns out that the present blac boclg temperature Ts and the

Primorclial teml:)erature are related

RiE R

The fusion of hgclrogen atoms requires 7= 109 K and p =102 kg m
Combining with our earlier results :
R>(t) p(t) = py

and p,, =4.17-1028 kgm

9ields for the scale factor :
R = ( picilpn e =347 8108

This results to

R TR — 347K



Cosmic Microwave Backgrouncl

Using Wien’s Law, we can obtain the Peak wavelength of the
blackbo&g sPectrum

2 _ 0.00290mK  _ g3 i

max
I 0

In 1965 Arno Penzias and Robert Wilson detected a backgrouncl
radio signal when using a horn antenna for communication with the
Telstar satellite

Their background radiation correspondecl toal. /K blackbodg with
a Peak wavelength of A_.. =1.06mm

The present clag value for the Cosmic Microwave Backgrouncl
(CMB) from the WMAP satellite measurements is

T, = 2.725+0.002 K



Discovered bﬂ Arno
Penzias and Robert
Wilson in 1960-65 while
em Ioged bg AT&Ts
Bell Labs and attem ting
to find the source o
noise in an antenna used
to bounce telephone
signals off metallic

balloons high in the

atmosplﬂere.

Theg won the Nobel
Prize in1978.




CMDB spectrum e T

Visible
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Cosmic Microwave Backgrouncl

The Cosmic Microwave Backgrouncl originates from the Big bang
when the Universe was a 5ingu|arit9

We expect that the radiation is isotropic and that any observer
measures the same sl:)ectrum

A Doppler shift emerges from the observer’s Peculiar Velocit9 %
relative to the Hubble flow
This shiftin Wavelength can be expressecl as a change of

(1-p2)"
st 1= B coes:b

temPeratu re

T A5

moving

U

TI'CSt (I—I_B Cose)

The second term on the rhs is called the a’:lbo/c anfsotrolog of the
CMB
B=v/c



DiPolar Anisotropg and Resolution

Temperature resolution dependence DMR 33 GHz Maps

from COBE data

. At around ETER the microwave s|<9
looks very homogeneous

o At aresolution or 3 mK the dipolar
anisotropg due to the motion of the
Earth towards the center of the local
galax cluster with resl:)cct to the
Hubb?e flow becomes aPParent

e After subtracting the dipolar
anisotrol:)g, the inhomogeneitg of

the microwave structure is visible at a

resolution of 2107 K

T = 2.728 K




The Planck Mission

The newly estimated Hubble's constant, is 67.15 +/- 1.2 km/sec/Mpc

This is less than prior estimates derived from space telescopes, such as NASA's
Spitzer and Hubble, using a different technique. The new estimate of dark matter
content in the universe is 26.8 %, up from 24 %, while dark energy falls to 68.3 %,
down from 71.4 %. Normal matter now is 4.9 %, up from 4.6 %.






Brief Historg of Time



Historg of the Universe
in Four Episodes: I

On the basis of the 1) complexitg of the involved P|1 sics and 2) our
knowledgc of the physical processes we may broaclfJ distinguish four

Origin universe
2?77

Planck Era




Historg of the Universe

! Emls

in Four ._.l:)isoc!es: [

curvature/

(II) HETQERS
1072 < t < 107’ sec -

* primordial

fluctuations

VERY early
universe




Hlstor9 of the Universe

In

—our ‘.L_.I:)lsocles [11.

10°< t < 10" sec

Standard

IHot Big Bang
Fireball
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nucleo-
synthesis

* blackbody

radiation:
CMB




Hlstor9 of the Universe
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Planck F:Poch

Phase Transition Era

Hadron Era

LePton Cra

Radiation Era

Post-Recombination Era

GUT transition
electroweak transition
quark-lnadron transition

muon annihilation

neutrino dccoupling
lectron-positron annihilation
rimordiasjnucleos_xjnthcsis

radiation-matter ec]uivalence
recombination & decoupling

Structure & Galaxg formation
Dark Ages

Reionization

Matter-Dark Energy transition

.:'":Pisocle’sThermal Historg

t < 10 sec

10 sec <t <I07?sec

t 107 sec

1077 sec <t <?min

5 min <t <%79,000 yrs

> %79 000 yrs




Thermal History:
[':Pisocle 139 E‘_Pisocle

chton Cra

107 sec< t<1min

a0 SVEV. 102K > T > 5x1Q8 ke T i

. Atthe bcginning of the lcPton era, the universe comPriscs:

¢ Photons,
O bargons (small number)
¢ lePtons: electrons & Positrons e,e", muons v,y ,taus T and T-

electron, muon and tau neutrino’s



Thermal History:
[':Pisocle 139 E‘_Pisocle

chton Cra

107 sec < t<1min;

a0 SVEV. 102K > T > 5x1Q8 ke T i

« Four major events occur cluring the |epton era:
vy ’

¢ Annihilation muons 0%

O Neutrino Dccoupling T T 10K RIS

O Electron-Positron Annihilation T~ 109 K; z7107 t71min

O Primordial Nucleosynthesis T 109 K; t ~ 200 sec (3 min)




Neutrino Decoupling

Weak interactions, cie

e’ +e — u+u

et so slow that neutrinos dccouplc from the SAlE Plasma. Subscc'uently !
t ey Procccci as a relativistic £as with its own tcml:)eraturc T

« DBecause thcy clccouplc before the clcctron~Positron annihilation, thcg
kceP a tcmpcrature T which is lower than the photon tcmPeraturc (which
gets boost from released annihilation energy ):

2193
e (H) B Ui
o The redshift of neutrino ciccoupling, 27109, defines a surface of last

neutrino scattcring, rcsulting in a “Cosmic Neutrino Backgrounci” with
Prcsent~clag temPcrature Tk K



Electron-FPositron Annihilation

=02 K

preslmin; 7~ 107

Before this redshift, electrons and Photons are in thermal ccluilibrium. After

the
G e e Vi

temperature clroPs below T~109 K, the electrons and Positrons annihilate,
leavinga sea of Photons.

As thcy absorb the total entropy s of the Ehvan Photon Plasma, the
Photons accluire a temperaturc T > neutrino tcmPcraturc ;



Electron-Positron Annihilation
T ~10°

At this redshift the majority of Photons of the /
Cosmic Microwave Backgrounci are generatecl.
These Photons |<ccl:> on being scattered back and forth until z ~1089, the

ePoci‘t of recombination.

Within 2 months after the fact, thermal equilibrium of Photons is restored bg
a few scattering processes:

o Compton scattering
® double Compton scattering

® free-free scattering
The net result is the Pcr'i:ect blackboclg CMbB sPectrum we observe now



Primordial Nucleosgntlwesis
T ~ 10°K~ 0.1 MeV

t == 200 'secy~3 il
e Atthe end of these “first three minutes” we find an event that provides us
with the first direct Probe of the Hot Big Bang, the nucleosgntEesis of the
light chemical elements, such as deuterium, helium and lithium.

e The prelude to this event occurs shortly before the annihilation of
& Y
Positrons and electrons. The weak interactions coupling neutrons and
Protons

0 S SO o () et 4
p+iv «~ n+e’

can no longer be sustained when the temperature clrops below T ~ 107 K,

resulting N a N 1
> Tl
Freeze~-out O]C Neutron-FProton ratio: O

Nicacat




Primordial Nucieosgnthcsis

Protons and neutrons were transmcormed into one~anothcr via
s 4 Pl e Ve
STAgAT e eE
R S B Y
+ e W~
Pl A i

The energ difference between Proton and neutron is 1.29% MeV,
while the thermal energy of the nucleons at 102 K is 86 MeV

The equilibrium number clensitg ratio for Protons and neutrons is
given bg the Boltzmann distribution

el e ) c LLED), g gec i E il e



Primordial Nucleosgnthesis

As the Universe cooleel) the neutron~l:>roton conversion processes
maintained the ec]uilibrium

When the temperature reached about 101 K, these reaction rates
decreased
o The expansion had reduced the energy of the neutrinos to the
Point that theg could not articipate in the conversion reactions
o The characteristic thermarenergg of the Photons, k7j fell below
1.022 MeV needed for the Pair—-Procluction process leacling toa
small remainder of excess electrons
As a result, not enough neutrons could be Proclucecl to balance the
number of Protons and the number clensit9 ratio was frozen at

s i s e—(mp— m,)c?/(kT)

=(0.223 For T=1010K



Primordial Nucleosgnthesis

The time to cool from 10'° K to 109 K took about 176 s during which
neutrons clecagecl into Protons with a half life of 614 s

This resulted into a number clensitg of -

L

Lo

Below 109 K neutrons and Protons fused readilg into deuterons and
higher nucler, tritium and helium

Almost all neutrons were fused into helium-4- |ea\/ing onlg traces of
the other nucle

Given the proton-neutron number densitg ratio of 0.176 3ielcls a
helium-4 to total nucleon ratio of 0.299

This is close to the observed Primorclial relative abundance of
helium-4 between 23% and 24%



Primordial Nuclcosgnthesis

«  Note that from the ratio N_/ NP” 1/6 we can a|rca<23 infer that if all neutrons would
get incorporatccl into “He nuclei, around 25% o the bargon mass would involve
Helium ! Not far from the actual number ...

After freeze-out of Protons and neutrons, a number of light element nucleons forms
’chrough a number of nuclear reactions involving the a sorPtion of neutrons and
Protons:

(@ Deuterium s e 9 e D w55 B
® e D+ p « °He

; 4
B ‘He + n — *He

e andtracesof 710 and ‘Be



Primordial Nucleosgnthesis

*He Mass tfraction

Niuiaber relaiive to H

Fraction of critical density
0.01 0.0z 0.05
— : ) : |

@ Heavier nuclei will not form anymore,
even though thermodgnamica”g ProFcrrcd
| | at lower temperatures: when 4He had
formed, the temperature and densitg are
too low for any signiﬁ'cant sgnthesis.

0.25

0.24
0.25

» Particularlg notoworthg is the
dePendcncc on the ratio of bargons to
Photons (Proportional to tho entropg o{:
the universe), setting the # neutrons and
Protons available for fusion:

al

! : 2 as function of 1, one can infer the clcnsitg

o 53 comParing the Predicted abundances

~
Earvon density (1_*.)_"'1 Z cu )

=

of bargons in the universe, Q fi(ece ﬁgurc) :



Primordial Nucleos_gntlwesis|

@ On the basis of the measured |ig|1t element abundanccs, we find a rather
stringent limit on the baryon clcnsitg in the universe:

EREE < O B < 0l0%e

@® This estimate of the baruon density from primordial nucleosunthesis is in
: o he 1o o0
Pechct agrecmcnt wnth the complctclg mclcPcnclcnt estimate of: thc bargon
clcnsi‘cy From sPectrum of: thc WMAP tcml:)craturc Pcrturbations:

O, h° ~ 0.0224 + 0.0009
), ~ 0.044 + 0.004

L

@ Not that these nuclear reactions also occur in the Sun, but at a
considcrably lower tcmpcrature: T ~ 1.6 x 107 K. The fact that thcg occur in
the early universe onlg at temPeratures in excess of 109K is due to the
consiclerably lower clensity inthe early universe:

3
3

10° gem™
107 gem™

Pe ,centre

& X

Puniv,t=3min



Thermal Historg:
EPisocle bg E:Pisocle
Radiation Era -

& e, 2 S Onal OZRE i

e The radiation era begins at the moment of annihilation of electron~|:>ositron
Pairs.

o After this event, the contents of the universe is a Plasma of Photons and
neutrinos, and matter (af:tcr nucleosyn’chcsis mainly Protons, electrons and
helium nuclei, and of course the unknown “dark matter”).

* During this era, also called “Plasma EPoch”, the Photons and bargonic
matter are E’uccl togcthcr. The Protons and electrons are strongl couplccl

by Coulomb interactions, and ‘chcg have the same temperature. Tﬂc

cl?actrons are couplccl to the radiation ]:)3 means of ComP’con scattering..



Thermal Historg:
EPisoclc 133 EPisocle

Radiation Era

& = limim; 2 s Obal OZRE

J

e Two cosmic kcg events mar‘c thc Plasma era:

¢ Radiation-Matter transition z72x10%
(ec]uivalcncc matter-racliation)

O Recombination & Decouplin z ~1089; t ~ 3 79,000 yrs
pals Y




Radiation-Matter E‘.clualitg

@ The redshift Zeq at which the radiation and matter density are cqual to each other
can then be inferred:

P — 40 x 1059

@ DBecause of the different cc]uation of state for matter and radiation (and hence
their different clcnsitg evolution), the universe changcs its expansion behaviour:

radiation-dominated Pt ch: CL(t) X tl/ 2
matter-dominated y < A CL(t) X t2/3

® This has dramatic consequences for various (cosmic structure formation)
processes, and we can find back the imPrint of this cosmic transition in various

Phcnomcna.
® Note that the universe underwent a similar transition at a more recent date. This

transition, the “Matter-Dark Eneggg Equalitg” marks the ePoch at which dark
energy took over from matter as 3namsca“3 dominant comPonent of the universe.
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Recombination E:Poch

Fe—=a3000K
Z4..=1089 (Az, =195); t, =379.000

o Before this time, radiation and matter are tightlg couplecl through

bremsstrahlung: 5 s
il s e Ol

Because of the continuing scattering of Pho’cons, the universe is a “{:og”.

e  Aradical changc of this situation occurs once the tcmpcrature starts to
clroP below T"3000 K. Thcrmcdgnamica"g it becomes favorable to form
neutral (h?drogen) atoms H (because the Photons can no longcr clestrog

the atoms):
D F e s

- This transition is usua“g marked bg the word “recombination”, somewhat
ofa misnomer, as of course hgdro%en atoms combinejust for the first time
In cosmic history. It marks a radical transition Point in the universe’s history.



Recombination E:Pocln

. This harpcnccl 579,000 years after the Big Bang, accorcling to the
imPrcssivc y accurate determination }33 the WMAP satellite (200%).

Major consequence of recombination:
Wi‘ch the elec‘crons ancﬂ Protons

Decoupling OF ) absorbed into };;?clrogen atoms, the

Photons clecou & 1Crom the Plasma

Radiation é’ Matter their mean free Eath becoming of the
N By, order of the Hubble radius.

The cosmic “Fog” lifts.

The Photons assume their long travel along the clc[:)ths of the cosmos. Until
some of thcm, GigaParsecs further on and Gigaycars |ater, are detected 133 our

tclescopcs ks



Recombination & Decoupling

&L Iy summarg, the recombination transition and the related c:!cx:CJu[:)lirgi of
matter and radiation defines one of the most crucial events in cosmo ogy.Ina
rather sudden transition, the universe changes from

Beforezy 2>z,

e yniverse Fu”g ionized

. Photons incessantlg scatterec

* pressure dominated bg
radiation:
I 4
Hi—— g

3

J

Afterzy  z<zy

e universe Practica”g neutral
. Pho’cons Propagate Freelg
* pressure onlg bg

bargons:

D=tk e




Recombination E:Pocln

The Ehotons that are current19
Ing us, emanate from the

r 2
Surface of

Last Scattering,

located at a redshift of z71089.

The WMAP measurement of the
redshift of last scattering confirms
the theoretical Predictions (Jones &
Wyse 1985) of a sharplg defined last

scatteri ng su ace.

neac

The last scattering surface is in fact
somewhat Fuzzgj the Photons arrive
from a “cosmic Photosphere” with a

narrow redshift width of Az~195.

ME Big Bang TEnp

25l ui bzl

PRESENT
13.7 Billion Years
after the Big Bang

The cosmic microwave background Radiation’s
“surface of last scatter” is analogous to the
light coming through the clouds to our

eye on a cloudy day.

We can only see
the surface of the
cloud where light
was last scattered



