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Thermal History
An Overview



Eras : radiation, matter, « vacuum »

 Radiation dominated
er(t) = eppal(t)™?
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Eras : radiation, matter, « vacuum »
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Eras : radiation, matter, « vacuum »
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Eras : radiation, matter, « vacuum »
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The Universe expands...

-\ 2 2
H2(1) — (g) _ 87TG8_ kc

a 3¢? R3a?
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Hg
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Entropy is being conserved 1dS =dE +pdV =0

any heat flow would defined a prefered direction — isotropy

The Universe expands adiabatically, like a fluid in equilibrium
Radiation a(t) «ct'/? e(t)xa *xt™® Toxa ! oxt /2

The Universe cools down while expanding...

— hotter and denser in the past...



Cosmic Microwave Background (CMB)
A. A. Penzias & R. W. Wilson (1965)

Black Body spectrum (microwave) Hot Universe in the Past

Black body spectrum emitted at the time of
last ionizations (decoupling of photons and

Predicted by the « hot Big Bang » model matter)

T ~2.73 K (BB spectrum up to 10®)
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Cosmic Microwave Background (CMB)




Cosmic Microwave Background (CMB)

Angular scale
] ] 90°  18° 1° 0.2° 0.1° 0.07°
Anisotropies reveal 6000[ | | | :
densities fluctuations
at the time of

emission of the CMB

z~1100
Age ~ 370000y
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CME dipole
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Anisotropies at the level of 10™ (once dipole is removed)
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Hot Big Bang theory : CMB
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Hot Big Bang theory : CMB

e Cosmic microwave background (CMB)

 black body (BB) spectrum at 2.7 K

— recombination of H* and e- around 7T~3000 K

- redshifted by the expansion —°™it — Aobs _ 1+ 2
Vobs )\emit
* BB spectrum redshifted is still a BB spectrum !
2hv 1
I(v,T)dv = / dv

2  ehv/KT _ 1

TcoMmB
1+ z

zoMmB ~ 1100 IcmBo =




Universe : cooling history

log T

~9500 K

A

1S>1/2 T kT

radiation era : ~~ ~
< t 101K 1MeV

radiation Er = Em at a ~ 2.8 x 1074

_______________________ | z ~ 3600
matter era :
100yr\?? T
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~50 kyr log t
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1 thousand million yearé‘;

300 thousand years

The bignw
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Universe : cooling history

Event
Quantum gravity

Grand unification
E-W unification

Nucleon pairs

Neutrino decoupl.

Nucleosynthesis
Pairs e+ e-

Er = Em
Recombination
Reionization
First Galaxies
Em — EA

Now

T
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Planck scales : mass, time, length, ...

 Fundamental constants :
h=h/2mr =1.055 x 107°*J - s =6.579 x 10" eV -5
G=6.674x10" ke ™ -m3.s72
c=299792458m - s 1

e « Natural » units : A%c’G?

hGG
- Planck length /p; = {/ — = 1.616 X 107%° m
c

e Planck time tp; = ¢p1/c = 5.391 X 10-% s

| h
e Planck mass mp) = EC = 2.177 x 10~ % kg

Max particle mass 5
mpiC

~ 1.417 x 103? K
kB

e Planck temperature 1p; =
Quantum gravity



Equilibrium distributions

Studying the hot universe plasma...



Thermal equilibrium in the early universe

* Hypotheses :
» ~ |deal gas — interactions are negligible
 Thermal equilibrium (tiny fraction of collision occurs)

* Equilibrium between radiation (dominating) < matter

7—|—7<:>A—|—121 I
| 1<< ! ' I'>H
e As long as T o e >

e Particles stay in thermal equilibrium with the photons...
... Until they stop interacting when I' < H
... then they decouple (freeze)



Thermal equilibrium : distributions

» Density of states in 6D phase space

)\ — L/n Waves in a box of size L
9 =1 /\/
k=" —nAk Ak=2r/L
A =2
dn g g

Phdx  DBAKB 207 =3 "\ U
d3k24’ﬂ'k2dk p:hk n=4 /\/\/V\/

e Particle density (g : degrees of freedom)

d k too
=t ], S0




Thermal equilibrium : distributions

» Occupation density FA

1
f(p) = o(E—p) ket + |

bosons

+ fermions

—  bosons
12
E = v/m2ct + p2c2 V
EAT
— L =0 hotons

u~~0 symetry particle/antiparticle



Thermal equilibrium : distributions

“+00
: g 2
. — 4
Number density n 2 . f(p) 4mp® dp
9 e 2
e Energy density ¢ = 2n ) /O E(p) f(p) 4mp”~ dp
g e p” 2
. P = 4mp=d
b+ PV S e+ P
Entropy S(T) = n S=v =7

e Entropy is conserved

dS =0 sa® = cste



Relativistic / non relativistic particles

Non relativistic matter
Cold matter

m > (0 p <K mc

E = ~ymc® =~ mc?

e & Nmc2a® o«c a3

Radiation, relativistic particles
Hot matter

m=0 or m>0 p > mc

E=hv=hc/Aoxa*

e, = Nhva™> < a™?



Relativistic limit

kgT > mc? FE =~ pc

 Number density

2dy

n— 9 /“@ dmp*dp _ dmg (kpT\" /*OO y
(QWh)g 0 epc/kT 4 1 (27Tﬁ)3 C 0 ey + 1

Energy density

E =

(27h)3 erc/kT +1  (2wh)3 3

g /JroO Arp3cdp g (kT)* /jLOO y> dy
0 0




Useful Integrals and formulas...

+00 yn dy
For bosons I, = / =TI'(n+1){(n+1)
0 e¥y — 1
+00 . n
. y" dy 1
For fermions J,, = =(1—-—— )T 1 1
ions J /o 1 ( 2n> (n+1){(n+1)
Gamma function
['(n+1)=n!
Riemann zeta function
7.‘.2 7'('4
= — ~ 1. 4) = —
(2) =" @)=1202 (W)=



Relativistic lImit

 Number density

3 1 5 3/4 fermions 3
TR (ﬁc)3g(kBT) 11 bosons noc gl
* Energy density
o WQQ(kBT)4 9 7/8 fermions e o gT*
307 (hc)? 1 bosons
* Pressure P = % w=1/3
e+ P 4e 7/6 fermions
e Entropy s = T =37 " 3.602 kpn X { | b osons

s o gT° S XN



Relativistic and non relativistic limits

KT > mc? kT < mc?
Bosons Fermions Non relativistic gas
LS (BT 3¢B3)  (kT)P T\ Y o
w2 P 4 w2 P (e I\ g ) €77
7'('2 (kBT)4 7 7T2 (kBT)4 2 3
€ — - — —kpT
3072 " (he)® 8 3077 (he)3 ”(mc Tl )
g
4 ¢ 4 e n 5
S — — — — — 24 ZkpT
3T 3T T (mc Tl )

Number density of non relativistic particles exponentially suppressed,
until they decouple from thermal bath...




rdativistic non-reativistic

N
Y
A
N

freeze-out _
I'~H

u rdic density _|

B equilibrium ¥, ~
| e—me’/ksT “. _
| ] | L1 11 || | | ] L1 1 11 | | “l | | L1 1 11
1 10 100
mc?
kT

Number density of non relativistic particle exponentially suppressed,
until they decouple from thermal bath...



Total energy density

th. dec. dec.
€(T) — Erel. + En.r. = 5rel - En.r. + 81"el + En.r.

kBT * (kpTj)*
Erel. Z 9B,i 30 C 3 Z gF’L 30 hC)
B 7T2 k%
Erel. — Jx 30 ﬁSCS

4
Where g* ZQB i (—> ZgFj <—>
For particles still at equilibrium with the photons (« th»), T; =15 =T

= ZQB,i +gZQF,j
B,i Fj

Once a particle population is non relativistic, it is removed from g



Entropy

27‘(‘ k4 T3 27?2 k% T3
Srel. Z 9B,i C Z 9gF.i hC)

27r2 k4
rel. — *ST3
“rel = Y5 (he )39

Where g s ZQB ; (—) ng (%)3 # 9.(T)

For particles still at equilibrium with the photons («th»), 1; =15 =T

g (T ZQBz+ ng—g* T)

When a particle species decouples, its entropy is transfered to the
heat bath... and g« s drops. Total entropy Is conserved.
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9%y Gx s
When kgT > 175 GeV

All SM particles are relativistic :

Fermions :
gr=12X64+6%x24+3x2=90

Bosons :

g =8X34+24+3x3+1=28

7
9*29*75228+§X90

106.75

N
¥
|
N
¥
o
|

-

N

type mass  spin g
quarks t,t 173 GeV 53 2-2-3=12
b b 4 GeV
¢, C 1 GeV
5,8 100 MeV
d,s 5 MeV
u, U 2 MeV
oluons [T () 1 8-2=16
leptons T 1777 MeV % 2=
e 106 MeV
et 511 keV
ve,or  <06eV 5  2.1=2
7T < (0.6 eV
S T < 0.6 eV
gauge bosons W 80 GeV 1 3
W 80 GeV
YA 91 GeV
, 0 2
Higes boson — HY 125 GeV 0
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Decoupled species

» Before decoupling — phase space distribution (prev.)
e Decouplingwhen 1I'~ H
» After decoupling : relic density (frozen)

» Relativistic species (nheutrinos, ...) :

. 1 Adec. —1
f(p) — cE/kpTort 4 1 Teg = Tqec. H X a

* Non relativistic species :

particles per unit of comobile volume conserved
particles dilute...

2
a
noa Tog = Tyec. dec. x a2
a(t)




reativistic non-relativistic

freeze-out
I'~H

l

_ . relic density _|

- equilibrium 3, —

—mc?/kpT
. e ' —
A}

[}
] ] IIIIII| ] ] IIIIII| | L1 1 111

1 . 10 100 x=m/T (time -)

mc
kT

The remaining amount (relic density) depends
on the desintegration cross-section.



Neutrino decoupling

Equilibrium with heat bath :

nJ_

V<— D+ e
DP+UV<s—n-+e
Happens when 1) ~ H

|.e. kBTSeC' ~ 0.8 MeV

Freeze the neutron / proton ratio

Ny (T)

_ 6—(mn—mp)02/kBT
ny(T)

(

1,

Entropy conservation :



Annihilation pairs e+ e-

It occurs around k1 =~ mc® = 0.511 MeV

2 2
At time i% 1 MeV ~ 1 ~4 t=x4s
ls kT 0.511 MeV

Entropy conserved : 8(6L1)Cb?f — S(az)@g

Before (1) : 7, e+,e ,v, U (neutrinos already decoupled)

After (2): 7V (relic e-, neutrinos already decoupled)
1\ '? a
g*,s(al)Tfa:f — 9*,s(a2)T23a§ 1o = (Z) Tla_
2

40\ 1/3
T2 — Tfy(ag) Tl— — Ty(ag) TV — (ﬁ) T”y T,/ ~ 1.95 K



Primordial nucleosynthesis

How the first nuclei appeared...



Big Bang nucleosynthesis

Era dominated by radiation

Now z=0 BBN z=10°

Photons
59%

Baryons
4.8%

Neutrinos
41%
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Big Bang nucleosynthesis

e Critical parameter : density of baryons

Qbo€ 0

Qb0 = €p0/Ec0  ny o 227G
mp

Time<1s pte <—n+re

n+e+Mp+ﬁe

1-100s n—pt+e +1,
100 — 200 s p+n+—D+n
200 — 1000 s SH, He, “He; ...

77:@26><10_10
Ty

Neutron/proton
freeze-out

Neutrons decay
T ~ 880s

Deuterium formed
Allows neutrons to
survive

Deuterium burned to
produce next
elements
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