Lesson 2:

Thermal History of our universe
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Event Time  Redshift Temperature
Baryogenesis ? ? ?
EW phase transition 2 x 107s 101 100GeV
QCD phase transition 2 x 107°s 102 150MeV
Neutrino decoupling 1s 6 x 10° 1MeV
Electron-positron annihilation 6s 2 x 10” 500keV
Big bang nucleosynthesis 3min 4 x 108 100keV
Matter-radiation equality 6 x 10%yrs 3400 75eV
Recombination 2.6 — 3.8 x 10°yrs 1100-1400 .26 — .33¢eV
CMB 3.8 x 10%yrs 1100 26eV



2.1 Particle distribution functions

- The usual way of describing particles in thermal equilibrium is via their
distribution function, indicating the number of particles in the phase space
with a given position x and a momentum p. At Oth order, we have the Bose
Einstein or the Fermi-Dirac distributions:

B 1 B 1
JBE = e(E—p)/T _ 1 Jrp = e(E—un)/T 4 1

* The number and energy densities and the pressure read as:

[ « Warning! you will have to

n — g / f(f, ﬁ) dedep < work with this expression in
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- While the entropy density is ptp
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2.2 BOLTZMANN EQUATIONS

* Throughout the universe's history, particles remain in thermal equilibrium until their
intferaction rate is equal or larger than the expansion rate of the universe. Then, the
particle will decouple from the thermal bath. Of course this is an approximation:

r<Hn

* The accurate calculation requires to solve the Boltzmann equation:

Lf=Cf

-where f is the distribution function, L is the Liouville operator, and C contains all
the collision terms.

. d . . .
* In classical mechanics: L = o +7-Ve+ F/m-V,
A . o B = _dz®

e The relativistic version is: L = p“ o FB,Yp p’ 6p —
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* FRW geometry: I f=pgp2, _
f=E% —Hrop




2.2 BOLTZMANN EQUATIONS

- The non-relativistic Boltzmann equation: the Liouville operator is just the total
time derivative

f(x+ 2dt,p+Fdt, t +dt) — f(x,p,1) s, pt 0
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2.2 BOLTZMANN EQUATIONS

* The relativistic version is:

A 0
o a 3
L=p" g Do’

0 — dx®
— PY=(FE,P) P%=—
op® (B, P) d\

- FLRW geometry, the only non-vanishing component is a = O:

2, 2 0f 9 0f
Lf=E5 = Hp5p

*We can also write the Boltzmann equation in terms of the number density:
na = Ar [ dpp? fa(E.)

- Dividing by the energy and integrating over the momentum:

7 4 3
47r/dpp2—L[£A] = d;b_tA —H47r/dpp—afA _ dna +H47r/dpag;)fA

E OE  dt




2.2 BOLTZMANN EQUATIONS
- Simplifying the possible processes (1+2 ¢<>3+4):
In an expanding universe, the number of particles gets diluted!

_3
# § In the absence of interactions, 7! OX A

d’py / d’ps / d’ps / d’p4
2m)32F1 ) (2m)32FEs | (27)32FE5 ) (27)32F,

Particle Physics

Energy-momentum tensor conservation

\ (f3f4 — J1J2).

Production rate of 1 is proportional to the occupation numbers
of 3 and 4

“w i Loss rate of 1 is proportional to the occupation numbers
8 of 1 and 2




2.2 BOLTZMANN EQUATIONS

- At temperatures smaller than [/ — T f(E) — eﬂ/Te_E/T

* Therefore :
Jafa— Jife = e~ (F1tE2)/T (e(“3+“4)/T _ €(M1+M2)/T)

- Using the following definitions for the number density and the equilibrium
number density of species as:

d>p d?
_ /T —E;/T 0) _ P _E,/T
n;, — gie’u / / (27‘_)36 / ni — g@/ (27_‘_)36 /

- Using these two expressions:

B _(Er+Es)/T nagng NN
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2.2 BOLTZMANN EQUATIONS

- Defining the thermally averaged cross-section as:

(ov) = e~ (F1tE2)/T 1 / d’p; / d°py / d°ps / d°py
= ngo)ngo) (27T)32E1 (27-‘-)32E2 (27'(')32E3 (27T)32E4

X(27T)453(p1 _|_p2 _p3 —p4)5(E1 _|_E2 . E3 —E4)|M|2



2.2 BOLTZMANN EQUATIONS

- After defining the thermally-averaged cross section, as we have seen:

d
O L 3Hn = niny(ov) <n3n4 — n1n2>

0,,0 0,,0
dt nsng  NiNg

gi(miT/Qw)?’/Qe_mi/T m; > T

d’p —E,;/T
(2m)3°

- where the equilibrium density: n? = g /

9i— M < T



2.2 BOLTZMANN EQUATIONS

W 3Hn = n¢nd{ov) (”3”4 _ nlnz)

dt ning  nind
> Neutron-Proton ratio "N Ve / 6+ D e / Ve
* Recombination € p H ﬂ)/
* Dark matter production X X l l

* When looking intfo the DM annihilating case, XX < Il, 3 and 4 will not couple
anymore and therefore:

n3ng = nany

d
g+ 3Hnx = (ov) (n%)? — )
dY
n 3 2 2
Y =2 o =Tov) (Yiq - Y7)



2.3 Particle decoupling in the early universe: Neutrinos

See Sergio Pastor's lectures

- We have seen that a very easy and straightforward hand-waving rule to compute
a particle decoupling time in the early universe is:

r<H

* Neutrinos only interact via weak interactions, with a rate:
_ 32 2 2 5
FI/ = Nov = T GFT Y GFT
- While the expansion rate of the universe is given by the Hubble factor:

8l
H2:T NT4/m129l

T 3
Lw/H ~ (1 MeV)

- Therefore neutrinos decouple from the thermal bath around 1 MeV.




2.3 Particle decoupling in the early universe: Neutrinos

See Sergio Pastor's lectures

ptp
T

¢How are related the photon and the neutrino temperatures?

* The entropy density is: S =

* Electron positron annihilation takes place AFTER neutrino decoupling.

*In an expanding universe the entropy density pero comoving volume is

conserved:
- Boson's entropy contribution: 2mT° /45
- Fermion's entropy contribution: 7/8 % 2m2T? /45

- Before electron/positron annihilation= electrons (g=2),
positrons (g=2), neutrinos (3), antineutrinos (3) and photons (g=2) therefore:

s(ay) = 27T} /452 +7/8(2 +2 + 3 4 3))

- After, only neutrinos, antineutrinos and photons but at different temperature!
s(ag) = 2m° /45(2T% 4 7/8(3 + 3)T)) . N
() (1

s(a1)a3 = s(ag)as U LR 7Y LT U——.




2.4 Big Bang Nucleosynthesis (BBN)

Nuclear binding energies are of a few MeV, that's why BBN occurs when the
temperature of the universe is around 1 MeV, being the universe made of:

- Relativistic particles in equilibrium: photons, electrons and positrons (e‘e-— yy)

- Decoupled relativistic particles: neutrinos
* Non-relativistic particles (baryons):

=" _55x% 10
"= . <0.020>

* There are way less baryons than photons!

* Neutrons and protons interact via weak interactions:

p+ﬂHn+e+ p+e < n—+v n<pt+e +v

- Light elements are formed via nuclear interactions:

p+n—D4y D+ D —n+°He *He+D — p+*He

- Calculations will be way simpler because we will assume that:

* We neglect elements heavier than Helium/Lithium.

* At temperatures above 0.1 MeV only free protons and neutrons exist (at higher
temperatures, any time a nucleus is formed, it is destroyed by a high-energy
photon)



2.4 Big Bang Nucleosynthesis (BBN)

p+n—D+y
e In equilibrium: 0 .
dn Nang  N1N9 Ny =T, np _ TNp
— +3Hn =n%n? — —> =
g 3 =mnalov) <ngng n0ng Npny NNy
d3 |
- We have seen that: nd = g; / ﬁe_Ei/T gi(m;T/2m)32e= ™ /T ;> T
T
3/2
3 27TmD _
T "D _ 9 (mn+mp—mp)/T
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*The factor 3/4 refers to the spin states (g). Simplifying a bit more:

~J ’)’Ib |
N ) o _ N . /

where Bp=2.2 MeV. If the condition T<<Bp does not apply, all baryons are protons
and neutrons: no light elements! This is what happens at T> 0.1 MeV. For T < 0.1
MeV, deuterium and helium are produced, but not heavier elements, as there are
not heavy stable isotopes with mass number A=5 to be produced as: “He+p — X
In stars, the process:

My Mp X TN >

‘He+*He +* He -2 C
takes place but in the early universe densities are far too low to allow for such a
process!



2.4 Big Bang Nucleosynthesis (BBN)

NV

mp

The deuterium equilibrium abundance is of order of the baryon abundance if:

In(np) +3/2In(1'/m,) ~ —Bp/T

suggesting that deuterium production starts at T= 0.07 MeV or so.

Helium is favoured over Deuterium, as its binding energy is larger!

Almost all remaining neutrons at 0.07 MeV ended up into Helium. Since two
neutrons go into Helium, the final Helium abundance is half the neutron abundance
at that temperature, with a final abundance of 0.24 or so.

Not all Deuterium is processed into Helium, though!
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Figure 24.1: The primordial abundances of *He, D, 3He, and “Li as predicted

by the standard model of Big-Bang nucleosynthesis — the bands show the 95%

CL range [5]. Boxes indicate the observed light element abundances. The narrow
vertical band indicates the CMB measure of the cosmic baryon density, while the
wider band indicates the BBN D-+%He concordance range (both at 95% CL).



2.5 Recombination

» At temperatures above 1 eV, electrons and photons interact via Compton, while
electrons and protons via Coulomb scattering

e +p> HA+xy

» Some hydrogen atoms are formed, however photons are much more numerous than
baryons and they are ionised very fast!

d
& 3Hn = nind(ov) a4 Mnz I Ne
dt 172 ninl  nonl Xe = =
3774 1772 Ny +ng  Ne+ng
dn

dt 3Hn = ny{ov) ((1 — Xe)(meT/2m)* e (metmemmum)/T Xgnb)

Ne = NpXe
dX,

= ((1-X.
i — (=X

B = (ov)(m.T/2m)3/2e~/T Ionisation

o2 — (o0) Recombination rate to n=2 (n=1 is irrelevant as it leads to the
- production of a photon that will immediately ionise a neutral atoml)

a'?) =9.7802 /m?%(eo/T)? In(eo/T)



2.5 Recombination

Saha equation fails to describe the recombination process once that equilibrium
f becomes difficult to maintain: e +p— H+~

. dn 0.0 n3ng  N1N2 0
9 i + 3Hn = nyny(ov) (ngng — 700 Ny =n,
- 2
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2.5 Photon decoupling

 Photons decoupled from electrons when the Compton interaction rate is below
the universe's expanding rate:

NeOT = XeNpoT \ Thomson cross section=

0.665 10-24 cm?

XGUTQbh2a_3pcritmp — H\

H*(a) = Hg (Qm(a) + Qr(a) + Qae(a))

3/2 —1/2
= 113X, (Qh%/0.02)(0.15 /U h — Lz 1
H ($27/0.02)(0.15/ ) (1000) ( T 73600 Q02

The redshift at which decoupling takes place is z=1000, and therefore it happens
during the recombination epoch!



2.6 Particle decoupling in the early universe:
See Sergio Palomares’ lectures DGr'k MGTTCI" deCOUpling Clﬂd fr'eeze-OU'l'

X {~ orvorgq

X (T orvorg

dn nsn nin _ 0
—-|-3Hn:n(1)ng<av>( g é— (1) g) ng—n3(0)
dt T3my MMy Ny = Ny

d
S 4 3Hnx = (ov) (1% — 7R)
n dyY
Y =2 — =T%(ov) (Y2q - Y?)



2.6 Particle decoupling in the early universe:
Dark Matter decoupling and freeze-out

See Sergio Palomares’ lectures

ay
dt

dy A
= T°{ov) (YL%Q — Y2) ?E m/; dr 22 (Y2 - YL%Q)

=

- This equation is a Riccatti-like one (with no analytical solutions)

*For very high temperatures, x <<1, reactions happen really FAST! Y= Yeq.



2.6 Particle decoupling in the early universe:
See Sergio Palomares' lectures  OGI'K Matter decoupling and freeze-out

3
24 A 2 2 xr=m/T A= o (70)
o= (Y* - Ygg) / H{(m)
*For x>>1, Yeq is exponentially suppressed, and the dark matter number density
is so low that the interaction is no longer effective: FREEZE OUT

dY — \Y? 1 1 A

dr — x? Yoo Yy @y

The larger the interaction rate, the later
it freezes out and the lower the relic abundance

Y ~ aj_f -— N ]__O isl 10_; =‘=—...L_ﬂ__l%|‘|1|||| =TT TTIm
TN ay~10 oo — 107 I- \ ¥
f A 10-—8 s \ - .

et A= 10
H(m)a:ng’ s, 3x107%" cm3sT! o 10-5 - .
30m <av>pmt (ov) o 10-8 : &
10-—7 . 0 1 2 P ]

- Assuming weak-like interacting cross sections: 107° [~ \
102 }= Ngq\ —
10-10 s 1 gl g Xoi oA
1 10 100

()~ h2 ~ (.1 "The WIMP miracle”! m /T



Backup slides



R

2H + ~
‘He + v
SH + p
SHe + n
SH +p
He + ~
‘He + n
‘He + p
Be +
i + v
i +p

1He + “*He



Event Time  Redshift Temperature
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EW phase transition 2 x 107s 101 100GeV
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2.4 Big Bang Nucleosynthesis (BBN) o ..u g (222 - m)

dt 0,0 0,0
-Neutron-to-proton ratio P+ € — N + Ve

ngng NNy

* In equilibrium, the neutron-to-proton ratio in the non-relativistic limit reads as:

(0)
L Q = my, —my, = 1.293 MeV

Nn

* At high temperatures, there are as many protons as neutrons. As temperature
decreases, the neutron fraction goes down.

Tin dX
X, = no_ ( _ -Q/T _ )
e 2 =y (1= X)e X,
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