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Outline

- FLRW Universe

- Thermal history of the Big Bang (=relics from the Early
Universe)

- Inflation and cosmic perturbations



radiation era
a ~ tt/ 2 4<0

matt-rad equivalence: z ~ 10*

Pm ~ a~’

matt-cc equivalence: z ~ 0.3

log a
matter era CC era
a ~ t%/ 5 4<0




Equilibrium Thermodynamics



Even if the background is expanding, approximate equilibrium holds for particles with
interactions much faster than the time scale of the expansion

Interaction rate F >> Zi expansion rate
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distribution function



Even if the background is expanding, approximate equilibrium holds for particles with
interactions much faster than the time scale of the expansion

Interaction rate F >> Zi expansion rate
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Even if the background is expanding, approximate equilibrium holds for particles with
interactions much faster than the time scale of the expansion

Interaction rate F >> Zi expansion rate
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Relativistic degrees of freedom dominate
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Lntropy

: : : 3
Energy in a comoving volume is not conserved: p~,a” ~ 1/a

Entropy in a comoving volume is conserved: S =

CLS

T

entropy density

_(,0—|-p)_27T2 3 B T, 7
T T — BQ*ST = 1.80 g*snw Jxs = ;gb T + g zf:gf
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s~ a ° comoving number density: N = —
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g«s 1 a ~ const T ~1/a  in ‘normal’ times
J

SCL3



Time-Scales

2

- expansion (rad. dom.): H = \/8ng ~ (.33 gi/zj\j;— t/sec ~ (T /MeV)™*!
p




Time-Scales

: iy T? _
. expansion (rad. dom.): H = \/ i p~0.33 91/2M [t/sec ~ (T/MeV) 2}
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- Interactions: X .
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Time-Scales

: iy T? _
. expansion (rad. dom.): H = \/ i p~0.33 91/2M [t/sec ~ (T/MeV) 2}
2 1 Z 1 x
. decay FD ~ ATm { T < mx
- Interactions: X .
AT 1 1 > mx

Se inv. decay F]DNFD{ (m_X)3/2 — T < mx
o ™~

X scattering (annihilation)
\>/ AT 1I'>myz
Z 4 T2 45 4
['g x ~ ny A 5 ~ § AP /my my <1T <€ my
o\ | (T +m7z)?
7 g )\ > ~N

Y x e~y /T T < my



In or Out?

rule of thumb: in equilibrium if ' » H

- gauge interactions: '~ a7 > H el T < o”°M,/0.33/ gs/? ~ 0(10" GeV)

. weak interactions: '~ Gi7° > [ w1 > 1NeV

Ne — 0
. baryon-photon coupling: ' ~n.op > H =y  O(leV) < T < O(10*GeV)

\

free-electron density  Thomson cross-section

- DM annihilations: T ~ n,0.., > H ) 1> m,



Symmetry Breaking/Restoration

3
o p_ 1 f(p)oc =

(27)3 2F

p \/ \/ \/ forward scattering
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L o o e e e
Efee—ws 0> +/#T )¢” + ;Ao
\ V. / 2 positive contributions from all
\\ 7(%) //T ~ W/ relativistic particles coupled to ¢

symmetry breaking phase

transitions in the early Universe!




Neutrino Decoupling

nv < pe

Neutrino coupled to the thermal bath n<pe v
via weak interactions as 4 B

ne' < pr

°H Bdecay m, < 0.8eV (90% C.L.) (m,% — Z U.;|? mf)

oscillations

2
Am7,

2
Ami;

UVl < € €

(5.4 — 9.5) x 107 ° eV? solar
(1.2 — 4.8) x 1072 eV? atmosferic

Ty ~ G2T° < H ~ 0.33 g,

v

1 < 0.8MeV

weak interaction decoupling

ordering still unknown

172 T°

My,




Hot Relics

_ Ny 2x3/4 3
my /Ty < 10 ° Neutrinos are relativistic at decoupling - — / .
(N 2 4
dec
At 1T~ me <1y electrons become non-relativistic: e e~ ™ 7YY  annihilate in photons (mostly)

Entropy conservation: g. [’ 3a3\before =g, T Sag\after

I'onn ~ onme > H(T' ~ m.) annihilations are “instantaneous”: Ubcfore = Qafter
Y
. 2 4Z 73 _ o3 TV Tbefore 4 Vi .
Neutrinos are already decoupled: + g | Thefore = 2L after — — [ — 1
Itrfy Tafter 11 Ty today

€€ entropy of electrons transferred to photons

(% correction due to residual e"e™ — v )



Standard Model Neutrinos are NOT CDM

P UL

e " 94V h2

If all three neutrinos are non-relativistic today: Py = 11y Tiy (), = (3 families)

Mg

Mg = O(10Y% M
m2ev) > Mea = 0107 Mo)

Neutrino free-streaming erases all structures up to mass scales: Mpg = 3 - 1018

Pauli exclusion principle forbids fermion dark matter of mass m<o.5 KeV to form dwarf spheroidal galaxies
(Tremaine-Gunn)

Cold relics: see Laura Covi’s lectures




Boltzmann Equation
1

y 3
2 4
_gd(nia®) / d°p; / d°po / d°p3 / d°py

. / i | @nP2E, | ©n)2E, | (2n)32E; | (2n)32E,

x (27)*0° (p1 + p2 — p3 — pa)d(Ey + By — B3 — E4)| M|

number
density X {fafall £ fi][l £ fo] = fifell £ f3][1 £ fa]} /
/17

distribution transition amplitude
functions (./\/l 12534 = M34_,19 ) time-reversal!
(CP)




Approximations

1

kinetic equi]ibrium; f > E—)/T + ] enforced by fast scattering processes (momentum exchange)
€
-classical statistics: f — @_(E_N)/T Boltzmann eq. typically necessary when Ts E
43 gi("55-)> 2em /T m; > T

# ni = i e”i/T/ Do BT = oni/ T ng! =

_ T3 1Ny L1 Mo

fafall £ AL £ fo] = fifo[l £ fa][1 £ fa] — e7(B1FE2/T { eq, eq ~ eq eq }
eg = Ty Ty T

_ —(BE1+E2)/T (6(u3+u4)/T _ e(ulﬂm)/T)



Thermally averaged cross-section:

<0 U> _ 1 / d3p1 / d3p2 / d3p3 / d3p4 o~ (E1+E2)/T
nyin,? | (2m)32E, ) (2m)32FE, | (2m)32FE53 | (2m)32F,

x (27)*0% (p1 + p2 — p3 — pa)d(Ey + By — Bz — E4)|M|?

| 3 _
Boltzmann equation: aln (nla ) _ T2 <U U>

dln a H L

e(hatha) /T _ (nitp2)/T

Equilibrium limit: I'(12 — 34) = ny(ov) > H ﬁ L F fio = fi3 F [i]

Chemical equilibrium



MeV /A

10

Big Bang Nucleosynthesis

... or why there is something other
than iron in the universe

Binding Energy per Nucleon
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When did BBN start?

first nucleus. Deuterium: TLp < D W/ BD = M, + My — Mp = 2.2 MeV
Equilibrium: [ty + by = D 1~ = 0 due to other processes, e.g. ¢ o —p )Y
eq 3/2
Np Ny N npt 4 \my,T
/ O(10~Y)
3/2
n A
Np = Np = Ny, TM ~ TS - ~ (—> GBD/T
(12, Ty

The large entropy density ( 71~ / Ny ) delays D production from T~Bp to T~0.1 MeV



Helium abundance

When nucleosynthesis starts, all neutrons go to Helium-4 (excellent approximation)

How many neutrons are around at T~0.1 MeV ?

nU e pe- 1.203 MeV I'w=4H a1
n<«pe v M —Am/T (un—pp)/T Ty = (0.33 G?‘Mp) ~ 0.8 MeV
net < pv "'p \
Hn ~ Hp T 1010
fh ik Ty
Nn - 1 n-decay Tn - 1
"p l7=0.8 MeV 6 Boltzmann eq. "p l7=0.1 MeV 8




1] 1/2 \ 1/3
~ all neutrons hinally go 1n He Ty = (0.33 L ) 0.8 MeV
Fip
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ineftficient at low ng /n
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~ )
BBN is a powerful probe of 74/1y and of H(T ~ 1MeV)!
\ ,




CMB-+BBN: Baryons make up only ~ 4%

Helium

3 _ Aver et al. (2015)
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Recombination

first atom. Hydrogen: € P < H B = Mp +Me — Mg = 13.6eV

charge neutrality: e = Ty

Ne /rL D

free-electron fraction: X, = =
Ne + Ny Ny +Ng

eq ., €eq
Te T n_*n
Equilibrium: . + ), = * e’ __ ¢ eqp
N g 2=
O(10~19)

Saha equation:

1 ;(5( 4v/2¢(3)/my ( T )

The small 7y / Tl~ delays recombination, defined as X'““ = (.1 to 1} = 0.3 €V



From recombination to decoupling

Compton scattering 't = n, o = X, ny o (o7 = 0.665 x 10~ **cm?)

At recombination X, drops, then ' < H and photons decouple from matter at T} ~ 0.26 eV

After decoupling, photon energies get redshifted

BN

W/m®/Hz/sr)
L

5 (dec
| Blackbody spectrum at 7'(t) = Tiec a(zt)

N

—

Intensity (107"®

200 400 600
v (CHz)

o
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Baryogenesis



Evidences of a baryon-asymmetric Universe

Direct searches:

Cosmic rays at E > O(100 MeV) probe galactic scales, 7gal ~ 30 £pc

St compatible with secondary production in pp — pppp
p

Indirect searches:

Look for: 1)7 ‘s from b b annihilations;
2) CMB spectrum distortions due to Compton scattering.

no signal of galaxy-antigalaxy annihilation from Virgo cluster, or X-rays

emlttlng clusters: TClust 7~ 10 Mpc (Steigman '76)

CMB+diffuse gamma ray background constrain matter-antimatter islands to
be larger than ~ O (10d M pC) ~ 1 / H 0 (Cohen, De Rujula, Glashow "98)




thermal fluctuation ?

Do we really need to produce 1t?

0(107?) photons in a galactic volume

- 1/2
np ~ N~ at'T > GeV, LT S i’ ~ 1042
S g«Tp
f ny — N )
WMAP+BBN:B = b ; b _ (8.6 T 0.4) x 1011
- J

initial condition ?

problem with inflation: af ~e€

60 i —180,n73

Q7 = M rT- b

ot ~el®nlm, <V~ g Thy

(

-

Trg >ce

180 "o

Sf

~ 10° GeV

=
inflation 1s useless (monopoles, horizon...)

self-consistency problems Try > M, ~ 10"° GeV
y




Sakharov’s conditions

Necessary conditions for a theory of baryogenesis:

1) B-violating interactions;

2) C and CP-violating interactions;

C:. Ii—f]=T[i— f]

no net result: n, — n; =

CP=T:T|i—>f]|=I|f > 1]

3) departure from th. equilibrium;

e = i A : . .
th. equilibrium: : z + B-violation + charge neutrali
1 ng, = ng, (Ei, —pi, T') 2 v

ﬁ [ Wi = 0 Iy, = 'nl_)z, j




Standard Model: B-violation

B (and L) are accidental symmetries of the SM: 0, J5 ;, =0

D)=

they are broken at the quantum level by triangle anomalies:

3

O ds =0 dr= 3529

AR B GO

2

(Ncs(t) — gng / d%eabceijkAgAgA;)

B=/d3:cJ%

A S A A

in vacuum to vacuum transitions AN, is integer.

effective interaction: OB+r = Il;=1..3(qr,. 91, qL. l1.. )

r D
A(B+L)=6, A(B—L)=0

\_ Y




Sphalerons

Higgs expectation value

«
ditferent vacua are separated by an energy barrier E,, = 47;% B(M\/g) = O(10 TeV)
T = 0 : vacuum tunnelling T ~ 4™/ ®w = 0(10_165)
: Esp 55 \ VT(Qb) /412 ~ 2/#
== hermalsigchiationse brorc—=x \ /Ly
\\ T > 11,2/#//

E,,(T) cv(T) — 0 athighT! \h

Sphaleron rate:

Broken phase I'Bir M lF‘; —BE ;,n(T)

(Arnold, Mc Lerran) v K (QT) 7€

;3 = 1/T. J\[H — g‘va (T)/2

Symmetric phase T | T\* . .| ~ 1 | ~ g
(Amdld, Yaffe)  V mp 7 In(1/9))] ~~ ¢*TIn(1/g)

[ 1n equilibrium for TewpT ~ 100 GeV <T <O (1012) GGV]




Standard Model: out-of-equilibrim

need to switch off the sphalerons in 7 < H ™" : first order phase transition

002

8

V(h.T)Y(100 GeV)*

008

0.1

h/100 GeV

sphaleron erasure of the asymmetry’
avoided 1if ’U(TC)/TC > ] —————— 0.8

moreover, CKM CP violation

&s not enough

f |
Electroweak baryogenesis still a 40 60 80 100 120 Tdo
possibility in SM extensions (SUSY)) ,(7.)/7. as a function of my (in GeV) [one-loop]




I1BAU > 1EW : need B-L violation

n; — 71 . ,. >, v 3
§) 20 + O\ (Bu;)

. bosons .

_ gT* { Gp; + O

(fﬂu)? , fermions SM: 5N 4 1 chemical potentials.

each interaction in equilibrium gives
a constraint.

B = ) (2pqi + pui + pdi)

[/

Li = 2ui+pei, L=) L;.

assuming: equilibrium for sphalerons, Yukawa, gauge, QCD instantons
+ hypercharge neutrality one gets

~N

~ 8N;+4
~ 22N; +13 )

B=cs(B—-1L), L= (c—1)(B—L) Cs

... s0, the problem is, where did B-L. come from?



SM+right-handed neutrinos

I-violation!
lagrangian for the L = [(1;idlr; + epiider; + NriidNp: /
: ) 1 ,
leptonic sector: +f-ij6Ri€LjH1' + hl]‘:\Rl[LJH — =M;iNpiNg,; H h.c.
P 2
, 0 (hv)*
neutrio masses: T (A s M M
see-saw mechanism!
( - m, ~ hv = 2 - 1010 GGV)
2k el ety e N M

CP-violation: fij, M;; diagonal, 6 CP-violating phases in h;;

however, at 72
low energies (<< M) Lefi = Crii@lr; + épiider; + fierilriH' + ; Z By 0Ll j— A +h.c..

| 2 /

only 3 physical phases in = 57w, (LifL; (H)?

no straight connection between high-energy and low-energy CP violation



Out-of-equilibrium decay

Tgec < M : inverse decays are out of eq.

ESE O e RS e e ey

O.l 1.0 10.0

oy L o T3 CP-violation 1s a quantum effect (interference)
' H
Ny 4@ 77N 7\ !
(e e e € :
y i s g Pl (fully etficient)
S g« N Jx

Eas e e e (realistic) K=ethciency factor <1 (need Boltz. eq.)
Jx



Leptogenesis and light neutrinos

I dec

M)

1.66 g

*

ST




Boltzmann equations

dNn, | s . |  H
] __ —(D-|-S) (1\“..\ — | \9) . ,]j\ r o H
d \’d‘? | | AN “‘Ul\\
AINB_T, . e s
7~ = —£&1 D (1\'..\’1 — .\i%) —WN B—1I ] / [
2-2 scatterings:
: . . s . ! washout
(a) """ (i) """ o b l H




Washout and neutrino mass

H A L = 2 processes can erase the asymmetry

/ 1 H?

— =y, LLilL;

R (H)?

\ I'wo ~ SELET ('~ M) upper bound on

: 1/2
= (Z mg)
=

107°eV < m, < 0.2eV

/ (my,, < 2.5eV from [ -decay)

independence from initial conditions

enough B typically requires M > 4 - 10° GeV




