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OUTLINE

< Lecture 1: Standard Cosmology & the

cosmological parameters
< Lecture 2: Inflation & the CMB

2 Lecture 3: Thermal Universe and Big Bang
Nucleosynthesis

2 Lecture 4: Structure Formation & Dark Matter

< Lecture 5: Baryogenesis



LECTURE 3: OUTLINE

< Basics of Thermodynamics
< Reheating after inflation
< Neutrino decoupling & BBN
< Thermal relics:
2 Neutrinos & Dark Radiation

2 Planck results and CMB



BASICS OF
THERMODYNAMICS



BASIC FORMULAS

Relativistic particles with p >> m
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Non-relativistic particles with m >> p
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o same for B and F !



BASIC FORMULAS |l

Entropy density for relativistic species:
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Non-relativistic particles:
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The entropy 1s stored practically into radiation !



DEGREES OF FREEDOM

[Kolb & Turner ‘92]
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REHEATING AFTER
INFLATION



PREHEATING

| Kofman, Linde & Starobinski 92]

Due to the interaction with the oscillating inflation, fields can
have a time dependent mass, even negative:

Xi + (B2 +m5 + 2g° Asinmgt)x, =0

Mathieu equation: X;c/ (a = 2q COS QZ)Xk =0

Stability Chart for Parametnc Oscillator
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PREHEATING 11

[ Kofman, Linde & Starobinski ‘92]

Narrow resonance Broad resonance
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NEUTRINO
DECOUPLING AND
BBEBN



Big Bang Nucleosynthesis

After the QCD phase transition at ' ~ 200 MeV the baryonic matter are p, n, 7T0, Wi, A, ...,
but at 7' ~ 1 MeV only the stable one p and the very long-lived n survive. Their number density is not

—m/T

3
suppressed by e ~ 19" due to the presence of a chemical potential related to baryon number

(. Proton and neutron have the same chemical potential and are still in equilibrium via the reactions

n €

o = —+ e Ty
Rt ysrpte ptvente >< 5 Gl‘_\/én-fa,

So the chemical equilibrium gives

neq Am _|_ Ly —_— J;p jae’
&5 = exp (— ; i ) ~ e~ F where Am ~ 1.29 MeV
Np r

How long do neutrons track equilibrium ??? As long as

87TG;0md - & ?
25 > _ s T
(o(nv — pe)v) ~ #GT > H \/ 3 ls (ll\flev)

So freeze-out happens at 7, ~ 0.84 MeV — ’I’Liq it # e | 'n,;q

But final neutron to proton ratio strongly dependent on H(T) !



BIG BANG NUCLEOSYNTHESIS

Abundances of light elements
After freeze-out the neutrons start to decay with 7 = 886 s, i.e. 1, (t) = n,, (£, )e~ /7. The lightest

composite nucleus is Deuterium, that can be produced in the reaction p+ne D+

Unfortunately the bounding energy for D is very low Bp ~ 2.23 MeV and the number of photons in
the Universe above such energy still very large: very easy to dissociate Deuterium !

nss T R"
) s npXp | — geniT "Deuterium Bottleneck”
where np = np/n~. So D’s abundance start to grow only after 7' < 0.06 MeV, i.e. ¢ > 300 s.

The equilibrium densities of the other light elements are not reached until after this time, since they are
all produced starting from D:

D+ D «° He+n 3He—f—D<—>4He—}—p
D+D<°H+p H+ D <* He+n
D+ D —*He+~

Most of the neutrons end up in 4 H e that is the more strongly bound nucleus, but there remains also a
small fraction of Deuterium and 2 H e and some * Li formed from Helium.



BIG BANG NUCLEOSYNTHESIS

Evolution of the light elements abundances in standard BBN
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Practically all neutrons end up into Helium



BIG BANG NUCLEOSYNTHESIS

| Fields & Sarkar PDG 07]
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BEBN

PLANCK:NUCLEOSYNTHESIS

| [Planek COH.' 1502.01589] |
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CMB consistent with BBN even fitting bothNVefr & Y, .

Note the degeneracy between these two parameters,
but orthogonal compared to BBN !



BBN BOUNDS ON DECAYS

[...,Kohri, Kawasaki & Moroi 04]
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Neutral relics:
they can release EM
energy and destroy
light elements, e.g. D,
or if they decay
hadronically they can
also affect the neutron to
proton ratio...
Bounds on the density
of any decaying particle !



BBN BOUNDS

[Pospelov 05, Kohri & Takayama 06,
Cyburt at al 06, Jedamzik 07,...]
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Charged relics:
they can form bounded
stated with nuclel and
reduce the Coulomb
barrier, allowing to
speed up some rates, e.g.
production of Lithium...

Bounds on the density
of any decaying particle !



PLANCK RESULTS
AND CMB



PLANCK RESULTS 2013-15

Picture of the CMB anisotropies at recombination




PLANCK ANGULAR POWER SPECTRUM
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PLANCK TT SPECTRUM
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Perfect agreement with 6-parameter A (' [) ] model!



PLANCK TT SPECTRUM
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CMB PRIMER

[Wayne Hu's CMB primer at http://background.uchicago.edu/~whu/]

(a) Acoustic Oscillations
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Baryons increase the mass in the plasma and the drag force...


http://background.uchicago.edu

PLANCK COSMO PARAMETERS
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[ Planck coll. 1303.5076]
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PLANCK COSMO PARAMETERS
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Degeneracy in the plane Ho vs §2,,,depending on 5.



PLANCK: DARK ENERGY

[Planck coll. 1303.5076] 95% CL Planck+WP+BAO
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Data are consistent with a cosmological constant !



PLANCK: INFLATION
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PLANCK: DARK RADIATION

[ Planck coll. 1303.5076] [Planck coll. 1502.01589]
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No evidence for dark radiation, Neff =3.046 1s within 1 O.

Also limit on the sum of neutrino masses below the eV !

B8O



PLANCK: DR & SIGMA 8
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NON GAUSSIANITY &
THE BISPECTRUM

If the curvature fluctuations are perfectly gausslian, all the
information about their distribution 1s contained 1n the

two-point correlation and the power spectrum & the odd-point
correlations are vanishing. For non-gaussian perturbations

we have more correlations to consider...

(0T (21)0T (x2)0T (x3)) = 0(k1 + ko + k3)F(k1, ko, k3)

Bispectrum
For a locally non-gaussian field, 1.e.

O(x) = dg(x) + fyr (d5(x) — (¢5(2)))

we obtaln

F(kl, ko, ]{3) X fNL (P(kl)P(kQ) +pe7“m...)



PLANCK: NON-GAUSSIANITY

The Planck collaboration looked for non-gaussianities, both in
the bispectrum ( f ' 7,) and 1n the trispectrum (TN L, N ):

<5T(331)5T(CE2)5T(ZI?3)5T(CE4)> —> 5(]€1 =t kz - kg =t k4)T(k1, ]CQ, ]Cg)

(i o o) — %TNL Bk )P ks) P(krs) - . .| + 6anz [Plea) Pl Pl f e

Bispectrum for various shapes Trispectrum
[Planck coll. 1303.5084 & 1502.01592]

]l\?z‘“ —9274+58 0845 9gni <(-13£18)x 10

equil o 2 e [Feng et al. 1502.00585]
NLh = 1o==(0 443 gé\?% < (—9 i 7.7) % 10%
orine — _ 925439 —26 £ 21 [Planck coll. 1502.01592]

No evidence of non-gaussianities in the primordial fluctuations:
no evidence of multifield models or reduced c,, etc. .

Note: non-gaussianity from lensing subtracted 1s at same level !



PLANCK:CMB LENSING

[W. Hu & T. Okamoto 2002]

TT unlensed | EE unlensed] Potential

TT lensed EE lensed BB lensed

The Planck collaboration has detected the CMB lensing

at more than 25 sigma significance !

Unfortunately it introduces late-time non-gaussianity...



POLARIZATION OF
THE CMB



CMB POLARIZATION

The CMB light comes from Thomson scattering on the last
scattering surface and 1s expected to be about 20% polarized

due to quadrupole configurations -> gravitational waves !
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PLANCK TE & EE SPECTRUM

Planck also released results about the measure of the CMB
polarization:
[Planck coll. 1502.01589]
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Again perfect agreement with 6-parameter A ('J))\/ model

but some of the degeneracies between parameters are lifted !



POLARIZATION

BICEP2: E signal
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BICEP2: POLARIZATION

[ BICEP2 coll. 1403.3985] Calmet & Sanz 1403.5100]
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Scale of inflation 1s high, polynomial chaotic inflation
seems preferred, Higgs inflation distavored !



BICEP2 vsS PLANCK

[ Planck coll. 1409.5738]
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But measurement of dust emission by the Planck satellite
show that the level of dust larger than expected...






NUMERICAL CODES
< CMB anisotropies: CAMB, CMBfast: http://camb.info

< Parameter estimations:
CosmoMC @ http://cosmologist.info/cosmomc/

< BBN: Parthenope @ http://parthenope.na.intn.it

< Inflation and inflationary perturbations:

MultiModeCode @ www.modecode.org

< WIMP Dark Matter & beyond:
DarkSUSY @ www.darksusy.org
MicrOMEGAs @ https://lapth.cnrs.fr/micromegas/


http://cosmologist.info/cosmomc/
http://www.modecode.org

