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Thermal equilibrium in the primordial plasma o
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flavour dependent corrections:

Solving the g-dependent Boltzman eq.

non instantaneous decoupling

+ finite temperature effects




» The effective number of relativistic degrees of freedom

4/3

p va+ p extra rel

g\ 11

It can be non-standard N off = 3.046 + AN off
It can be many things (not only neutrinos)
[t is not constant (it decreases when particles go non relativistic)

7( 4
prad= 1+_(_) Neﬁ‘ py Neﬁ”

SM
plva



» The effective number of relativistic degrees of freedom

4/3

7 4 p va+ p extra rel
prad =|1+— Neﬁ[ p}’ Neﬁ = pSM
1va

g\ 11
« It can be non-standard N o = 3.046 + AN off

It can be many things (not only neutrinos)
[t is not constant (it decreases when particles go non relativistic)

N
2 14 A Ll | . | L
1 — ] Normal Hierarchy /
» The neutrino mass sum th — E m, /93eV ] Nomal Herarchy,
m2 "1 Aamp?=25x10%eV?
" . > ]
i=1 ® ]
- Ve y} 1
Vo g 0.1 - Pre
oz SNRY s . Lak
g Maing 55
ms* T 4 Constrained b 1 1 - 0.01 A
onstraine: . =
[ Am232 } atmospheric nyeutrino Comp ementarlty E KATRIN
measurements 4
2
mat iTmmz — Constrained by_KamLAND
2 0.001 0.01 0.1 1
0.0

Mass of Lightest state (m,), eV



o 5
LRI

(&
Ol

N
i




likelihood

Increase of the expansion rate. Earlier freeze-out

Higher primordial “He abundance
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Temperature power spectrum
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Temperature power spectrum
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Neutrinos with a mass well below 1 eV do not
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* Free-streaming k., =H /v,

* Massive neutrinos slow down the growth of matter perturbations
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Large Scale Structure
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M Fuclid produces a legacy dataset with images and photometry

PR more than a billion galaxies and several million spectra,
| out to high redshifts z > 2.

Basse, Bjaelde, Hamann, Hannestad, Wong, JCAP (2013)
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How can cosmology face SBL? Partial thermalization:

Non-standard interactions

MA, Hannestad, Hansen, Tram, PRD (2015, 2016);
Saviano et al., PRD (2014);

Mirizzi et al., PRD (2014);

Dasgupta, Kopp, PRL (2013, 2015);

Hannestad, Hansen, Tram, PRL (2013)

Lepton asymmetry
Mirizzi, Saviano, Miele, Serpico (2012);
Hannestad, Tamborra, Tram (2012)

Low reheating temperature
Rehagen, Gelimini (2014)

Non-standard expansion rate at MeV scale



The sterile neutrino 1s coupled to a new light pseudoscalar
Lint ~ gs¢‘7sy5vs

The phenomenologically success of the model relies on two things:

g. should be large enough to prevent full thermalisation of the sterile neutrino:
100<g <10° =N 4

v, must annihilate into ¢ at late time to avoid the mass bound from large scale
structure: my <~ 0.1eV =»Zm,



When sterile neutrinos are produced,
they will create non-thermal distortions
in the sterile neutrino distribution, and
the sterile neutrino spectrum end up
being somewhat non-thermal.

MA, Hannestad, Hansen, Tram, PRD (2014)
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Sterile neutrino mass and LSS
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1s a powerful tool to constrain

Despite the progress of precision cosmology, still represent

an open question

The tension between cosmology and exacerbates the
debate: SBL light sterile neutrinos are too many and too massive for

cosmology

“Secret” sterile neutrino mediated by a light pseudoscalar
can accommodate one additional massive sterile state in cosmology without
spoiling CMB measurements and, at the same time, evading mass

constraints






T> ¢ particles are thermally produced

T~ (g,~10-%) v, and ¢ in thermal equilibrium
4

V.V, <> 09 <(7 |V|> = SiSTZ in the relativistic limit

one single tightly-coupled fluid

T> the dark sector decouples

1/3
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g.(1Te

T~ neutrino oscillations become important



Density matrix
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Sterile neutrino production

Standard

neutrino

decoupling
&~

n/p freeze-out

Resonant production

To prevent sterile
neutrino
thermalization, we
need to suppress
the mixing angle in
matter, 1.€.

2p
prior to standard
neutrino
decoupling




Late time phenomenology (1):
Ve — ¢ m@ractlons
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Late time phenomenology (2):
Ve — O ar@hilations
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Late time phenomenology (2):
Ve — ¢ ar©hllat|ons
As soon as sterile neutrinos go non-relativistic, they start annihilating into
vV, — : : e :
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Galactic Dynamics:
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The condition for having observable consequences on galactic dynamics is that the
scattering time scale of DM self interactions is less than the age of the Universe.

Milky Way:
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Coupling to DM
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