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Assumptions about neutrinos made in ACDM

* Neutrinos are free-streaming after 1 MeV (i.e. they are stable and have no
interactions)

* Neutrinos follow a relativistic Fermi-Dirac spectrum

11

* There are as many neutrinos as anti-neutrinos (negligible lepton asymmetry)

1/3
e They have a temperature of 7, = ( 4 ) T,



Assumptions about neutrinos made in ACDM

* Neutrinos are free-streaming after 1 MeV (i.e. they are stable and have no
interactions)

* Neutrinos follow a relativistic Fermi-Dirac spectrum
40\ /3
e They have a temperature of 7, = (ﬁ) T,

* There are as many neutrinos as anti-neutrinos (negligible lepton asymmetry)

What can cosmology teach us about neutrinos?

-» Let's first look at N_; and =m,



Big bang nucleosynthesis

Big Bang Nucleosynthesis

Early times: weak interactions
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Big Bang Nucleosynthesis

Early times: weak interactions > O(1 MeV)
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(E) ~ 6_(mn_mp)/T
P/ eq
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Big Bang Nucleosynthesis

Early times: weak interactions > (9(1 Mev) > O(O. 1 MeV)
freeze-out Onset of nuclear reactions
(E) ~ 6_(mn_mp)/T (E) ~ 1
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Big bang nucleosynthesis

Big Bang Nucleosynthesis

Early times: weak interactions > (9(1 Mev) > (9(0. 1 MeV)
freeze-out Onset of nuclear reactions

(E) ~ 6_(mn_mp)/T (E) ~ 1

P P/)en !

\. J

eq
R ﬁ / _ 2H, 3H, 3He,*He etc.

Expansion rate (N ), distribution function (only v_)

f

Neutrinos

N<<>p+e —+ Ve

Nog = 2.92 + 0.2 (68% CL)

) (Pitrou et al. 2018, PRIMAT code)
Y, = 0.2449 £ 0.004 (Aver etal. 2015)

ypp = 2.527 £ 0.030 (cooke et al. 2018) ~ Negg = 2.877:823411 (68% CL)

_ (Consiglio et al. 2018, PArthENoPE code) 3




Cosmic Microwave Backround

Cosmic Microwave Background O(0.3eV)

Recombination — Universe gets transparent to photons
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Cosmic Microwave Background O(0.3eV)

Recombination — Universe gets transparent to photons
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Cosmic Microwave Backround

Cosmic Microwave Background O(0.3eV)

Recombination — Universe gets transparent to photons
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Cosmic Microwave Backround

Neufrinos behave at early times as radiation, at late fimes matter
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Cosmic Microwave Backround

Neufrinos behave at early times as radiation, at late fimes matter
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Cosmic Microwave Backround

Neufrinos behave at early times as radiation, at late fimes matter

Whenever we talk about the impact of neutrino masses —» ()5 + 2, + Qcqm + 2, = 1
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> my, < 0.257eV(95% CL) (TT,TE,EE+lowE)



Large Scale Structure

Large Scale Structure

Free-streaming suppresses the growth of structure below the free-streaming length
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Large Scale Structure

Large Scale Structure

Free-streaming suppresses the growth of structure below the free-streaming length
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Large Scale Structure
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Non-Linear regime:
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Large Scale Structure

Adding intormation from LSS Yoy,
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Y m, <0.120eV  (TT,TE,EE+lowE +lensing +BaO)
\ SDSS, BOSS, 6dFGS



Large Scale Structure

Adding intormation from LSS Yoy,
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(Planck 2018)
Y m, <0.120eV  (TT,TE,EE+lowE +lensing +BaO)

\ SDSS, BOSS, 6dFGS
+ adding even more LSS data (but Planck 2015)..:

Lyman-a (Palanque-Delabrouille et al. 2015)
Full shape matter power spectrum  (vagnozi et al. 2017)

Weak lensing  (kips, DEs)
Cluster counts  (sz cluster count dataset, Planck)



Large Scale Structure
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Y m, <0.120eV  (TT,TE,EE+lowE +lensing +BaO)

1071}

1072}

haN SDSS, BOSS, 6dFGS

+ adding even more LSS data (but Planck 2015)..:

Lyman-a (Palanque-Delabrouille et al. 2015)
Full shape matter power spectrum  (vagnozi et al. 2017)

Weak lensing  (kips, DEs)
Cluster counts  (sz cluster count dataset, Planck)

ICMII3 + Euclid ; A
:.“* .‘*.-W" D + DESI + SKA .
::::::::9;::;:::::::::a’.:;:'.l‘_:::;::::::;::.‘::::_: > Forecasts PF.O%‘H%SE to reach a
e sensitivity of
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< ;7“*'@ \“79 § S (Brinckmann et al. 2018)/ g



Beyond N_.and m_

what else can we learn?

Assumptions about neutrinos made in ACDM

* Neutrinos are free-streaming after 1 MeV (i.e. they are stable and have
no interactions)

* Neutrinos follow a relativistic Fermi-Dirac spectrum

4\ 1/3
* They have a temperature of 7, = (ﬁ) T,

* There are as many neutrinos as anti-neutrinos (negligible lepton asymmetry)



Beyond N _.and m_

Non—-standard neutrino interactions
IMO et al. 2014, IMO et al. 2017, Barenboim et al. 2019, Cyr-Racine et. al. 2013, Lancaster 2017, Kreisch et al. 2019

9

Lint = gij ﬁ,;ngb -+ hz’j Pf%ngb Massive scalar - Gog = -
¢
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Beyond N _.and m_

6C[%]

Non—-standard neutrino interactions

IMO et al. 2014, IMO et al. 2017, Barenboim et al. 2019, Cyr-Racine et. al. 2013, Lancaster 2017, Kreisch et al. 2019
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Beyond N _.and m_

6C[%]

Non—-standard neutrino interactions

IMO et al. 2014, IMO et al. 2017, Barenboim et al. 2019, Cyr-Racine et. al. 2013, Lancaster 2017, Kreisch et al. 2019
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neutrino self-interactions — delayed decoupling - suppressed free-streaming:
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- bimodal distribution: strongly interacting neutrino mode!
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Beyond N _.and m_

strongly interacting mode — consequences for constraints onn, H_
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Beyond N _.and m_

strongly interacting mode — consequences for constraints onn, H_
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selection
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Beyond N _.and m_

strongly interacting mode — consequences for constraints onn, H_
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selection

Including neutrino masses and N_; makes the strongly interacting

Other models

Light mediator (Forastieri 2019, Forastieri 2015)
0.1 eV —1 MeV range (Escudero & Witte 2019)

mode even more significant (Kreisch et al. 2019)

Decaying neutrinos (Esudero & Fairbairn 2019, Hannestad & Raffelt 2005)
Sterile neutrino interactions (Forastieri et al. 2017, Archidiacono 2014&2015&2016) 11



Beyond N_.and m_

what else can we learn?

Assumptions about neutrinos made in ACDM

* Neutrinos are free-streaming after 1 MeV (i.e. they are stable and have no
interactions)

* Neutrinos follow a relativistic Fermi-Dirac spectrum
4\ 1/3
* They have a temperature of 7, = (ﬁ) T,

* There are as many neutrinos as anti-neutrinos (negligible lepton asymmetry)
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Beyond N_.and m_

Non-standard relic neutrino distributions (IMOetal. 2019)

Impact on cosmological observables? — degenerate with N__

13
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Non-standard relic neutrino distributions (IMOetal. 2019)
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well known.. and well measured
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Beyond N_.and m_

Non-standard relic neutrino distributions (IMOetal. 2019)

Impact on cosmological observables? — degenerate with N~

2 b ] well known.. and well measured
— F,=0.92, F,=0 1
PO, | B R=EL06 T Model independent parametrization
U R F,=0.92, F,=1.06 . . .
1 * "].  (expansion in orthonormal polynomials):

1
et + 1

(@) = N - (po(g;) + Fipi(z) + szz(w))

! \ Normalize such that N_=3.045
— (Yes, there can be models tor that,)

-
- -
-
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Beyond N_.and m_

Non-standard relic neutrino distributions (IMOetal. 2019)

Impact on cosmological observables? — degenerate with N~
2 — ] well known.. and well measured
- - — F,=0.92, F,=0

PO, | B R=EL06 T Model independent parametrization

----- F,=0.92, F,=1.06 . . .
(expansion in orthonormal polynomials):

@ =N (po<x> t Fipi(a) +F2p2<x>)

e +1
\ Normalize such that N _=3.045

-
- -
-

-----
......

(Yes, there can be models for fhat,)

— No unique imprint: intrinsically degenerate with Xm _and N __

\ Fermi-Dirac TT+lowP+BAO

Non-standard distributions

0.16 0.24 0.32 0.40 0.48

va [eV] 13

Cosmological neutrino mass

bound strongly depends on @
our assumption about the

relic neutrino distribution

(here: relaxation about ~ 100%) 0.00 0.08



Beyond N_.and m_

what else can we learn?

Assumptions about neutrinos made in ACDM

* Neutrinos are free-streaming after 1 MeV (i.e. they are stable and have no
interactions)

* Neutrinos follow a relativistic Fermi-Dirac spectrum
4\ 1/3
* They have a temperature of T, = (ﬁ) T,

* There are as many neutrinos as anti-neutrinos (negligible lepton asymmetry)
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Beyond N_.and m_

Non—-negligible Lepton Asymmetry
ny — N, Ting and very

Baryon asymmetry b = — = (6.099 +0.044) x 10~ > well measured
g

Standard assumption: lepton asymmetry = baryon asymmetry

15
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Non—-negligible Lepton Asymmetry
ny — N, Ting and very

Baryon asymmetry b = — = (6.099 +0.044) x 10~ > well measured
g

Standard assumption: lepton asymmetry = baryon asymmetry

Agnostic point of view: lepton asymmetry = free parameter for cosmology

12¢(3 )(141) 2 (76 +82)

=€, L, T

Large lepton asymmetry: m ~ Z Moo =

a=e,u,T
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Non—-negligible Lepton Asymmetry

ny — ni 0 Ting and very
Baryon asymmetry b = — = (6.099 & 0.044) x 10~ > well measured
g

Standard assumption: lepton asymmetry = baryon asymmetry

Agnostic point of view: lepton asymmetry = free parameter for cosmology
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Beyond N _.and m_

Non—-negligible Lepton Asymmetry

ny — ni 0 Ting and very
Baryon asymmetry b = — = (6.099 & 0.044) x 10~ > well measured
g

Standard assumption: lepton asymmetry = baryon asymmetry

Agnostic point of view: lepton asymmetry = free parameter for cosmology

1 4
Large lepton asymmetry: 7 ~ Z v, (11) Z (772504 + fi)

=€, T - 12C(3) =€, L, T
. 15 €.\ £\ Change
I) Change energy density AN.g = — Z (f) 2+ (f) >0 expansion rate
and Yp

IT) Change weak interactions (only v, )

CMB analysis (IMO & Schwarz 2017)
| €= —0.00210:025 (68% CL) = —0.046 < n < 0.038

0:16} = F

0.08 [\ 8

— Could still be orders of magtnitude larger than baryon asymmetry

W 0.00 |
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Beyond N_.and m_

Non—-negligible Lepton Asymmetry

ny — ni 0 Ting and very
Baryon asymmetry b = — = (6.099 & 0.044) x 10~ > well measured
g

Standard assumption: lepton asymmetry = baryon asymmetry

Agnostic point of view: lepton asymmetry = free parameter for cosmology

1 1
Large lepton asymmetry: 7 =~ Z Ny, = 12((3) (11) Z (72506 + 52)

a:€7l’b77- a:e7l’l’77_
¢ £\ Change
I) Change energy density AN ¢ Z ( O‘) 4+ (_O‘) > () expansion rate
7 7'(‘ ™
a and Y

IT) Change weak interactions (only v, )

CMB analysis (IMO & Schwarz 2017)
| £ =-0. 00270000 (68% CL) = —0.046 < n < 0.038

0:16} = F

0.08 =\

— Could still be orders of magnitude larger than baryon asymmetry

‘_ | BBN analysis (Pitrou et al 2018)
| PRIMAT (Pitrou et al. 2018) & = 0.00179016 (68% CL)

~0.16 ParthENoPE (Consiglio et al. 2017) & = 0. 021+8 8}2 (68% CL)

216 219 222 225 278 251
102w,

—0.08 |

- theoretical uncertainties in deuterium prediction.. 15



Summary

Cosmological data provide insights into neutrino properties at energies of
~10” eV — 0.1 MeV.

They are a powerful tool in order to constrain N . and m,. But this is not the

end of the story, they can also be used to learn about non-standard scenarios.

New data are coming in the next years, so stay tuned.
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