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Outline

» Measuring neutrinos with cosmology:
* Neutrino thermal history
* Observables
* Constraints
» Future: constraints and (perhaps) detection

> Conclusions
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Timeline

Temperature Process and Observables v Constraints

T, ~ 1 MeV (z~10°) v decoupling

T, ~ 0.8 MeV (z~10°%) BBN Flavour, Number
T, ~1¢eV (z~1100) CMB Number, (Mass)
T,~m,/3 (z~1890*m,/eV) | v nr transition

T, ~0.2 meV (z~0) LSS Mass, (Number)

What Cosmology cannot tell us:

* Mixing angles
* Phases
e Dirac vs Majorana

e Hierarchy ...
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Neutrino decoupling

In the primordial Universe weak interactions keep neutrinos in equilibrium with the heat

bath. § de Salas & Pastor, JCAP (2016)
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¢ This equation holds after decoupling and as long as all

N, Effective number of neutrinos are relativistic
relativistic
degrees of freedom % N >M = 3.045 deSalas & Pastor, JCAP (2016)
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Neutrino number and BBN

Shortly after neutrino decoupling the weak interactions that kept neutrons and protons in
statistical equilibrium freeze out.
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N g = 2.89+£0.29 (95% c.l.) experimental rate Adelberger+ Rev. Mod. Phys (2011)
N, = 3.05£0.27 (95% c.l.) theoretical rate Marcucci+ PRL (2016)
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Neutrino number and CMB
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Planck 2018 TT + lowE: N &= 3.0070-7 .. (95%cl)

Early ISW
@<0
Shift of the peak

rs=f:csdt/a =f0

Silk damping

exp[—(Zrd /)Ld)z]

Planck 2018 TTTEEE + lowE: N_= 292036 . (95%cl)
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Neutrino number and CMB

Jacques+ PRD (2013)
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CMB: Neff = 2.92+0'36_0.37

Isa 10 eV “extra” neutrino consistent with CMB bounds? NO, it is not!
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, JCAP (2017)
Q h’ = Py _ Emv 0.04} Emvref =60 meV —— larger >m, |
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* Background effects (zeq, d,, z,)
* Perturbation effects (early ISW) el

Neutrino mass and CMB

MA, Brinckmann, Lesgourgues, Poulin
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Neutrino mass and CMB

MA, Brinckmann, Lesgourgues, Poulin

| | JCAP (2017)
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* Perturbation effects (early ISW)
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=>» Correlation between M,, and H, (TTTEEE) and also w_4,, (TTTEEE+lensing)

cdm

Planck 2018 TT + lowE: Zm,, < 0.54 eV (95%cl)
Planck 2018 TTTEEE + lowE: Zm, < 0.26 eV (95%cl)

=» CMB data alone (even future cosmic variance limited CMB surveys) cannot measure

M

A%
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Neutrino non-relativistic transition

When neutrinos become non-relativistic
z,,~ 1890 (m, /1eV),
they travel through the Universe with a thermal velocity
Vi = <p>/m,; = 3T, /m, ;= 150 (1+z) (1eV/m, ;) km/s
Neutrinos cannot be confined below the characteristic free-streaming scale defined by
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Neutrino mass and LSS
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Neutrino mass and LSS
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Neutrino mass and LSS

CMB Lensing

[1 Planck (2015) — SPT
Planck (2013) — ACT
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...and more ... (e.g., RSD) Giblin+ MNRAS(2018)
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Neutrino mass and LSS

CMB Lensing

[1 Planck (2015) — SPT
Planck (2013) — ACT
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Where we stand

2~108 (T ~1 MeV) 2~1100 (T~1 eV)
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ere we stand

2~108 (T ~1 MeV) 2~1100 (T~1 eV)
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Neutrino mass: future sensitivity

Euclid (2021)

1% accuracy:

SKA

21lcm survey
galaxy clustering,

cosmic shear

Sprenger, MA, Brinckmann, Clesse, Lesgourgues, JCAP (2019) MCMC forecast

Fiducial = 0.06 eV equally distributed among 3 neutrino species

Conservative vs. Optimistic uncertainty on small scales

Conservative 24 meV 18 meV

Optimistic 20 meV 15 meV
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Neutrino mass: future sensitivity

Euclid (2021)

1% accuracy:

SKA

21lcm survey
galaxy clustering,

cosmic shear

Sprenger, MA, Brinckmann, Clesse, Lesgourgues, JCAP (2019) MCMC forecast

Fiducial = 0.06 eV equally distributed among 3 neutrino species

Conservative vs. Optimistic uncertainty on small scales

Conservative 24 meV 18 meV

Optimistic 20 meV 15 meV

Note: 1O indirectly disfavoured
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Neutrino mass: model dependence

[. ACDM + M, B . M, + Neg ¢ M tuw Y ...+M,,—|—w0—|—wa]
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[1 Conservative B Optimistic

Conservative 0.065 0.0154 0.0285 0.099

Optimistic 0.046 0.0121 0.0214 0.071

Sprenger, MA, Brinckmann, Clesse, Lesgourgues, JCAP (2019)
Brinckmann, Hooper, MA, Lesgourgues, Sprenger, JCAP (2019)
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Neutrino mass: model dependence
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Neff: future sensitivity

Physws beyond the Standard Model
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Models that can be excluded:
* Neutrino Non-Standard interactions (solution of the H,, tension)
* Non-Abelian Dark Matter (solution of the o4 tension)

» Self-Interacting Dark Matter (solution of the small scale crisis)
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Neutrino mass: model dependence
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CLP: w(a)=w,+ 1-
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Neutrino mass and Dark Energy

099 Plarick + Buclid-+ SKAL-IM2 How to break the degeneracy?

-, ISW-galaxy clustering cross-correlation
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Neutrino mass and Dark Energy

099 Plarick+ Euclid-+SKAL-IM2 How to break the degeneracy?
-, ISW-galaxy clustering cross-correlation
1 (In alphabetical order) Maria Archidiacono, Alessandro
0.044 Gruppuso, Massimiliano Lattanzi, Nicoletta Mauri,
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Conclusions

Cosmology is a powerful tool to constrain neutrino physics, but the results
have to be taken with a grain of salt because of model dependence

Future galaxy and hydrogen surveys will be able to detect the neutrino
mass sum in the minimal extension of the ACDM

Ongoing work: ISW-GC Euclid CMBXC

Complementarity with ground-based experiments (KATRIN mg < 1.1 eV)
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Conclusions

* Cosmology 1s a powerful tool to constrain neutrino physics, but the results
have to be taken with a grain of salt because of model dependence

* Future galaxy and hydrogen surveys will be able to detect the neutrino
mass sum in the minimal extension of the ACDM

*  Ongoing work: ISW-GC Euclid CMBXC

* Complementarity with ground-based experiments (KATRIN mg < 1.1 V)

“The most exciting phrase to hear in science, the one that heralds new discoveries, is
not ‘Eureka!’ but ‘That s funny ...” " Isaac Asimov
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Theoretical uncertainties: CS
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S
0.5 h/Mpc | 077 0.27 0.97 0.94 0.72 0.96 0.50
1.0 h/Mpc | 0.76 0.27 0.94 0.95 0.70 0.98 0.41
2.0 h/Mpc | 0.76 0.25 0.97 0.94 0.65 0.97 0.36
lmax = 5000 | 0.74 0.24 0.94 0.94 0.58 0.96 0.30

Planck only | 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Conservative: k ,(0)=0.5 h/Mpc Conservative
Optimistic: k,(0)=2.0 h/Mpc Optimistic
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Sprenger, MA+ JCAP (2019
knl (Z) e knl (O)(l + Z)Z/(2+I’l5)

i _ =2
lmax_ knl (Z) X rpeak

43 meV
30 meV
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Theoretical uncertainties: GC

Sprenger, MA+ JCAP (2019)
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SP 0.33% at k=0.01 h/Mpc
a=—L< 1% at k=0.3 h/Mpc
g 10% at k=10 h/Mpc

_ Planck+Euclid-GC

Conservative: k ,(0)=0.2 h/Mpc Conservative 26 meV
Optimistic: th. err. & k. (0)=10 h/Mpc  Optimistic 20 meV
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Cosmological tensions

H,=(67.4 £0.5) km/s/Mpc (68% c.l.) (Planck TT,TE,EE+lowE, ACDM)
H, = (74.03 + 1.42) km/s/Mpc (68% c.l.) Riess+ Apj (2019)

4.4 o tension

O, tension between Planck and CFHTLens, KiDS Hildebrandt+ (2018)
alleviated by DES Abbott+ (2018)

Two possible model extensions each one solving one tension
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