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Some basic facts
° Standard cosmological model predicts the
existence of a background of relic neutrinos (CB)

o 'y >H (Tr1MeV) —=> Thermal equﬁtibrmm wikh
primordial plasma (T=T)

T <1 MeV > neultrino free stream keeping an

equilibrium spectrum (T, #T, T ox1/a): £ (p) — |
I A )= i
R Lesgourguesﬁ:?&s&onzols

La P PP S — . | VP 001
10 01 0.1 1 10

1 MeV)

. Todav “‘T‘ = 19 K and v\ = 113 Fmr&/&m per syemes

Mm’hha Gerbmo Ihvsscbteszﬁl‘? mmmzmv



What we khow, from the outbside
How do Ek@.j behave?

Neubrinos oscillate, so &k@.j are massive

0.06eV < Xm, <6eV
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~2x10%eV? _
atmospheric
5 . 3.2
77 B B =7 ~2x107eV~

solar~7x 10 eV?2

2 P
e S

»

Lower bound
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4-10 8

3-10 €|

2:10°°

Count rate

1-10 @

0-20 ©

18. 598 18.599 18.600

Energy (keV)
Upper bound

Af'ro»m Mmama&w measurements

IMvnsubteszﬁl‘? 1&3ume2017



Neubkrine Phemmmematogv
Neubrinos were relativistic in the em'i.j Universe

Py =g / pfip)d’p x g, T,

so they conkributed to bhe radiation demsi&v

7 A 4/3
Prad = Py T Pv = 1+§(ﬁ) Nett | py

with po x ¢.T% T, /T, = (4/11)%/3

IO rad ,0 Dolgov, 1997
Neff — i — 3.046 Mangano+,2008

St deSalasgPastor,Ro16
|4
Neff could account for any ‘extra’ radiation
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Neukrine Phemm memmtogv
Neukrinos are non-relakivistic Eoc{av
Pv = MyN, = M,g, / f(P)d3P X muguTi

so they conbribute to the moaklker conkent

Q j— ,0_1/ p— ZV ml/
=2 pc  93.14h%eV o= 2
o ° 8n

What we want to know from cosmology is (at least)
o how many (constraints on Neff)
. how much (consktrainks on Mnu)

Martina Grerbino Invisibles2017, 16June2017



What we observe

uk 00

o Invisibles2017, 16June2017
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What we tampuée
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Massive heutrinos alter background and

F?eerbo&mm evolution

uuuuuuuuuuuuuuuuuuu
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e Backqground: matter-radiation equality shifted,
anqgular diameter distance modified

e Perturbations: em“ij ISW abk tinkermediate scales
and power suppression abt small scales
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Massive heubrinos alker
ba&wgr@umd and per%urba&ov\s

e RN
s Grravitakional
a S S Lensing po&emﬁal
2 00 [ (also lensed BR)
3&3 _ X n‘(.:“:(:l)-;i;iu NLLL ba &r%ti;&t
A in the fubture

Abazaijan+,2018
—0.08F
10* 10° 10°
L

In addition, complement CMB and LSS with
other Late-time observables: local Hubble,
dmomwahom ophcai. d&lﬁ'&h cluster smemae,

Mar?:ma c-}erbmo IMvnsubLeszﬁl‘? 1&3&&%2@1?



Jounk cownskrainkts omn Mnhu - Fresem&

Planck TTHowP+BAG: | MiucoeV |

Planck TT+HowP+Pk: | Mnu<o.3eV |

Planck TT+lowP+BAO+Pl: | Mnuco.28eV |

26% CL

¥30% improvement with a betber measurement

of the optical depth and/or use of CMB small
scale pot&rim&iow

waik for Planck legacy release!

Take home message: tight and robust bounds

Vaghozzi,Griusarma,Mena Freese, MG HoLattanzi 2017
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Joint cownstrainks on Mnu - ﬂfuéure
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~3sigma detection
v Ehe wiinimal mwass scenario wikth S4 surveys
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Semsiﬁv&v o Ehe !«me&kv

Physical effects due to different distribution of
the sum of the masses for the 2 hierarchies

Total nu enerqgy density Matter power spectrum

1.2 , , 1.01 , :
s
O
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2 )
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& o S va
-~ ~~ wy
=8 > %
1.05 il ,
o
0.995 :5
3
1 ny
N,
| | | 0.99 | | | d
104 10°° 102 107 1 104 10 107 10
(afa,) k (hMMpc)

Are current (ahci future) data sensitive to these
__effects? How much?
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Semsiﬁvi&v o Ehe k&@.rarﬁkj
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.......... 3.9 e 0,062V mass => 9:1
---------- o.leV mass -» 1:1

See also Hannestad#Schwebz 2016

Martina Grerbino Invisibles2017, 16June2017



CONCLUSIONS

Determine Cni properties from iks peculiar effecks
on cosmological observables

Strong (and nowadays robust) constraints from
cosmology

Semsitivity to the hierarchy in the very low-mass
regime only (volume effects)

Martina Grerbino Invisibles2o17, 16June2017



BACKU?Y SLIDES
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Netf W‘Ocivfms the expansion rake
() Td X 1/H (random walk)
m QA>

DAocl/H
Qd — Td/DA X H1/2

La:aré.di.&%: M:La&éanzii | | | ' ' Neff = 2 5 | Hou+ 2013
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o |
w12}
4 | \
2 1.0F
=~ 0.8} % : WAt .
& {  WMAP9 data b& F’th AL \
o6f  endhere suppressec& e
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Neff modifies the expansion rate

. Follin+,2018
- N=1 — N=3 — N,,:.a! /
10
8}
6

i c B fixed
P, -
o 12 | | |

0 s T Tooo 1500' 772000 2500

Multipole [
Phase shift driven by alteration of gravitational

Fo&em&mts ciu.e Ec:a- meu&rmo ﬂfr@.@. s&reamw\g

Mow&ma CGrerbino Imvnsubteszcl‘? 1&3une2017



The Hubble cownstank

45 [ T I r v r v T . . v Y - . . . . ;
Kiess+,2016

| |
5 Planck collaboration, 2018 !08d

- 0.80

- 0.76

~ 068

0.64

0.60

1.6

A 0.2mg (mag)

4.5
log (cz[l+0 5(1-q,)z-(1/6)(1-q,-3q,+1)z°])

Compensate a change i the distance
to the last scattering surface
bfﬁ modn{:jms the Hubble constant
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The reiownisakion otpémat c&ep%k

0.010
0.009
0.008
0.007
. 0.006

Planck Blue Book expected sigma
©  0.005-

CMR-S4 Science Book

0.004

0.003

0.002 | 15 tney | Cosmic Variance Limited sigma

001 Ci T~
Temp Noise (;K—arcmin)
o Better determination of tau benefits parameter
estimation in general
©  Degeneracy between the optical depth and

Martina Grerbino Invisibles2017, 16June2017




Massive neubrinos alker p@.r&urbaﬁom
evolubion

M=1e+14, 2=0.50
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The Propased mebhod

Mnu + other &Osmcwgwtmame&as
AN ijerwparame&er

|k flak in [02] |

[4.4';0«5

h>0.5
NORMAL HIERARCHY INVERTED HIERARCHY
My 1 = Miight My 3 — Mlight
My 2 = \/m% + Am?, My,1 = \/m§ + Amf;
My 3 = \/m% + Ami, My,2 = \/m% + Amf,
Advantages:

neuktrinos modelled with exack wass sya&%rum
informakion from oscillakions kaken into accounkt

qu&n&i&es sensitivity to the hierarchy
Eodw.s m&o attoum& W\t&r%am&ms reLo&ad Eo &he ku@.rarthj

| Mm‘&ho\ (frerb:,&\o, NOW 2016



Semsiﬁvi&v o Ehe kieramhj
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o 0.03 0.1

M, [eV]
signa(mbb)~1omeV could quarantee

on2b measurement
on2b could in turi helps unravel the hierarchy (wip,
extending the results in Gerbino+2018 in the hierarchical
_bayesian context)
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Limiks on Neff from Planck 2018

— ] Planck TT,TE,EE+lowP+BAO |
1.0 |- 78 | - 0.90
I k! 0.88
0.8 |- .
- ‘I
) [ g | { 0.86
4] B 72 - 4 -1
~— B IO | - 0.84 ;"
Q n
0.4 | |
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[ 66 |- |
0.2 _— | 0.80
|
0.0 | 0.78
|
. 60 L L L 1l
Nesr 2.0 2.5 3.0 3.5 4.0
N Planck collaborakion,zols

Nys = 3.13 £ 032 (PlanckTT+low?P)
Neg =4

Ny = 3.18 £ 023 (PlanckTT+lowP+BAO)
(one extra thermalized)

Ny = 99 & 020 (PlanckTT,TE,EE+low?)
excluded at more thawn

Ny = 3.04  0.1% (PlanckTT,TE,EErlowP+BAQ)
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Limiks on Mhu from Planck 2018

O/ - 2015 +
985%LCL 2013 2015 PlanckTE, EE
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Robuskness wrt the umd@.ﬂvw\g ﬁosmoiogv

M, [eV]
| I 1 | | !
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