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What can we really measure
with cosmology?

If sub-eV!
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How can we measure N ¢
with cosmological data?
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/ Neff effZCTS on CMB

6000 |
5000 |

—— 4000

Dg [,u K2

2000 |

1000 f

\

Angular scale

3000 |

0.2°
Q, QN 1

Q, Qi 1+0227IN,,
Early ISW v <0

l+z, =

}';= OCS_=

/\

nodt a c, da I78%
a 0 a* H (

500 1000 1500
Multipole moment, /¢

Planck Collaboration



/ Neff effZC‘I'S on CMB

Angular scale

00°  18° 1° 0.2° 0.1°
6000 [ | ' a onr 1 |
1 — m ~ m
"Fa 7o, T n 1+02271N,,
5000 | - 7
Early ISW v <0
o 4000y wc,da (Voo @ a |/o
\¢ O?E (H)= /3”+ 4y+a:+QA+azzR
3000 | 0 .
NS
Q
2000 Silk damping A, = (AAT)
1000 | ﬁé_rl/{‘} exp[-(2r,/ 2,)]
® III ® B,
L R 500 1000 1500 2000

MUItipOle moment, Z Planck Collaboration



/

/ Neff effZC‘I'S on CMB

\

Angular scale

Multipole moment, /¢

90° 18° 1° 0.2° 0.1°
Q Qi 1
l+z, = ~ 5
" Q  Qh 1+0.227IN,,
Early ISW ¢ < 0
iy | | WMAI"Q
/ 3\ e SPT 150 GHz
— \ 7 \‘\; fé%\ $ ACT 148 GHz QDR
— 3 by
Elo \%gp}%\
R Silk dampiﬁg Ay =(AAT)
<102 r |
\ié_r:/{'} exp [‘(?Q/ 2]
5 5 a2 oy ‘ ‘ ‘ ‘ ‘ \\\ ‘ :
0 500 1000 1500 2000 2500 3000 3500
f o o . . Multilpoleﬂ .
2 10 50 500 1000 1500 2000

Planck Collaboration



/
N.+c effects on BBN
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Neff

Friedmann equation: (H) Q, Q Q o R0
HO

increase of the expansion rate. Earlier freeze-out!
Impact on primordial abundances
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How can we measure the
heutrino mass
with cosmological data?



- Neutrino mass effects on CMB
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- Neutrino mass effects on MPK

Free-streaming:

Effects on matter power spectrum:
Suppression on scales smaller than
the scale of the horizon at the non-

relativistic transition.
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Cosmological constraints on

neutrino number and mass
after BICEP-2
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Cosmology after BICEP2
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- Cosmology after BICEP?2

Q h2 _ (ANeﬁ )3/4 ms
’ 94eV

MA, Fornengo, Gariazzo, Giunti, Hannestad, Lavader (2014)
0.40 ‘

. mm Planck+WP+high-¢
Ancular scale Giusarma et al. (2014) mmm Planck+WP-+high-¢+BICEP2(9b)
0 18° 10 gHar = 0.1° Dvorkin et al. (2014) mmm Planck+WP-+high-¢+BICEP2(Sb)
6000 [ ‘ ‘ ‘ ‘ 1Zhang et al. (2014)  ,,| BN Planck+WP+BICEP2(9b)
T
0ol D, =f(r,nS,ANeﬁ,ms,...) |
Neutrinos?
— 4000 ]
e 0.24F
%3000 o
QA =
2000 S
‘s 0.16}
1000 |
= gat o=
070 %0 500 1000 1500 2000
Multipole moment, ¢ 0.08}

0.00 0.93 0.96 0.99 1.02 1.05



70.002

Cosmology after BICEP2
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Cosmology after BICEP2
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Cosmology after BICEP2

CMB CMB+all MA, Fornengo, Gariazzo, Giunti, Hannestad, Lavader (2014)
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Cosmology after BICEP2

CMB CMB+all MA, Fornengo, Gariazzo, Giunti, Hannestad, Lavader (2014)
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Cosmology after BICEP2

CM CMB+all MA, Fornengo, Gariazzo, Giunti, Hannestad, Lavader (2014)
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Cosmology after BICEP2

CMB CMB+all MA, Fornengo, Gariazzo, Giunti, Hannestad, Lavader (2014)
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Solutions?
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Solutions:

How can cosmology face SBL? Partial thermalization:

e Non-standard interactions MA, Hannestad, Hansen, Tram (2014); Hannestad, Hansen,
Tram (2013); Dasgupta, Kopp (2013)

® LCPTOH asymmeTr'y Mirizzi, Saviano, Miele, Serpico (2012); Hannestad, Tamborra, Tram (2012)
* Low reheating femperature rehagen, Gelimini (2014)

e Non-standard expansion rate at MeV scale
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on s‘randar‘d iInteractions
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on s‘randar'd interactions
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Hannestad, Hansen, Tram (2013)

1.4

—Gx = 10GF
- --Gx = 10GF
Gx =10°Gp
'quJ—XI:m“GF
1
I
I
I
I
I
I
I
’I
1 e
N e "'AL
]| 8 6
I [MeV]

| X=O.Ol”w T
|
|
0.8} |
|
) |
= I'l I
4 0.6} , , I
7 ! |
R /I star21dai"'d_ _2_
| -—--0m*=0.1eV
04r = / om2 = 10 eV?
, / sin?(20) = 0.005
R ! - - -sin?(20) = 0.5
0.2 “ ‘ ‘ ‘ ‘
15 2 25 3 35 4 45

log(Mx /MeV)

Tension with BBN



e

Future perspectives?



Euclid produces a legacy dataset with images and
M photometry of more than a billion galaxies and several
| million spectra, out to high redshifts z > 2.

Basse, Bjaelde, Hamann, Hannestad, Wong (2013)
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Conclusions

v Despite the progress of precision cosmology, N.¢: is still an open
question.

v" The tension between cosmology and Short Baseline exacerbates
the debate: light sterile neutrinos are too massive for cosmology

v Solutions = tension with BBN

v Euclid: final answer on the mass sum, but not on the single mass
eigenstate



