35 W“*%d M)M ,.,,L(/

Neutrino properties from Cosmology:
status and outlook including sterile neutrinos

IPA 2016 t c

. ' LABORATOIRE
Marta Splnelll DE Ac CELERATEUR
UNIVERSITY of the L ! N [_ A ] R E
WESTERN CAPE




e
The vanilla model: A-CDM

@ matter primordial perturbation
(scalar, adiabatic)
/ n,—1
P.(k) = A.(f)"

@ expansion rate Hy (or angular size
of the sound horizon 6,)

@ optical depth to reionisation: 7

@ energy density of baryons and cold
dark matter Q,h°, Q.h* (or dark
energy Qah?)

@ flat universe: 2y =1 — ),

Cosmic Microwave Background + Baryon
Acoustic Oscillations + Supernovae

Concordance model: Q2p ~ 0.7, Qm ~ 0.3
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Neutrinos and cosmology
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Neutrinos and cosmology

10" seconds 1 second 100 seconds 360 000 years 300~500 million years Bilkons of years 13.8 bilkon years

Beginning - 93
of the ht

Lo T

@ T'> 1 MeV vs populated by @ still relativistic at decoupling

weak interaction .
@ 71, < m, contribute to matter

n~J

@ Tyec ~ sec (1 MeV) content and structure formation
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Cosmic neutrino properties

» After neutrinos decoupled = cosmic neutrino background
(like CMB for photons)

 If we assume they are massless

from entropy conservation calculate their temperature:

4\ 1/3

- (photons are hotter thanks to electron-positron annihilation)
3 generations and follow Fermi-Dirac statistics:

4/3
7 4
,0,,c2 =3 X 3 X (H) payc2

ZNL
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e
Neff

Neg (~massless) degrees of freedom beyond photons relativistic
during radiation domination (account for any light relics, axions,

stochastic gravitational waves, etc.)

_ AN LT 4\4 10000.0 "
® Py = i\'effg(ﬁ)?’p'y
. 000.0
@ standard neutrinos !
. "
Neﬁ‘ — 3).046 ‘3 100.0
&
= 100
1.0
if Neg 1, the age of the Universe e

at recombination |}

= effect on the damping tail correlation N.g-Ho

ZNL
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Neff

Negg = 3.13 £ 0.32 0.900

(PlanckTT+lowP; 68%CL) 0.885

tighter constraint adding BAO 1 0.70

Neg = 3.15 1+ 0.23 1 0.855
@ Neg # 0 CvB existence 10840 &

(~ 150) 4 0825

o 0.810

@ N.g = 4 excluded at ~ 3 — 5o -

@ larger Neg would allow larger 0.780

Hy
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The absolute scale of neutrino masses

-

(m,]:

(A“]:)ull
(m,)” —-—

" (m,)

@ oscillation experiment

n v
. 4'_Am:) - ;
results require “  mo .
massive neutrinos I
@ need for non trivial o

extension to Particle Physics —_n 0F () e—|—
Sh[ (Dil‘a,c / 1\1 a.j Ol‘a,na,?) normal hierarchy inverted hierarchy

@ neutrino hierarchy not
known but lower limits from

oscillations
(0.06 eV NH, 0.10 eV IH)

Effect on CMB and LSS

0.05 - min Z m_~ 0.06eV

—Normal

Sum of neutrino masses, Im, [eV]

. Inverted - -
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100 [1(1+1)C, / 2]

- N W s, O O N o

o

from J. Lesgourgues

Eftect on CMB

—

—

less lensing (direct)

* 1ndirect role 1n the
duration of DE
domination: late [SW
at low multipole

 around the fist peak:
early-ISW
(WMAP limit)

* neutrino damps scales smaller then their free-streaming length:

less lensing at small angular scales

(that’s why Planck 1s important)
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Effect on structure formation
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e transition from
relativistic to nr

2000
‘ leV

e wash out structures
with k bigger than

my, |
Kor ™~ 0.018\/lee—vh/l\lpc

(Lesgourgues&Pastor 2006)

* different probes
sensitive on different

scales
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Non-linear corrections

* precise constraints need/will need non-linear effect on the matter
matter power spectrum

Change in A® (k) for M,=0.3,z=1

1.00 . :
Bird, Viel, Haehnelt (2012)

N
O 0.95[+
— R
)
“ —
S Z0.90
m ™~V
= = 5
O 4085 TN LINEAR THEORY
- e St T T
= 0.80 -
= "NAIVE" EXTENSI\ON\ ,NQN'L'NEAR
= OF LINEAR THEORY .

0-127 10" TT10° . 10t

k /(h Mpc ) LNL
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Constraint on >1m,,

3 ] . l ] Full Mission TT data

| —  Planck TT+lowP (still residual systematic
™ — lensing 1 1n polarisation)
6 I “ — —ext i

\ - -

N P’f"Cf‘ TLIEEEHWP o (05%CL; PlanckTT+lowP)

K e ] Y m, < 0.72 eV

\ ==+ +ext

@ +lensing » m, < 0.68 eV

@ +ext (BAO,SN, Hy)
> - m, < 0.23 eV

- = Planck+BOSS DR12 down
0.00 0.25 0.50 0.75 1.00 t0 0.16 eV
rm, [eV]

Probability density [eV ']
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Beyond the standard picture

» standard cosmological model is preferred but still

some tensions with clusters, direct HO, CFHTLenS
e can we use neutrino sector to alleviate them?

* do data really need non standard neutrino sector?

B Planck TT+lowP

f-lensing

f-lensing+BAO

B ACDM

T
N.

. o | , ‘/-——___‘

1
+ Nowr

1
+ Nogr +Emy,
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e
Neff and HO

160
4.0
-+ Planck HO vs. local HO 155 - !38
(3 sigma) 1501 1 [,
- BAO and SNIla constrain 2
— 145} . 13.4
rs-h ) |, =
. - 140 . =
- Can Neff help 1n solving ) |5,
. . ~ : '
this tension? 135 = Late Universe :
= Planck ACDM e
ANeff ~J 0.4 130H = Planck ACDM+N — 2.6
= WMAP ACDM
I 2.4
160 12%0 65 7.0 75 80
-1
155, | H, (Mpc "km/s)
1504 -
m
S sl - « NOT true anymore
140 i if Planck polarisation 1s included
v 135+ = Late Universe -
= Planck ACDM
1304 = Planck ACDM+ N, -
= WMAP ACDM Bernal et al 2016 (arX1v:1607.05617)
12%0 615 7.0 75 80 é%};é
H, (Mpc 'km/s) FHREEATRYE
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-
Any evidence for eV sterile neutrinos?

Model: extra massive neutrino thermally distributed with arbitrary

temperature Ts (ANeg = (Ts/T,)%)

1 A 7 I 0.90
o
' ° / 0.87
/ .
eff L 3/4, thermal
4.2 |- / ,S- — 0.4 mu,sterile — (ANQH) Mgteorile
/ / .
@ for low N.g unconstrained

1% within Q_h2
H078 4
o for mifomel <10 eV
40.75
Neg < 3.7
072 mﬁiterile < 0.52 eV
0.69 not compatible with

oscillation anomalies

0.66

04 08 12 16
ff : e |
My, seite [€V]  arXiv:1502.01589 Fopea i
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@[@ Forecast from 21cm

Villaescusa-Navarro et al 2015

: Lower bound |
. . . ' 'CMB #BAO + Lya -
+ hydrodynamic sims with 0.90 ' Planck 2015 + BAD

massive neutrino for HI spatial

- Planck only

.. : mem  SKA1-LOW only
dlStrlbUtlon 0.85 s SKA1-LOW + Planck -
- HI more clustered for SKA1-LOW + MID
. . + Planck + Spectro-z
cosmology with massive &
neutrino 0.80 -
- fisher matrix forecast for SKA

(interferometric mode)
- _ < "

SI.(A M. SR 0.0 0.1 0.2 0.3 0.4 0.5

(single dish) M, [eV]

o(M,) < 0.3 eV (95% CL)
- SKA+Planck+Spectro-z (M, ) ~ 0.06 ¢V (95% CL)
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How close to a mass measurement?
If m=0.06 ¢V we need 20 meV sensitivity for 3 sigma.

If m=0.12 eV then 40 meV in enough
10° — —

* Simons Array: 58 meV

from lensed B modes Current Cosmology (95% U.L.)

* SA+BAO: 16 meV

http://bolo.berkeley.edu/polarbear

* Euclid (2020): 3meV

enough for hierarchy

 Forecasts for DESI+

Xm, (eV)

ooV
| werted Hieralh gase\me

107 | W

-Future Cosmology - - - 4"

KATRIN
c. 2020

(95% U.L)

/o L/

(arXiv:1308.4164)

by 2020 SOmething either from = |[fe——— Future Cosmology_ Ll VRS ,

Planck+DESI/LSST/S4&BAO
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Caveat on precision cosmology

« How robust is the CMB limit on 21, ?

- how it relates to lensing? (the AL issue)
- does 1t depend on the way the non-linear effects are calculated?
- does 1t depends on foreground parametrisation?

some work done (@ LAL

(F. Couchot, S. Henrot-Versill¢, O. Perdereau, S. Plaszczynski,
B. Rouill¢ d’Orfeuil, M. Spinelli and M. Tristram)

> HilliPOP (Planck 2015 Likelihood paper)

> AL and tau (Couchot et al 2016)

> CAMEL framework (Henrot-Versill¢ et al 2016)
> all that and 22, (in preparation)

http://camel.in2p3.fr
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http://camel.in2p3.fr

CMB lensing, AL and neutrinos

* modification of Cl most ;
significant on small scales

 consistency test: AL=1 7
- Planck data prefer AL > 1 (2sigma) 3|
- this implies artificial low 2m, limit =

- better add ACT and SPT (VHL) before ~?
opening up parameter space to

neutrinos

hipTT+IlowTEB (Alens)
hipTT+lowTEB NL (Alens)
hipTT+lowTEB
hipTT+lowTEB NL
hlpTT+Lollipop NL (Alens)

1k

1.0

2 we need to understand how to ol
propagate properly: |

A. the error on the foreground templates
the dataset inter calibration error
t]

ne theoretical uncertainties on non-linear (NL) effect

B.
C.
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Where the preference for ~0.4 ¢V comes from?

o Effect of non-linearities

- affect small scales

- with NL increase of the profile
for > (my) < 0.4 eV

No prior

fix 1 Ag,=Acip=1, Arsz=Asz:.0r5=0 i
priors : Ag,=1+40.2, Ar;p=1+0.2, 4,,,,=1+£0.2
fixed: Ay, =Acip=A4s7=1 Aysz=Agz,015=0
fixed:4,,4=Ags;=1 Ay57=Asz.,c15=0
fixed: Ay, =Acip=1 Arsy=Agz.c15=0

11111
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min

—X

— hlpTT+lowTEB+VHL NL
—  hlpTT+lowTEB+VHL NL (Alens)
— hlpTT+lowTEB+VHL

* Impact of foreground parameters
- also dominant at small scales

(except for dust)

- try to understand effects if their
are not at their Planck preferred
value
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Conclusions

* Cosmology 1s a rich laboratory to test neutrino properties

 CMB and LSS can constraint the sum of the masses and
the presence of extra relativistic degree of freedom

* Neff compatible with the standard model

 Forecast for Y.m,, say that we will know more by the end
of 2020

* The more we will get to stringent constraints, the more we
need to be sure of what is in the data

« Still... exciting times to come!
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