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SDSS BOSS/eBOSS

BOSS
2009-2014

SDSS LRG
z~0.35

1.5 million galaxies
z<0.7

eBOSS
2014-2020

(6 billion years ago)

SDSS spectroscopic survey

> 2.5 m Sloan telescope 190,000 QSOs
(New Mexico) 22<z<4

> Survey area: 10,000 deg? (11 billion years ago)

> Redshifts: 1000 fibers




Ly-a forests, matter tracers

1D power spectrum

» Correlation between the
pixels of a line of sight

» Proxy of the matter down
to scale 1 Mpc

Principles

» Use Ly-a forests of quasars
(2.2<z<4)

» HI absorption in IGM along the
line of sight of QSOs

» We expect low density gas (IGM)
to follow the dark matter density

800 1000 1200 14QO 1600 1800
Wavelength/A




Impact of neutrino masses

@ Free-streaming = suppression
of small scales

P(k) massive / P(k) massless
1 @ Suppression factor & Zm,

T @ Independent measurements
(CMB, Galaxies, 1D Ly-a)
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0_72_ 8f, ®© Suppression is z-dependent
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- Access to small scales +

F V (max effect)

' 1D Ly-a
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- Large z-range [2.1 ; 4.5] +

- Caveat: non-linear regime —
and power spectrum of flux
(not mass density)

= Hydro/N body simulations
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Stacked QSO spectra

Ly-a forests in BOSS

» 14000 DR9 QSOs out of 60000

> Selected for

- quality (no flagged pixels, no high density absorbers)

-SNR > 2

- resolution < 85 km/s
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Palanque-Delabrouille., Yéche, Borde et al. (2013)
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1D Power Spectrum
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12 slices
in redshift
from 2.11t0 4.5

Wiggles: Lya-SiTIT
correlations
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> Detailed study of spectrograph resolution, noise,
lines of sky, correlation with other absorbers...

> Need simulations to come back to linear matter
power spectrum



Hydro-dynamical simulations

> 3 Species: dark matter + baryons
+ 3 degenerate-mass neutrinos
> Methodology:

- Linear (CAMB) to z=30 O e et
- Simulations from z=30 to z=2.0 1 R SRR Vo o gl et

y[Mpc/h]

- Hydro/N-body simulations =, ;i Bruyeres-Le-Chitel -
Baryons Neutrinos
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Hydro-dynamical simulations

Dark matter

z=15—-0

3 species

- Baryons

- Dark matter
- Neutrinos

Stars formed
from baryons

Borde et al (2014)
Rossi et al. (2014)

Neutrinos




Sp/ IC iﬂg tec hnique (McDonald, 2003)

Combine large box & high resolution (using a fransition simulation)

— N

(100 Mpc.h-t, 7683) (25 Mpc.h-!, 7683) (25 Mpc.h-!, 1923)

< equivalent to 100 Mpc.h-! with 30723 particles per species

N = 2048

._.
&

Change-of-regime |~

» Comparison with high
resolution simulation

s, | — ~1% agreement

—

€ = Pgiced(k) / Pexact(k)
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> Broken-line model with
2 free nuisance parameters
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6rid parameter space

> 6rid of simulations

— 2nd-order Taylor expansion (ot Ax) = fo+Y O x)Ac,
for cosmo & astro parameters ~ O
centered on Planck (2013) L1 53 O f () AzA
- X ;T

Parameter Central value Range 2 T Oz;0; ’
g ... 0.96 +0.05
O 0.83 +0.05
Q... 0.31 005 |[Cosmology
Hy...... 67.5 +5
To(z=3) 14000 + 7000 }
v(z=3).. 1.3 +0.3 I6M
AT ... 0.0025 +0.0020 .
o 3.7 +0.4 }OP*'C"' depth
Y m, (eV) 0.0 04,08 |} Neutrino

» 36 simulations + 3 normalizations (+ numerous sanity checks)
» >4Mhrs CPU at TGCC CURIE supercomputer

» 23 nuisance parameters (Resolution, Noise, UV fluctuations, AGN

or SN feedback, DLA and

splicing)
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Constraint on m,

- | LI T | T T | T T | T 17T
Planck (TT+lowP)

[| — Ly-a+H,

| —— Ly-a + Planck (TT+lowP)

E Limits:
: > With Ly-a alone:

Sm, < 1.1 eV @95%CL

> With Planck 2015 alone:

Sm, < 0.72 eV @95%CL

» Combined with CMB (Planck 2015)

Sm, <0.12 eV @95%CL

() Lya
+ H(()}aussian
(Hyp =67.3+1.0)

(2) Lye
+ Planck TT+lowP

(3) Lya
Planck TT+lowP
+ BAO

oy
ng

Qp

0.831 +£0.031
0.938 £ 0.010
0.293 £ 0.014

Ho (kms™! Mpc™) 67.3+1.0

0.833 £ 0.011
0.960 + 0.005
0.302 +£ 0.014

1.1 95% CL)

.12 (95% CL)

0.845 +£0.010

0.959 + 0.004

0.311 £0.014
67.7+1.1

< 0.13 (95% CL)

Palanque-Delabrouille , Yéche, Lesgourgues et al. (2014) and (2015) 11



Neutrino mass hierarchy

A -V, &
 — | Vp . . o
Normal |™ ¥.|  Tnverted > Direct meag)sur'emgn‘r with tritium
: ,  P-decays: H — 3He + e +v,
ms — —+m,

solar~7x103eV?2

atmospheric
~2x1073eV?

T — Current limits m; <2eV
— Sensitivity of 0.2 eV in near

atmospheric

m2] ~2x103eV? .
~7 solar~7x103¢ V2 | ! fUTUI"e (KATRIN experlmenf)
m]-__ __m3
Em>0.06 eV[Em>0.11 eV » Complementary with cosmology
0 0
%0-22-:_-_' ITIINIIN I I | I
WithZm, < 0.12 eV @95%CL eve: E
> NH is "favored" "o N
» If disagreement with oo — E
KATRIN experiment orE PR
= Indication of new physics * o e Tes e gs -
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Dark radiation - N,

7, 4\4/3
pR=p~f+pu=[1+§(ﬁ) Neff]pw

Sensitivity to the number of neutrino species
> Full degeneracy in Ly-a data alone
» Constraint when combining Ly-a and CMB (Planck 2013)
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— CMB + Ly-a
——— CMB + Ly-a + BAO

Ner= 2.91 105 (95% CL)

Sm,<0.15eV  (95% CL)

— Neff =4 eXCIUded at > bo
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Rossi , Yeche, et al. (2015)
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WDM: Thermal relics

ACDM -
(COId dar'k matfer) - Standard neutrinos
e | _ 1100
5 — 110!
< . m? All dark matter is WARM
— Ym,=5eV
Lot Jo» Add sterile neutrinos in
k / h.Mpe~! hydro simulation grid
AWDM ]
(warm dark mafter) T:‘:,';gal > Lack of power on small
- B scales
~ E > Detectable in BOSS if
= significant effect, i.e.,
i D if m, small
2 — wmasky !
v 0y R

1 1 [ | 1 L
1w 104% 10 1w?* 1w! 10
k/skmlatz =3
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Sterile Neutrino?

100 , . ‘ .
96.3 f ! :
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(Baur, Palangue-Delabrouille, Yéche et al. (2015))

L

95% CL from BOSS Lya
my = 4.35 keV

m, > 31.7 keV

Boyarsky, Lesgourgues, Ruchayskiy
m, = 12.1 keV
(WMAP-5 &SDSS)

Seljak, Makarov, Trac
my = 2.5 keV
(SDSS Ly-a)

Viel, Bolton, Haenelt
my = 4.0 keV
(HIRES & SDSS)

Strong limit on pure WDM model

in case of non-resonantly produced neutrinos
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Conclusions

» High potential of Lya forest on (ng, og, Q,, Hg, Zm,)
- Sum of neutrino masses =m, < 0.12 eV (95% CL)

from Lya+CMB

» Constraint on sterile neutrinos from Lya

= Mgierile > 31.7 keV (95% CL) in case of non-resonantly
produced neutrinos with Dodelson-Widrow model

> Prospects
- Lower statistical
uncertainties (high z):
BOSS DR12 + eBOSS
- High resolution spectra
VLT (X-shooter) XQ100

Pe(k) x k/x

” ll XQ — 100

—
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Neutrino mass and large-scale structures

Wavenumber
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Relaxing the tilt of the
primordial spectrum

——— Planck (TT+lowP)
E>0-8:— —  Planck (TT+owP) + Ly-a I
| =———— Planck (TT,TE,EE+HowP) + Ly-a - °
WNo7H —— PIanck(TT,TE,EE+IowP)+L§-a+BAO - Runnlng Of ns (dns/dln k)
3 E Similar value of running for Planck
05/ - & for Planck + Lya
0.4 =
o E Similar constraints on =m, letting
g running of n, free
0.2 i
28 m - => Negligible impact on =m, of tension
C i 1 2 ~
i e ooz oot o ooise-gw  On Nsand improvement of x* by ~11

dn/dink

>m, < 0.20 eV 95%CL (TT+lowP + Lya)
>m, < 0.12 eV 95%CL (TT+lowP + Lya +BAO + EE+TE)
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