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SDSS spectroscopic survey
Ø 2.5 m Sloan telescope
(New Mexico)
Ø Survey area: 10,000 deg2
Ø Redshifts: 1000 fibers

SDSS LRG
z ~ 0.35

1.5 million galaxies
z < 0.7
(6 billion years ago)

z= 0

z = 1

z= 2
190,000 QSOs
2.2 < z < 4
(11 billion years ago)
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Ly-α forests, matter tracers
Principles

Ø Use Ly-α forests of quasars
(2.2<z<4)
Ø HI absorption in IGM along the
line of sight of QSOs
Ø We expect low density gas (IGM)
to follow the dark matter density

1D power spectrum

Ø Correlation between the
pixels of a line of sight
Ø Proxy of the matter down
to scale 1 Mpc
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Impact of neutrino masses
Free-streaming ⟹ suppression
of small scales

P(k) massive / P(k) massless

Suppression factor ⟺ Σmν	

	

Independent measurements
(CMB, Galaxies, 1D Ly-α)

z=4	

z=0	


8fν

Ly-α:
- Access to small scales
(max effect)

CMB	

Galaxy LSS	

1D Ly-α	

Wavenumber k (h.Mpc-1)

Large scales

Suppression is z-dependent

Small scales

- 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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Ly-α forests in BOSS
Ø 14000 DR9 QSOs out of 60000
Ø Selected for
- quality (no flagged pixels, no high density absorbers)
- SNR > 2
to obtain σ syst ~ σ stat
- resolution < 85 km/s
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Lyα forest:
absorption z
in 2.1 – 4.5
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Redshift distribution
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Palanque-Delabrouille., Yèche, Borde et al. (2013)
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P(k)*k/

1D Power Spectrum
Fourierz=4.4	

Transform
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Ø Detailed study of spectrograph resolution, noise,
lines of sky, correlation with other absorbers…
Ø Need simulations to come back to linear matter
power spectrum
6

Hydro-dynamical simulations
Ø 3 Species: dark matter + baryons
+ 3 degenerate-mass neutrinos

Ø Methodology:

- Linear (CAMB) to z=30
- Simulations from z=30 to z=2.0
- Hydro/N-body simulations

Baryons
z =0

z =0

M =0.8 eV
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Neutrinos

Dark matter
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Hydro-dynamical simulations

z = 15 → 0
3 species
- Baryons
- Dark matter
- Neutrinos
Stars formed
from baryons

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

(McDonald, 2003)

Combine large box & high resolution (using a transition simulation)
(100 Mpc.h-1, 7683)

(25 Mpc.h-1, 7683)

(25 Mpc.h-1, 1923)

⟺ equivalent to 100 Mpc.h-1 with 30723 particles per species

Change-of-regime
scale

Ø Comparison with high
resolution simulation
~1% agreement
Ø Broken-line model with
2 free nuisance parameters
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Grid parameter space
Ø Grid of simulations
→ 2nd-order Taylor expansion
for cosmo & astro parameters
centered on Planck (2013)
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Cosmology
IGM
Optical depth
Neutrino

Ø 36 simulations + 3 normalizations (+ numerous sanity checks)
Ø >4Mhrs CPU at TGCC CURIE supercomputer
Ø 23 nuisance parameters (Resolution, Noise, UV fluctuations, AGN
or SN feedback, DLA and splicing)
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Constraint on Σmν	

Limits:

Ø With Ly-α alone:
Σmν < 1.1 eV @95%CL
Ø With Planck 2015 alone:
Σmν < 0.72 eV @95%CL
Ø Combined with CMB (Planck 2015)
Σmν <0.12 eV @95%CL

Palanque-Delabrouille , Yèche, Lesgourgues et al. (2014) and (2015)
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Neutrino mass hierarchy
Ø Direct measurement with tritium
β-decays: 3H ⟶ 3He + e- + νe
⟶ Current limits mβ <2eV
⟶ Sensitivity of 0.2 eV in near
future (KATRIN experiment)
Σm>0.06 eV Σm>0.11 eV

Ø Complementary with cosmology

With Σmν < 0.12 eV @95%CL
Ø NH is “favored”
Ø If disagreement with
KATRIN experiment
⟹ Indication of new physics
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Dark radiation - Neff
Sensitivity to the number of neutrino species

Ø Full degeneracy in Ly-α data alone
Ø Constraint when combining Ly-α and CMB (Planck 2013)

Neff = 2.91

+ 0.21	

- 0.22	


Σmν < 0.15 eV

(95% CL)
(95% CL)

⟹ Neff = 4 excluded at > 5σ
Rossi , Yèche, et al. (2015)
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WDM: Thermal relics
ΛCDM
(cold dark matter)

Standard neutrinos

Ø All dark matter is WARM
Ø Add sterile neutrinos in
hydro simulation grid
ΛWDM
(warm dark matter)

Thermal
relics

Ø Lack of power on small
scales
Ø Detectable in BOSS if
significant effect, i.e.,
if mx small

Msterile = 0.5 keV	
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Figure 1: Bottom Left: Analytical approximation of the linear total matter transfer functions T =
1/2

a

Sterile Neutrino?
BPDY 15	


Constraint on ms
derived from
Dodelson-Widrow
model

(Baur, Palanque-Delabrouille, Yèche et al. (2015))	


95% CL from BOSS Lya	

	

mX ≥ 4.35 keV	

	

ms ≥ 31.7 keV	

Boyarsky, Lesgourgues, Ruchayskiy	

ms ≥ 12.1 keV	

(WMAP-5 &SDSS)	

	

Seljak, Makarov, Trac	

mX ≥ 2.5 keV	

(SDSS Ly-a)	

	

Viel, Bolton, Haenelt	

mX ≥ 4.0 keV	

(HIRES & SDSS)	


Strong limit on pure WDM model
in case of non-resonantly produced neutrinos
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Conclusions
Ø High potential of Lyα forest on (ns, σ8, Ωm, H0, Σmν)	

- Sum of neutrino masses Σmν < 0.12 eV (95% CL)
from Lyα+CMB
Ø Constraint on sterile neutrinos from Lyα	

- msterile > 31.7 keV (95% CL) in case of non-resonantly
produced neutrinos with Dodelson-Widrow model
Ø Prospects
- Lower statistical
uncertainties (high z):
BOSS DR12 + eBOSS
- High resolution spectra
VLT (X-shooter) XQ100
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Additional
Slides
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Neutrino mass and large-scale structures
Wavenumber
Relativistic
ν
Transition
(Tν ~ mν)
Nonrelativistic
t0
ν

Time

free-streaming
δDM ~ a 1 - 3/5 fν	


no
free-streaming
δDM ~ a	

No effect

fν =

Ων	

Ωm

Maximal effect

P(k)

Pν	


Pm

8fν
Wavenumber
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Relaxing the tilt of the
primordial spectrum
Running of ns (dns/dln k)
Similar value of running for Planck
& for Planck + Lyα
Similar constraints on Σmν letting
running of ns free
⟹ Negligible impact on Σmν of tension
on ns and improvement of χ2 by ~11

Σmν < 0.20 eV 95%CL (TT+lowP + Lyα)
Σmν < 0.12 eV 95%CL (TT+lowP + Lyα +BAO + EE+TE)
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Table 2: 95% CL lower bounds on thermal relic mass mX , in keV, obtained with three data configurations. When Ly-↵ is combined with other datasets, the limit is derived with (right) or without (left)
running of the spectral index. In each case, the corresponding DW sterile neutrino mass (in keV) is
given in parentheses (see Eq. 2.4).

Sterile neutrinos

Data set
Ly-↵ + H0 (z < 4.5)
Ly-↵ + H0 (z < 4.1)
Ly-↵ + Planck (TT + lowP)
Ly-↵ + Planck (TT + lowP+ TE + EE) + BAO

Lower bound on

mX
keV

4.35 (31.7)
3.10 (20.2)
no running
3.27 (21.7)
3.18 (21.0)

⇣

ms
keV

⌘

with running
4.55 (33.7)
4.42 (32.5)

neutrinos ⌃m⌫ and the e↵ective number of neutrino species Ne↵ [1, 13, 44], they deteriorate our limit
on WDM mass (last two rows of Tab. 2, column labelled ‘no running’). This is the consequence of
two factors. The first one is the tension on the value of the spectral index measured with di↵erent
probes: n s = 0.938 ± 0.010 obtained with Ly-↵ forest and n s = 0.966 ± 0.006 with CMB. The second
factor is the fact that our limit on the WDM mass is looser with increasing n s . Thus the increased n s
imposed by the combination with CMB is causing the loosening of our limit.
Ly-↵ and CMB data being relevant on di↵erent scales, however, we remedy this disparity by allowing a non-zero running of the spectral index nrun defined in Eq. 5.3. This additional free parameter
in our multidimensional analysis reconciles the di↵erent values of n s measured at small (with Ly-↵)
and large (with CMB) scales. We feature in Tab. 2 the constraints on WDM mass obtained in the ‘no
running’ and ‘with running’ configurations, which denote the cases in which the value of the spectral
index running is either taken as fixed to zero or as a free parameter, respectively. As expected, our
limits on WDM mass when running is allowed to vary are similar to the limits that were derived from
Ly-↵ data alone.
Figures 4 and 5 display our 68% and 95% likelihood intervals with respect to keV /mX and our
four main cosmological parameters in the ‘with running’ and ‘no running’ configurations. The above
discussion still holds true in the 2D case. More importantly, no significant correlation between our
set of cosmological parameters and WDM mass is manifest, which conforts us in the interpretation
that a small-scale power deficit in our simulated power spectrum would be due to the free-streaming
Without
running
oftonas	

combined e↵ect of ⌦M , H0 , 8 and/or ns . With running of
of DM particles
as opposed
It has been recently argued in [45] that the small-scale cuto↵ in the power spectrum can be
accounted for by a warm IGM rather than a warm DM particle. The temperature-density power-law

ns	
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