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Brief introduction 
on

neutrino mass
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Solar neutrinos - Mystery

Fusion reaction:
Ø Sun: Astrophysical source 
Ø Well constrained by models 

proposed by J. Bahcall
Ø Discrepancy between theory 

and experiment for ~35 
years

~1965
600 tons of C2Cl4
Detector in a gold mine
Deficit: 2/3

~1995 Super-Kamiokande
50 000 tons of H20
~11000 PMTs
- Direction of neutrinos
Deficit: 1/2 
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Solar neutrinos- the solution
SNO sensitive to the 3 species 
of neutrinos
→ Confirmation of the  deficit
→ Only 1/3 of the ne arrive on earth
→ Observe  two other species

The solution
→ Neutrinos oscillations ne⟶nt, ne⟶nµ
→ the solar model works!
Consequence
→ The neutrinos have a mass!!!

2001 SNO
1000 tons of D20
10000 PMTs 

ne flux
n µ

+
n t

fl
ux

es
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Atmospheric neutrinos

In 1998 new discovery of  
Super-Kamiokande
Ø Deficit of nµ compared to model 
Ø Longer is the nµ  flight larger is 

the effect
Ø The solution: neutrino oscillations

nµ⟶nt
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Neutrino masses

Sm > 0.06 eV Sm > 0.10 eV

Dm2 > 0 Dm2 < 0

Neutrino oscillations
Mass eigenstates m1,2,3 and flavor eigenstates me,µ,t

Solar  dm2 = m2
2 – m1

2 ~ 7.5 10-5 eV2

Atmospheric Dm2 = m3
2 - (m1

2 + m2
2)/2 ~ 2.4 10-3 eV2

→ No constraint on absolute masses
→ 2 schemes (sign of Dm2)

An answer with the cosmological neutrinos?



Neutrinos 
in

cosmology 
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Cosmic neutrino background 

8

m⌫ ⇠ hpi =
R
pf(p)d3pR
f(p)d3p

= 3.15T⌫ with f(p) =
1

ep/T⌫ + 1

N. Palanque-Delabrouille  — April 26, 2017
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At early times (Tn ≫ mn), neutrinos contribute as radiation

At late times (Tn ≪ mn), neutrinos contribute as matter

Non-relativistic transition 

Cosmic Microwave
Background Large Scale structures 8

Cosmic Microwave
Background Large Scale structures

⇢⌫ = m⌫n⌫

⇢⌫ / T 4
⌫

znr ⇠ 1900
m⌫

1 eV

N. Palanque-Delabrouille  — Dec. 2, 2016 8

Cosmic Microwave
Background Large Scale structures 8

Radiation Matter Dark energy
Relativistic n’s Non-relativistic n’s

At recombination
mn < 0.6 eV (Smn <1.7) : relativistic
mn > 0.6 eV (Smn >1.7) : matter-like



Impact on CMB 
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mn > 0.6 eV (Smn > 1.7 eV)    
- Non relativistic at CMB
- Hot Dark Matter (HDM)

Þ Direct impact on CMB power 
spectrum:

Þ Even with pre-WMAP (COBE…), 
in late 90s, the damping of Cl on 
intermediate scales ( 100<l<1000) 
cannot be explained without 
relativistic neutrinos

Þ Fully excluded with WMAP     
including HCDM models (10% of 
HDM)

Þ fn =  Wn / Wm
Fraction of neutrinos in Matter

WMAP
Planck

fn = 0.2
fn = 0.1
fn = 0.0



Impact on CMB 
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mn < 0.6 eV (Smn < 1.7 eV) - relativistic at CMB

Þ “No” impact on baryon-photon plasma, and thus on primary CMB 
Þ Subtle changes in peak position & amplitude
Þ Postponing of matter-radiation equivalence zeq, 

OR, zeq being well measured by CMB, Wm – Smn degeneracy

1+ zeq =
Ωb +Ωcdm

Ωγ 1+ 7
8

4
11( )4/3 Neff

⎡
⎣

⎤
⎦

=
Ωm −Ων

Ωγ 1+ 7
8

4
11( )4/3 Neff

⎡
⎣

⎤
⎦

with Ων =
Σmν

93.1eV

WMAP
Planck
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Fig. 14. CMB temperature anisotropy spectrum CT
l and matter power spectrum

P (k) for three models: the neutrinoless ΛCDM model of section 4.4.6, a more re-
alistic ΛCDM model with three massless neutrinos (fν ≃ 0), and finally a ΛMDM
model with three massive degenerate neutrinos and a total density fraction fν = 0.1.
In all models, the values of (ωb, ωm, ΩΛ, As, n, τ) have been kept fixed.
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Fig. 15. CMB temperature anisotropy spectrum CT
l and matter power spectrum

P (k) for three models: the same ΛCDM model as in the previous figure, with three
massless neutrinos (fν ≃ 0); and two models with three massive degenerate neutri-
nos and a total density fraction fν = 0.1, sharing the same value of ωb and ωcdm as
the massless model, which implies a shift either in h (green dashed) or in ΩΛ (blue
dotted).

models, the values of (ωb, ωm, ΩΛ, As, n, τ) have been kept fixed, with the
increase in ων being compensated by a decrease in ωcdm. There is a clear
difference between the neutrinoless and massless neutrino cases, caused by a
large change in the time of equality and by the role of the neutrino energy-
momentum fluctuations in the perturbed Einstein equation [91]. However our
purpose is to focus on the impact of the mass, i.e. on the difference between
the solid (red) and thick dashed (green) curves in Fig. 14.

Impact on the CMB temperature spectrum. For fν ≤ 0.1, the three
neutrino species are still relativistic at the time of decoupling, and the di-
rect effect of free-streaming neutrinos on the evolution of the baryon-photon

61

Ø CMB alone not sufficient for 
neutrinos masses sub-eV

Ø Add information directly from 
the matter distribution

fn = 0.1
fn = 0.0
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Matter power spectrum

Large scales Small scales
keq

Matter power spectrum
Ø Analogy with sound: higher at 
certain frequencies 
Ø Real space ⟹ k-space (Mpc-1)
Ø First observation of “total” power 
spectrum with different tracers of 
the matter

Finite velocity of light
Ø Causality “horizon” (↗ with time)
Ø Small scales enter horizon early

Large scales enter horizon late
Ø Relativistic neutrinos will affect 

small scales

Matter era Radiation era

Impact 
of neutrinos



Free-streaming ⟹ suppression 
of small scales in P(k) 

Suppression factor ⟺ Smn

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

Suppression is z-dependent

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

- Large z-range [2.1 ; 4.5]

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

⟹ Hydro/N body simulations
12

Impact on matter power spectrum

8fn

Wavenumber k (h.Mpc-1)

1D Ly-a
Galaxy LSS

P(
k)
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CMB

z=4

z=0

Large scales Small scales

Impact in CMB-alone only for non-
relativist neutrinos ⇒ ~1-2 eV limit 



Ly-a forests 
with BOSS

and XQ-100
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SDSS BOSS

BOSS
2009-2014

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

190,000 QSOs 
2.2 < z < 4

(11 billion years ago)

z = 0

z = 1

z = 2

1.5  million galaxies
z < 0.7

(6 billion years ago)
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Principles 
Ø Use Ly-a 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

Ly-a forests, matter tracers 

1D power spectrum
Ø Correlation between the 
pixels of a line of sight
Ø Proxy of the matter down 
to scale 1 Mpc

15



BOSS Observation Strategy

16

1000

l

CCD

Fiber number
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Plug and Observe

Several steps (~3 months) 
Ø Target selections (~40 QSOs deg-2 and ~150 galaxies deg-2)
Ø Drill plates (1000 holes per plate)
Ø Plug plates on cartridges during day 
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Ly-a forests in BOSS
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Ø 14000 DR9 QSOs out of 60000
Ø Selected for 

- quality (no flagged pixels, no high density absorbers)
- SNR > 2
- resolution < 85 km/s 

z=2.5

z=4.1

Stacked QSO spectra

Palanque-Delabrouille., Yèche, Borde et al. (2013) 

to obtain s syst ~ s stat

Ly-a forests

One QSO spectrum

z=2.9
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1D Power Spectrum analysis 
a tough analysis!

Ø Detailed study of spectrograph resolution, noise,  
lines of sky, correlation with other absorbers…

Ø Largest correction at small scales (high k)
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 with R=60 km/s2W
 with R=80 km/s2W

Resolution = Window function W2 White noise = Pnoise(k)  

z ~ 3.6
z ~ 2.7
z ~ 2.2

PRaw(k) = (PHI(k) + PHI-SiIII(k) + Pmetals(k)).W2(k) + PNoise(k)  
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1D Power Spectrum

z=4.4

z=2.2 Wiggles: Lya-SiIII
correlations

Ø Improve small scales (see next slides)
Ø Need simulations to come back to linear 

matter power spectrum (see next slides)

12 slices 
in redshift

from 2.1 to 4.5

Palanque-Delabrouille., Yèche, Borde et al. (2013) 

SDSS
BOSS  
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Ly-a forests in XQ100

100 QSOs observed with VLT/X-shooter, z ~ 3.5 – 4.5

Ø XQ100 Vs BOSS: 700 for BOSS with same z
Ø SNR per pixel in Ly-a forest 5-60, on average ~25
Ø XQ100 Vs BOSS: SNR per pixel 10-20 times better
Ø Resolution  (UVB arm: ~18km/s, VIS arm: ~12km/s)
Ø XQ100 Vs BOSS: Resolution 3-5 times better

One QSO spectrum

Ly
-a

Ly
-b

N
 V

Si
 I

V C
IV

Si
 I

I
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1D Power Spectrum

Ø Three bins in redshifts with different k-range
Ø Excellent agreement with BOSS
Ø Common likelihood based on the same hydro simulations 

(BOSS: 12 redshift bins, XQ-100: 3 redshift bins). 

VLT/X-shooter
XQ-100

Yèche, Palanque-Delabrouille, Baur et al. (2017) 



Neutrinos 
masses

23
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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
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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) 



Grid parameter space
Ø Grid of simulations

→ 2nd-order Taylor expansion 
for cosmo & astro parameters
centered on Planck (2013)

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)

f(x+�x) = f(x) +
X

i

@f

@xi
(x)�xi

+
1

2
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X
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Cosmology 

IGM

Optical depth
Neutrino
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Constraint on Smn

Limits: 
Ø With Ly-a alone: 

Smn < 1.1 eV @95%CL
Ø With Planck 2015 alone: 

Smn < 0.72 eV @95%CL
Ø Combined with CMB (Planck 2015)

Smn <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  

b-decays: 3H ⟶ 3He + e- + ne

⟶ Current limits  mb <2eV
⟶ Sensitivity of 0.2 eV in near 
future (KATRIN experiment)

Ø Complementary with cosmology

With Smn < 0.12 eV @95%CL

Ø NH is “favored”
Ø If disagreement with 

KATRIN experiment
⟹ Indication of new physics

Sm>0.06 eV Sm>0.11 eV



Warm Dark Matter
and 

Sterile neutrinos
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LCDM
(cold dark matter)

LWDM
(warm dark matter)

Msterile = 0.5 keV

WDM: Thermal relics

Figure 1: Bottom Left: Analytical approximation of the linear total matter transfer functions T =
(PWDM/PCDM)1/2 at z = 3 produced by the CAMB

a software [8] for 0.1 (cyan), 0.5 (blue) and 2.5 keV
(magenta) dark matter particles. The region rightwards of the vertical dashed red line corresponds to
the velocity-space probed by the matter power spectrum constructed from the Ly-↵ forest. The 2.5
keV case is the lightest DM mass in our grid of simulations (see Sec. 4), the other two being displayed
for visualisation purposes. Clockwise from Top Left: Visual inspection of the baryon gas density
and temperature (encoded in intensity and color respectively), at z = 2.5, for DM particle masses
of 0.1 keV, 0.5 keV and for CDM (infinite mass limit). Boxes are 25 h�1Mpc across in comoving
coordinates and contain 7683 particles treated with smoothed particle hydrodynamics (baryons) and
7683 particles treated with N-body dynamics (DM). SPH visualizations are produced by the Splotch

b

software.

ahttp://camb.info
bhttp://www.mpa-garching.mpg.de/ kdolag/Splotch

– 3 –

Standard neutrinos

Thermal
relics

Standard neutrinos
Ø Constraint given by 

comparing CMB and Ly-a
Ø Upper limit on n mass

Thermal relics – Sterile 
neutrinos:
Ø cut-off: Lack of power 

on small scales 
Ø Detectable in 

BOSS/XQ100, if 
significant effect, i.e., if 
mx small

Ø Lower limit on n mass
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Sterile neutrinos and Ly-a

Normalized to same s8

Ø More sensitive to 
high z

Ø More sensitive to 
lower mass

Ø Need high z and 
high k to get the 
best limit

Ø Extraction of a 
lower mass limit

mX=2.5keV mX=5.0keV
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Thermal relics
Limits: 
Ø With Ly-a XQ100 alone: 

Relics: mx>2.23 keV @95%CL
Ø With Ly-a BOSS alone: 

Relics: mx>4.09 keV @95%CL
Ø With Ly-a (BOSS+XQ100+HIRES) :

Relics: mx>4.65 keV @95%CL

Adding XQ100 to BOSS: 
Ø Marginal gain at 95% C.L
Ø Significant gain at 3s 
Ø 10% improvement on the 

parabolic profile of c2
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Ø Observation of a 3.5 KeV X-ray line 
with XMM by  Boyarski’s & Bulbul’s 
from galaxy clusters (Perseus, Centaurus…) 
or Andromeda galaxy

A possible interpretation: Decays of 7 keV sterile neutrinos 

Sterile Neutrino

Ø Strong limit on WDM 
model in case of non-
resonantly produced 
neutrinos

Ø Rule out 7 keV sterile 
neutrinos of 3.5 keV line

(Baur, Palanque-Delabrouille, Yèche et al. (2015))
Figure 8. Excluded pure-DM masses by Ly-↵ data for several past works: BLR09 [22, 65], SMT06 [60] and
VBH13 [59]. See Tab. 3 for a more exhaustive list. Our lower bounds, featured as a solid red line for Ly-↵
data alone and as a dashed red line for Ly-↵+CMB (with no running of ns), are consistent with all previous
similar studies and comparable to the most stringent limit. All cited bounds are 95% C.L. lower limits.

focuses on early decoupled thermal relics (such as gravitinos for instance) and neutrinos produced
in a Dodelson-Widrow mechanism, and allows us to set the strongest bounds on their mass. Other
models of sterile neutrinos such as the ones described above (which have been recently suggested as
a plausible origin of the 3.55 keV line observed in the X-ray spectrum of galaxy clusters), will be
investigated in a forthcoming study.
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Sterile Neutrino: Generic models

(Baur, Palanque-Delabrouille, Yèche et al. (2017))

Sterile neutrinos for 3.5 keV lines excluded 
at ~3s in case of resonant production

Sterile neutrino
for 3.5 keV line

CDM + WDM mixtures Neutrinos resonantly-produced



Conclusions
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Conclusions
Ø High potential of Lya forest on (ns, s8, Wm, H0, Smn)

- Sum of neutrino masses Smn < 0.12 eV (95% CL) 
from Lya+CMB

Ø Constraint on sterile neutrinos from Lya forest 
- msterile > 28.8 keV (95% CL) in case of non-resonantly produced 

neutrinos with Dodelson-Widrow model
- Sterile neutrinos (~7 keV) explaining 3.5 keV line ruled out at 

~3s for all the production modes 

Ø Prospects
- Lower statistical 
uncertainties (high z): 
BOSS DR12 + eBOSS
- Future projects: DESI,
- DESI, Euclid 36

o  14$EU$
countries$+$
NASA+$US$
labs$

o  More$than$
120$
insBtutes/
labs$

o  More$than$
1100$
members$

Euclid$ConsorBum$

An$arBst$view$of$the$Euclid$satellite$–$courtesy$ESA$ www.euclid9ec.org$
sci.esa.int/euclid$



Instrument
Ø 4m.telescope at  Kitt Peak 
Ø Wide FoV (~ 7 deg2)
Ø Robotic positioner with 5000 
fibers
Ø 10 spectrographs x 3 bands 
(blue, visible, red-NIR) 
➝360-1020 nm 

New corrector
~ 7 deg2

Mayall 
4-m 

Télescope

Scientific Project 
Ø International Collaboration steered 
par Berkeley (DOE) 
Ø14000 deg2 survey for 0.3<z<4.5 
Ø 20M galaxies and quasars (R~4000)

10 spectrographs

DESI    2019-2024   5000 fiber positioner
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Constraints on neutrino mass 
Ø Ly-a  s(Smn) = 0.041 eV
Ø All s(Smn) = 0.020 eV



Additional 
slides
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Dark radiation - Neff

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

Neff = 2.91         (95% CL)

Smn < 0.15 eV     (95% CL)

⟹ Neff = 4 excluded at > 5s

+ 0.21
- 0.22

Rossi , Yèche, et al. (2015)



Splicing technique

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

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

(100 Mpc.h-1, 7683) (25 Mpc.h-1, 7683) (25 Mpc.h-1, 1923)

(McDonald, 2003)

Change-of-regime
scale Ø Comparison with high 

resolution simulation
~1% agreement

Ø Broken-line model with
2 free nuisance parameters

40
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A mystery : running of ns

Ø Small tension (2.3s) on nS
between Planck and Ly-a

Ø Tension can be accommodated 
by running ns

Ø “Historical” trends to 
negative value for dns/dlnk

SPT: -0.024 ± 0.011
WMAP+SPT+ACT: -0.022±

0.012

Ø Confirmation with Ly-a ???
Palanque-Delabrouille , Yèche, Lesgourgues et al.  (2015)



Impact of ns running on Smn
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Smn < 0.20 eV 95%CL (TT+lowP + Lya)
Smn < 0.12 eV 95%CL (TT+lowP + Lya +BAO + EE+TE)

Similar constraints on Smn letting
running of ns free 

⟹ Negligible impact on Smn of tension 
on ns and improvement of  c2 by ~11

Running of ns  (dns/dln k) 


