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Σmν  <   0.72 eV  
(95% CL) 

Planck 2015 
δ m2

Cosmic Microwave Background 
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active sector 
left–handed SU(2)×U(1) doublets 

 

Standard Model 

log M 

MeV 

keV 

eV 

meV 

GeV sterile sector 
right–handed SU(2)×U(1) singlets 

 

ν Minimal Extension 

Baryogenesis 
flavour mixing 

DM candidate keV 

GeV ± ε&

 LPC Clermont-Ferrand           Dec 2 , 2016   Baur Julien   Lya Forest Constraints: Neutrino Masses & WDM 

Sterile Neutrino DM 
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Bulbul et al., 2014 ApJ 789 13 
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Matter Power Spectrum (3D) 
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Λ–CDMν&Λ–WDM&



Matter Power Spectrum (1D) 
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Λ–CDMν&Λ–WDM&
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x

F(x)$=$e#–$τ&

normalised transmitted 
flux fraction 

<F>$=$e#–$τeff

δ(x) =
F(x)− F

F
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x

F(x)$=$e#–$τ&

normalised transmitted 
flux fraction 

δ (k) 2 = PLyα (k)+Pnuis (k)( )×W 2 (k) + Pnoise(k)

Fourier 
Transform 

Lyα power spectrum 

δ(x) =
F(x)− F

F
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normalised transmitted 
flux fraction 

δ (k) 2 = PLyα (k)+Pnuis (k)( )×W 2 (k) + Pnoise(k)

Fourier 
Transform 

Window function 
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σ
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δ(x) =
F(x)− F

F



Lyman–alpha Forest 
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normalised transmitted 
flux fraction 

δ (k) 2 = PLyα (k)+Pnuis (k)( )×W 2 (k) + Pnoise(k)

Fourier 
Transform 

white noise 

P
Raw


P
Noise



z"~"3.6"
z"~"2.7"
z"~"2.2"
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σ
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$~$2%$(high$k,$low$z)

δ(x) =
F(x)− F

F
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Lyman–alpha Forest 
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normalised transmitted 
flux fraction 

δ (k) 2 = PLyα (k)+Pnuis (k)( )×W 2 (k) + Pnoise(k)

Fourier 
Transform 

Lyα power spectrum 

PLyα (k) =
δ(k) 2 −Pnoise(k)

W 2 (k)



Baryon Oscillation Spectroscopic Survey 
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DR9: 13,821$$Lyα&



Flux Power Spectrum 

Palanque(Delabrouille!et#al.,!2013!A&A!559!A85!
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Hydro Simulations 

Gadget–III 

Rossi et al., 2014, A&A 567A 79R 

Borde et al., 2014, JCAP 07 005B 
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particle sample 

L.O.S. sample 
τ ∝ dυ||∫ nH

2 T
∇υ|| nγ

f (z)

F(r|| ) = e
−τ
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Parameters 

parameter central range
Σmν / eV ν less +0.4+0.8
keV /mX 0.0 +0.2+0.4

h 0.675 ±0.05
ΩM 0.31 ±0.05
σ 8 0.83 ±0.05
ns 0.96 ±0.05
zreio 12 ±4

T0
z=3 /K 14,000 ±7,000

γ z=3 1.3 ±0.3
Aτ 0.0025 ±0.0020
ητ 3.7 ±0.4

Cosmology""

Intergalactic 
Medium 

Optical Depth 

Λ–CDMν only 

Λ–WDM only&

2nd  order Taylor expansion 

fixing UV photoionization rate 

F = e−τ eff



Splicing the Power Spectrum 
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30723 particles per species 
in (100 Mpc)3 box 
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k Nyq 

k min 

σ
syst
$~$3%

(high$k,$high$z)



Lyα Power Spectrum (1D) 

Λ–CDMν&Λ–WDM&
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Nuissance Parameters 
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          $$$$σ
8
 $$$$$$n

s
$$$Σmν&

&
Technical:$  Simulation$Splicing   ±0.001 ±0.002 ±0.03


   Spectrograph$Resolution  +0.000 +0.000 +0.00





Astrophysical: IGM$state     +0.000 –0.001$ +0.02


   AGN$feedback    –0.001 +0.001 +0.02


   SN$feedback     +0.001 –0.001 –0.01


   UV$^luctuations    +0.001 –0.002 –0.03


   Damped$Lya$Absorbers  +0.000 +0.002 +0.03

Reference (Lyα+CMB)  :  Σmν"<  0.15 eV  (95% CL) 

Palanque-Delabrouille et al., 2015 JCAP 02 045 



Σmν  <   1.1 eV  
(95% CL) 

Constraints on Neutrino Masses 

Σmν  <   0.72 eV 
(95% CL) 

Planck 

BOSS 
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BOSS + Planck (TT+lowP)  :  Σmν"<  0.12 eV  (95% CL) 

Palanque-Delabrouille et al., 2015 JCAP 11 011 

Constraints on Neutrino Masses 
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BOSS + Planck (TT+lowP)  :  Σmν"<  0.12 eV  (95% CL) 

Palanque-Delabrouille et al., 2015 JCAP 11 011 

Constraints on Neutrino Masses 
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Limit$is$unchanged$when$freeing$the$running$on$n
s



BOSS only  :  mwdm >  4.1 keV  (95% CL) 

Baur et al., 2016 JCAP 08 012 

Constraints on WDM 

Planck + BOSS  :  mwdm >  3.0 keV  (95% CL) 

BOSS 
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Upcoming: higher k with XQ-100 
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Takeaway 

–$Lyα$forests$probe$Mpc$scales$<==>$ν$free$streaming$scale


–$Complementary$probe$to$CMB,$WL,$galaxy$clustering



–$~14,000$medcres$QSO$sample$and$most$resolute$hydro$simulations$



–$11$simu$$+$13$nuissance$+$12$noise$parameters$marginalised$over



–$BOSS$DR9: Σmν$<$0.12$eV$(95%CL) andm
wdm

$>$4.1$keV$(95%CL)

Thank You ! 
julien.baur@cea.fr 
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Inverted Ordering 
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N."Palanque4Delabrouille""—""Barcelona,"4"
February"2015"

Fit results 
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Baryon0Oscillations0Spectroscopic0Survey0

SDSS0:! !wide!f.o.v.!(7!deg2)!telescope!
!

!~10,000!deg2!celestial!coverage!
!

!5!@ilter!CCD!cameras!(u!g!r!i!z)!
!
!
!
!
!
!
!
BOSS: !photometry!
!

!target!selection!(~180,000!quasars)!
!

!drill!plate!(coordinates)!
!

!spectrograph!(1,000!spectra!/!hr)!
!

!probes ! !!!!! ! !range!(Ly–α)!z ∈ 2.1, 4.5[ ]

BAUR!Julien ! !PhD!presentation!–!APC! ! !20/02/15!


