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Setting the scene:
hints for eV-mass sterile neutrinos?

Observations at odds with standard 3-neutrino 
interpretation of global oscillation data

LSND anomaly

MiniBooNE antineutrino results

Short-baseline disappearance experiments
(Bugey, ROVNO, Krasnoyarsk, ILL, Gösgen)

Recent re-evaluation of reactor fluxes

[Aguilar (2001)]

[Aguilar-Arevalo (2010)]

[Mention et al. (2011),
Huber (2011)]



  

Setting the scene:
hints for eV-mass sterile neutrinos?

Can possibly be resolved with oscillations into sterile 

neutrino(s) with Δm2~eV2

Results from global fit:

[Kopp, Maltoni, Schwetz (2011)]



  

Impact on cosmology
Expansion rate

sterile ν's contribute to 
Universe's energy budget

effective number of species

Decoupling, BBN

       CMB, (LSS),  
element abundances

Evolution of perturbations

eV-mass sterile ν's are     
hot dark matter

sum of neutrino masses

structure formation

LSS, (CMB)

what?

why?

parameter

observables

when?



  

Radiation energy density

CMB 
temperature

CνB 
temperature

photons standard 
neutrinos

e.g., sterile 
neutrinos

> 3 due to slightly non-
thermal distribution

Given the mixing angles/Δm2 required by LSND/MiniBooNE/reactor 
data, each sterile species would thermalise and the contribution to ρ

r
 

will be ΔN
eff

 = N
s
 (unless suppressed by some mechanism...)



  

BBN



  

BBN
Boltzmann equation

expansion ratenuclear interaction rate

primordial element abundances
as function of                       

baryon 
density

ν
e
 momentum 
distribution



  

BBN constraints

Number of 
effective sterile 

neutrino species

with additional 
CMB prior on ω

b

element abundance 
data only

(90/99)%-credible regions
[JH, Hannestad, Raffelt, Wong (2011)]

Helium-4 as probe of N
eff

:
increasing radiation density
→ higher expansion rate
→ n-p freeze-out at higher T
→ n/p = exp[-Δm/T]
→ greater Helium abundance



  

BBN constraints

Number of 
effective sterile 

neutrino species

with additional 
CMB prior on ω

b

element abundance 
data only

(90/99)%-credible regions
[JH, Hannestad, Raffelt, Wong (2011)]



  

BBN constraints

BBN shows some preference for one extra species

Two species highly disfavoured, unless ...



  

Degenerate BBN

Suppress Helium-4 abundance by introducing chemical 
potential for electron neutrinos: changes equilibrium 
neutron to proton-ratio:

→ Sergio Pastor's talk

ξ of order 0.1 could save 
3+2 (and even 3+3) 

Common active 
neutrino chemical 

potential



  

CMB+LSS



  

        and the CMB

Angular power spectrum is a function of O(10) 
cosmological parameters (e.g., ω

b
, ω

dm
, ω

ν
, Ω

de
, N

eff
,...)
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Effect on the CMB

Matter-radiation equality

Sound horizon

Anisotropic stress

Damping tail

        and parameter degeneracies

degenerate with...

matter density

baryon, DM & DE densities

(primordial amplitude)

(Helium fraction)



  

[Hou et al. (2011)]

Keeping matter-radiation equality, baryon density, sound 
horizon and normalisation the same, differences in the 
damping tail

        and the CMB



  

CMB(+LSS) constraints

South Pole Telescope

[Dunkley et al. (2010)]

WMAP
WMAP+ACT
WMAP+ACT+BAO+H

0

Break degeneracies with measurements of damping tail

… and/or complementary non-CMB data (LSS, H0, SNe)

Atacama Cosmology Telescope PLANCK (forecast)

[Keisler et al. (2011)] [JH, Lesgourgues,
 Mangano (2008)]

σ
N
 ≈ 0.2



  

CMB+LSS constraints

3+1, 3+2, 3+3 are fine ...
… as long as the 
steriles are light 
enough!

Unfortunately, 1 eV 
appears to be 
somewhat too heavy

Reminder:  we assumed 
minimal extension of 
cosmological standard 
model (ΛCDM+N

eff
+m

s
)

[JH, Hannestad, Raffelt, Tamborra, Wong (2010)]

3+N

(68/95/99)%-credible regions

mν

ν
a

''3+N'' 
mass

hierarchy

ν
s



  

Beyond the minimal scenario

Assume one massive (0-1-2 eV) sterile species

Impact on other parameters?  How well does it fit?

Exploit correlation of m
ν
 with N

eff
 and w

[JH, Hannestad, Raffelt, Wong (2011), see also Kristiansen, Elgarøy (2011)]



  

Beyond the minimal scenario

Adding extra massless dofs and varying w can 
alleviate tension somewhat (though low masses 
still preferred), but 1 eV-sterile fits just as well as 
standard ΛCDM

[JH, Hannestad, Raffelt, Wong (2011), see also Kristiansen, Elgarøy (2011)]



  

Beyond the minimal scenario

Adding extra massless dofs and varying w can 
alleviate tension somewhat (though low masses 
still preferred), but 1 eV-sterile fits just as well as 
standard ΛCDM

Interesting side effect:
dark matter density 
can be significantly 
higher than usual if 
eV-mass sterile and 
extra massless ν's 
present

m
S
 = 0
m

S
 = 1 eV

m
S
 = 2 eV



  

Conclusions
Cosmological data show preference for additional 
relativistic degrees of freedom, such as sterile neutrinos

3+2 sterile neutrino interpretation of LSDN/MiniBooNE/ 
reactor data is problematic if implemented in naïve 
minimal cosmological model (too many for BBN, too 
heavy for CMB+LSS)

Incomplete thermalisation or a non-trivial extension of the 
cosmological model are required for compatibility

Exciting results from PLANCK soon!
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