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Ø Measuring neutrinos with cosmology: 

•  Neutrino thermal history 

•  Observables 

•  Current Constraints 

Ø Sterile neutrinos 

•  Troubles: tension between cosmology and oscillations 

•  New physics: secret interactions 



Neutrino decoupling 

Γ  ~  GF
2 T5  <  H

 
Tdec ~ 1 MeV è HDM 
 
e+e-     è γγ

Tν / Tγ  = (4/11)1/3 
 

Tν  ~ 1/a 
Lesgourgues & Pastor, 
AHEP (2012) 

In the primordial 
Universe weak 
interactions keep 
neutrinos in 
equilibrium with 
the heat bath. 

Γs ~  GF
2 T5 sin2θs <  H

 
Tdec,s ~ Tdec / sin2θs 

Tν,s / Tγ  ~ (4/15)1/3 
 



Neutrino decoupling 
In the primordial 
Universe weak 
interactions keep 
neutrinos in 
equilibrium with 
the heat bath. 

Neff Effective number of 
relativistic 
degrees of freedom 
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v  Other relativistic relics 
can contribute to Neff 

v  This equation holds after 
decoupling and as long as 
all neutrinos are 
relativistic 

v  Neff,dec ~ 3.046 
v  + 1 sterile, Neff,dec ~ 4 
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Fig. 1. Evolution of the distortion of the νe and νx = νµ,τ spectrum for a particular
comoving momentum (y = 10). In the case with θ13 ̸= 0 one can distinguish the dis-
tortions for νµ (middle line) and ντ (lower line). The line labeled with Tγ corresponds
to the distribution of a neutrino in full thermal contact with the electromagnetic
plasma.

For a more detailed description of the evolution of flavour oscillations at this
epoch, we refer the reader to [2].

3.2 Frozen spectra and Neff

We show in Fig. 2 the asymptotic values of the flavour neutrino distribution,
for the cases without oscillations and with non-zero mixing. The dependence
of the non-thermal distortions in momentum is well visible, which reflects the
fact that more energetic neutrinos were interacting with e± for a longer period.
Moreover, the effect of neutrino oscillations is evident, reducing the difference
between the flavour neutrino distortions.

Once we have found the final neutrino distributions, the frozen values of some
quantities characterizing neutrino heating can be calculated. In Tables 1 and
2 we present our results for the dimensionless photon temperature zfin, the
change in the neutrino energy densities with respect to ρν0

(the energy density
in the instantaneous decoupling limit) and the asymptotic effective number of

9

Mangano, Miele, Pastor, Pinto, Pisanti, 
Serpico, Nucl.Phys.B (2005) 



Neutrino number: impact on BBN 
BBN T ~ 0.7 MeV 

A larger Neff  (i.e. sterile neutrinos)  increases the 
expansion rate of the Universe (Friedmann H2 ~ ρr ~ Neff) .  
Earlier (T>0.7 MeV) freeze-out of reactions  
(e.g. n + νe è p + e-).  
Larger neutron to proton ratio.  
Higher primordial D and 4He abundance 
 
ΔNeff,BBN = 0.66±0.45 (BBN, 68% c.l.) Steigman, AHEP, (2012) 
Neff,BBN-CMB = 3.28±0.28 (BBN+CMB, 68% c.l.) 
 

12 Cooke et al.

Fig. 6.— The 1σ and 2σ confidence contours (dark and light shades respectively) for Neff and Ωb,0 h2 derived from the primordial deuterium abundance (blue),
the CMB (green), and the combined confidence contours (red). The left panel illustrates the current situation, while the right panel shows the effect of reducing
the uncertainty in the conversion from (D /H)p to Ωb,0 h2 by a factor of two (see discussion in Section 4.2). Dashed and dotted lines indicate the hidden contour
lines for BBN and CMB bounds respectively.

Fig. 7.— The 1σ and 2σ confidence contours (dark and light shades respec-
tively) for Neff and Ωb,0 h2 derived from the primordial deuterium abundance
(blue), the primordial He mass fraction (green), and the combined confidence
contours (red). Dashed and dotted lines indicate the hidden contour lines for
(D /H)p and YP bounds respectively.

recently as a probe of the effective number of neutrino fam-
ilies (Cyburt 2004; Nollett & Holder 2011; Pettini & Cooke
2012, see also Section 5.1). Here, we demonstrate that precise
measures of the primordial deuterium abundance (in combi-
nation with the CMB) can also be used to estimate the neu-
trino degeneracy parameter, ξ, which is related to the lepton
asymmetry by Equation 14 from Steigman (2012).
Steigman (2012) recently suggested that combined esti-

mates for (D /H)p, YP, and a measure of Neff from the CMB,
can provide interesting limits on the neutrino degeneracy pa-
rameter (ξ ≤ 0.079, 2σ; see also, Serpico & Raffelt 2005;
Popa & Vasile 2008; and Simha & Steigman 2008). By com-
bining (D /H)p and YP, this approach effectively removes the
dependence on Ωb,0 h2. Using the conversion relations for
(D /H)p and YP (eqs. 5–6 and 13–14) and the current best de-
termination of YP (0.253±0.003; Izotov, Stasinska, & Guseva
2013), in addition to the Planck+WP+highL19 constraint on
Neff and the precise determination of (D /H)p reported here,
we derive a 2σ upper limit on the neutrino degeneracy param-
eter, |ξ| ≤ 0.064, based on the approach by Steigman (2012).
We propose that an equally powerful technique for estimat-
19 We used the base cosmology set with Neff and YP added as free param-

eters (see Section 6.4.5 of Planck Collaboration 2013).

ing ξ does not involve removing the dependence on Ωb,0 h2
by combining (D /H)p and YP, as in Steigman (2012). In-
stead, one can obtain a measure of both Ωb,0 h2 and Neff from
the CMB, and use either (D /H)p or YP to obtain two sepa-
rate measures of ξ. This has the clear advantage of decou-
pling (D /H)p and YP; any systematic biases in either of these
two values could potentially bias the measure of ξ. Separating
(D /H)p and YP also allows one to check that the two estimates
agree with one another.
Our calculation involved aMonte Carlo technique, whereby

we generated random values from the Gaussian-distributed
primordial D/H abundance measurements, whilst simultane-
ously drawing random values from the (correlated) distribu-
tion between Ωb,0 h2 and Neff from the Planck+WP+highL
CMB data (Planck Collaboration 2013)20. Using Equation 19
from Steigman (2012, equivalent to eq. 6 here), we find
ξD = +0.05 ± 0.13 for (D /H)p, leading to a 2σ upper limit
of |ξD| ≤ 0.31.
With the technique outlined above, we have also computed

the neutrino degeneracy parameter from the current observa-
tional bound on YP. For this calculation, we have used the
MCMC chains from the Planck+WP+highL CMB base cos-
mology with Neff and YP added as free parameters. In this
case, the CMB distribution was weighted by the observational
bound on YP (YP = 0.253±0.003; Izotov, Stasinska, & Guseva
2013). Using Equations 19–20 from Steigman (2012, equiv-
alent to eqs. 6 and 14 here), we find ξD = +0.04 ± 0.15 for
(D /H)p and ξHe = −0.010 ± 0.027 for YP. These values
translate into corresponding 2σ upper limits |ξD| ≤ 0.34 and
|ξHe| ≤ 0.064. Combining these two constraints then gives
ξ = −0.008 ± 0.027, or |ξ| ≤ 0.062 (2σ).
Alternatively, if we assume that the effective number of

neutrino species is consistent with three standard model neu-
trinos (i.e. Neff ≃ 3.046), we obtain the following BBN-only
bound on the neutrino degeneracy parameter by combining
(D /H)p and YP, ξ = −0.026 ± 0.015, or |ξ| ≤ 0.056 (2σ). We
therefore conclude that all current estimates of the neutrino
degeneracy parameter, and hence the lepton asymmetry, are
consistent with the standard model value, ξ = 0.
20 Rather than drawing values of Ωb,0 h2 and Neff from the appropriate

distribution, we instead used the Markov-Chain Monte Carlo chains provided
by the Planck science team, which are available at:
http://www.sciops.esa.int/wikiSI/planckpla/index.php?
title=Cosmological Parameters&instance=Planck Public PLA

Cooke et al., APJ (2014) 

Deuterium 

Helium 



Neutrinos and CMB TT 
CMB T ~ 1 eV 
 
Tν,CMB ~ 0.7 eV 
Neff,CMB ≠ Neff,BBN   
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Table I.2 The use of Eq. (13) to determine N
e↵

re-
quires knowledge of the neutrino phase-space distri-
bution at decoupling, and we demonstrate in the Ap-
pendix that our three points satisfy the conditions re-
quired for the phase-space distribution to be approxi-
mated by a Fermi-Dirac distribution scaled by a con-
stant. With this approximation, and using Eq. (13)
with Eqs. (15) and (20), the contributions to N

e↵

at
z
eq

are �N
e↵

= (1.68, 1.47, 1.25) at points 1, 2, and 3
respectively. This leads to some easing of the tension
between SBL data and CMB constraints on N

e↵

.
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FIG. 2. Contribution of one thermalized massive sterile
neutrino to Ne↵ at the time of matter-radiation equality.
If the sterile neutrino has an approximately Fermi-Dirac
distribution, this is equivalent to�N

zeq
e↵ /�NBBN

e↵ , i.e. if the
sterile neutrino is not fully thermalized and �NBBN

e↵ < 1,
then �N

zeq
e↵ will be reduced accordingly.
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2 Reference [51] performed a similar calculation of the e↵ect of
neutrino mass on Ne↵ . Whilst our expression for the neutrino
phase-space distribution, Eq. (20), agrees with their Eq. (8),
we reach a di↵erent conclusion regarding the e↵ect on Ne↵ ,
which measures the energy density in relativistic neutrinos,
rather than the total neutrino energy density.

FIG. 3. Contribution of one massive sterile neutrino to Ne↵

as a function of the equivalent temperature of a massless
neutrino, T⌫ . At matter-radiation equality, T⌫ = 0.55 eV
[26].

IV. DISCUSSION AND CONCLUSIONS

We have discussed the cosmological generation and
evolution of a population of two sterile neutrinos, with
masses and mixings motivated by the recent SBL data.
Specifically, we calculated the contribution of these ex-
tra neutrino species to N

e↵

at BBN and CMB epochs.
We focused on the region of the parameter space where
the sterile neutrinos are produced with less than ther-
mal abundance (�N

e↵

< 2), so that the tension with
BBN and CMB measurements is eased, compared with
the case of two fully thermalized species. We find
points at the limit of the region of parameter space al-
lowed by the SBL data where the heaviest sterile state
is fully thermalized, while the second is produced with
abundance as low as ⇠ 40% of the thermal abundance.

Whilst it is possible — with the maximum suppres-
sion of N

e↵

due to partial thermalization — to find
points in parameter space marginally compatible with
BBN constraints (NBBN

e↵

<⇠ 4.6 at 2�), the tension with
BBN data overall remains.

Interestingly, if SBL-favored sterile neutrinos really
are the origin of N

e↵

> 3, we expect their contribution
to N

e↵

at z
eq

— relevant for CMB constraints — to
be lower than that at BBN epoch, due to their being
only moderately (partially) relativistic at z

eq

, with a
di↵erence NBBN

e↵

�NCMB

e↵

on the order of 10% or less.
In principle, this feature would allow us to distinguish
the sterile neutrino hypothesis from other possible ori-
gins of an excess of radiation. Future measurements of
NCMB

e↵

could approach or reach this level of precision
[52]. We also note that while the mass-induced sup-
pression works to ease the tension with the CMB data
somewhat, it comes with a price: the ⇠ 1 eV masses
of the sterile states would increase the sum of the neu-
trino masses to

P
m

⌫

>⇠ 1 eV, which is disfavored by
CMB bounds on this quantity.

Summing up, we find that even with the suppression
e↵ects due to partial thermalization and partially rel-
ativistic masses, two additional sterile neutrinos in a
mass range that might explain SBL neutrino data ap-
pear to be inconsistent with cosmological bounds com-
ing from BBN and CMB measurements.

It has recently been questioned whether the SBL
data from MiniBooNE actually favor two sterile neu-
trinos [37]. If this requirement is relaxed then the re-
sults we derive will be particularly relevant to constrain
models with one extra neutrino. Alternatively, new
physics that might resolve these inconsistencies include

ΔNeff =
ρν ,s
ρ thermal
ν ,m=0

Pν ,s / ρν ,s
1/ 3

⎛

⎝
⎜

⎞

⎠
⎟

ρ =
g
2π 2 dpEp2 f (p)∫

P = g
2π 2 dp P

4

3E
f (p)∫

Jacques, Krauss, Lunardini 
PRD (2013) 



Neutrinos and CMB TT 

Planck collaboration: CMB power spectra, likelihoods, and parameters
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Figure 48. Planck 2015 CMB spectra, compared with the base ⇤CDM fit to PlanckTT+lowP data (red line). The upper panels
show the spectra and the lower panels the residuals. In all the panels, the horizontal scale changes from logarithmic to linear at
the “hybridization” scale, ` = 29 (the division between the low-` and high-` likelihoods). For the residuals, the vertical axis scale
changes as well, as shown by di↵erent left and right axes. Note that we showD` = `(` + 1)C`/(2⇡) for TT and T E, but C` for EE,
which also has di↵erent vertical scales at low- and high-`.
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Neutrinos and CMB TT 

Planck collaboration: CMB power spectra, likelihoods, and parameters
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Figure 48. Planck 2015 CMB spectra, compared with the base ⇤CDM fit to PlanckTT+lowP data (red line). The upper panels
show the spectra and the lower panels the residuals. In all the panels, the horizontal scale changes from logarithmic to linear at
the “hybridization” scale, ` = 29 (the division between the low-` and high-` likelihoods). For the residuals, the vertical axis scale
changes as well, as shown by di↵erent left and right axes. Note that we showD` = `(` + 1)C`/(2⇡) for TT and T E, but C` for EE,
which also has di↵erent vertical scales at low- and high-`.
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Neutrinos and CMB TT 

Planck collaboration: CMB power spectra, likelihoods, and parameters
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Figure 48. Planck 2015 CMB spectra, compared with the base ⇤CDM fit to PlanckTT+lowP data (red line). The upper panels
show the spectra and the lower panels the residuals. In all the panels, the horizontal scale changes from logarithmic to linear at
the “hybridization” scale, ` = 29 (the division between the low-` and high-` likelihoods). For the residuals, the vertical axis scale
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which also has di↵erent vertical scales at low- and high-`.

57

Increasing Σmν … 
exp − 2rd / λd( )⎡⎣ ⎤⎦ , rd / rs ∝ H

1  Early ISW 

 
2  Shift of the peak position 

3  Silk damping 

rs = cs dt / a0

t*∫ =
cs
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da
H0

a*∫ ∝
1
H

!ϕ < 0

Neutrinos with a mass well below 1 eV do not directly affect the primary 
anisotropies of the CMB power spectrum. 
 mν < 0.59 eV∑ (95%cl)

Neff,CMB = 3.13 ± 0.32 (68% c.l.) Increasing Neff … 
 
The shape of the 
spectrum is 
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Neutrino non-relativistic transition 

When neutrinos become non-relativistic, they travel through the Universe with a thermal 
velocity vth,i = <p>/mν,i ~ 3Tν,i/mν,i ~ 150 (1+z) (1eV/mν,i) km/s 
Neutrinos cannot be confined below the characteristic free-streaming scale defined by vth,i. 
 
                                                                                                                        k fs,i (z) ≡

3
2

H (z)
(1+ z)vth,i (z)

= 0.113Mpc−1 mν ,i

1eV
⎛

⎝
⎜

⎞

⎠
⎟
Ωmh

2

0.14
5
1+ z

⎛

⎝
⎜

⎞

⎠
⎟

1/2

knr,i (z) ≡
H (znr,i )
(1+ znr,i )

= 0.0145Mpc−1 mν ,i

1eV
⎛

⎝
⎜

⎞

⎠
⎟

1/2

Ωm
1/2h

znr ~ 1890 (mν,i/1eV) 

As long as 
neutrinos are 
relativistic they 
travel at the speed 
of light. 



Neutrino mass: impact on LSS 

z~0-1 SDSS 

znr ~ 1890 (mν,i/1eV) 

Ων =
ρν
ρc

=
mν∑

h2 93.14eV

This formula does 
not account for the 
distortions in the 
neutrino 
distributions 
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Figure 1. Linear theory results in massive neutrino cosmologies. Left panel: Ratio of the total matter power
spectrum to the CDM power spectrum at redshifts z = 0 (continuous curves) and z = 2 (dashed curves) for
two di↵erent values of the sum of neutrino masses, ⌃m⌫= 0.3 eV in red and ⌃m⌫= 0.53 eV in green. Dotted
lines denote the asymptotic value at small scales of (1� f⌫)

2. Right panel: ratio at z = 0 of the total matter
power spectrum (continuous curves) and CDM power spectrum (dashed curves) for the same two cosmologies
to the ⇤CDM prediction.

while from Eq. (2.8) and Eq. (2.5), it follows that the suppression for the CDM power spectrum, Pcc,
is given by a factor ⇠ (1� 6f⌫). The di↵erence in the suppression between the two power spectra is
shown in the right panel of Figure 1.

3 Simulations

The DEMNUni simulations have been conceived for the testing of di↵erent probes, including galaxy
surveys, CMB lensing, and their cross-correlations, in the presence of massive neutrinos. To this
aim, this set of simulations is characterised by a volume big enough to include the very large-scale
perturbation modes, and, at the same time, by a good mass resolution to investigate small-scales
nonlinearity and neutrino free streaming. Moreover, for the accurate reconstruction of the light-cone
back to the starting redshift of the simulations, it has been used an output-time spacing small enough
that possible systematic errors, due to the interpolation between neighbouring redshifts along the line
of sight, result to be negligible.

The simulations have been performed using the tree particle mesh-smoothed particle hydrody-
namics (TreePM-SPH) code gadget-3, an improved version of the code described in [37], specifically
modified in [38] to account for the presence of massive neutrinos. This version of gadget-3 follows
the evolution of CDM and neutrino particles, treating them as two distinct sets of collisionless parti-
cles. For the specific case of the DEMNUni simulations, a gadget-3 version, modified for OpenMP
parallelism and for memory e�ciency, has been used to smoothly run on the BG/Q Fermi cluster.

Given the relatively high velocity dispersion, neutrinos have a characteristic clustering scale larger
than the CDM one. This allows to save computational time by neglecting the calculation of the short-
range tree-force induced by the neutrino component. This results in a di↵erent scale resolution for the
two components, which for neutrinos is fixed by the PM grid (chosen with a number of cells eight times
larger than the number of particles), while for CDM particles is larger and given by the tree-force (for
more details see [38] ). This choice does not a↵ect the scales we are interested in; in fact, the tree-force
acts below the PM-grid scale, which, for the DEMNUni simulations is ⇠ 0.5h/Mpc (PMGRID=4096
and Lbox = 2h�1 Gpc), and, as discussed also in [39], this corresponds to wavenumbers which are at
least two orders of magnitude smaller than the zero-redshift free-streaming lengths for the neutrino
masses considered in our runs. This means that for z > 0, neutrino overdensities are completely

– 4 –

Castorina et al., JCAP (2015) 

mν < 0.13 eV∑ (95%cl)

Planck15(TT+TE+EE+lowP)+ 
SDSS-DR7-P(k)+BAO 

Cuesta, Niro, Verde,  
Phys. Dark Univ (2016)  



Suppression of lensing potential 
(plus CMB lensing on TT) 
 
 
(TT + lowP + lensing, Planck16) 
assuming three species of degenerate 
massive neutrinos 

Neutrinos and CMB lensing 
 

mν < 0.14 eV∑ (95%cl)

Planck Collaboration: Gravitational lensing by large-scale structures with Planck
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Fig. 12. Upper left: Planck measurements of the lensing power spectrum compared to the ⇤CDM mean prediction and 68% con-
fidence interval (dashed lines) for models fit to Planck+WP+highL (see text). The eight bandpowers are those used in the Planck
lensing likelihood; they are renormalized, along with their errors, to account for the small di↵erences between the lensed CTT

` in
the best-fit model and the fiducial model used throughout this paper. The error bars are the ±1� errors from the diagonal of the
covariance matrix. The colour coding shows how C��L varies with the optical depth ⌧ across samples from the ⇤CDM posterior
distribution. Upper right: as upper-left but using only the temperature power spectrum from Planck. Lower left: as upper-left panel
but in models with spatial curvature. The colour coding is for ⌦K . Lower right: as upper-left but in models with three massive
neutrinos (of equal mass). The colour coding is for the summed neutrino mass

P
m⌫.

constrained only by the Planck temperature power spectrum is
illustrated in the upper-right panel of Fig. 12, and suggests that
the direct C��L measurements may be able to improve constraints
on ⌧ further. This is indeed the case, as shown in Fig. 13 where
we compare the posterior distribution of ⌧ for the Planck temper-
ature likelihood alone with that including the lensing likelihood.
We find
⌧ = 0.097 ± 0.038 (68%; Planck)
⌧ = 0.089 ± 0.032 (68%; Planck+lensing).
At 95% confidence, we can place a lower limit on the optical
depth of 0.04 (Planck+lensing). This very close to the optical
depth for instantaneous reionization at z = 6, providing further
support for reionization being an extended process.

The ⌧ constraints via the lensing route are consistent with,
though weaker, than those from WMAP polarization. However,
since the latter measurement requires very aggressive cleaning
of Galactic emission (see e.g. Fig. 17 of Page et al. 2007), the
lensing constraints are an important cross-check.

6.1.2. Effect of the large and small scales on the
six-parameter ⇤CDM model

Before exploring the further parameters that can be constrained
with the lensing likelihood, we test the e↵ect on the ⇤CDM
model of adding the large-scale (10  L  40) and small-scale
(400  L  2048) lensing data to our likelihood. Adding addi-
tional data will produce random shifts in the posterior distribu-
tions of parameters, but these should be small here since the mul-
tipole range 40  L  400 is designed to capture over 90% of the
signal-to-noise (on an amplitude measurement). If the additional
data is expected to have little statistical power, i.e., the error bars
on parameters do not change greatly, but its addition produces
large shifts in the posteriors, this would be symptomatic either
of internal tensions between the data or an incorrect model.

In Fig. 14, we compare the posterior distributions of the
⇤CDM parameters for Planck+WP+highL alone with those af-
ter combining with various lensing likelihoods. Adding our fidu-
cial lensing likelihood (second column) reduces the errors on pa-

17

Massive neutrinos 
slow down the 
growth of matter 
perturbations 

Planck 2013 



Where we stand 
v Other relativistic relics can 

contribute to Neff 
v This equation holds after 

decoupling and as long as all 
neutrinos are relativistic 

Model: ΛCDM + Neff 
 

v  Effective number of relativistic 
degrees of freedom 

 
 
 
 
 
 
²  Neutrino mass sum 
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Ων =
ρν
ρc

=
mν∑

h2 93.14eV

Neff = 3.13 ± 0.32 (68%cl) 

mν < 0.13 eV∑ (95%cl)

eV sterile neutrinos are too many and too massive for cosmology 

²  This formula does not account for 
the distortions in the neutrino 
distributions 

Model: ΛCDM + Σmν 
 



Troubles 



Tension between measurements 
H0 = (67.31 ± 0.96) km/s/Mpc   (68% c.l.) (Planck, ΛCDM) 

H0 = (73.24 ± 1.74) km/s/Mpc   (68% c.l.) (HST, Riess et al., Apj (2016)) 

3.4 σ tension 

σ8 tension between Planck and CFHTLens (Kilbinger at al., MNRAS(2013)), 

alleviated by DES (Abbott at al., PRD(2016)) 

Two possible model extensions each one solving one tension 
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Model extension: Neff+meff
ν, s 

ΛCDM + Neff + meff
ν, s     (meff

ν, s = mthermal
ν, s (Tν,s/Tν)3 = mthermal

ν, s (ΔNeff)3/4 )

Neff  < 3.7 & meff
ν, s < 0.38 eV (95% c.l.) (Planck + BAO) 

The model extension does not represent an escape route! 

•  It does not alleviate the tension between Planck and low-z measurements 

•  eV sterile neutrinos are (still) too many and too massive for cosmology 
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Figure 1: Regions in the planes of the e↵ective amplitudes sin2 2#eµ, sin2 2#ee and sin2 2#µµ

versus �m2
41 which are allowed by the Bayesian global fit of short-baseline (SBL) neutrino

oscillation data. Also shown are the 3� bounds obtained from the separate fits of appearance
(APP; the regions inside the two blue contours are allowed) and disappearance (DIS; the
regions on the left of the red lines are allowed) data. 1�, 2� and 3� correspond, respectively,
to 68.27%, 95.45% and 99.73% posterior probability.

⌫↵ ! ⌫� and ⌫̄↵ ! ⌫̄� transitions in short-baseline experiments is given by [31]

P⌫↵!⌫� = P⌫̄↵!⌫̄� = �↵� � 4|U↵4|2
�
�↵� � |U�4|2

�
sin2

✓
�m2

41L

4E⌫

◆
, (2.2)

where U is the 4⇥ 4 mixing matrix in the mixing relation of the left-handed neutrino fields:

⌫↵L =
4X

k=1

U↵k⌫kL (↵ = e, µ, ⌧, s). (2.3)

We considered the following short-baseline data sets:

• ⌫µ ! ⌫e and ⌫̄µ ! ⌫̄e transitions, with amplitude sin2 2#eµ = 4|Ue4|2|Uµ4|2,

• ⌫e and ⌫̄e disappearance, with amplitude sin2 2#ee = 4|Ue4|2
�
1� |Ue4|2

�
,

• ⌫µ and ⌫̄µ disappearance3, with amplitude sin2 2#µµ = 4|Uµ4|2
�
1� |Uµ4|2

�
.

Although there are three e↵ective angles which determine the oscillations, #ee, #µµ and #eµ,
their values depend only on the absolute values of two elements of the mixing matrix, Ue4

and Uµ4.
The results of the Bayesian global fit of short-baseline neutrino oscillation data is shown

in figure 1, where we have plotted the allowed regions in the planes of the e↵ective amplitudes

3 We did not consider the recent results of the IceCube [32] and MINOS [33] experiments, which constrain
sin2 2#µµ for �m2

41 . 1 eV2, because we do not have su�cient information for the data analysis.

– 3 –

Without 
IceCube 
MINOS 

Bridle, Poole, Evans, Fernandez, Guzowski, Soldner-Rembold,  
PLB (2016) 



New Physics 

Partial Thermalization 

 

 ΔNeff =
ρν ,s
ρ thermal
ν ,m=0

Pν ,s / ρν ,s
1/ 3

⎛

⎝
⎜

⎞

⎠
⎟; ρ =

g
2π 2 dpEp2 f (p)∫



Secret interactions 
The sterile neutrino is coupled to a new light pseudoscalar (mφ << 1eV): 

Lint ~ gs φ ν-1s γ5 νs 

No fifth force limit 

SuperNova bounds derived from the energy loss argument: 

νe νe  èφ ,   ge < 4 x 10-7 Farzan, PRD (2003) 

gs  <  ge / sin2θs  < 3 x 10-5 Model dependent 

MeV vector boson, Lint ~ gs ν-1s γµ PL νs Aµ 
Hannestad, Hansen, Tram, PRL(2013) 

Dasgupta, Kopp, PRL (2013) 

Saviano et al., PRD (2014) 

Mirizzi et al., PRD (2014) 

Chu, Dasgupta, Kopp, JCAP (2015) 
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Pseudoscalar thermal history 

•  T > TeV φ particles are thermally produced 

•  T ~ GeV (gs~10-5) νs and φ in thermal equilibrium        

•  T > 200MeV the dark sector decouples 

•  T ~ 10MeV neutrino oscillations become important 

è one single tightly-coupled fluid at low temperature 



Secret interactions and BBN 

Vs (ps ) ~10
−1gs

2Ts
V 0 (T ) ~ Δm

2 / 2T
Vs >V0 ⇒ gs ≥10

−6

BBN T ~ 0.7 MeV 
 
Neff,BBN = 3.28±0.28  
(BBN+CMB,  
68% c.l.) 
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The in medium mixing angle is suppressed 
and the sterile neutrino production is delayed, 
until after active neutrinos collisional 
decoupling. When sterile neutrinos are 
produced, the spectra turn out to be partially 
non-thermal. 
 

MA, Hannestad, Hansen, Tram,  
PRD (2014) 
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LASAGNA code 
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Secret interactions and CMB 
CMB T ~ 1 eV 
 
Neff,CMB = 3.13±0.32  
(68% c.l.) 

!Ψ0 = −k
q
ε
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1
6
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d lnq
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The νs – φ fluid becomes strongly interacting 
before neutrinos go non-relativistic, 
around recombination. 
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Secret interactions and CMB 

The νs – φ fluid becomes strongly interacting 
before neutrinos go non-relativistic, 
around recombination. 
 
If neutrinos are not free-streaming, then the 
photon monopole is enhanced. To be consistent 
with CMB, active neutrinos must be free- 
streaming at z~104

.  
The interaction must be confined to the sterile 
sector. 
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CMB T ~ 1 eV 
 
Neff,CMB = 3.13±0.32  
(68% c.l.) 
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DISCUSSION

We have tested the pseudoscalar model against the
most precise available cosmological data and found that
the model is generally compatible with data, providing
at least as good a fit as the standard ⇤CDM model. Fur-
thermore the fit is vastly better than ⇤CDM with an
additional sterile neutrino in the eV mass range.

If the eV sterile neutrino interpretation of short base-
line data turns out to be true cosmology is faced with a
very serious challenge. Taken at face value such a model
is excluded by CMB and large scale structure data at
least at the 5� level. With this in mind it is clear that
accommodating eV sterile neutrinos requires addition of
new physics either in cosmology or in the neutrino sector
(see e.g. [30] for a discussion).

The model discussed here provides a simple and ele-
gant way of reconciling eV sterile neutrinos with preci-
sion cosmology. We again stress that this model has a
late-time phenomenology very di↵erent from models with
purely free-streaming neutrinos and that it could well be
possible to test details of the model with the greatly en-
hanced precision of future cosmological surveys such as
Euclid [31].

Finally, it is interesting that a recent study by Les-
gourgues et al. [29] find that current cosmological data
prefers relatively strong self-interactions between dark
matter and a new dark radiation component. While the
model presented here cannot provide such dark matter
interactions at the required strength unless the funda-
mental coupling becomes close to unity, it could be a
another indication that we are seeing the first signs of
new, hidden interactions in the dark sector.
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The νs – φ fluid becomes strongly interacting 
before neutrinos go non-relativistic, 
around recombination. 
 
If neutrinos are not free-streaming, then the 
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CMB T ~ 1 eV 
 
Neff,CMB = 3.13±0.32  
(68% c.l.) 



Σmν < 0.13 eV 
(CMB+LSS, 
95% c.l.) 

As soon as sterile neutrinos go 
non-relativistic, they start 
annihilating into pseudoscalars. 
νs νs  èφ φ 
The annihilations will heat up 
the fluid. 
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Secret interactions and LSS 
Σmν < 0.13 eV 
(CMB+LSS, 
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MA, Hannestad, Hansen, Tram,  PRD (2015) 

As soon as sterile neutrinos go 
non-relativistic, they start 
annihilating into pseudoscalars. 
νs νs  èφ φ 
The annihilations will heat up 
the fluid. 

 
 



Conclusions 

•  Cosmology provides very tight constraints on neutrinos 

     Neff,CMB = 3.13±0.32 (CMB, 68% c.l.) 

    Σmν < 0.13 (CMB+LSS, 95% c.l.)  

•  eV sterile neutrinos are too many and too massive for 
cosmology 

•  “Secret” sterile neutrino self-interactions mediated by a 
light pseudoscalar can accommodate one additional 
massive sterile state in cosmology by means of an early 
partial thermalization and a late annihilation. 



Thank you for your attention 



Backup 



MeV vector boson 
4

sin2 2✓m is small due to the large V
e↵

. Since �s / T�3

� in

this regime (see Eqs. (2), (3) and (5)) and H / T 2

� , �s/H

increases with T�5

� as the temperature decreases. We de-
fine the recoupling temperature T

re

as the temperature
where �s/H > 1 for the first time since the primordial de-
coupling of the active and sterile sectors above the QCD
phase transition. When Ts ⇠ M , the energy and temper-
ature dependence of �s changes (see Eq. (5)), and when
also V

e↵

drops below �m2/(2Ts) at Ts < M , �s begins
to drop again. The asymptotic behavior is �s/H / T 3

�

at Ts ⌧ M and ✓m ' ✓
0

. There are then three possible
sequences of events:

1. No recoupling : For a su�ciently small interaction
strength ↵s, the scattering rate �s always stays
below the Hubble rate and there is no recoupling
(solid black curve in Fig. 2).

If the interaction is stronger, a recoupling of ⌫a and ⌫s
can happen either after or before A0 decay:

2. Recoupling after A0
decay : If M > few⇥10�2 MeV,

the recoupling happens after A0 have decayed (dot-
ted blue curve in Fig. 2).

3. Recoupling before A0
decay : If M < few ⇥

10�2 MeV, the recoupling happens before A0 have
decayed (dashed red curve in Fig. 2).

In the second and third cases, there is also a secret de-

coupling when �s/H again drops below one. If e2s/M
2 

O(10 MeV�2), this decoupling happens while ⌫s are still
relativistic, i.e. Ts & ms/3.

5

In the following, we discuss the three aforementioned
cases in detail.

1. No Recoupling

In the no recoupling cases, labeled as A1 and B1 in
Fig. 1, the cosmological evolution after BBN is very
straightforward. Vacuum oscillations convert a small
fraction ' 1

2

sin2 2✓
0

' 0.01 of active neutrinos into ster-
ile neutrinos (and vice versa), but this has negligible
impact on the cosmological observables. Therefore, the
temperature ratio ⇠ at CMB can be derived from the sep-
arate conservation of entropy in the active neutrino sec-
tor and in the sterile neutrino sector. It is independent of

5
In this paper, we will always assume this to be the case since we

will find that the parameter region with e
2
s/M

2 � O(10 MeV
�2

)
is already disfavored by the requirement that active neutri-
nos should free stream su�ciently early [29] (see Secs. IV and
V). If ⌫s and ⌫a are still coupled when the ⌫s become non-
relativistic, the mostly sterile mass eigenstate ⌫4 will undergo a
non-relativistic freeze-out and partly annihilate to pairs of mostly
active neutrinos. Similarly, there is the possibility that the A

0
de-

cay after the decoupling, but this does not happen for the range
of parameters we will discuss here.
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Figure 2. Evolution of the collisional ⌫a ! ⌫s production rate
�s, normalized by the Hubble rate H, versus the photon tem-
perature T� , for di↵erent representative choices of the secret
gauge boson mass M and the secret fine structure constant
↵s. When �s/H > 1, collisional production of ⌫s from the
thermal bath of ⌫a is e↵ective. The solid black curve shows a
case where this never happens. The shoulder around T� ⇠ M

is where the A
0 decay away. The dotted blue and dashed red

curves correspond to recoupling after and before A
0 decay,

respectively.

when the A0 decay (provided that it happens before the
CMB epoch and approximately in chemical equilibrium.)
That is, ⇠

CMBA/B ' ⇠
BBN(A) = 0.649.

N
e↵,CMB

can be estimated in analogy to Eq. (8A).
For the assumed sterile neutrino mass ' 1 eV, the ⌫s
contribution to the relativistic energy density has to be
weighted by an extra factor because they are already
semi-relativistic at the CMB epoch, where the photon
temperature is T� ' 0.30 eV and the kinetic temperature

of the sterile sector is Ts = ⇠
CMB

·(4/11)1/3T� ' 0.14 eV.
As in [22], we assume that the extra weight factor is char-
acterized by the pressure P . (See Appendix A for the
definition and calculations of the kinetic temperature and
the pressure P used here.) We thus obtain

N
e↵,CMB

= N⌫a
+

Pms=1 eV

Pms=0

�����
CMB

· ⇠4
CMB

' 3.13 . (9)

It is worth noting that the CMB temperature spectrum
does not exactly measure the value of N

e↵,CMB

. Instead,
the observed spectrum depends on the evolution of the
energy density in relativistic degrees of freedom between
the epoch of matter-radiation equality (T�,eq ⇠ 0.7 eV)
and recombination (T�,CMB

' 0.30 eV) [13]. Therefore,
the value of N

e↵,CMB

measured from the CMB temper-
ature power spectrum lies between the values of N

e↵

at

Chu, Dasgupta, Kopp, JCAP (2015) 
 


