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What can we really measure 
with cosmology? 
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How can we measure Neff  
with cosmological data? 
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Fig. 12.— State of the art of CMB temperature power spectrum measurements from the WMAP 9-year data release (Bennett et al. 2012;
Hinshaw et al. 2012), the South Pole Telescope (Story et al. 2012) and ACT (this work). The solid line shows the best fit model to the
ACT 148GHz data combined with WMAP 7-year data (Larson et al. 2011). The dashed line shows the CMB-only component of the same
best fit model. Although we compute the power spectrum down to ! = 200, we do not use data below ! = 540 in the analysis.

TABLE 5
χ
2 (PTE) values for the TOD split null tests performed on the ACT data.

Frequency Region Season TOD dof
(1-2)x(3-4) (1-3)x(2-4) (1-4)x(2-3)

148 GHz South 2008 19.7 (0.92) 37.7 (0.16) 37.1 (0.17) 30
2009 30.3 (0.45) 31.8 (0.38) 22.6 (0.83) 30
2010 35.7 (0.22) 28.6 (0.54) 21.5 (0.87) 30

Equator 2009 33.9 (0.29) 26.5 (0.65) 40.9 (0.09) 30
2010 34.6 (0.26) 35.6 (0.22) 24.0 (0.77) 30

220 GHz South 2008 33.1 (0.03) 28.2 (0.10) 15.3 (0.76) 20
2009 14.4 (0.81) 11.3 (0.94) 14.8 (0.79) 20
2010 8.8 (0.99) 16.0 (0.72) 21.0 (0.40) 20

Equator 2009 24.9 (0.21) 19.3 (0.50) 13.3 (0.87) 20
2010 11.8 (0.92) 16.3 (0.70) 14.0 (0.83) 20

Silk damping λd = (λΔτ )
exp − 2rd / λd( )"# $%

ψ < 0

Neff effects on CMB 



Neff effects on BBN 

Cooke et al. (2013) 
 

Precision measures of the primordial abundance of deuterium 11

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.

(Planck Collaboration 2013):

100Ωb,0 h2 = 2.23 ± 0.04 (9)

Neff = 3.36 ± 0.34 . (10)

(Note that solving simultaneously forΩb,0 h2 and Neff leads to
a slightly different best-fitting value of Ωb,0 h2 than that ob-
tained for the standard model; cf. eqs. 8 and 9). For compari-
son, from the joint BBN+CMB analysis we deduce:

100Ωb,0 h2 = 2.23 ± 0.04 (11)

Neff = 3.28 ± 0.28 . (12)

Thus, combining (D /H)p with the CMB does not signifi-
cantly change the uncertainty in Ωb,0 h2, but does reduce the
error on Neff by ∼ 20 per cent. The uncertainty on Neff could
be reduced further by an improvement in the cross-section of
the d(p, γ)3He (see right panel of Figure 6, and Section 4.2).
Based on the current bound on Neff from CMB+(D /H)p, we
can nevertheless rule out the existence of an additional (ster-
ile) neutrino (i.e. Neff = 4.046) at 99.3 per cent confidence
(i.e. ∼ 2.7σ), provided that Neff and η10 remained unchanged
between BBN and recombination. However, as noted recently
by Steigman (2013), if the CMB photons are heated after the
neutrinos have decoupled [for example, by a weakly interact-
ing massive particle (WIMP) that annihilates to photons], Neff
will be less than 3.046 for three standard model neutrinos; a
sterile neutrino can in principle exist even when Neff < 4.046.
Looking to the future, YP has contours that are almost or-

thogonal to those of the CMB and (D /H)p (see e.g. Steigman
2007). Thus, measures of YP that are not limited by systematic
uncertainties could potentially provide a very strong bound,
when combined with (D /H)p, on the number of equivalent
neutrinos during the epoch of BBN, independently of CMB
observations. Using the following conversion relation for YP
(Steigman 2012 and private communication):

YP = 0.2469 ± 0.0006 + 0.0016 (ηHe − 6) (13)

ηHe = η10 + 100(S − 1) − 575ξ/4 (14)

combined with the most recent measure of YP (0.254± 0.003;
Izotov, Stasinska, & Guseva 2013), we derive the following
BBN-only bound on the baryon density and the effective num-

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.

ber of neutrino species:

100Ωb,0 h2 = 2.30 ± 0.05 (15)

Neff = 3.57 ± 0.18 . (16)

The corresponding contours are shown in Figure 7. Thus,
it appears that even with the most recent reappraisal of the
primordial abundance of 4He by Izotov, Stasinska, & Guseva
(2013), there is better agreement (within the standard model)
between (D/H)p and the CMB, than between (D/H)p and YP.

5.2. Deuterium and the Lepton Asymmetry
In the past, the primordial deuterium abundance has been

commonly used as a tool for measuring the present-day Uni-
versal density of baryons (see e.g. Steigman 2007), and more
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 Uni-
versal lepton asymmetry, ξ.
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 lepton asymmetry (ξ ≤

Neff = 4.046 is excluded at 99.3% c.l. by 
BBN+CMB 
 
… Neff is not constant! 
 

Friedmann equation: 
 
 
increase of the expansion rate. Earlier freeze-out! 
Impact on primordial abundances 
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How can we measure the 
neutrino mass 

with cosmological data? 



Neutrino mass effects on CMB 

Free-streaming: 
Suppression of lensing potential 

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-
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Neutrino mass effects on MPK 

Lesgourgues & Pastor (2012) 

Free-streaming: 
Effects on matter power spectrum: 
Suppression on scales smaller than 
the scale of the horizon at the non-
relativistic transition. 
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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.
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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

0.05 eV <m < 0.5 eV



Cosmological constraints on 
neutrino number and mass 

after BICEP-2 



Cosmology after BICEP2 
Ωsh

2 =
(ΔNeff )

3/4ms

94eV MA, Fornengo, Gariazzo, Giunti, Hannestad, Lavader (2014) 
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FIG. 2.— BICEP2 power spectrum results for signal (black points) and temporal-split jackknife (blue points). The red curves show the lensed-⇤CDM theory
expectations — in the case of BB an r = 0.2 spectrum is also shown. The error bars are the standard deviations of the lensed-⇤CDM+noise simulations. The
probability to exceed (PTE) the observed value of a simple �2 statistic is given (as evaluated against the simulations). Note the very different y-axis scales for the
jackknife spectra (other than BB). See the text for additional discussion of the BB spectrum.
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simulations. The color scale displays the E-mode scalar and B-mode pseudoscalar patterns while the lines display the equivalent magnitude and orientation of
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BICEP-2 collaboration (2014) 
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lation data compared with the 3σ allowed regions obtained

from
(−)
νµ →

(−)
νe short-baseline appearance data (APP; inside

the solid blue curves) and the 3σ constraints obtained from
(−)
νe short-baseline disappearance data (νe DIS; left of the dot-
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is evident that the LSND experiment is still crucial for
the indication in favor of short-baseline ν̄µ → ν̄e tran-
sitions and the MiniBooNE experiment has been rather
inconclusive.
Let us consider now the fit of short-baseline data in

the framework of 3+2 mixing, which was considered to
be interesting in 2010 when the MiniBooNE neutrino [64]
and antineutrino [65] data showed a CP-violating ten-
sion. Unfortunately, this tension reduced considerably
in the final MiniBooNE data [20] and from Tab. II one
can see that there is little improvement of the 3+2 fit
with respect to the 3+1 case, in spite of the four addi-
tional parameters and the additional possibility of CP

tion in favor of short-baseline oscillations is given by the reactor
[46–48] and Gallium [53] anomalies. In fact, the 2.1σ exclusion
(∆χ2/NDF = 8.3/3) of the case of no-oscillations in the global
fit of short-baseline neutrino oscillation data without LSND is
comparable with the 2.7σ exclusion (∆χ2/NDF = 10.1/2) that

we obtain from the analysis of
(−)
νe short-baseline disappearance

data alone [18].
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violation. First, from Fig. 1 one can see that the 3+2-
LOW fit is as bad as the 3+1-LOW fit in fitting the
three anomalous MiniBooNE low-energy bins5. More-
over, comparing Tabs. I and II one can see that the
appearance-disappearance tension in the 3+2-LOW fit
is even worse than that in the 3+1-LOW fit, since the
∆χ2

PG
is so much larger that it cannot be compensated by

the additional degrees of freedom (this behavior has been
explained in Ref. [38]). Hence, as in the 3+1 case it is
wise to neglect the three low-energy MiniBooNE anoma-
lous bins and consider as more reliable the 3+2-HIG fit,
which has an acceptable appearance-disappearance pa-
rameter goodness-of-fit. However, one must ask if con-
sidering the larger complexity of the 3+2 scheme is justi-
fied by the data. The answer is negative6 because, as one
can see from Tab. II, the value of the p-value obtained
by restricting the 3+2 scheme to 3+1 disfavors the 3+1
scheme only at 1.2σ in the 3+2-HIG fit.

5 One could fit the three anomalous MiniBooNE low-energy bins
in a 3+2 scheme [35] by considering the appearance data without
the ICARUS [44] and OPERA [45] constraints, but the corre-
sponding relatively large transition probabilities are excluded by
the disappearance data.

6 See however the somewhat different conclusions reached in
Ref. [39].
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Solutions: 
How can cosmology face SBL? Partial thermalization: 

 

�  Non-standard interactions MA, Hannestad, Hansen, Tram (2014); Hannestad, Hansen, 
Tram (2013); Dasgupta, Kopp (2013) 

�  Lepton asymmetry Mirizzi, Saviano, Miele, Serpico (2012); Hannestad, Tamborra, Tram (2012) 

�  Low reheating temperature Rehagen, Gelimini (2014) 

�  Non-standard expansion rate at MeV scale 
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FIG. 2: Contours of equal thermalization. ∆Neff is given by
the colors. The solid, dashed, and dot-dashed lines correspond
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system and θm is the in-medium mixing angle (see e.g.
[17, 18] for a discussion of this in the context of active
neutrinos). Γ is entirely dominated by the interaction via
X so that Γ ∝ G2

X and the in-medium mixing angle is
likewise dominated by the potential generated by the new
interaction so that sin2(2θm) ∝ 1/V 2

s ∝ M4
X/G2

X leading
to the sterile thermalization rate being proportional to
M4

X , i.e. Γt does not depend on gX , only on MX .

The determination of mixing parameters from acceler-
ator experiments is quite uncertain, and it is therefore in-
teresting to know how our results would be affected if we
changed the vacuum mixing angle or the mass difference.
The results of such a variation are seen in Fig. 3. Re-
garding the ability to inhibit thermalization, the results
do not change much. A somewhat higher or lower mass
will be needed for the hidden boson, but ∆Neff = 0.6 can
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FIG. 4: The sterile energy distribution relative to f0 at T =
4.3 MeV, where ∆Neff crosses 1 for δm2 = 1 eV2, sin2(2θ) =
0.05, GX = GF , and gX = 0.01 which corresponds to MX =
2.9 GeV. Note that the peak at p/T < 1 is unimportant due
to the limited phase space for so low p.

for example be reached by using MX = 100MeV even at
δm2 = 10 eV2. There are, however, two other interesting
observations. First, note that when the hidden boson
mass is high, ∆Neff decreases with decreasing sin2(2θ)
or δm2 - the well known limit for non-interacting sterile
neutrinos (see e.g. [9, 16]). As the boson mass is lowered,
the new interaction first permits full thermalization of the
sterile neutrino before we reach the mass range where the
new interaction inhibits the thermalization.

The other interesting observation is that ∆Neff > 1 for
some values of MX . At first this seems very puzzling and
counterintuitive. In a model with only oscillations and no
new interactions this would be impossible since the num-
ber density and energy density of the sterile neutrinos
could never exceed the densities of the active neutrinos,
the net production of steriles would simply shut off as
soon as ρss ∼ f0. However, in the model presented here
there are two effects at play simultaneously: The produc-
tion of steriles due to oscillations and the redistribution
of sterile states due to the new interaction. If the redistri-
bution of energy is sufficiently fast it can keep ρss < f0,
allowing for more production of steriles. Fig. 4 provides
an illustration of the effect by showing a snapshot of the
distributions at the point where ∆Neff crosses 1 for a
model with MX = 2.3 GeV. Sterile neutrinos are still
being produced in the region close to the resonance at
p/T ≈ 5 since f0 > ρss and oscillations therefore popu-
late sterile neutrinos from the active sector. At the same
time ρss continues to grow at lower p/T due to the redis-
tribution of states. In total this means that ∆Neff is still
growing and will do so until the resonance has moved to
very high p/T where f0 becomes very small or the ac-
tive neutrinos decouple from the electrons. Naively we
would expect ∆Neff to be highest for low values of MX

2

equations of motions are then given by

Ṗa = VxPy + Γa

[

2
f0
f0

− Pa

]

, (4a)

Ṗs = −VxPy + Γs

[

2
feq,s(Tνs , µνs)

f0
− Ps

]

, (4b)

Ṗx = −VzPy −DPx, (4c)

Ṗy = VzPx −
1

2
Vx(Pa − Ps)−DPy. (4d)

The Γs-term is an approximation to the full scattering
kernel which is valid in the limit of strong coupling. The
sterile equilibrium distribution:

feq,s(Tνs , µνs) =
1

e(p−µνs
)/Tνs + 1

, (5)

where Tνs and µνs are the sterile neutrino temperature
and pseudo-chemical potential respectively, is uniquely
determined from the requirement that the interaction
must respect energy conservation and number conserva-
tion. Γa and Γs are related to the 4-point interaction
constants as

Γa = CµG
2
F pT

4, Γs = G2
XpT 4

νsnνs , (6)

where Cµ " 0.92, while nνs is the normalized number
density of sterile neutrinos, nνs = 2

3ζ(3)T 3

∫

p2ρss(p)dp.
D quantifies the damping of quantum coherence in the
system and is approximately half of the scattering rates,
D " 1

2 (Γa+Γs). We have chosen to define Γs in analogy
with Γa, and this means that we do not have exact conser-
vation of ∆Neff for the scattering term in Eq. (4b) since
Γs depends on p. However, none of the results change
significantly when we let p = 3.15T in the expression for
Γs.
In order to include the sterile neutrino self-interaction,

we repeat the derivation in [15] for the self-interaction
due to the Z-boson in the active sector, but now for an
X-boson in the sterile sector. This gives an addition to
the matter-potential Vz . The potentials are now

Vx =
δm2

s

2p
sin 2θ, (7a)

Vz = V0 + Va + Vs, (7b)

V0 = −
δm2

s

2p
cos 2θ, (7c)

Va = −
14π2

45
√
2
p

[

GF

M2
Z

T 4
γnνa

]

, (7d)

Vs = +
16GX

3
√
2M2

X

puνs . (7e)

Here δm2
s is the mass difference, θ is the vacuum mix-

ing angle, MZ is the mass of the Z-boson, MX is
the mass of the boson mediating the secret force, and
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FIG. 1: The evolution of ∆Neff as the temperature drops for
gX = 0.1 and different values of the coupling constant GX .

uνs is the physical energy density of the sterile neu-
trino. We solve the system of equations using a mod-
ified version of the public code LASAGNA [20] available
at http://users-phys.au.dk/steen/codes.html.
Results.— In Fig. 1 we show the degree of thermal-

ization of the sterile neutrino, quantified in terms of the
total energy density in the active plus sterile sector,

Neff ≡
uνa + uνs

uν0
, uν0 ≡

7

8

(

4

11

)4/3

uγ . (8)

We have chosen gX = 0.1 and a sample of values for GX ,
and we show how ∆Neff develops with the decreasing
temperature. We can see that the thermalization of the
sterile neutrino moves to lower temperatures when the
interaction becomes stronger, and this is what we would
expect since a strong interaction means that even a small
background of sterile neutrinos can prevent further ther-
malization.
The amount of thermalization depends on both gX and

GX , and in Fig. 2 we show ∆Neff as a function of both.
It shows that thermalization can be almost completely
blocked by the presence of the new interaction for high
values of GX and low values of gX .
Another interesting observation is that the degree of

thermalization depends almost entirely on the mass of the
new boson, MX , not on the dimensionless coupling gX .
This can be understood qualitatively from the following
simple argument: At high temperature the production
of sterile neutrinos is suppressed by rapid scattering (the
quantum Zeno effect), but as soon as production com-
mences the thermalization rate of a sterile neutrino can
be approximated by

Γt ∼ Γ sin2(2θm), (9)

where Γ is the rate with which “flavor content” (in this
context meaning active vs. sterile) is measured by the

GX =
gX
2

MX
2

gX = 0.01

MX >100 MeV
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system and θm is the in-medium mixing angle (see e.g.
[17, 18] for a discussion of this in the context of active
neutrinos). Γ is entirely dominated by the interaction via
X so that Γ ∝ G2

X and the in-medium mixing angle is
likewise dominated by the potential generated by the new
interaction so that sin2(2θm) ∝ 1/V 2
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X leading
to the sterile thermalization rate being proportional to
M4

X , i.e. Γt does not depend on gX , only on MX .

The determination of mixing parameters from acceler-
ator experiments is quite uncertain, and it is therefore in-
teresting to know how our results would be affected if we
changed the vacuum mixing angle or the mass difference.
The results of such a variation are seen in Fig. 3. Re-
garding the ability to inhibit thermalization, the results
do not change much. A somewhat higher or lower mass
will be needed for the hidden boson, but ∆Neff = 0.6 can
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for example be reached by using MX = 100MeV even at
δm2 = 10 eV2. There are, however, two other interesting
observations. First, note that when the hidden boson
mass is high, ∆Neff decreases with decreasing sin2(2θ)
or δm2 - the well known limit for non-interacting sterile
neutrinos (see e.g. [9, 16]). As the boson mass is lowered,
the new interaction first permits full thermalization of the
sterile neutrino before we reach the mass range where the
new interaction inhibits the thermalization.
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some values of MX . At first this seems very puzzling and
counterintuitive. In a model with only oscillations and no
new interactions this would be impossible since the num-
ber density and energy density of the sterile neutrinos
could never exceed the densities of the active neutrinos,
the net production of steriles would simply shut off as
soon as ρss ∼ f0. However, in the model presented here
there are two effects at play simultaneously: The produc-
tion of steriles due to oscillations and the redistribution
of sterile states due to the new interaction. If the redistri-
bution of energy is sufficiently fast it can keep ρss < f0,
allowing for more production of steriles. Fig. 4 provides
an illustration of the effect by showing a snapshot of the
distributions at the point where ∆Neff crosses 1 for a
model with MX = 2.3 GeV. Sterile neutrinos are still
being produced in the region close to the resonance at
p/T ≈ 5 since f0 > ρss and oscillations therefore popu-
late sterile neutrinos from the active sector. At the same
time ρss continues to grow at lower p/T due to the redis-
tribution of states. In total this means that ∆Neff is still
growing and will do so until the resonance has moved to
very high p/T where f0 becomes very small or the ac-
tive neutrinos decouple from the electrons. Naively we
would expect ∆Neff to be highest for low values of MX
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kernel which is valid in the limit of strong coupling. The
sterile equilibrium distribution:
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and pseudo-chemical potential respectively, is uniquely
determined from the requirement that the interaction
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tion. Γa and Γs are related to the 4-point interaction
constants as
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where Cµ " 0.92, while nνs is the normalized number
density of sterile neutrinos, nνs = 2
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∫

p2ρss(p)dp.
D quantifies the damping of quantum coherence in the
system and is approximately half of the scattering rates,
D " 1
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with Γa, and this means that we do not have exact conser-
vation of ∆Neff for the scattering term in Eq. (4b) since
Γs depends on p. However, none of the results change
significantly when we let p = 3.15T in the expression for
Γs.
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we repeat the derivation in [15] for the self-interaction
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X-boson in the sterile sector. This gives an addition to
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uνs is the physical energy density of the sterile neu-
trino. We solve the system of equations using a mod-
ified version of the public code LASAGNA [20] available
at http://users-phys.au.dk/steen/codes.html.
Results.— In Fig. 1 we show the degree of thermal-

ization of the sterile neutrino, quantified in terms of the
total energy density in the active plus sterile sector,

Neff ≡
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, uν0 ≡
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We have chosen gX = 0.1 and a sample of values for GX ,
and we show how ∆Neff develops with the decreasing
temperature. We can see that the thermalization of the
sterile neutrino moves to lower temperatures when the
interaction becomes stronger, and this is what we would
expect since a strong interaction means that even a small
background of sterile neutrinos can prevent further ther-
malization.
The amount of thermalization depends on both gX and

GX , and in Fig. 2 we show ∆Neff as a function of both.
It shows that thermalization can be almost completely
blocked by the presence of the new interaction for high
values of GX and low values of gX .
Another interesting observation is that the degree of

thermalization depends almost entirely on the mass of the
new boson, MX , not on the dimensionless coupling gX .
This can be understood qualitatively from the following
simple argument: At high temperature the production
of sterile neutrinos is suppressed by rapid scattering (the
quantum Zeno effect), but as soon as production com-
mences the thermalization rate of a sterile neutrino can
be approximated by

Γt ∼ Γ sin2(2θm), (9)

where Γ is the rate with which “flavor content” (in this
context meaning active vs. sterile) is measured by the
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FIG. 5: The active neutrino distribution for different tem-
peratures. The parameters used are GX = 3 · 102GF and
gX = 0.025. This corresponds to a hidden boson with the
mass MX = 424 MeV.

because the energy redistribution becomes more efficient.
However, when MX is decreased the suppression of oscil-
lations due to the effect of MX on the matter potential
quickly wins and ∆Neff decreases rapidly with decreas-
ing MX . Therefore ∆Neff > 1 can only occur in a limited
transition region of MX if it occurs at all (which depends
on the mixing parameters, δm2 and sin2(2θ)).
Finally, we again stress that our treatment is only con-

sistent if MX ! T for any temperature relevant to our
calculation. For the typical mass differences favoured by
SBL measurements the production of sterile neutrinos
takes place at temperatures well below 100 MeV and we
have taken this as a representative minimum mass for the
new boson. Note that such a low mass would be com-
pletely excluded for a boson coupling to the active sector
[19]. However, provided that the coupling is diagonal in
“flavor” such that X couples only to the sterile state,
such bounds are irrelevant.
Big Bang Nucleosynthesis (BBN).— Apart from the

additional energy density in the sterile sector the oscilla-
tions can have another important effect, namely a distor-
tion of the active neutrino distribution. This can happen
even after neutrino decoupling because energy can still
be transferred between the active and sterile sectors after
the active neutrino decouples from the plasma. In mod-
els where the active-sterile conversion is delayed, such as
the one presented here or models with a non-zero lepton
asymmetry [10] this can in certain cases be the dominant
cosmological effect. The reason is that the electron neu-
trino takes part in the nuclear reaction network relevant
for Big Bang Nucleosynthesis (see e.g. [10]). Even if the
sterile neutrino mixes primarily with νµ or ντ , active-
active oscillations will transfer part of the distortion to
the electron sector. However, a detailed investigation of
this effect is beyond the scope of the present paper and

here we simply point out that interesting effects on BBN
might occur. For illustration we show in Fig. 5 how the
active distribution can vary as a function of temperature
relative to its unperturbed state, f0.

Discussion.— We have demonstrated that additional
self-interactions of a sterile neutrino can prevent its ther-
malization in the early Universe and in turn make sterile
neutrinos compatible with precision cosmological obser-
vations of structure formation. Arguably the model dis-
cussed here is more natural than invoking a non-zero lep-
ton asymmetry, relying only on the sterile sector possess-
ing interactions similar to those in the standard model.
In order for the model to work the new gauge boson me-
diating the interaction must be significantly lighter than
MZ , but can easily be heavy enough that no significant
background of such particles can exist at late times. We
finally note that if this scenario is indeed realized in na-
ture, future precise measurements of Neff will effectively
pinpoint the mass of the hidden gauge boson. In sum-
mary, the framework presented here presents a natural
way of reconciling short baseline neutrino experiments
with precision cosmology.

Acknowledgments.—We thank Georg Raffelt for valu-
able comments on the manuscript.

[1] J. Kopp, P. A. N. Machado, M. Maltoni and T. Schwetz,
JHEP 1305, 050 (2013) [arXiv:1303.3011 [hep-ph]].

[2] C. Giunti, M. Laveder, Y. F. Li and H. W. Long, Phys.
Rev. D 87, 013004 (2013) [arXiv:1212.3805 [hep-ph]].

[3] S. Schael et al., Phys. Rept. 427, 257 (2006).
[4] P. A. R. Ade et al., arXiv:1303.5076
[5] M. Archidiacono, N. Fornengo, C. Giunti, S. Hannestad

and A. Melchiorri, Phys. Rev. D 87, 125034 (2013).
[6] S. Hannestad, Prog. Part. Nucl. Phys. 65, 185 (2010).
[7] Y. Y. Y. Wong, Ann. Rev. Nucl. Part. Sci. 61, 69 (2011).
[8] J. Lesgourgues and S. Pastor, Adv. High Energy Phys.

2012, 608515 (2012).
[9] S. Hannestad, I. Tamborra and T. Tram, JCAP 1207,

025 (2012).
[10] N. Saviano, A. Mirizzi, O. Pisanti, P. D. Serpico,

G. Mangano and G. Miele, Phys. Rev. D 87, 073006
(2013).

[11] K. Kainulainen and A. Sorri, JHEP 0202, 020 (2002).
[12] R. Barbieri and A. Dolgov, Nucl. Phys. B 349, 743

(1991).
[13] K. Enqvist, K. Kainulainen and J. Maalampi, Nucl. Phys.

B 349, 754 (1991).
[14] B.H.J. McKellar and M.J. Thomson, PRD 49, 2710

(1994).
[15] G. Sigl and G. Raffelt, Nucl. Phys. B 406, 423 (1993).
[16] K. Enqvist, K. Kainulainen and M. J. Thomson, Nucl.

Phys. B 373, 498 (1992).
[17] L. Stodolsky, Phys. Rev. D 36, 2273 (1987).
[18] S. Hannestad, H. T. Janka, G. G. Raffelt and G. Sigl,

Phys. Rev. D 62, 093021 (2000)
[19] M. S. Bilenky and A. Santamaria, hep-ph/9908272.
[20] S. Hannestad, R. S. Hansen and T. Tram, JCAP 1304,

Tension with BBN 

GX = 3⋅10
2GF

gX = 0.025
MX = 424MeVgX = 0.01

MX >100 MeV



Future perspectives? 



Euclid 

 0.13  0.132  0.134  0.136  0.138  0.14  0.142

!
m

 0.675

 0.68

 0.685

 0.69

 0.695

 0.7

 0.705

 0.71

 0.715

 0.72

 0.725

h

 0.13  0.132  0.134  0.136  0.138  0.14  0.142

!
m

 0.675

 0.68

 0.685

 0.69

 0.695

 0.7

 0.705

 0.71

 0.715

 0.72

 0.725

h

 0.13  0.132  0.134  0.136  0.138  0.14  0.142

!
m

 0.675

 0.68

 0.685

 0.69

 0.695

 0.7

 0.705

 0.71

 0.715

 0.72

 0.725

h

 0.13  0.132  0.134  0.136  0.138  0.14  0.142

!
m

 0.675

 0.68

 0.685

 0.69

 0.695

 0.7

 0.705

 0.71

 0.715

 0.72

 0.725

h

 0.13  0.132  0.134  0.136  0.138  0.14  0.142

!
m

 0.675

 0.68

 0.685

 0.69

 0.695

 0.7

 0.705

 0.71

 0.715

 0.72

 0.725

h

 0.13  0.132  0.134  0.136  0.138  0.14  0.142

!
m

 0.675

 0.68

 0.685

 0.69

 0.695

 0.7

 0.705

 0.71

 0.715

 0.72

 0.725

h

-1.2 -1.1 -1 -0.9 -0.8

w
0

 0

 0.05

 0.1

 0.15

 0.2

⌃
m

⌫ 
 [
e
V
]

-1.2 -1.1 -1 -0.9 -0.8

w
0

 0

 0.05

 0.1

 0.15

 0.2

⌃
m

⌫ 
 [
e
V
]

-1.2 -1.1 -1 -0.9 -0.8

w
0

 0

 0.05

 0.1

 0.15

 0.2

⌃
m

⌫ 
 [
e
V
]

-1.2 -1.1 -1 -0.9 -0.8

w
0

 0

 0.05

 0.1

 0.15

 0.2

⌃
m

⌫ 
 [
e
V
]

-1.2 -1.1 -1 -0.9 -0.8

w
0

 0

 0.05

 0.1

 0.15

 0.2

⌃
m

⌫ 
 [
e
V
]

-1.2 -1.1 -1 -0.9 -0.8

w
0

 0

 0.05

 0.1

 0.15

 0.2

⌃
m

⌫ 
 [
e
V
]

 1.7  1.8  1.9  2  2.1  2.2  2.3  2.4

N
eff

ml

 0

 0.05

 0.1

 0.15

 0.2

⌃
m

⌫ 
 [
e
V
]

 1.7  1.8  1.9  2  2.1  2.2  2.3  2.4

N
eff

ml

 0

 0.05

 0.1

 0.15

 0.2

⌃
m

⌫ 
 [
e
V
]

 1.7  1.8  1.9  2  2.1  2.2  2.3  2.4

N
eff

ml

 0

 0.05

 0.1

 0.15

 0.2

⌃
m

⌫ 
 [
e
V
]

 1.7  1.8  1.9  2  2.1  2.2  2.3  2.4

N
eff

ml

 0

 0.05

 0.1

 0.15

 0.2

⌃
m

⌫ 
 [
e
V
]

 1.7  1.8  1.9  2  2.1  2.2  2.3  2.4

N
eff

ml

 0

 0.05

 0.1

 0.15

 0.2

⌃
m

⌫ 
 [
e
V
]

 1.7  1.8  1.9  2  2.1  2.2  2.3  2.4

N
eff

ml

 0

 0.05

 0.1

 0.15

 0.2

⌃
m

⌫ 
 [
e
V
]

 0.13  0.132  0.134  0.136  0.138  0.14  0.142

!
m

 1.7

 1.8

 1.9

 2

 2.1

 2.2

 2.3

 2.4

N
e
f
f

m
l

 0.13  0.132  0.134  0.136  0.138  0.14  0.142

!
m

 1.7

 1.8

 1.9

 2

 2.1

 2.2

 2.3

 2.4

N
e
f
f

m
l

 0.13  0.132  0.134  0.136  0.138  0.14  0.142

!
m

 1.7

 1.8

 1.9

 2

 2.1

 2.2

 2.3

 2.4

N
e
f
f

m
l

 0.13  0.132  0.134  0.136  0.138  0.14  0.142

!
m

 1.7

 1.8

 1.9

 2

 2.1

 2.2

 2.3

 2.4

N
e
f
f

m
l

 0.13  0.132  0.134  0.136  0.138  0.14  0.142

!
m

 1.7

 1.8

 1.9

 2

 2.1

 2.2

 2.3

 2.4

N
e
f
f

m
l

 0.13  0.132  0.134  0.136  0.138  0.14  0.142

!
m

 1.7

 1.8

 1.9

 2

 2.1

 2.2

 2.3

 2.4

N
e
f
f

m
l

Figure 4. Marginalised joint two-dimensional 68% and 95% credible contours from the CMB+clusters
data set (“ccl”, blue), CMB+shear+galaxies (“csgx”, green), and all data sets (“csgxcl”, black) for
various parameters, using the default binning configuration of Nbin = 10 for the cluster data.

fluctuation amplitude.
Interestingly, a non-standard radiation content as parameterised by N

ml

e↵

, although it has
no direct e↵ect on the late-time expansion or growth history, is exceptionally well constrained
by CMB+clusters. This can be understood as follows: using CMB data alone, Nml

e↵

is strongly
degenerate with !

m

and h. However, because the cluster mass function is directly sensitive
to !

m

and h, it very e↵ectively lifts any degeneracy of these parameters with N

ml

e↵

when used
in combination with CMB data. As shown in the lower right panel of figure 4, very little
degeneracy remains between N

ml

e↵

and !

m

for the CMB+clusters data set. A more telling
illustration of how the binned cluster data removes the (N

e↵

,!

m

)-degeneracy can be found
in the right panel of figure 3: Here, when only one redshift and mass bin is used, the cluster
mass function is primarily sensitive to the fluctuation amplitude on small scales so that the
(N

e↵

,!

m

)-degeneracy persists in the CMB+clusters fit. However, as soon as access to the
linear growth function and some shape information become available through as little as
Nz = N

m

= 2 bins, the degeneracy becomes broken because of the growth function’s direct
dependence on ⌦

m

and of the normalisation’s dependence on !

m

.

7.3 Combining all data sets: constraints on neutrino parameters

Perhaps the most noteworthy result of table 1 is that, while CMB+shear+galaxies (“csgx”)
and CMB+clusters (“ccl”) are well-suited to measuring di↵erent parameters and are hence in
a sense complementary to each other, the combined usage of all data sets, i.e., the “csgxcl”
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CMB+clusters 
CMB+shear+galaxies 

Neff
fid = 2.046

Σmν = 0.06 eV

More than 5σ detection of neutrino mass 

Euclid produces a legacy dataset with images and 
photometry of more than a billion galaxies and several 
million spectra, out to high redshifts z > 2.  
 

σ (Neff ) = 0.019
σ (Σmν ) = 0.0098 eV
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Figure 8. Marginalised posterior probability density for the sum of neutrino masses from a “csgx”
fit, where the analysis has been performed in the 1+2, 2+1, and 3+0 schemes. The fiducial model has
∑

mν = 0.11 eV (marked by the dotted vertical line) and assumes the normal (left) and the inverted
(right) hierarchy, respectively. The shaded area indicates the minimal 68%-credible interval for the
worst-fitting scenario.

these two sets is analysed using three different approximate models for the neutrino mass
spectrum:

• “1+2”: 1 massive state, 2.046 massless states

• “2+1”: 2 degenerate massive states, 1.046 massless state

• “3+0”: 3 degenerate massive states, 0.046 massless state

The choice of
∑

mν = 0.11 eV as the fiducial sum is motivated by the fact that it is roughly
the minimum value allowed by the inverted hierarchy according to equation (6.3).

Figure 8 shows the one-dimensional marginalised posteriors for
∑

mν from our six fits,
using a combination of Planck CMB, galaxy (no bias marginalisation), shear, and shear-
galaxy cross-correlation data (“csgx”, using the notation of table 1). Expectably, of the
seven free parameters in our model, the estimation of

∑

mν is most strongly affected by
how we choose to model the neutrino mass spectrum. Even so, the bias in the inference of
∑

mν caused by a bad model choice is at worst a 1σ effect, one that we can easily live with.
Likewise, in all cases, the goodness-of-fit as quantified by the model’s best-fit χ2

eff suffers only
a degradation of at most ∆χ2

eff = 0.9 relative to the true model, indicating that the data show
no strong preference for any particular neutrino mass spectrum. We therefore conclude that
even under the best circumstances, the combination of Planck and Euclid data will not
be able to probe directly the neutrino mass hierarchy, and hence, an exact modelling of the
neutrino mass spectrum for the purpose of cosmological parameter inference is unnecessary.

Finally, we observe in figure 8 that for both the normal and the inverted hierarchy,
the 2+1 scheme appears to be the most unbiased approximation. While this makes perfect
sense for the inverted hierarchy given the fiducial sum of

∑

mν = 0.11 eV, we note that
in the normal hierarchy, this fiducial model in fact corresponds to one state with a 0.05 eV
mass, and two almost degenerate, slightly lighter states at 0.03 eV. The best approximate
mass spectrum should therefore lie somewhere between the 1+2 and the 3+0 models. The
2+1 scheme happens to satisfy this “in-between” requirement and hence provide an almost
unbiased fit to the mock data, although strictly speaking it is a very poor approximation to
the underlying physics.
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Δχ 2 ≤ 0.9

Σmν = 0.11 eV



Conclusions 
 
ü Despite the progress of precision cosmology, Neff is still an open 

question. 

ü The tension between cosmology and Short BaseLine exacerbates 
the debate: light sterile neutrinos are too massive for cosmology 

ü Solutions à tension with BBN 

ü  Euclid: final answer on the mass sum, but not on the single mass 
eigenstate 


