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Abstract. Sterile neutrinos with a mass in the eV range have been invoked as a possible
explanation of a variety of short baseline (SBL) neutrino oscillation anomalies. However, if
one considers neutrino oscillations between active and sterile neutrinos, such neutrinos would
have been fully thermalised in the early universe, and would be therefore in strong conflict
with cosmological bounds. In this study we first update cosmological bounds on the mass
and energy density of eV-scale sterile neutrinos. We then perform an updated study of a
previously proposed model in which the sterile neutrino couples to a new light pseudoscalar
degree of freedom. Consistently with previous analyses, we find that the model provides a
good fit to all cosmological data and allows the high value of H0 measured in the local universe
to be consistent with measurements of the cosmic microwave background. However, new high
` polarisation data constrain the sterile neutrino mass to be less than approximately 1 eV in
this scenario. Finally, we combine the cosmological bounds on the pseudoscalar model with
a Bayesian inference analysis of SBL data and conclude that only a sterile mass in narrow
ranges around 1 eV remains consistent with both cosmology and SBL data.ar
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1 Introduction

Recent cosmological results have confirmed the success of the Lambda Cold Dark Matter
(ΛCDM) model over a wide range of redshifts and scales. Nevertheless, as the precision of
cosmological data increases, tensions among different data sets appear, most notably the
4.4σ tensions between the value of the Hubble constant H0 in the early Universe and the
one in the late Universe. The former is inferred from the Cosmic Microwave Background
(CMB) data by Planck [1]. The latter comes from direct measurement of various observables
with different techniques1: building a cosmic distance ladder by calibrating the SuperNovae
luminosity distance with variable stars (e.g., the Cepheids of the SHOES project [4], and the
Mira variables [5]) or with the Tip of the Red Giant Branch [6], using gravitational waves
from neutron star mergers as standard sirens [7], or the different ages of galaxies as cosmic
clocks [8, 9], estimating the time delay distance between multiple images of distant quasars
induced by strong gravitational lensing (H0LiCOW [10]), measuring the angular diameter
distance by observing water maser in an accretion disk of supermassive black holes [11], or
using the baryonic Tully-Fisher relation [12]. This tension has generated a strong debate
whether it is caused by unaccounted systematics [13] or it is the signal of new physics2 either
in the early Universe [15] or in the late Universe, with the latter option being less viable due
to the SN and Baryonic Acoustic Oscillations (BAO) constraints at z . 2 [16–18].

One possibility which modifies both the early- and late-time Universe is the addition
of light sterile neutrinos. Such particles have been hinted at by a number of terrestrial
experiments. The effect of such neutrinos on cosmological observables has been investigated
numerous times in the literature (see e.g. [19–32]). With the advent of precision CMB
measurements by the Planck mission it became clear that light sterile neutrinos in themselves
do not resolve the H0 tension. However, we previously demonstrated that sterile neutrinos

1See Ref. [2, 3] for recent reviews on the H0 tension.
2For a discussion of possible solutions see [14] and references therein.
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with a coupling to a new, massless pseudoscalar alleviate the H0 tension and lead to a
significantly improved fit to observables [33–35]3.

Here we re-examine the effect of sterile neutrinos, both with and without additional self-
interactions, on cosmology. The aim is to provide updated constraints on our Pseudoscalar
model in light of the latest Planck measurements, and in combination with recent results from
ground-based sterile neutrino searches. To this end we proceed as follows: Section 2 contains
an outline of the model framework we use. Section 3 provides a description of our parameter
estimation methodology. In Section 4 we present our main cosmological results, and in
Section 5 we combine them with an up-to-date global fit of neutrino oscillation experiments.
Finally in Section 6 we draw our conclusions.

2 Pseudoscalar sterile neutrino interactions

The models we investigate all have a light, sterile neutrino in addition to the standard
neutrino sector. Besides providing updated constraints on the presence of such particles
from the latest cosmological data, we will also reinvestigate constraints on a model in which
the sterile neutrinos are coupled to a new, very light pseudoscalar degree of freedom.

2.1 “Vanilla” sterile neutrinos

We take the simple model which has a non-coupled sterile neutrino to be described in terms of
only two parameters: the physical sterile neutrino mass, ms

4, and the effective contribution
to the energy density in the relativistic regime, ∆Neff . While this parametrisation does not
completely capture all physical aspects of the sterile sector (for example the exact relation
between ∆Neff , ms, and the late-time contribution to the energy density Ω depends on
the specific late-time sterile distribution function), it is adequate for the analysis of current
cosmological data. We will assume that the sterile neutrino has the same temperature as
standard model neutrinos5 so that the energy density in the relativistic regime is given by

ρs = ∆Neffρν , (2.1)

and in the non-relativistic regime by

ρs = ∆Neffmsnν , (2.2)

where ρν and nν are the energy density and number density of completely decoupled standard
model neutrinos.

2.2 Pseudoscalar interactions

Next, we will derive current constraints on a model first proposed in [33]. In this model the
sterile neutrinos couple to a new, and effectively massless pseudoscalar degree of freedom.
Such an additional interaction leads to rapid pair-annihilation and disappearance of the sterile

3Neutrino interactions either of a different kind (vector-like sterile neutrino self-interactions [36, 37]) or
extended to the active neutrino sector [38–44] have been extensively studied over the past few years. However,
most of these models turns out to be severely constrained either by cosmological bounds on the sum of neutrino
masses and on the free-streaming of active neutrinos [45–50], or by laboratory limits [51, 52].

4A sterile neutrino is a flavor eigenstate and it has no definite mass. Here we approximate m4 ' ms thanks
to the fact that, in 3+1 models, the fourth mass eigenstate is mainly mixed with the sterile flavour eigenstate.

5This assumption is corroborated by results obtained e.g. in [53].
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neutrinos below a temperature corresponding to the mass. This was first suggested as a way
of reconciling a large mass in the active neutrino sector with cosmological measurements,
a model dubbed the “neutrinoless universe” [54]. However, while this model does avoid an
overly large suppression of the matter power spectrum, it leads to very significant changes to
the CMB spectrum, and at present it is unclear whether the model can be reconciled with
cosmological data.

Contrary to this, it was shown in [33] that if the pseudoscalar couples only to the sterile
neutrino a very good fit to cosmological data can be obtained. Furthermore, it was demon-
strated that the model predicts a value of the Hubble parameter almost exactly identical
to the one measured in the local universe. This finding was confirmed in [34, 35] which
considered more recent data sets.

Our parameterisation of the model is as follows (see [34] for a more detailed discussion):

• Around the epoch of standard model neutrino freeze-out the total energy density in
standard model neutrinos, sterile neutrinos, and pseudoscalars is given by Neff , where
N std

eff = 3.046 [55] (see also [53, 56–58]) for pure standard model neutrinos. However, we
will in general allow for extra energy density in the combined fluid so that Neff can be
larger. As demonstrated in [33], if the dimensionless coupling is larger than g ∼ 10−6,
the production of sterile neutrinos is delayed until the time of active neutrino decou-
pling, which roughly coincides with the onset of Big Bang Nucleosyntheisis. Therefore,
the BBN bounds on Neff are evaded [59].

• Subsequent to neutrinos decoupling from the electromagnetically interacting plasma,
the energy in the neutrino-pseudoscalar sector is redistributed by oscillations, so that
the sterile plus pseudoscalar sector ends up with a fraction of (4/7+1)/(4/4+4) = 11/32
of the total energy density, while the remaining fraction 21/32 goes in the active sector.

• After this happens, the active and the sterile-pseudoscalar components are completely
separated and do not exchange neither energy nor momentum, provided that the di-
mensionless coupling is larger than g ∼ 10−6. In this case the sterile neutrinos and
pseudoscalars become very strongly coupled prior to the sterile neutrinos becoming
non-relativistic. Therefore, the combined system can be treated as a single fluid with a
well-defined energy density and equation of state. Once the temperature drops below
the sterile neutrino mass, its entropy is transferred to the pseudoscalar so that any
sterile rest mass is converted to additional energy in the pseudoscalar component.

3 Methodology and data

We compute the theoretical predictions for the cosmological quantities by means of the Boltz-
mann solver CLASS [60–62], while its python counterpart MontePython [63, 64] is responsible
for computing the cosmological likelihoods and performing the Markov Chain Monte Carlo
(MCMC). In order to consider the model described in subsection 2.2, we modified the public
CLASS code to take into account the presence of the new particle.

We compute the constraints with the MCMC generator provided by MontePython and
scan the parameter space of our cosmological models. Being both models based on the
standard ΛCDM model, they have six free parameters in common: the baryon and cold dark
matter energy densities (ωb, ωc), the angular size of the sound horizon at recombination
(θs), the reionization optical depth (τ), the amplitude and tilt of the spectrum of primordial
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curvature fluctuations (As, ns). All these parameters are sampled with a uniform prior
without bounds. The additional parameters used to describe the neutrino sector are the
mass of the sterile neutrino ms, and the number of additional relativistic degrees of freedom
∆Neff .

Within this extended ensemble of parameters we explore three different neutrino sce-
narios:

Vanilla: the active neutrino sector is described by massless neutrinos providing the standard
N std

eff = 3.046 [55], which is kept fixed; the effect of sterile neutrinos is embedded into
∆Neff ≥ 0, which is free to vary, as well as its mass 0 ≤ ms/eV ≤ 10;

Thermal: same as Vanilla, but here ∆Neff is fixed to 1 to reproduce the case of one fully
thermalized sterile neutrino;

Pseudoscalar: (sometimes abbreviated to “Pseudo”,): as in the Vanilla case, we have a
total Neff = N std

eff + ∆Neff given by the fixed N std
eff = 3.046 plus the varying ∆Neff ≥ 0,

however here the total Neff = N std
eff + ∆Neff energy density is split into a fraction 21/32

for the active (massless) sector and a fraction 11/32 that represents the pseudoscalar -
sterile fluid. The sterile neutrino has again a mass 0 ≤ ms/eV ≤ 10 (see Section 2).

The constraints on our parameters are computed by fitting CMB and H0 observations.
We use the most recent measurements of the CMB temperature, polarisation, and lensing
spectra by Planck [1, 65]. The computational details on the Planck likelihood are extensively
reported in [66]. In order to disentangle the effects of temperature and polarization, we
consider either “Planck TT”, which includes low multipoles information on temperature and
polarisation and only temperature measurements at high multipoles, or “Planck TTTEEE”,
which also includes polarisation at high multipoles. We also test the impact of a prior that
takes into account the most recent determination of the Hubble parameter today, H0 =
74.03 ± 1.42 km/s/Mpc from [4] (hereafter we will refer to this prior as R19). Finally, we
add “Planck lensing” and a combination of Baryonic Acoustic Oscillations (BAO)6 to test
the impact of the information on low redshift matter distribution.

4 Results

In Table 1 we report the mean values with 68% intervals or the 95% upper limits for the
neutrino parameters, for H0 and for ns obtained by fitting five data combinations (Planck
TT-only, Planck TTTEEE, Planck TTTEEE + R19, Planck TTTEEE + lensing + BAO,
and Planck TTTEEE + lensing + BAO + R19) to the three models described above.

The 95% upper bounds on ∆Neff are about a factor 3 tighter in the Vanilla case with
respect to the Pseudoscalar model, and in both scenarios the inclusion of high-` E-mode
polarisation makes them more stringent than when considering Planck TT only. The bounds
are further tightened by adding lensing and BAO, while the H0 prior acts in the opposite
direction. Indeed, as expected, the inclusion of R19 relaxes the limit on ∆Neff in the Vanilla
case, while in the Pseudoscalar model it leads to a > 2σ evidence in favor of a non-zero value
of the extra relativistic component. The reason why the bounds on ∆Neff are relaxed in the
Pseudoscalar model with respect to the Vanilla model is that the extra relativistic component

6The BAO considered here are: BOSS DR12 [67], and the low redshift (hereafter dubbed “small z”) 6dFGS
[68] and SDSS MGS [69].
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Vanilla Pseudo Thermal Vanilla Pseudo Thermal

Parameter Planck TT

∆Neff < 0.28 < 0.86 1

ms [eV] < 8.77 3.1+1.3
−1.1 < 0.44

H0 [km/s/Mpc] 67.5+1.0
−1.1 72.2+1.7

−2.9 74.2+2.1
−1.2

ns 0.964+0.007
−0.007 0.971+0.014

−0.013 1.002+0.007
−0.006

Parameter Planck TTTEEE ... + R19

∆Neff < 0.20 < 0.56 1 < 0.47 0.38+0.15
−0.15 1

ms [eV] n.c. < 1.14 < 0.91 < 7.58 < 1.19 < 0.22

H0 [km/s/Mpc] 67.8+0.7
−0.7 71.6+1.1

−1.6 73.3+2.1
−0.5 69.6+0.8

−1.3 72.8+1.1
−1.2 74.1+0.9

−0.7

ns 0.965+0.005
−0.005 0.951+0.006

−0.008 0.999+0.007
−0.004 0.975+0.006

−0.008 0.957+0.006
−0.006 1.001+0.004

−0.004

Parameter ... + lensing + BAO ... + lensing + BAO + R19

∆Neff < 0.14 < 0.41 1 < 0.43 0.34+0.14
−0.15 1

ms [eV] n.c. < 1.03 < 0.28 n.c. < 1.08 <0.24

H0 [km/s/Mpc] 68.1+0.4
−0.5 70.0+0.7

−1.1 73.3+0.8
−0.7 69.2+0.5

−1.1 71.4+0.9
−1.0 73.5+0.7

−0.6

ns 0.966+0.004
−0.004 0.944+0.005

−0.006 0.999+0.004
−0.004 0.972+0.005

−0.007 0.950+0.005
−0.005 0.999+0.004

−0.004

Table 1: 68% intervals or 95% upper limits for neutrino parameters, H0 and ns, obtained
by fitting Planck TT-only, Planck TTTEEE, Planck TTTEEE + R19, Planck TTTEEE +
lensing + BAO, and Planck TTTEEE + lensing + BAO + R19, to the Vanilla, Pseudoscalar,
and Thermal models.

is not free-streaming, hence it does not induce the typical phase shift and suppression of the
CMB acoustic peaks [70] (we will further discuss the impact of free-streaming vs. interacting
∆Neff on the CMB in Section 4.1).

In the Vanilla case, the physical mass is either unconstrained (Planck TTTEEE) or it
has a limit that is very much affected by the prior boundaries, as a consequence of the well
known fact that large ms values are allowed if ∆Neff is close to zero. In the Thermal case,
the 95% upper bound on ms from TTTEEE is a factor 2 larger than with TT-only, simply
because looser constraints help to resolve tensions that are more dramatic in the presence of
polarization data; this mechanism is broken by the inclusion of lensing and BAO, and the
most stringent bound is obtained with the R19 prior because of the anti-correlation between
the hot dark matter density and the Hubble constant. In the Pseudoscalar model, there
is an evidence for a non zero sterile neutrino mass when fitting only TT: ms = 3.1+1.3

−1.1 eV
(68% c.l.). This evidence is removed by the inclusion of the high-` E-mode polarisation data,
which restricts the range of the sterile neutrino mass values to ms < 1.14 eV at 95% c.l..
The additional R19 prior does not change the result significantly (ms < 1.19 eV at 95% c.l).
This point has an impact on the consistency between cosmology and sterile neutrino searches
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Figure 1: Marginalized 1D posterior of H0 obtained by fitting Planck TTTEEE data.

with oscillation experiments, thus, it deserves a dedicated discussion (see next Section 4.1).
It should also be noted here that the constraint on the pseudoscalar mass is much tighter
than found in our previous analysis [35] due to the addition of the new high-` polarisation
data.

The slope of the primordial power spectrum is consistent with the ΛCDM values from
Planck 2018 [1] in the Vanilla case, while the Thermal case prefers a scale-invariant Harrison-
Zeldovich power spectrum. Notice that in the Pseudoscalar fit of TT-only the ns mean value
is slightly shifted towards larger values and, what is most, the 1σ uncertainty is twice larger
than in the Vanilla and Thermal cases. This broader range of allowed ns values shrinks once
polarization is taken into account; we will further elaborate on this, in connection with the
ms bounds, in the next Section 4.1.

In Figure 1 we show the unnormalized posterior for H0 obtained by fitting Planck
TTTEEE to the three models. Concerning the mean values of H0, for every data combination
we have HVanilla

0 < HPseudoscalar
0 < HThermal

0 . The opposite inequality holds for the number
of σ of tension with R19. Indeed, in the Thermal scenario the tension is always below 1σ,
while the Vanilla scenario has a tension of 3.8σ (3.9σ) when fitting TT (TTTEEE), which
exacerbates when adding lensing and BAO, and which remains significant even including the
R19 prior (2.7σ). Concerning our Pseudoscalar model, the tension is below 1σ when fitting
TT only, while it becomes slightly larger including polarisation (1.3σ), and it increases above
2σ with lensing and BAO; applying the R19 prior, with and without large scale structures,
the tension decreases below 1σ.

These considerations are confirmed by the χ2 values in the last three columns of Table 2:
the Thermal case perfectly reproduces the local value of H0, thus, the R19 prior has χ2 = 0
in such case. However, the χ2 values also show that the Thermal case pays the price of a
very poor fit of CMB temperature and polarization data, thus, the total ∆χ2 with respect
to the Vanilla case is still large. On the contrary, in our Pseudoscalar model the fit of CMB
temperature and polarization data, although worse than in the Vanilla scenario (see Figure
2 upper panels), is still reasonable enough to yield a total ∆χ2 = −1 in combination with
the R19 prior. Notice that the largest contribution to the Pseudoscalar ∆χ2 comes from
the high-` E-mode polarisation data, which is also responsible for the reduced upper bound
on ms that we already mentioned and that will be further discussed in the next Section.
Concerning the impact of large scale structures, the differences in ∆χ2 of Planck TTTEEE
+ lensing + BAO are pretty much the same as in Planck TTTEEE, for all three models,
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Vanilla Pseudo Thermal Vanilla Pseudo Thermal

Dataset Planck TT
Planck low-` TT 23.6 21.4 20.2
Planck low-` EE 395.7 396.4 395.9
Planck high-` TT 760.6 767.3 774.0
Total χ2 1180.0 1185.0 1190.1
Total ∆χ2 0 5 10

Dataset Planck TTTEEE ... + R19

Planck low-` TT 23.5 24.0 20.3 21.5 23.3 20.3
Planck low-` EE 395.8 396.6 396.6 396.9 395.9 397.3
Planck high-` TTTEEE 2346.3 2357.6 2380.5 2355.1 2358.6 2378.5
R19 −− −− −− 6.4 1.0 0.0

Total χ2 2765.6 2778.1 2797.3 2779.8 2778.8 2796.0
Total ∆χ2 0 12.5 31.5 0 −1.0 16.2

Dataset ... + lensing + BAO ... + lensing + BAO + R19

Planck low-` TT 23.2 26.3 20.7 21.6 24.5 20.5
Planck low-` EE 396.6 395.9 395.9 395.7 395.8 398.6
Planck high-` TTTEEE 2348.5 2358.9 2381.3 2354.1 2358.4 2379.6
Planck lensing 8.8 9.2 10.8 10.5 11.3 9.8
BAO DR12 3.8 3.3 3.7 3.5 4.3 3.8
BAO small z 1.5 1.8 2.4 2.2 2.9 2.5
R19 −− −− −− 7.5 5.0 0.1

Total χ2 2782.3 2795.3 2814.7 2795.2 2802.2 2814.8
Total ∆χ2 0 13.0 32.4 0 7.0 19.6

Table 2: Best-fit χ2 values of each individual dataset for each dataset combination and for
each model.

indicating that they have a similar behaviour at low redshift (see Figure 2 lower panels).
However, in the Pseudoscalar model the fit to BAO data requires a larger value of Ωm, which
in turns leads to a smaller value of both ∆Neff and H0. As a consequence, the consistency
with R19 is reduced in the combined fit Planck TTTEEE + lensing + BAO + R19.

4.1 CMB phenomenology in the pseudoscalar model

In order to better understand why the addition of high-l polarisation data so severely con-
strains the mass of the sterile neutrino we have investigated the effect of the pseudoscalar
model on CMB anisotropies in more detail. In the left panel of figure 3 we show the angular
scale of the sound horizon, θs, for three different cases:

Pseudoscalar: The full Pseudoscalar model with Npseudo = 1 and ms = 1 eV.

Massless: The Thermal model with one massless sterile neutrino, corresponding to Nν =
4.046 massless, non-interacting neutrinos.

Sterile: The Thermal model with one massive sterile neutrino, with the same mass as in
the Pseudoscalar model (ms = 1 eV), but no interactions.
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Figure 2: Upper panels: Percentage relative difference in temperature (upper left panel) and
polarization (upper right panel) between the Pseudoscalar best-fit of TT (blue solid lines) and
of TTTEEE (orange dashed lines) and the Planck 2018 best-fit. The data points with error
bars show the Planck 2018 measurements. Lower left panel: CMB lensing power spectrum of
the Planck 2018 best-fit, and Pseudoscalar best-fit of TT (blue solid line), TTTEEE (orange
dashed line), and TTTEEE + lensing + BAO (green dot-dashed line). Lower right panel:
Ratio between the volume distance (DV ) divided by the size of the sound horizon at baryon
drag (rd) in the Pseudoscalar best-fit (same colour coding as in the plot of CMB lensing) and
in Planck 2018 best-fit. The BAO measurements are: SDSS MGS [69], 6DFGS [68], BOSS
DR12 [67], WiggleZ [71], DR14 LRG [72], SDSS quasar [73]. Notice that only SDSS MGS,
6DFGS, BOSS DR12 are included in the analysis.

Let us first consider the case where the value of the Hubble parameter is h = 0.7. As
can be seen from the left panel of Figure 3, the Sterile case has a different angular scale
of the sound-horizon due to the additional late-time energy density. In the upper panels of
Figure 4 we show the corresponding relative difference in the CTT` and CEE` spectra for fixed
h = 0.7. The differences of both the Massless and the Pseudoscalar are oscillating, indicating
that the peak-structure of the models does not align. In order to better compare the impact
on observables we may also fix the angular scale of the sound-horizon at recombination, θs,
to be identical in the three cases (which then leads to different values of h). The Hubble rate
as a function of redshift for the three cases is shown in the right panel of Figure 3, and the
resulting relative differences in CMB spectra are shown in the lower panels of Figure 4. Now,
while the residual deviation of the Massless is within the observational error, the Pseudoscalar
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Figure 3: Left panel: The effective angular sound horizon as a function of conformal time in
the early Universe with h = 0.7 for the three cases “Pseudoscalar”, “Sterile” and “Massless”
described in the text. The vertical lines mark the conformal time of recombination. Right
panel: Hubble rate for the same models in the late Universe with fixed angular scale of the
sound-horizon at recombination 100× θs = 1.04.
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Figure 4: Relative differences in CTT` (left panels) and CEE` (right panels). The upper
panels have h = 0.7, and the “Sterile” case is clearly more different due to its different
late-time behaviour. The lower panels show the case where the angular sound-horizon at
recombination has been fixed, and this reduces the scatter by a factor 5. Now the “Massless”
and the “Sterile” case are much more similar while the “Pseudoscalar” case stands out.

case stands out in two different ways:

1. There is a residual horizontal peak-shift in both CTT` and CEE` even after θs has been
fixed.

2. The CTT` spectrum shows a coherent increase in power at large ` compared to the other
two cases.
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Figure 5: Marginalized 2D 1σ (dim) and 2σ (light) contours and 1D posterior for a subset
of cosmological parameters (ns, ∆Neff , ms, H0).

The first is a non-trivial phase-shift of the acoustic oscillations in the photon-baryon plasma
due to the fact that in the Pseudoscalar model the sterile sector behaves as fluid rather than
a free-streaming component (see e.g. [70, 74, 75] for a discussion of the phase-shift effect).
The second effect is a reduction in Silk damping at fixed θs due to the different expansion
histories which is also responsible for the well-known ns–Neff correlation [76].

When only CTT` -data is included, the second effect may be compensated by a change
in ns. We can see this in Figure 5, where it is clear that there is a relatively strong corre-
lation between ns, ms, and ∆Neff . Once polarisation is included, ns is much more tightly
constrained and this in turn severely restricts both ms and ∆Neff .

It is now clear why the sterile neutrino mass becomes tightly constrained when polar-
isation data is added, even in the pseudoscalar model where there are no direct late-time
effects of the mass.

5 Short-baseline neutrino oscillations

It is interesting to investigate the implications of the cosmological constraints on the sterile
neutrino mass for short-baseline (SBL) neutrino oscillations. Several SBL neutrino oscillation
experiments are operating or in preparation (see the recent reviews in Refs. [77–79]), moti-
vated by the following three well-known anomalies: 1) the LSND observation of short-baseline
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ν̄µ → ν̄e transitions [80] (the LSND anomaly), somewhat supported by the results of the Mini-
BooNE experiment [81]; 2) the indication of short-baseline νe disappearance [82, 83] in the
GALLEX [84] and SAGE [85] gallium source experiments (the gallium neutrino anomaly);
3) the short-baseline ν̄e disappearance of reactor ν̄e [86] with respect to the theoretical pre-
diction of the reactor ν̄e fluxes [87, 88] (the reactor antineutrino anomaly). Recent global
fits of SBL oscillation data in terms of 3+1 active-sterile mixing found a strong appearance-
disappearance tension [89, 90], mainly due to the stringent MINOS/MINOS+ limits on νµ
disappearance combined with the reactor limits on νe disappearance. However, the oscilla-
tion explanation of the SBL anomalies still cannot be dismissed, taking into account that it
is the only general one that avoids a multitude of different exotic ad-hoc solutions of each
experimental anomaly. It is possible that the appearance-disappearance tension is due to a
misleading interpretation of the data of one or more experiments, for which some systematic
effect has been overlooked. Moreover, the experiments searching for SBL neutrino oscilla-
tions need an indication of the most likely region of the oscillation parameter space for tuning
their sensitivities. Therefore, it is useful to perform a global fit of the SBL data in the 3+1
active-sterile mixing in spite of the appearance-disappearance tension. This strategy is also
in agreement with the Bayesian philosophy that considers the experimental observations as
means to improve our knowledge on a model. A model can be rejected only if there is a better
alternative. Since at present we do not have a general alternative model that can explain
the SBL anomalies, it is appropriate to increase our Bayesian knowledge of 3+1 active-sterile
mixing by performing a Bayesian global analysis of the SBL neutrino oscillation data that
can be compared and combined with Bayesian analyses of cosmological data.

In our analysis we considered the following sets of SBL oscillation data:

νe disappearance: The ratio of the spectra measured at different distance from the source
in the Bugey-3 [91], NEOS [92], DANSS [93], and PROSPECT [94] reactor neutrino
experiments. The ratio of the KARMEN [95] and LSND [96] νe + 12C → 12Ng.s. + e−

scattering data at 18 m and 30 m from the source [97, 98]. The solar neutrino bound [99].

νµ disappearance: The constraints from the analyses of the data of the CDHSW [100],
CCFR [101], SciBooNE-MiniBooNE [102, 103], IceCube [104]7, MINOS/MINOS+ [107],
and atmospheric [108] neutrino experiments.

νµ → νe appearance: The constraints of the BNL-E776 [109], KARMEN [110], NOMAD [111],
ICARUS [112] and OPERA [113] experiments. The LSND data [80] with the χ2 map
calculated by the LSND collaboration taking into account the decay-at-rest and the
decay-in-flight data. The MiniBooNE data [81] according to the official data release in
https://www-boone.fnal.gov/for_physicists/data_release/nue2018/.

We calculated the posterior probability for ms shown in Fig. 6. One can see that there
are significant peaks of the SBL probability (orange) for ms ' 1.14 eV and ms ' 1.72 eV, but
larger values of ms are favored by the SBL data. Since the posterior obtained considering
the Pseudoscalar model and Planck TTTEEE data (blue) has some overlapping with the
peaks at small ms, it is useful to combine the results of the cosmological and SBL analyses
in order to restrict the allowed range of ms. The posterior probability of the combined fit
(green) is maximal at ms ' 1.14 eV and has a significant local maximum at ms ' 1.72 eV,

7We cannot take into account of the new interesting results of the IceCube experiment [105, 106] that
appeared in arXiv during the completion of this work.
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Figure 6: Marginalized 1D posteriors of ms, for SBL, cosmology (corresponding to the
Pseudoscalar model fit of Planck 2018 TTTEEE), and for the combined analysis.

in correspondence of the local peaks of the SBL probability mentioned above. There are also
minor peaks at ms ' 0.64 eV, ms ' 1.32 eV, and ms ' 1.52 eV. On the other hand, the
combination with the cosmological constraints disfavors all the peaks at higher masses that
are allowed by oscillation data alone. We verified that the situation is approximately the
same if instead of the posterior obtained with Planck TTTEEE data alone we also include
a prior on H0. We conclude that the Pseudoscalar model still allows to find a reasonable fit
to SBL and cosmological data together, and the best-fit of the sterile neutrino mass remains
around 1 eV.

6 Conclusions

We presented an updated analysis of how light sterile neutrino parameters can be constrained
using cosmological data. The simplest case we studied is the one we refer to as “Thermal”,
in which the additional sterile state is assumed to be completely thermalised prior to active
neutrino decoupling so that it has the same temperature as the active species. This would
be e.g. the case for the masses and mixings required for a sterile neutrino explanation of
the observed SBL anomalies. In this case we find that the sterile mass is constrained to be
below 0.2-0.9 eV, depending on the combination of data used. Consistent with other recent
analyses we found that, although the presence of a fully thermalised extra neutrino pushes
the value of H0 inferred from CMB up, making it consistent with local measurements, it
comes at the cost of a much poorer fit of CMB data. Without the inclusion of the R19 [4]
Hubble data, the ∆χ2 is larger than 30 compared to the standard ΛCDM. Even when the
R19 prior is included the thermal case is disfavoured by ∆χ2 ∼ 16.

The second case we considered is one where the contribution of steriles to Neff is allowed
to vary (we refer to this as the “Vanilla” case). Not surprisingly we recover the well-known
warm dark matter limit in which the physical mass is poorly constrained because a small
value of ∆Neff allows for a very large sterile neutrino mass. Furthermore, in this case the
preferred value of H0 reverts to the ΛCDM value because ∆Neff is allowed to be small.

Finally, we considered the model studied in [33–35], in which the steriles are charged
under a new pseudoscalar interaction. In this case the sterile neutrinos and pseudoscalars
form a strongly self-interacting fluid long before photon decoupling, but after neutrino de-
coupling. The model provides a specific prediction for the ratio of energy density in the
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sterile+pseudoscalar sector to the energy density in standard model neutrinos. However,
the total energy density in the two components can be modified by e.g. early production of
steriles or pseudoscalars, and we therefore treated ∆Neff as a free parameter in this case. The
Pseudoscalar model is qualitatively different from models with non-interacting steriles, both
because of the lack of free-streaming in the sterile+pseudoscalar component, and because of
the annihilation of steriles to pseudoscalars when the temperature drops below the mass of
the sterile. In the Pseudoscalar model we found that when only CMB temperature measure-
ments are used the mass bound essentially disappears. This is completely consistent with an
earlier analysis using a previous Planck data release [35]. However, once polarisation data at
high ` is added, a large part of the sterile neutrino parameter space is excluded, because the
degeneracy between ms,∆Neff , and ns is broken. This leads to a cosmological upper bound
in the 1 eV range. Consistent with previous analyses, we still find that the Pseudoscalar
model is in good agreement with the local H0 measurement, since it predicts a value of H0

around 72 km s−1 Mpc−1. As a consequence, the combined CMB+R19 fit is slightly better
than the one obtained for the simpler ΛCDM model. This mild preference in favour of the
Pseudoscalar model disappears once CMB lensing and Baryonic Acoustic Oscillations are
included: although the model is consistent with BAO and CMB lensing, with a χ2 similar to
the one of ΛCDM, the value of the Hubble constant is shifted towards smaller values, due to
the Ωm − H0 anti-correlation, hence the consistency with R19 is reduced. Nevertheless, the
H0 tension is alleviated in the Pseudoscalar model with respect to ΛCDM.

Finally, we also performed an analysis of available short baseline data in combination
with cosmology for the pseudoscalar model. Contrary to our previous analyses, the addition
of high-` polarisation data now excludes a large part of the mass range suggested by SBL
data. This is shown in Fig. 6, where one can see that the combined posterior now singles out
narrow intervals around 1 eV as the only viable mass ranges for the sterile neutrino.
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[79] S. Böser, C. Buck, C. Giunti, J. Lesgourgues, L. Ludhova, S. Mertens et al., Status of Light
Sterile Neutrino Searches, Prog. Part. Nucl. Phys. 111 (2020) 103736, [1906.01739].

[80] LSND collaboration, A. Aguilar-Arevalo et al., Evidence for neutrino oscillations from the
observation of ν̄e appearance in a ν̄µ beam, Phys. Rev. D 64 (2001) 112007, [hep-ex/0104049].

[81] MiniBooNE collaboration, A. Aguilar-Arevalo et al., Significant Excess of ElectronLike
Events in the MiniBooNE Short-Baseline Neutrino Experiment, Phys. Rev. Lett. 121 (2018)
221801, [1805.12028].

– 17 –

http://dx.doi.org/10.1088/1475-7516/2013/02/001
http://dx.doi.org/10.1088/1475-7516/2013/02/001
https://arxiv.org/abs/1210.7183
http://dx.doi.org/10.1016/j.dark.2018.100260
https://arxiv.org/abs/1804.07261
https://arxiv.org/abs/1807.06205
https://arxiv.org/abs/1907.12875
http://dx.doi.org/10.1093/mnras/stx721
https://arxiv.org/abs/1607.03155
http://dx.doi.org/10.1111/j.1365-2966.2011.19250.x
http://dx.doi.org/10.1111/j.1365-2966.2011.19250.x
https://arxiv.org/abs/1106.3366
http://dx.doi.org/10.1093/mnras/stv154
https://arxiv.org/abs/1409.3242
http://dx.doi.org/10.1103/PhysRevD.69.083002
https://arxiv.org/abs/astro-ph/0310198
http://dx.doi.org/10.1093/mnras/stu778
http://dx.doi.org/10.1093/mnras/stu778
https://arxiv.org/abs/1401.0358
http://dx.doi.org/10.3847/1538-4357/aacea5
https://arxiv.org/abs/1712.08064
http://dx.doi.org/10.1051/0004-6361/201935641
https://arxiv.org/abs/1904.03430
http://dx.doi.org/10.1093/mnras/stw833
https://arxiv.org/abs/1603.03091
http://dx.doi.org/10.1088/1475-7516/2016/01/007
https://arxiv.org/abs/1508.06342
http://dx.doi.org/10.1103/PhysRevD.87.083008
https://arxiv.org/abs/1104.2333
http://dx.doi.org/10.1146/annurev-nucl-101918-023755
http://dx.doi.org/10.1146/annurev-nucl-101918-023755
https://arxiv.org/abs/1901.08330
https://arxiv.org/abs/1906.00045
http://dx.doi.org/10.1016/j.ppnp.2019.103736
https://arxiv.org/abs/1906.01739
http://dx.doi.org/10.1103/PhysRevD.64.112007
https://arxiv.org/abs/hep-ex/0104049
http://dx.doi.org/10.1103/PhysRevLett.121.221801
http://dx.doi.org/10.1103/PhysRevLett.121.221801
https://arxiv.org/abs/1805.12028


[82] M. Laveder, Unbound neutrino roadmaps, Nucl. Phys. B Proc. Suppl. 168 (2007) 344–346.

[83] C. Giunti and M. Laveder, Short-Baseline Active-Sterile Neutrino Oscillations?, Mod. Phys.
Lett. A 22 (2007) 2499–2509, [hep-ph/0610352].

[84] F. Kaether, W. Hampel, G. Heusser, J. Kiko and T. Kirsten, Reanalysis of the GALLEX solar
neutrino flux and source experiments, Phys. Lett. B 685 (2010) 47–54, [1001.2731].

[85] J. Abdurashitov et al., Measurement of the response of a Ga solar neutrino experiment to
neutrinos from an Ar-37 source, Phys. Rev. C 73 (2006) 045805, [nucl-ex/0512041].

[86] G. Mention, M. Fechner, T. Lasserre, T. Mueller, D. Lhuillier, M. Cribier et al., The Reactor
Antineutrino Anomaly, Phys. Rev. D 83 (2011) 073006, [1101.2755].

[87] T. Mueller et al., Improved Predictions of Reactor Antineutrino Spectra, Phys. Rev. C 83
(2011) 054615, [1101.2663].

[88] P. Huber, On the determination of anti-neutrino spectra from nuclear reactors, Phys. Rev. C
84 (2011) 024617, [1106.0687].

[89] S. Gariazzo, C. Giunti, M. Laveder and Y. Li, Model-independent ν̄e short-baseline oscillations
from reactor spectral ratios, Phys. Lett. B 782 (2018) 13–21, [1801.06467].
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