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Abstract We explore the thermal light sterile neutrino situ-
ation from cosmological perspective in the ACDM +rg o5 +
Neff+m‘;’ff model using combinations of latest data sets avail-
able. Among CMB datasets, we use Planck 2015 temperature
and low-/ polarization data and the latest data release on the
B-mode polarization from the BICEP2/Keck collaboration
(BK14). We also use the latest Baryon Acoustic Oscilla-
tions (BAO) data from SDSS-IIT BOSS DR12, MGS, and
6dFS; and a Gaussian prior (HST) on the Hubble constant
(Hp = 73.24 £ 1.74 km/s/Mpc) from direct measurements
by Hubble Space Telescope. We find that inclusion of BK14
data makes the constraints on the effective mass of sterile
neutrino (mgff) slightly stronger by preferring higher og val-
ues. The bound of mgff < 0.46 eV (95% C.L.) is found for
the combination of Planck 2015, BAO and BK14 datasets,
whereas the bound is m¢ < 0.53 eV (95% C.L.) without the
BK14 data. Our most aggressive bound of mgff < 0.28 eV
(95% C.L.) is obtained with Planck 2015, HST and BK14.
Our analysis indicates that fully thermalized sterile neutri-
nos with mass ~ 1 eV are slightly more disfavoured with the
inclusion of BK 14 data. It also seems to make the agreement
between Planck 2015 and CFHTLenS (weak gravitational
lensing data) worse due to the higher og values.
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1 Introduction

Sterile neutrinos still remain nothing short of an enigma in
neutrino physics. Standard model predicts 3 massless neutri-
nos, while neutrino oscillation experiments have confirmed
that neutrinos have mass, albeit very small. However, pres-
ence of anomalies in some short-baseline oscillation exper-
iments [1-6] have been explained with an extra species of
neutrino, namely a sterile neutrino, of mass >~ 1 eV, which
amply mixes with the active neutrinos but is uncharged under
the standard model gauge group. Again, there are analyses
[7-15] which indicate that all the results cannot be explained
comfortably with the sterile neutrino hypothesis. A recent
result [16] from the MiniBooNE collaboration finds present
electron neutrino and anti-neutrino appearance data still con-
sistent with an extra sterile neutrino.

Apart from terrestrial oscillation experiments, in recent
years, cosmology has become a very powerful probe of neu-
trino physics. In a situation where standard model of par-
ticle physics is augmented with only an extra sterile neu-
trino species, there are two parameters of utmost impor-
tance. One is the effective number of relativistic neutrino
species, Nefr, whose theoretically predicted value, consid-
ering only the standard model of particle physics with 3
massless active neutrinos is NesfltvI = 3.046 [17,18], but is
supposed to increase when contribution from the sterile neu-
trino is counted. The other is the effective mass of the sterile

neutrino, m&ft = AN:’f/f4mf " where ANeit = Negr — 3.046

and m? " is the physical mass of the sterile neutrino. Cosmol-
ogy can provide strong constraints on these two parameters.
Neff, in general, can have contribution from any relativistic
species which is not a photon, and hence it is not restricted
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only to the neutrino sector. Also, in certain scenarios like
very low-reheating scenarios with sterile neutrinos [19] or
self-interacting sterile neutrinos [20], A Negr can be negative.
However, we do not consider such scenarios in this work,
and consider only a non-interacting extra species of sterile
neutrino.

Provided we are only considering an extension to standard
model with neutrino oscillations in a 3+1 scenario, as long as
the sterile neutrino is of similar mass to an active neutrino and
amply mixes with the active ones, its cosmological implica-
tions are identical to the active neutrino. Sufficient mixing
will lead to almost complete thermalization [21,22]. How-
ever, even if there is partial thermalization, it will, in general,
increase Negr, leading to a delayed matter-radiation equal-
ity and a higher value of the Hubble parameter, H (z4..), at
the CMB decoupling (given other parameters are kept fixed).
This has two main consequences [23] on the CMB anisotropy
power spectrum, first being an increase of the first peak of the
spectrum due to early Integrated Sachs Wolfe (ISW) effect,
and the second being a horizontal shift of the peaks towards
higher multipoles. Along with a horizontal shift, there will
also be a vertical shift which will decrease the amplitude of
the peaks at high multipoles, a phenomenon related to Silk
damping. These effects of an additional relativistic sterile
neutrino can be partially compensated if other cosmologi-
cal parameters are simultaneously varied. For example, if
the total matter density w,, is also increased without altering
the baryon density, the redshift of matter-radiation equality
can be kept fixed. These degeneracies tend to degrade the
constraints on Negr. However, the CMB power spectra won’t
be exactly the same even after such adjustments with other
parameters, especially because of the neutrino anisotropic
stress arising from the quadrupole moment of the cosmic
neutrino background temperature anisotropies which alters
the gravitational potentials [24,25]. Hence constraints can be
put on Negr from CMB power spectra data.

If alight sterile neutrino has a mass >~ 1 eV, it only starts to
become non-relativistic during CMB, and hence the effect of
the mass is not strong on CMB power spectra. Sterile neutri-
nos with masses much smaller than 1 eV will have negligible
effect on CMB power sprectra. However, when CMB power
spectra data is used with other cosmological observations like
constraining the Hubble parameter from direct measurements
via a Gaussian prior or using the Baryon Acoustic Oscillation
(BAO) data or both, better bounds on the mass of the sterile
neutrino can be obtained [26]. A plethora of papers [26-32]
are available on the effects of neutrino masses on cosmology.
Current bounds on sterile neutrinos from cosmological data
imply that fully thermalized sterile neutrinos of mass >~ 1 eV
are disfavoured and can only be accommodated with partial
thermalization. See previous analyses on constraining sterile
neutrino properties with cosmological data [33-55].

@ Springer

In this paper, we have, for the first time, used the BK14
data, the data on the B-mode polarization of CMB from
BICEP2/Keck collaboration, to constrain the parameters
associated with sterile neutrinos in an extended ACDM
model, which can be simply denoted with ACDM + rg 05 +
Netr + mgff. BK14 constrains the tensor-to-scalar ratio to
ro.05 < 0.07 at 95% C.L, when combined with Planck 2015
and other datasets [56]; while exclusion of the BK14 data
leads to a significantly less strong bound of rpos < 0.12
[57]. BK14 data also contains information on gravitational
lensing. Thus we expect this data to affect the constraints on
the sterile neutrino parameters. We also provide results with
Nt fixed at 4.046 and 3.5 separately, i.e., assuming full and
partial thermalization of the sterile neutrinos respectively,
and this model is denoted as ACDM + rg 05 + mgff.

This paper has the following structure: in Sect. 2 we pro-
vide details about our model parameters and other analysis
details and briefly describe the datasets used, in Sect. 3 we
provide the results of our analysis, and we conclude in Sect. 4.

2 Cosmological analysis
2.1 Model

Below we list the vector of parameters we have varied in this
work in two cosmological models.
For ACDM + rg 05 + Negr + mgff model:

9 = I:a)ca wbv ®S9 T’ nS’ ln[loloAS]’ I"()_()S, Neffs mgﬁ:l .

2.1

For ACDM + rg05 + mgff model:

2.2)

6 = [a)c, wp. Oy, T, ny, n[10'0A,1, 7005, mgff] .
with Negr fixed to the value 4.046, which corresponds to full
thermalization of the sterile neutrino with active neutrinos
and to the value 3.5, which corresponds to partial thermal-
ization.

The first six parameters correspond to the ACDM model.
Here w, = Qh? and wp = Qph? are the physical cold
dark matter and baryon densities at present, respectively. O
is the angular sound horizon, i.e., the ratio between sound
horizon and the angular diameter distance at decoupling. t is
the reionization optical depth. ny and Ay are the power-law
spectral index and power of the inflationary power spectrum,
respectively, at the pivot scale of k, = 0.05h Mpc ™.

r0.05 is the tensor-to-scalar ratio, also defined at the pivot
scale of k., = 0.05h Mpc’l. Nett, effective number of rela-
tivistic species which are not photons, is given by,



Eur. Phys. J. C (2019) 79:557

Page 3 of 11 557

(2.3)

72 7/ 4\3 A
Pr=713 1+§ 1 Negi | T,

where T, is the temperature of the photons and p, is the radi-
ation density. In our model, apart from photons, we only have
3 active and one sterile neutrino as relativistic species. The
sterile neutrino is assumed not to have any self-interactions,
or interactions with other particle species. In our work, we
have fixed the active neutrino sector to give a contribution
of Nesfl}/l =3.046 to Nefr, with two massless and one massive
neutrino with mass of 0.06 eV. Thus the contribution to Ne¢f
from the sterile species is simply ANegr = Negr — 3.046.
Here it should be mentioned that in certain scenarios like
low reheating Note that while we use the value 3.046 which
is predominant in literature, a recent study [58] had found
NSM =3.045.

When the sterile neutrino is relativistic at early times,
assuming the only radiation species are photons and neu-
trinos, contribution of a light sterile neutrino to Negf is given
by [59],

-1

172 1 1 3
ANt = [gETu} p/dpp fs(p), (2.4)
where T, is active neutrino temperature, p is the neutrino
momentum, and f;(p) is momentum distribution function
of the sterile neutrino. At late times its energy density is
parametrized as an effective mass [59,60]:

5 meft h2m§’h 5
= Qh° = 5 = d , 2.5
Wy s 94 1oV nzpc / p P~ fs(p) (2.5)

where p, is the critical density, Q,h? is the sterile neutrino
energy density. Since sterile neutrinos don’thave electroweak
interactions and they have mixing with the active neutrinos,
they cannot decouple after the decoupling of active neutri-
nos. Active neutrinos decouple at a temperature 7 ~ 1 MeV,
when all of them are relativistic. Hence f;(p) doesn’t depend
on the physical mass of the sterile neutrino, m?h. However
fs(p) depends on the production mechanism of the light ster-
ile neutrino. If the production is through a thermal process,
one can simply write fs(p) = (eP/Ts +1)~!, the usual Fermi-
Dirac distribution function, where T is the sterile neutrino
temperature. In this case, it can be shown that,

T, \*
ANegr = I
v

Non-thermal production, on the other hand, can lead to var-
ious possible scenarios. One of the popular scenarios is
the Dodelson—Widrow (DW) mechanism [61], for which

eff _ 3/4_ ph.
mg = ANeff mgs

2.6)

Table 1 Flat priors on

h Parameter Prior

cosmological parameters

included in this work e [0.001, 0.99]
wp [0.005, 0.1]
(ON [0.5, 10]
T [0.01, 0.8]
ng [0.8,1.2]
In [10'0A4;] [2,4]
r0.05 [0,2]
Nett [3.046, 7]
meft [0, 3]

fi(p) = B(eP/™ 4+ 1)~!, where B is a normalization fac-
tor. In this case, one gets [59],
m& = ANegg mP";  ANer = B. 2.7)

So, the m&M parametrization can accommodate two differ-
ent scenarios of sterile neutrino production. Also notice that
in the ACDM +rg 05 —i—mgff model, fixing Negr = 4.046 leads
to m&'" being same as m?™"

In our work, we conduct a Bayesian analysis to derive con-
straints on the sterile neutrino parameters. For all the param-
eters listed in Egs. (2.1), and (2.2), we impose flat priors. We
also limit the physical mass of the sterile neutrino to m{ h <
10 eV. The prior ranges are provided on the Table 1. We
run chains using the November 2016 version of the Markov
Chain Monte Carlo MCMC) sampler CosmoMC [62] which
incorporates CAMB [63] as the Boltzmann code and the Gel-
man and Rubin statistics [64] to estimate the convergence of
chains.

2.2 Datasets

We use separate combinations of the following datasets:
Cosmic Microwave Background: Planck 2015:
Measurements of the CMB temperature and low-/ polar-

ization from Planck 2015 [65] are used. We consider the

high-/ (30 </ < 2508) TT likelihood, and also the low-/ (2

< [ < 29) TT likelihood. We refer to this combination as

TT. We also include the Planck polarization data in the low-/

(2 < I < 29) likelihood, and denote this as lowP. We also

use the Planck lensing potential measurements via recon-

struction through the four-point correlation functions of the

Planck CMB data [66]. We call this simply as lensing. Resid-

ual systematics may be present in the the Planck 2015 high-/

polarization data [57], so we refrain from using it.

B mode polarization data of CMB:

Considering the B-mode polarization of CMB, we incor-
porate the recent dataset publicly available from BICEP2/

Keck collaboration which includes all data (multipole range:

@ Springer
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Table 2 Bounds on cosmological parameters in the ACDM + r( o5 + Nefr +m

eff
s

model without BK14 data. Marginalized limits are given at 68%

C.L. whereas upper limits are given at 95% C.L.. Note that Hy and oy are derived parameters

Parameter TT + lowP TT + lowP TT + lowP + TT + lowP + TT + lowP +
+BAO HST HST + BAO HST + BAO +
lensing
mT (eV) <0.78 <0.53 <0.34 <0.36 < 0.40
Nefe <3.78 <375 3.63+0.21 3.59+£0.22 3.60103}
70.05 < 0.127 < 0.129 < 0.151 < 0.148 < 0.155
Ho (km/s/Mpc) 68.3512 3 69.14195 71778 70.79* 130 70.78 + 1.21
0.040 0.029 0.029 0.029 0.020
o8 0.802%5 52 0.815%0053 0.836 031 0.828 03 0.816%0 016

Table 3 Bounds on cosmological parameters in the ACDM + rg g5 + Nefr + m

eff

S

model with BK14 data. Marginalized limits are given at 68%

C.L. whereas upper limits are given at 95% C.L.. Note that Hy and oy are derived parameters

Parameter TT + lowP + BK 14 TT + lowP TT + lowP + TT + lowP + TT + lowP +
+ BKI14 + BK14 + HST BK14 + HST BK14 + HST
BAO + BAO +BAO + lens-

ing

mé (eV) <0.68 < 0.46 <0.28 <0.30 <035

Nefr <3.76 <374 3.634+0.21 3.59+0.21 3.591033

r0.05 < 0.068 < 0.070 <0.073 <0.072 <0.078

Ho (km/s/Mpc) 68.311)% 69.1679% 7173 £ 1.62 70.84 % 1.20 70.75% 117

o3 0.81479036 0.82570:027 0.846 10026 0.8411002 0.82010:012

20 < I < 330) taken up to and including 2014 [56]. This
dataset is referred to as BK14.

Baryon acoustic oscillations (BAO) measurements and
related galaxy cluster data:

In this analysis, we include measurements of the BAO sig-
nal obtained from different galaxy surveys. We make use of
the SDSS-III BOSS DR12 [67] LOWZ and CMASS galaxy
samples at zeir = 0.38, 0.51 and 0.61, the DR7 Main Galaxy
Sample (MGS) at zeir = 0.15 [68], and the 6dFGS survey
at zefr = 0.106 [69]. We call this complete combination as
BAO. Here z.r is the effective redshift of a survey.

Hubble parameter measurements:

We use a Gaussian prior of 73.24 £ 1.74 km/s/Mpc on
Hp, which is a recent 2.4% determination of the local value
of the Hubble parameter by [70] which combines the anchor
NGC 4258, Milky Way and LMC Cepheids. We denote this
prior as HST.

3 Results

For convenience, we have separated the results in two sub-
sections for the the two different models. The description of
models and datasets are given at Sects. 2.1 and 2.2, respec-
tively. We have presented the results, first in the ACDM +
70,05+ Negr+mS model, and then in the ACDM +r¢ o5 +m'T

@ Springer

model. All the marginalized limits quoted in the text or tables
are at 68% C.L. whereas upper limits are quoted at 95% C.L.,
unless otherwise specified.

3.1 Results for ACDM + rg o5 + Negr + mgff model

In this section, we present the results for the ACDM +r¢ 05+
Neff—i—mgff model. In Table 2 we have provided results without
BK14 data, whereas, in Table 3, the results are with BK14, to
compare. We have presented constraints on the three param-
eters ro.05, Neff, and mef. with which we have extended the
ACDM model, and also two derived parameters Hy and o3,
which are important in constraining the sterile neutrino mass.

With only TT + lowP, we see that the bound on the sterile
mass is relaxed at mgff < 0.78 eV. The bound gets tight-
ened with BAO data, which partially breaks the degeneracy
between mgff and Hy present in the TT + lowP data, by reject-
ing lower values of Hy [71,72] and leads to a bound of mgff <
0.53 eV. This effect can be seen pictorially in Fig. 1 where
addition of BAO data leads to a significantly smaller mag-
nitude of anti-correlation between mS and Hp. The HST
prior also breaks the degeneracy partially, as can be seen in
Fig. 1. However, the Hy values preferred by the HST prior are
larger than BAO, which leads to a preference to even smaller
masses (mgff < 0.34eV) to keep the comoving distance to the

surface of last scattering fixed [71]. Adding HST and BAO



Eur. Phys. J. C (2019) 79:557

Page 50f 11 557

together with CMB however does not provide better bound
than CMB+HST. Also, the lensing data degrades the bound
on mfﬁ We note that CMB and/or BAO data do not allow full
thermalization of sterile neutrinos. However, at 95% C.L.,
with TT + lowP + HST, we obtained a Neir = 3.637043.
Such high values of N.¢r disallow the standard model predic-
tion of N5 = 3.046 at 95% C.L. but allow Negr = 4.046,
i.e., full thermalization. On the other hand, it is also impera-
tive to consider recent constraints on Neg coming from Big
Bang Nucleosynthesis (BBN). Planck 2018 results [73] have
provided bound of Negr = 2.957035 (95% C.L.) (which is
independent of the details of the CMB spectra at high mul-
tipoles) by combining the helium, deuterium, and BAO data
with an almost model-independent prior on 6 derived from
Planck data. Another recent study on BBN [74] provide a
tight bound of Negr = 2.90 £0.22 (68% C.L.), which means
atat 95% C.L., there will be only a small overlap in the values
of Negr provided by [74] and TT + lowP + HST. It is also to be
noted that addition of the HST prior leads to a slightly infe-
rior fit to the data, due to the 3.40 tension present between
Planck and HST regarding the value of Hp [70]. We find that
in this ACDM + ro.05 + Negr + mgff model, compared to TT
+ lowP, the dataset TT + lowP + HST degrades the y2-fit by
an amount of A x? = 43.43.

Akaike information criterion (AIC): To understand the
improvement/worsening of the quality of fit with addition of
sterile neutrino parameters (Neg and mgﬁ) we need to com-
pare the fit to data given by ACDM + ¢ o5 + Negr +mC with
that of ACDM + r( 5. Since the number of parameters in
the two models are not same, a popular method to compare
the fit is the Akaike information criterion (AIC) [75]. For a
particular model and data, AIC is defined as,
AIC = 2o + 2k (3.1)
where k is the number of parameters in the model. The model
with lower AIC corresponds to the preferred model.

Thus, comparison with another model (with the same data)
can be done with AAIC = A x?+2Ak. Usually models with
extra parameters provide better fit to the data since they have a
larger parameter space. The 2Ak term penalises models with
extra parameters to prevent any over-fitting. Here 2Ak = 4.

We find that for the TT + lowP + HST data:

Ax? = Xiuseit(ACDM + 70,05 + Negr + mS™)

— Xpost.it (ACDM + rg,05) = —4.3 (3.2)

i.e., the ACDM +rq. 05 + Nefr + mfff model provides a better
X2 fit compared to ACDM + rg o5. But due to the 2 extra
parameters, AAIC = —0.3. Since this difference is small, it
implies that the goodness of fits to the TT + lowP + HST data
for the two models are similar.

Since the main aim of this paper is to analyze the role of
the BK 14 data, Table 3 lists the bounds on the cosmological

parameters, now with BK14 data included in each combina-
tion. The inclusion of the BK14 data seems to have almost
no effect on the bounds of N and Hp, as can be seen by
comparing the results of Tables 2 and 3. However, bounds on
mgff improve slightly across all data combinations. The 1-D
marginalized posteriors for mgff and r o5 for various datasets
are shown in Fig. 2. While for TT + lowP, we had mgff <
0.78 eV, this bound improves to mgff < 0.68 eV with TT +
lowP + BK14. Addition of BAO data further improves this
bound to mgff < 0.46 eV. Our most aggressive bound in this
paper comes with TT + lowP + BK14 + HST: mgff <0.28eV.
BK14 data significantly constrains the tensor-to-scalar ratio,
r0.05.- TT + lowP provides rp o5 < 0.127 whereas TT + lowP
+ BK14 gives a constraint of rg o5 < 0.068. However, we
found only a very small correlation between r( g5 and mgff,
and that does not explain the decrease in mass. In fact the cor-
relation coefficient (defined as R;; = C;;/,/Ci;Cjj, where
i and j are the two parameters being considered and C is
the covariance matrix of cosmological parameters) between
ro.05 and m‘s’ff to be ngff’rOAOS = —0.08 with TT + lowP and
005 = +0.02 with TT + lowP + BK14, i.e., there is
no significant correlation before addition of BK14 and also
no significant change after. However we also find slightly
increased values of og across all data combinations when
BK14 is included. For instance, for TT + lowP, we have
og = 0.802F00%9 which increases to oy = 0.81470:039
with TT + lowP + BK14. Since oy is the normalization of
matter power spectrum on scales of 8h~! Mpc, a higher
og prefers lower sterile neutrino mass, as larger neutrino
masses create larger suppressions in the matter power spec-
trum [26]. Thus og and mgff, both are strongly anti-correlated.
Indeed, we found R, ,r = —0.84 with TT + lowP and
Rro.os’mes:ff = —0.81 with TT + lowP + BK14, and hence, even
such small changes in og should also create small changes in
mgff, which we find is the case here. This has been depicted
in Fig. 3. Again, notice that the lensing data prefers a lower
og value. As in Table 3, TT + lowP + BK14 + HST + BAO

yields og = 0.841f8:8§? , whereas adding the lensing data to

Ryt

this combination yields a lower oy = 0.820*_'8:8@. Due to
the same anti-correlation between og and mgff, we see that
inclusion of lensing data degrades the mgﬁ bounds.

Overall, we can say that the BK14 data makes the case for
fully thermalized eV scale sterile neutrinos slightly worse.
The parameter to justify this statement is mgff. As we have
shown that addition of the BK14 data does not affect the
Negr bounds, BK14 data does not affect the thermalisation
situation, as far as cosmological data is concerned. How-
ever, short baseline oscillation experiments predict a fully
thermalised sterile neutrino of mass >~ 1 eV. This requires
that both Negr = 4.046 and m® ~ 1 eV be allowed by
the data. Since adding the BK14 data tightens the bounds
on m¢ for all of the cosmological dataset combinations, it

@ Springer
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Fig. 1 lo and 20 marginalized
contours for Hy [km/s/Mpc] vs.
mT [eV] in the

ACDM + rg 05 + Nefr + mgff
model with the following
combinations: TT + lowP, TT +
lowP + BAO, and TT + lowP +
HST. Both BAO and HST data
decrease the correlation between
the two parameters significantly

Hylkm/sec/Mpc]

. TT+lowP . TT+lowP
B TT+lowP+BAO | B TT+lowP+HST |

Hylkm/sec/Mpc]

00 02 04 06

08 1.0 12 00 02 04 06 08 1.0 12
eff off
mg[eV] ms eV ]
Fig. 2 1-D marginalized 12 T ———
posteriors for mgﬂ [eV] and rg o5 T T— Triowr 1.2+ e TT+lowP+BK14
in the R --  TT+lowP+BK14 --= TT+lowP+BK14+BAO
ACDM + 705 + Nege + mSHt 10 —= TT+lowP+BK14+BAO | 1.0 —  TT+lowP+BK14+HST ||
model with various data —— TT+lowP+BK14+HST
combinations 8

_______

0.6

P/Pma:r

0.0

0 1
0.00 0.25 0.50

mg[eV]

also takes the me' value further away from the 1 eV value,
while Nefr bounds almost remain unchanged. Effect of BK14
data on sum of active neutrino masses () _ m,) was also stud-
ied by us recently in [71], in the ACDM + rpo5 + Y_m,
model, where we had also found slightly increased og. This
is also indirectly confirmed by the recent Planck 2018 results,
where they provide a bound of ) m, < 0.12 eV with Planck
TT,TE,EE+lowE+lensing+BAO data in ACDM + > m,,
model [73], whereas the bound is Y m, < 0.11 eV with
Planck TT,TE,EE+lowE+lensing+BK14+BAO data in the
ACDM+r+ " m, model [76]. This similar effect was seen
to persist even in a 12 parameter extended scenario in a recent
study with non-phantom dynamical dark energy [77]. In this
paper we have shown that such an effect is also present in
an extended ACDM cosmology with light sterile neutrinos.
CMB B-mode polarization has two known sources [78]. The
first one is the inflationary gravitational waves (IGW), i.e.,
tensors (expected to produce a bump peaked around [ >~ 80,
the so called "recombination bump’ in the BB-mode CMB
spectra) as tensors induce quadruple anisotropies in the CMB
within the last scattering surface. The tensor signature can-

@ Springer

0.75

0.10
T0.05

1.00 1.25 0.00 0.05 0.15 0.20 0.25

not be reproduced by scalar perturbations, and the amplitude
of the recombination bump depends on the tensor-to-scalar
ratio. The second source is gravitational lensing by large scale
structure. It leads to deflection of CMB photons at late times,
which converts a small part of the E mode power into B
mode. This lensing BB spectra is expected to have a peak
around / ~ 1000. The BICEP2/Keck experiment has a mul-
tipole range 20 < [ < 330 aiming to constrain the tensor-
to-scalar ratio. However since r( o5 and m‘;’ff are only weakly
correlated, the slightly stronger constraints on the neutrino
masses is possibly coming from gravitational lensing infor-
mation encoded in the BK 14 data, and not from measurement
of r0.05-

Hy and og tensions:

It is also worth noting that in ACDM model, with TT +
lowP, Planck collaboration [57] found that Hy = 67.31£0.96
km/s/Mpc, whereas in this ACDM + rg 5 + Negr + mS'T
model we find Hy = 68.353:?8 km/s/Mpc. This preference
to larger values of Hp decreases the more than 30 tension
present in the ACDM model, between Planck 2015 and HST.

One of the main reasons is that marginalizing over Neg, which
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Fig. 3 1o and 20 marginalized contours for og vs. mgff [eV] in the
ACDM + rg05 + Nefr + mgff model with the following combinations:
TT + lowP and TT + lowP + BK14. Adding BK14 leads to slightly
higher og; and due to large anti-correlation present between og and

mgff, slightly stronger bound on mgff is obtained

allows for Negr > 3.046 and higher N.gr values prefer a higher
Hy, to keep the acoustic scale parameter 6, fixed [57], which
is very well constrained by Planck data. Thus Hy and N
are strongly correlated.

The ACDM + 7005 + Negr + mS™ model also helps in
reconciling the og tension present in the og — €2, plane
in ACDM model between Planck 2015 and weak lens-
ing survey, like CFHTLenS [79] and KiDS-450 [80]. For
instance, the KiDS-450 survey constrains the quantity Sg =
08/, /0.3 = 0.745 £+0.039 which has a 2.30 tension with
Planck TT + lowP, which prefers a much higher value of
Sg = 0.851 £ 0.024 [57]. Planck data also prefers higher
values of og compared to CFHTLenS. With TT + lowP in
base ACDM model, one gets og = 0.829 £ 0.014 [57].

However, in this ACDM + r.05 + Nefr + mgff model, with
TT + lowP, we get og = 0.802f8:8‘218, which is much lower
and thereby the conflict is decreased somewhat. We also get
Ss = 0.82470039, which is better agreement with KiDS-450
than ACDM. However, the BK14 data prefers slightly higher
og values and thereby increases the tension between Planck
and these weak gravitational lensing surveys. This can be
visualized in Fig. 4, where we see that the inclusion of BK14
data drives the 2-D contours upwards to a small extent. In
Fig. 4, we have used the CFHTLenS data with conservative
cuts as described in [57].

Another important point is that while ACDM + rg o5 +
Neff+m§ff helps inrelieving the Hy and og tensions present in
the ACDM model, they are not both relieved together in any
region of the allowed parameter space. In the right panel of
Fig. 4, we can see that the regions where og has lower values,
Hy also has lower values (while we need higher values of
Hj to relieve the Hy tension), and similarly, where Hp has
higher values, oy also has higher values (while we need lower
values of oy to relieve the og tension). This in turn implies
that the two conflicts are not resolved together in this model.
And BK14 data worsens the conflicts even more. The HST
prior also doesn’t help the issue here. As we can see from
Tables 2 and 3, the inclusion of this Gaussian prior leads to a
preference for much higher Negr values, and higher og values
as well, increasing the conflict.

3.2 Results for ACDM + rg o5 + m‘;'ﬁ model

In this section we verify the stability of the results obtained in
the previous section, by going to a smaller parameter space.
We stop varying Nefr and fix its value to 4.046 and 3.5. The
first one corresponds to complete thermalization of sterile
neutrinos, while the later one corresponds to partial thermal-
ization. We have restricted ourselves to CMB data only. For
Nefr = 4.046 and Negr = 3.5, the results are given in Tables 4
and 5 respectively.

Fig. 4 1o and 20 marginalized ' '
contours for og vs. 2,,, and oy 0.96
vs. Hy in the '

s ACDM: CFHTLenS only
ACDM:Planck 15 lensing only
TT+lowP [l 0.96}

N TT+lowP+BK14

i ACDM: CFHITLenS only

s ACDM:Planck 15 lensing only
B TT+lowP

BN TT+lowP+BK14

ACDM + rg05 + Nefr + mg’ff

model with the following

combinations: TT + lowP and

TT + lowP + BK14. We have

also presented the contours in 0
the ACDM model with Planck ©
2015 lensing and CFHTLenS

data. Adding BK14 leads to

slightly higher og, which

worsens the agreement with

CFHTLenS and Planck 2015

0.88

0.80

0.72}F

66 69 72

Hy[km/sec/Mpc]
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Table4 Bounds onacosmological parameters in the ACDM +r¢ o5 +
mgff model with Negr = 4.046, assuming complete thermalization of
sterile neutrinos. Marginalized limits are given at 68% C.L. whereas
upper limits are given at 95% C.L. Note that Hy and og are derived
parameters

Parameter TT + lowP TT + lowP + BK14
me'T (eV) < 0.66 <0.50

70.05 < 0.175 < 0.076

Ho (km/s/Mpc) 73.92+249 74.202:13

o3 0.84070:03 0.85779:9%

Table 5 Bounds on a cosmological parameters in the ACDM +r¢ o5 +
mgff model with Negr = 3.5, assuming partial thermalization of sterile
neutrinos. Marginalized limits are given at 68% C.L. whereas upper
limits are given at 95% C.L. Note that Hy and og are derived parameters

Parameter TT + lowP TT + lowP + BK14
me (eV) <0.83 < 0.63

r0.05 <0.136 <0.070

Ho (km/s/Mpc) 69.041 71 69.25%] %

og 0.8037 0058 0.82070:031

We see that BK14 does help in obtaining better constraint
on the sterile mass also in this reduced parameter space. For
Ner = 4.046, with TT + lowP, we get m°T < 0.66 eV,
whereas inclusion of BK 14 leads to a tighter bound of m&ft <
0.50 eV. Similar case of strengthening of mass bound is seen
with Negr = 3.5, although these bounds are more relaxed
compared to the case N = 4.046, as a higher Ngr prefers
a higher Hy. Again we see that the BK14 data itself does not
affect the Hy constraints much, but heavily constraints the
tensor-to-scalar ratio, and also slightly increases the preferred
og values. The main conclusions made in the previous section
on the larger parameter space thus remains unchanged in this
smaller parameter space.

It is imperative to note that for sterile neutrinos produced
by a thermal process and obeying Eq. 2.6, for Negr = 4.046,
we have mfh = mgff, whereas for Negr = 3.5, we have mfh =
1.8m¢™. Hence, for Negr = 3.5 and with TT + lowP + BK 14,
we have a corresponding bound of m? " < 1.13 eV. This
implies that CMB data allows sterile neutrinos with mass
=~ 1 eV, but only with partial thermalization with Neg =~ 3.5.
When we compare the quality of fit to the TT + lowP + BK14
data between the ACDM + rg o5 + m‘s”ff model (Negr = 3.5
and 4.046) and the ACDM + ro,05 (with Negr = NS, we
find that, for the Nef = 4.046 case:

AX? = Xpest.iit (ACDM + ro 05 + mS™)

— Xiest it (ACDM + 19 05) = +7.03 (3.3)

@ Springer

whereas, for the Nog = 3.5 case:

Ax? = Xgest—ﬁt(ACDM + roos5 + mgff)

— Xpest-it (ACDM + 70 05) = —0.22 (3.4)

These correspond to AAIC = 49.03 (for Negr = 4.046)
and AAIC = +1.78 (for Negr = 3.5). Thus, the model with
partial thermalization of N.gr = 3.5 provides only a slightly
worse fit to the data compared to the ACDM + rg g5 model
(with Negr = Nesflt\"), and is preferred by the data much more
than the full-thermalization case. This is not surprising as in
the previous section we had seen that CMB data alone did
not allow complete thermalization.

4 Discussion

Short Baseline (SBL) Oscillation anomalies have hinted
towards a fully thermalized sterile neutrino with mass around
1 eV. In this paper we have studied, for the first time, the
light eV scale sterile neutrino situation in cosmology in light
of the BICEP2/Keck array 2014 CMB B-mode polariza-
tion data. We call this dataset BK14. We first considered
an extended— ACDM scenario with tensor perturbations and
sterile neutrino parameters: ACDM + rg05 + Nefr + m‘;'ff
model. Apart from BK14, we have used Planck 2015 tem-
perature and low-/ polarization data (TT + lowP), latest BAO
data and a Gaussian prior on the Hubble constant (HST) from
local measurements. We find that inclusion of the BK 14 data
has almost no effect on the bounds of Neg and Hy but it
strengthens the bounds on mgff to a small extent by prefer-
ring slightly higher values of og, with which mgff is strongly
anti-correlated. The BK14 data also tightly constraints the
tensor-to-scalar ratio, rg o5 but we find negligible correlation
between rg o5 and m‘s“'ff. This makes us think that the effect
on mass is coming from the gravitational lensing informa-
tion encoded in the B-mode polarization and not from the
Inflationary Gravitational Waves. The bound of m¢T < 0.46
eV (95% C.L.) is found for the combination of Planck 2015,
BAO and BK 14 datasets, whereas the bound is mgff < 0.53
eV (95% C.L.) without the BK14 data. Our most aggressive
bound of m® < 0.28 eV (95% C.L.) is obtained with Planck
2015, HST and BK14. The HST prior also leads to high Negr
values which allow full thermalization of the sterile neutrino
(at 20) but such high values are in conflict with bounds from
Big Bang Nucleosynthesis. Also, addition of the HST prior to
the TT + lowP data leads to a slightly worse x 2 fit to the data.
On the other hand, itis to be noted that as per the Akaike infor-
mation criterion (AIC) the ACDM+rg o5 +Neff+m§ff model
provides equally good fit to the data as the ACDM + rg o5
model, for the TT + lowP + HST data combination. Previous
studies have indicated that fully thermalized sterile neutri-
nos with mass ~ 1 eV (as predicted by SBL experiments)
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are disfavoured by cosmological data. Our analysis indicates
that it becomes slightly more disfavoured with the inclusion
of BK14 data, due to tighter mass bounds. The BK14 data
also seems to make the agreement between Planck 2015 and
CFHTLenS (weak gravitational lensing data) worse due to
the higher og values.

‘We would also like to mention that the Planck 2018 results,
released during the preparation of this article, indirectly show
tightening of bounds on Y m, with BK14. They provide a
bound of Y m, < 0.12 eV with Planck TT, TE, EE + lowE +
lensing + BAO datain ACDM + > m,, model [73], whereas
theboundis d_m, <0.11eV with Planck TT, TE, EE + lowE
+ lensing + BK14 + BAO data in the ACDM + r + > _m,
model [76]. Thus we expect our main conclusion regarding
BK14 helping in improving the bound on sterile neutrino
mass will remain unchanged if used with the recent Planck
2018 data instead of Planck 2015 that we have used in this
paper.

While this work was still being completed, a new B-
mode polarisation data was released publicly, from the
same BICEP2/Keck collaboration. This newly released data
includes all the measurements upto and including 2015, and
thus we call it BK15 [81]. To understand the effect of the
new data, we performed an MCMC analysis with TT +
lowP + HST + BK15 in the ACDM + rg 5 + Ner + mS'™
model (with all other settings remaining unchanged). We
found the following bounds: m™ < 0.27 eV (95% C.L.),
ro.0s < 0.061, and oy = 0.847f8:8§?. In the same model,
when we had used BK14 instead of BK15, we had found
(see table 3), m°T < 0.28 eV (95% C.L.), ro05 < 0.073,
and og = 0.8461’8:8%8. As we can see, that while the bound
on rp o5 changes, the bounds on mfff and og almost remain
unchanged. We also checked that other parameters of inter-
est, like Hy and Negr change negligibly. As before, since rg o5
and mgff have only a very weak correlation, it doesn’t affect
the mass bound. On the other hand, since TT + lowP + HST
+ BK15 almost doesn’t change the bound on og, the mass
bound almost remains the same. Thus, we find that reanaly-
sis with BK15 instead of BK14 will not change the neutrino
mass bounds.

This tension between SBL and cosmological datasets has
given rise to a number ideas to reconcile the eV-scale ster-
ile neutrinos with cosmology. These include introduction
of new “secret interactions”” among sterile neutrinos which
modifies the background potential and blocks thermalization
[20,37,50,52,82—-87], modifications to the cosmic expansion
rate at the time where sterile neutrinos are produced [88],
large lepton asymmetry [89-91], time varying dark energy
component [92], very low reheating temperature [93]. The
recent results that have come from the MiniBooNE collab-
oration [16] have rekindled interest in the sterile neutrinos.
Thus, there seems to be interesting and exciting times ahead
in the realm of light sterile neutrinos in cosmology.
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