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Invisible neutrino decay modes are difficult to target at laboratory experiments, and current bounds
on such decays from solar neutrino and neutrino oscillation experiments are somewhat weak. It has
been known for some time that cosmology can serve as a powerful probe of invisible neutrino decays.
In this work, we show that in order for big bang nucleosynthesis to be successful, the invisible neutrino
decay lifetime is bounded to be τν > 10−3 s at 95% CL. We revisit cosmic microwave back-
ground constraints on invisible neutrino decays, and by using Planck2018 observations we find
the following bound on the neutrino lifetime: τν > ð1.3–0.3Þ × 109 s ðmν=0.05 eVÞ3 at 95% CL. We
show that this bound is robust to modifications of the cosmological model, in particular that it is
independent of the presence of dark radiation. We find that lifetimes relevant for Supernova
observations (τν ∼ 105 s ðmν=0.05 eVÞ3) are disfavored at more than 5σ with respect to ΛCDM given
the latest Planck CMB observations. Finally, we show that when including high-l Planck polariza-
tion data, neutrino lifetimes τν ¼ ð2–16Þ × 109 s ðmν=0.05 eVÞ3 are mildly preferred—with a 1-2σ
significance—over neutrinos being stable.
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I. INTRODUCTION

At least two of the light active neutrinos are massive
[1–3] and will therefore decay via suppressed loop inter-
actions even without any new physics [4–6]. Given our
knowledge of the Standard Model (SM) interactions, the
active neutrino lifetimes are considerably larger than the
age of the Universe τν > 1035 yr, and therefore are too
large to have any measurable implication for laboratory
experiments, for astrophysics or for cosmology. However,
many extensions of the SM do predict substantially shorter
neutrino lifetimes, see for example [7–21].
The constraints on the neutrino lifetime are very much

dependent upon the neutrino decay products. Radiative
neutrino decays are strongly constrained by the non-
observation of neutrino magnetic moments [22] in labo-
ratory experiments τν ≳ 1018 yr [23,24], by cosmic
microwave background (CMB) spectral distortions τν ≳
1012 yr [25,26], by 21 cm cosmology [27], and by
astrophysical considerations τν ≳ 1020 yr [28–30]. In
contrast, the constraints on invisible neutrino decays,
namely those that do not involve photons in the final

state,1 are considerably looser. This is a result of the
difficulty in detecting the decay products from such a
process and due to fact that light active neutrinos are
usually highly boosted.
Invisible neutrino decays are constrained by solar

neutrino experiments [31–35]. In normal ordering
scenarios (NO), they lead to the limit τν2=mν2 ≳ 1.5 ×
10−3 s eV−1 [33]. For inverted ordering (IO) the limits are
τν1=mν1≳4×10−3 seV−1 and τν2=mν2≳7×10−4 seV−1 [34].
Recently, Ref. [35] also reported constraints on τν3=mν3>
2.2×10−5 seV−1 by noting that electron neutrinos also mix
with ν3 neutrinos. There are also constraints from atmos-
pheric and long-baseline experiments [36–39] that lead to
τν3=mν3 ≳ 3 × 10−10 s eV−1 [36].
In addition, the fact that the CMB spectrum is well

fitted with free-streaming neutrino perturbations can be
used [40–44] to set strong constraints on the neutrino
lifetime τν > 1.2 × 109 s ðmν=0.05 eVÞ3 [43].
In light of these somewhat weak constraints on invisible

neutrino decays, in this work we study the impact of
such decays upon big bang nucleosynthesis (BBN), and also
revisit the constraints on invisible neutrino decays derived
from the CMB observations made by the Planck satellite.
In the first part of this paper, we exploit the fact that in

order for neutrinos to decay invisibly, they should decay into
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1Note that other references refer to invisible neutrino decays to
denote neutrino decays in which no SM particles are present in
the final state.
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massless or at least to very light species. Because of this, the
same interactions that trigger the decay may produce a
thermal population of such light species prior to BBN and
thereby augment the number of relativistic neutrino species
in the early Universe, Neff . We show that, independently of
the neutrino decay process and the neutrino type, neutrino
lifetimes τν < 10−3 s are ruled out by the current measured
primordial nuclei abundances. In this way we improve upon
current constraints from accelerator and long-baseline
experiments by 8 orders of magnitude, and by 2 orders of
magnitude over current constraints from solar neutrino
experiments. We note that similar phenomenology has been
studied in the past when the τ-neutrinowas still allowed to be
a mass eigenstate and considerably heavy (mντ < 23 MeV),
see, e.g., [45–50].
For the second part of the work, we calculate the effect of

neutrino decays in the density perturbations of the neutrino
fluid and use this to test the neutrino decay hypothesis
against the 2018 temperature and polarization CMB power
spectra as measured by the Planck satellite [51,52]. For
previous CMB analysis see [40–44,53,54], particularly
Ref. [43]. In this study, we are maximally conservative
and perform analyses assuming various types of neutrino
decay modes. We consider invisible neutrino modes in
which an active neutrino decays into another active
neutrino plus a massless scalar field and obtain a lower
limit on the lifetime using the Planck 2018 data of τν >
1.3 × 109 s ðmν=0.05 eVÞ3 at 95% CL. This bound is only
10% more stringent than the previous limit obtained in
Ref. [43] that used Planck 2013 data, but unlike Ref. [43]
here we consider that only the two neutrinos that participate
in the decay process are interacting. In addition, we explore
the possible degeneracies between a finite neutrino lifetime
and a variation in Neff , and show that contrary to previous
expectations [44,55,56] even if only one neutrino species
decays and a non-interactingNeff is allowed to vary, neutrino
lifetimes of τν < 0.9 × 109 s ðmν=0.05 eVÞ3 are still ex-
cluded at 95%CL by Planck CMB observations. Finally, we
find that when including Planck 2018 high-l polarization
data in the analysis, neutrino lifetimes in the range
τν ¼ ð2–16Þ × 109 s ðmν=0.05 eVÞ3 are preferred over neu-
trinos being purely stable with a ∼1–2σ significance.
This paper is organized as follows. In Sec. II, we consider

a simple and generic model for invisible neutrino decays.
In Sec. III, we consider the production in the early Universe
of beyond the Standard Model light neutrino decay products
and set constraints on such production using BBN. We also
include a discussion of the applicability of the derived BBN
constraints. In Sec. IV, we outline how we model the impact
of neutrino decays upon cosmological perturbations and test
the neutrino decay hypothesis with Planck 2018 data to set
constraints on invisible neutrino decays. We summarize and
discuss the main results of this work in Sec. V. Finally, in
Sec. VI, we comment on how invisible neutrino decays are
expected to be constrained in the future.

II. INVISIBLE NEUTRINO DECAYS

Fast (i.e., τν ≪ 1035 yr) and invisible neutrino decays are
a typical prediction of models in which global lepton
number is spontaneously broken so as to generate light
Majorana neutrino masses. In such models, as a result, a
massless Goldstone boson appears in the spectrum, the
majoron [7–9].
Here, we shall consider the following effective inter-

action between neutrinos and a massless scalar ϕ:

Lint ¼ λijiϕν̄iγ5νj þ H:c:; ð1Þ

where the νi correspond to the massive neutrino eigen-
states, i, j ¼ 1, 2, 3 and we shall assume neutrinos are
Majorana particles.2 λij are coupling constants, of which
the off-diagonal elements with i ≠ j induce neutrino decay.
Given the interactions above, the rate of neutrino decay

νi → νj þ ϕ is:

Γνi→νjþϕ ¼ λ2ij
4π

ðmνi −mνjÞ3ðmνi þmνjÞ
m3

νi

≃
λ2ij
4π

mνi ; ð2Þ

where in the last step we have assumed that mνi ≫ mνj .

III. BIG BANG NUCLEOSYNTHESIS
CONSTRAINTS

We place early Universe constraints on the invisible
neutrino lifetime by exploiting the fact that the same
interactions that allow for fast invisible neutrino decays
also mean that processes of the type ν̄ν → ϕϕwill be active
in the early Universe (see Fig. 1 for an illustration of these
processes). These processes can potentially lead to a
thermal population of massless or very light ϕ species in
the early Universe. This would thereby impact the primor-
dial nuclei abundances and the number of effective neutrino
species as inferred from CMB observations.
In order to make a precise statement about the constraint

on the coupling constant λij, and therefore [via Eq. (2)]
upon the lifetime of the neutrino, we need to calculate the
abundance of massless ϕ particles in the early Universe.
The presence of a thermal abundance of ϕ particles will
only influence Neff or the primordial element abundances
if the ϕ population is generated prior to neutrino decou-
pling, at T ≳ 2 MeV [57], corresponding to an era in the
Universe in which neutrinos can be efficiently produced via
eþe− → ν̄ν annihilations. If there is a thermal population of
ϕ particles prior to neutrino decoupling ΔNeff ≡ Neff−
NSM

eff ¼ 8=7 × gϕ=gγ ¼ 4=7 ≃ 0.57, where NSM
eff ¼ 3.045

[58,59]. Note that ΔNeff > 0.4 is excluded at more than

2The applicability of the derived constraints will not signifi-
cantly depend upon this assumption, as discussed in Sec. III A.
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95% CL from current measurements of the primordial
nuclei abundances [60], see also [61].
We will assume that all relevant species can be described

by thermal distribution functions with negligible chemical
potentials, and proceed as in [62,63], to find the following
temperature evolution equations:

dTϕ

dt
¼ −HTϕ þ

Tϕ

4ρϕ

δρϕ
δt

; ð3aÞ

dTν

dt
¼ −HTν þ

Tν

12ρν

�
δρν−eν

δt
−
δρϕ
δt

�
; ð3bÞ

dTγ

dt
¼ −

4Hργ þ 3Hðρe þ peÞ þ 3HTγ
dPint
dTγ

þ δρν−eν
δt

∂ργ
∂Tγ

þ ∂ρe∂Tγ
þ Tγ

d2Pint
dT2

γ

: ð3cÞ

Where ρi, pi correspond to the energy density and
pressure of a given species and their respective antiparticle.
H ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

8πρtotal=ð3m2
PlÞ

p
is the Hubble parameter with

mPl ¼ 1.22 × 1019 GeV. Pint and its derivatives take into
account finite temperature corrections to the electromag-
netic pressure and energy density, and δρ=δt are the energy
density transfer rates, see [62,63] for details. The SM
neutrino ↔ electron energy transfer rate, neglecting the
electron mass, reads [63]:

δρν−eν

δt

����
FD

SM
¼ G2

F

π5
ð3 − 4s2W þ 24s4WÞ

× ½32fFDa ðT9
γ − T9

νÞ þ 56fFDs T4
γT4

νðTγ − TνÞ�;
ð4Þ

where s2W ¼ 0.223 is the sin2 of the Weinberg angle [64]
and GF is Fermi’s constant, fFDa ¼ 0.884 and fFDs ¼ 0.829,
these two factors accounting for the Fermi-Dirac suppres-
sion of the rates.
The neutrino-ϕ energy transfer rate takes into account

the energy transfer resulting from the following processes
ν̄ν ↔ ϕϕ, νϕ ↔ νϕ, and νi ↔ νj þ ϕ. We have disre-
garded the scattering interactions since they are subdomi-
nant for massless species as compared to annihilations.
We also neglect the contribution from neutrino decays since
the rate of neutrino decay Γ ∼ λ2m2

ν=T is not relevant for
T > 1 MeV because it is tiny when compared to 2 ↔ 2

processes, Γ ∼ λ4T because of neutrinos being highly
boosted. Thus, the relevant energy transfer rate is given
by annihilation processes, and reads (see Appendix A for
the derivation):

δρϕ
δt

¼
P

i;jλ
4
ij

π5

�
T5
ν log

�
2Tν

mν

�
− T5

ϕ log

�
2Tϕ

mν

��
: ð5Þ

We evolve the system of equations (3) from T0
γ ¼ T0

ν ¼
20 MeV and T0

ϕ ¼ T0
ν × 10−3 × ðλij=10−6Þ. T0

ϕ has been
conservatively chosen to be at least a factor of 2 smaller
than the one that can be obtained by integrating Eq. (3a)
accounting only for ν̄ν → ϕϕ from Tγ ¼ ∞ until T0

γ ¼
20 MeV. The temperature evolution for some values of the
neutrino-ϕ coupling constant is displayed in Fig. 2. Notice
that if λij > 8 × 10−6 a thermal population of ϕ particles
will be produced at T ≳ 3 MeV which will yield ΔNeff≃
0.57. Note also that for couplings 10−7 ≲ λij < 2 × 10−6, ϕ
particles will thermalize with neutrinos but Neff will be
unaltered by entropy conservation. This can be appreciated
from Figs. 2 and 3.
In order to constrain the ϕ-neutrino coupling, we shall

use the latest constraints on Neff as inferred from the
measured primordial Helium and Deuterium abundances
taken from the recent comprehensive analysis of Ref. [60]
(see also [61]). This analysis used YP ¼ 0.2449� 0.0040
[67] and D=H¼ð2.527�0.030Þ×10−5 [68]. At 95.4% CL,
the Neff constraint from BBN reads [60]:

Neff ¼ 2.88� 0.54 ðBBNat 95.4%CLÞ: ð6Þ

Note that within the neutrino decay scenario, Neff is the
same at the time of CMB formation and during BBN. This
is because the ϕ population can only lead to a change
in Neff provided that it is generated before neutrino
decoupling at T > 2 MeV. Since the proton-to-neutron
interactions freeze-out at Tp→n ∼ 0.7 MeV, BBN occurs at
TBBN ∼ 0.07 MeV [69–71], and recombination happens at
TCMB ∼ 0.26 eV, then this is clearly the case. We show the
resulting Neff as a function of the value of the ϕ-neutrino
Yukawa coupling in Fig. 3. The comparison between Neff
as a function of λij and that required for successful BBN
results in the following constraint on λij:

FIG. 1. Annihilation (left) and scattering (right) neutrino-ϕ diagrams as induced by the same interactions that trigger invisible neutrino
decays (middle).
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λij < 7.0 × 10−6 ðBBNat 95.4%CLÞ: ð7Þ
Finally, to translate the bound on the coupling into the

neutrino decay lifetime, we need to specify the mass of one
of the neutrinos in the decay process since only mass
differences are known [1–3]. Therefore, our bound on τν
depends upon the mass of one of the neutrinos in the
process, and we choose this mass to be that of the final state
neutrino mlightest.
In Fig. 4 we display the resulting constraint in the

τν-mlightest plane for ν2 → ν1 þ ϕ, ν3 → ν1 þ ϕ assuming
NO and ν1 → ν3 þ ϕ, ν1 → ν2 þ ϕ assuming IO, under the
label BBN. We note that the constraints for ν3 → ν2 þ ϕ
and ν2 → ν3 þ ϕ in the NO and IO respectively are of
similar strength to those of ν2 → ν1 þ ϕ and ν2 → ν1 þ ϕ.

We therefore have shown that in order for a successful
BBN, invisible neutrino decay modes of the type νi →
νj þ ϕ (where i, j represent massive neutrino states, and ϕ
is a massless scalar) should have a lifetime

τνi→νjþϕ > 10−3 s ðBBNat 95.4%CLÞ: ð8Þ
This bound applies to any neutrino mass eigenstate
(provided that the decay is kinematically accessible) and
for both normal and inverted ordering.
Supernova cooling can also be used to set constraints

on the neutrino-ϕ coupling, and thereby on the neutrino
decay lifetime. The agreement of SN1987A observations
with supernova models excludes couplings in the range
3 × 10−7 ≲ λij ≲ 2 × 10−5 or λij ≳ 3 × 10−4 [72,73]. This
bound is shown in Fig. 4 in grey.
The bound of τνi→νjþϕ > 10−3 s represents an improve-

ment of 8 orders of magnitude as compared with constraints
obtained from accelerator and long-baseline neutrino
experiments [36]. Separately, the bound of τνi→νjþϕ >

10−3 s is still 2 orders of magnitude more stringent that
those inferred from solar neutrino experiments [33–35].
However, in some regions of parameter space this BBN
bound is less constraining than the bound that can be
inferred from SN1987A observations [72,73].

A. Applicability of the BBN constraint

1. Assumptions

Here we comment on how relaxing some of the
assumptions that we made in order to obtain the constraint
on the neutrino lifetime of τν > 10−3 s (8) from BBN could
affect them, and we argue that they cannot be significantly
altered.
(1) Majorana-Dirac: For a given neutrino decay rate, the

annihilation cross section for Dirac neutrinos is 1=2
that of Majorana neutrinos, since the neutrinos are
not their antiparticles. Therefore, the constraint
on λ should be relaxed by a factor of 21=4 ≃ 1.2 in
the Dirac case. And therefore, the constraint on the
lifetime should naively be relaxed by a factor

ffiffiffi
2

p
.

However, if neutrinos are Dirac, the ν − ϕ interaction
will lead also to a thermal population of massless
right handed neutrinos andΔNeff will greatly exceed
0.57, which will result in an even tighter constraint.

(2) ϕ mass: Regardless of what the mass of the ϕ scalar
is, if the ϕ scalar is light enough to be in the neutrino
decay final state, then its mass is negligible in the
early Universe (T ≳ 1 MeV) and therefore mϕ will
not impact the annihilation rate. The mass may
change the decay width at rest, however, the phase
space suppression will be Oð1Þ unless mϕ is very
fine tuned mϕ ≃mνi −mνj . Hence, a non-negligible
mϕ will not impact our conclusions.

1 2 3 5 7 10 20 30

ij 10 6

3.0

3.2

3.4

3.6

N
ef

f

Stage-IV

Planck+BAO

Planck+BAO+H0

BBN

FIG. 3. Neff as a function of the ϕ-neutrino coupling constant,
λij from Eq. (1). The horizontal dashed lines correspond to the
Neff þ 2σ measurements from Planck [65] (within ΛCDM) and
as inferred from the observed primordial nuclei abundances at the
time of BBN [60]. We also show the expected sensitivity from
Stage-IV CMB [66] experiments.

FIG. 2. Temperature evolution of ϕ as a result of ν̄ν → ϕϕ
interactions triggered by the neutrino decay interaction
λijϕν̄iγ5νj. The shaded region represents the epoch in the early
Universe at which neutrinos decouple from the electromagnetic
sector of the plasma.
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2. Other scenarios

Here we comment how the BBN constraint
of τν > 10−3 s (8) applies to other particle physics
scenarios in which the decay is not necessarily νi → νj þ ϕ.
(1) νi → νj þ Z0. Invisible neutrino decays also

generically result from vector mediated neu-
trino self-interactions [74–78], provided that
mZ0 < jmν3 −mν1 j ≃ 0.05 eV. For such types of
models, our bounds still apply since the presence
of a thermal population of very light Z0s prior to
neutrino decoupling would render ΔNeff ¼ 1.71, a
value which is clearly excluded by CMB observa-
tions and successful BBN (6). In addition, as
a result of processes of the type lþl− → γZ0

[78], coupling constants of Oð10−8Þ would be
ruled out for mZ0 < jmν3 −mν1 j and hence
τν=mν ≳Oð104Þ s eV−1.

(2) νi → ν4 þ ϕ. If one of the light massive eigenstates
decays into a scalar plus a fourth very light sterile
neutrino (that has very small mixing with νe;μ;τ),
then τν > 10−3 s since within this scenario ΔNeff
could be as large as ΔNeff ¼ 1.57 at the time of
BBN, which is again clearly excluded by current
data (6).

(3) ν4 → ν1 þ ϕ. This scenario will be ruled out for
τν4 < 10−3 s since the same interactions that trigger
the 4th neutrino decay will render a thermal popu-
lation of ν4 and ϕ particles, thereby rendering
ΔNeff ¼ 1.57, which is incompatible with a suc-
cessful BBN. Note that this bound will apply for
mν4 ≲ 1 MeV.

IV. CMB CONSTRAINTS

If neutrinos decay efficiently while still relativistic into
other massless species, the decay process will effectively
make the neutrino fluid no longer free-streaming [40,41].
In particular, neutrino decays will erase the neutrino
anisotropic stress that otherwise arises in the course of
expansion in a purely noninteracting massless fluid [79,80].
In this section, we describe how we implement the effect of
neutrino decays upon the neutrino cosmological perturba-
tions and use the latest public CMB measurements by the
Planck satellite to set constraints on invisible neutrino
decays.

A. Modeling neutrino decays

We follow Ref. [41] in order to calculate the effective
neutrino decay rate that erases the neutrino anisotropic
stress, hΓi. Ref. [41] argues that hΓi ≃ Γðmν=EνÞ3, which
by thermally averaging hm=Ei and hm2=E2i separately
yields:

hΓi ¼ Γ
1

4

�
mν

Tν

�
3

: ð9Þ

Written as a function of the scale factor a, the neutrino
lifetime and the neutrino mass, reads:

hΓi ¼ 4.4
Mpc

1.26 × 1011 s
τν

�
mν

0.05 eV

�
3
�
1073

a
a0

�
3

; ð10Þ

where a0 ¼ 1.
In order to account the effect of neutrino decays in

the neutrino cosmological perturbations, we follow the

FIG. 4. Constraints on the lifetime of neutrino decay processes of the type νi → νj þ ϕ, where i, j label active neutrino mass
eigenstates and ϕ is a massless sterile scalar. mlightest corresponds to mνj . In the left panel the bounds are shown for ν2 → ν1 þ ϕ (NO)
and ν1 → ν2 þ ϕ (IO) decay processes, while in the right panel we show the constraints for the ν3 → ν1 þ ϕ (NO) and ν1 → ν3 þ ϕ (IO)
decay processes. The purple and magenta contours are ruled out by accelerator, long-baseline, and solar neutrino experiments [33–36].
The grey area is excluded by SN1987A observations [72,73]. The blue contours correspond to the cosmological constraints obtained in
this work by the requirement of successful BBN, see Sec. III. The cyan contours correspond to the bounds obtained from the Planck
2018 CMB analysis, see Sec. IV. In addition, in red, we highlight the preferred region of parameter space by Planck 2018 CMB
observations.
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relaxation time approximation for the neutrino collision
term [81]. This approximation amounts to modifying the
massless neutrino Boltzmann hierarchy for the perturbed
neutrino phase space in the following manner:

Fνl

dt

����
ν−decay

¼ Fνl

dt

����
SM

− hΓiFνl; l ≥ 2; ð11Þ

where t is proper time and Fνl represents the contribution
from the lth Legendre polynomial to the perturbed
neutrino phase space distribution [80]. The neutrino fluid
is regarded as the neutrinos plus the massless species
produced in the decay. We implement equation (11) in the
cosmological Boltzmann code CLASS [82,83]. For simplic-
ity, we assume that neutrinos are massless since given
Planck 2018 constraints [65] (see also [84–87]),

P
mν <

0.12 at 95% CL, and therefore neutrinos decay while
relativistic for the relevant cosmological evolution consid-
ered in this study.

B. CMB analysis

In order to test the neutrino decay hypothesis with CMB
observations we use the latest public CMB data from the
Planck satellite [65,88].3 In particular, we use both the
high-l Planck 2018 temperature and polarization spectra,
the low-l and low-E temperature and polarization spectra
(we shall collectively call this data set combination lowE),
and also the lensing measurements from the 2018 data
release [88]. We consider the following data set combina-
tions Planck 2018 TT+lowE+lensing and Planck
2018 TTTEEE+lowE+lensing.
To perform the CMB analysis, since hΓi is the quantity

that directly enters the Boltzmann hierarchy, we define

Γeff ≡ 1.26 × 1011 s
τν

�
mν

0.05 eV

�
3

; ð12Þ

and we use a logarithmic prior on Γeff over the range
½100; 108�. Converting a constraint on Γeff into a constraint
on the neutrino lifetime is trivial by using Eq. (12). For the
rest of the cosmological and nuisance parameters we use
the same priors as the Planck collaboration in their 2018
base ΛCDM analysis [65,88].
In order to be maximally conservative, we consider

several decay scenarios and also consider to which extent
the presence of additional noninteractingmassless species—
encoded in terms of ΔNeff—can alter the invisible neutrino
decay constraints.
We consider the same decay scenario as in Sec. II in

which one active massive neutrino decays into another

one by emitting a massless scalar particle ϕ; namely,
νi → νj þ ϕ. Within this scenario, the number of interact-
ing neutrino species is Nint ¼ 2, while the other neutrino
simply free-streams. We consider another scenario in which
an active neutrino decays into a sterile and very light
neutrino ν4 by emitting a massless scalar field ϕ; namely,
νi → ν4 þ ϕ. In this scenario the number of interacting
neutrino species is Nint ¼ 1 while we consider the other
two active neutrino species to be non-interacting and
therefore purely free-streaming. We contrast both scenarios
by varying Γeff and also ΔNeff , for which we use a linear
prior in the range ½−1; 9�.4 We perform a Monte Carlo
Markov Chain (MCMC) analysis using MontePython-v3

[90,91] and we quote results of analyses in which the
maximum Gelman-Rubin coefficient [92] for any param-
eter is R − 1 < 0.05.

C. Planck 2018 constraints

In the left panel of Figure 5, we display the marginalized
posterior distribution of the parameter Γeff, which is directly
related to the neutrino lifetime (12). In the right panel of
Fig. 5, we show the two-dimensional marginalized pos-
terior between Γeff and ΔNeff . It is obvious that the two
parameters are not degenerate and from the left panel of
Fig. 5 we notice that the posterior distributions for both a
varying ΔNeff and when it is fixed are fairly similar.
In Table I we quote the best fit, mean 68% CL error bars,

and 95% CL exclusions for the parameter Γeff and for the
invisible neutrino decay lifetime. The reader is deferred to
Table II in Appendix B where we quote the mean and 68%
error bars for the standard cosmological parameters too.
From Table I we clearly appreciate that the derived limits
from the Planck 2018 TTTEEE+lowE+lensing data-
set are less stringent than those from the Planck 2018 TT
+lowE+lensing dataset. This is essentially because
when including high-l polarization data there is a 1-2σ
preference for a noninfinite invisible neutrino decay life-
time. We therefore choose the Planck 2018 TTTEEE
+lowE+lensing analysis to quote both 95% CL upper
and lower limits and �68% CL measurements.
We show that Planck 2018 CMB observations bound the

lifetime of neutrino decay processes like νi → νj þ ϕ to be

τνi→νjþϕ > 1.3 × 109 s

�
mνi

0.05 eV

�
3

Planck; ð13Þ

at 95% CL. The lower bound on the neutrino lifetime of the
decay mode of the type νi → ν4 þ ϕ, where ν4 is a very
light and sterile neutrino, at 95% CL reads:

3In Appendix C we consider the constraints that can be
inferred from Planck 2015 data. We find very small differences
between the results that can be inferred from Planck 2015 and
2018 data.

4Note that an scenario with a negative ΔNeff will only
correspond to a Universe with a very low reheating temperature,
see, e.g., [89], or with very light and electrophilic species in
thermal equilibrium at the time of neutrino decoupling, see,
e.g., [62].
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τνi→ν4þϕ > 0.4 × 109 s

�
mνi

0.05 eV

�
3

Planck: ð14Þ

Furthermore, we also perform analyses allowing for an
additional massless and noninteracting contribution to the
energy density of the Universe, encoded in terms of ΔNeff .
We find that, when letting ΔNeff vary, the bounds are only
slightly relaxed, and at 95% CL read:

τνi→νjþϕ > 0.6 × 109 s

�
mνi

0.05 eV

�
3

Planck; ð15Þ

τνi→ν4þϕ > 0.4 × 109 s

�
mνi

0.05 eV

�
3

Planck; ð16Þ

and hence are barely affected by an additional contribution
to Neff from massless noninteracting species.
The results from the Planck 2018 TTTEEE+lowE

+lensing show a ∼1–2σ preference for invisibly
decaying neutrinos. At 68% CL the neutrino lifetimes
are bounded to be

τνi→νjþϕ ¼ 7.7þ8.5
−6.0 × 109 s

�
mνi

0.05 eV

�
3

; ð17Þ

τνi→ν4þϕ ¼ 3.0þ3.8
−2.5 × 109 s

�
mνi

0.05 eV

�
3

: ð18Þ

Finally, in order to highlight the constraining power of
Planck CMB observations on invisible neutrino decays, we
study how much the fit to the Planck 2018 data is degraded
in a scenario with a neutrino decay lifetime accessible
to neutrino experiments via the observation of the next
galactic supernova.
Neutrino experiments should be sensitive to neutrino

decays in a galactic supernova signal for

τSN ∼
mν

E
DSN ∼ 104 s

10 MeV
E

mν

0.1 eV
DSN

10 kpc
; ð19Þ

where E ∼ 10 MeV is the typical mean energy of the
neutrinos emitted and DSN is the distance to the supernova.
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FIG. 5. Marginalized posterior distributions from the analysis to the Planck 2018 TT+lowE+lensing data (blue) and
the Planck 2018 TTTEEE+lowE+lensing (red). The upper panels correspond to the neutrino decay scenario νi → νj þ ϕ,
and the lower panels correspond to the neutrino decay scenario νi → ν4 þ ϕ. The left panels correspond to the one dimensional
posterior of log10½1.26 × 1011 s=τνðmν=0.05 eVÞ3�. The right panels correspond to the two dimensional posterior in the
ΔNeff -log10½1.26 × 1011 s=τνðmν=0.05 eVÞ3� plane. The dashed lines in the right hand panels correspond to the contours including
BAO data.
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We run aMCMC fixing τν ¼ 1.3 × 105 s ðmν=0.05 eVÞ3
and allowing to vary the six standard cosmological param-
eters, the Planck nuisance parameters, and also ΔNeff . For
the Planck 2018 TTTEEE+lowE+lensing data set,
we find that the best-fit points have a higher minimum χ2,
as compared to ΛCDM, of:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
χ2νi→νjþϕ − χ2ΛCDM

q
¼ 6.4; ð20Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
χ2νi→ν4þϕ − χ2ΛCDM

q
¼ 2.9: ð21Þ

Within Gaussian statistics, these results demonstrate that
fast neutrino decays at a rate of τν¼1.3×105sðmν=0.05eVÞ3
are clearly disfavored by Planck CMB observations with a
6.4σ and 2.9σ significance for νi → νj þ ϕ and νi → ν4 þ ϕ
decays respectively.

D. Including BAO data

We have further considered the joint impact of baryon
acoustic oscillation (BAO) and Planck 2018 data on
invisible neutrino decays. Although BAO data are not
directly sensitive to the reduction of the neutrino aniso-
tropic stress induced by neutrino decays, BAO data can be
used to narrow down other cosmological parameters and to
reduce degeneracies in the CMB fit. We consider the same
BAO data as the Planck collaboration in their 2018 analysis
[65]. Namely, we use: data from the 6dF Galaxy Survey
[93], the Main Galaxy Sample of SDSS [94] and DR12 of
BOSS [95].
We combine BAO data with the full Planck data to form

the Planck 2018 TTTEEE+lowE+lensing+BAO data
set. As can be appreciated in Table I, we find very similar
constraints on τν as when only Planck data is considered.

From the last column of Table I we see that the significance
of invisible neutrino decays is slightly enhanced as com-
pared with Planck data alone. This results from the help of
BAO data in breaking degeneracies in other cosmological
parameters.
Therefore, the inclusion ofBAOdata to Planck 2018CMB

observations does not significantly alter bounds we report on
invisible neutrino decays and renders a slight enhancement of
the significance of invisible neutrino decays.

V. SUMMARY AND DISCUSSION

In this work we have revisited the cosmological con-
straints on invisible neutrino decay modes in light of the
rather weak constraints from solar, atmospheric, and long-
baseline neutrino experiments. Collectively, we have
exploited cosmological observations to place stringent con-
straints on invisible neutrino decays. See Ref. [43] for the
previous CMB analysis. Figure 4 highlights the main
constraints on invisible neutrino decays derived in this work.
In summary, the main results obtained in this paper are
(1) The invisible neutrino decay lifetime should be

τν > 10−3 s at 95% CL in order for the primordial
elements to be synthesized successfully. In addition,
we have discussed other neutrino decay scenarios for
which it applies beyond νi → νj þ ϕ decays.

(2) Planck 2018 observations set stringent constraints
on invisible neutrino decays. We have found
that τνi→νjþϕ > 1.3 × 109 s ðmνi=0.05 eVÞ3 and that
τνi→ν4þϕ>0.4×109 sðmνi=0.05eVÞ3, both at 95%CL.
The bound τνi→νjþϕ > 1.3 × 109 s ðmνi=0.05 eVÞ3 is
only 10% more stringent than the one found in the
analysis performed by Archidiacono and Hannestad
[43], that used Planck 2013 data. To derive this
constraint, unlike in Ref. [43], we did not assume that

TABLE I. Marginalized constraints from Planck 2018 CMB observations for log10ðΓeffÞ, ΔNeff , and those inferred for the neutrino
lifetime τν from Eq. (12). Note that we also account for Planck 2018 lensing measurements.

Parameter log10ðΓeffÞ τν=ð109sÞ · ðmν=0.05 eVÞ−3 ΔNeff
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
χ2ΛCDM − χ2ν

p
Data Scenario BF 68% CL 95% CL BF 68% CL 95% CL 68% CL BF

Planck2018
TTTEEE+lowE

νi → νj þ ϕ 1.41 1.2þ0.7
−0.3 <2.0 4.9 7.7þ8.5

−6.0 >1.3 � � � 1.6
νi → νj þ ϕ, þΔNeff 1.71 1.4þ0.7

−0.3 <2.3 2.4 4.6þ4.0
−3.7 >0.6 0.23� 0.29 1.3

νi → ν4 þ ϕ 2.01 1.6þ0.8
−0.4 <2.6 1.2 3.0þ3.8

−2.5 >0.3 � � � 1.6
νi → ν4 þ ϕ, þΔNeff 1.68 1.3þ0.8

−0.8 <2.5 2.6 5.9þ30
−4.9 >0.4 0.14� 0.28 1.4

Planck2018
TT+lowE

νi → νj þ ϕ 1.69 1.0þ0.7
−0.5 <1.8 2.6 12þ23

−9 >1.8 � � � 1.1
νi → νj þ ϕ, þΔNeff 1.31 1.1þ0.7

−0.5 <2.0 6.1 11þ25
−8 >1.4 −0.05� 0.27 1.5

νi → ν4 þ ϕ 1.51 1.4þ0.9
−0.7 <2.5 3.9 5.4þ20

−4.6 >0.4 � � � 0.8
νi → ν4 þ ϕ, þΔNeff 1.68 1.3þ0.8

−0.8 <2.5 2.6 5.9þ30
−4.9 >0.4 −0.14� 0.29 0.6

Planck2018+BAO νi → νj þ ϕ 1.60 1.2þ0.7
−0.4 <2.0 3.1 8.1þ11

−6.5 >1.2 � � � 1.8
νi → νj þ ϕ, þΔNeff 1.82 1.4þ0.6

−0.3 <2.2 1.9 5.0þ4.0
−3.8 >0.8 0.19� 0.24 2.0

νi → ν4 þ ϕ 1.90 1.6þ0.8
−0.3 <2.6 1.6 2.9þ3.1

−2.4 >0.3 � � � 2.1
νi → ν4 þ ϕ, þΔNeff 1.60 1.8þ0.7

−0.3 <2.7 3.1 2.2þ2.2
−1.8 >0.2 0.09� 0.25 1.9
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three neutrinos interact, but only the two that partici-
pate in the decay process νi → νj þ ϕ.

(3) The CMB constraints on invisible neutrino decays
are robust upon modifications of the cosmological
model. In particular, we have shown that the bounds
are barely affected by possible contributions to Neff
from non-interacting dark radiation.

(4) Invisible neutrino lifetimes τν<105 sðmν=0.05eVÞ3
that could be tested from the observations of the next
galactic supernovae are highly disfavored by Planck
CMB observations. Neutrino decays νi → νj þ ϕ
occurring at such a rate are excluded with a 6.4σ
significance.

(5) The full Planck 2018 data set shows a mild prefer-
ence for invisible neutrino decays. In particular,
invisible neutrino lifetimes τνi→νjþϕ ¼ 7.7þ8.5

−6.0 ×

109 s ðmνi=0.05 eVÞ3 and τνi→ν4þϕ ¼ 3.0þ2.8
−2.5 ×

109 s ðmνi=0.05 eVÞ3 are preferred over ΛCDM
with a significance of ∼1–2σ.

(6) We have shown that including current BAO data
does not alter any of the conclusions we draw from
Planck 2018 observations alone.

VI. OUTLOOK

Cosmological constraints on invisible neutrino decays
are typically orders of magnitude more stringent than those
derived from laboratory and solar neutrino experiments.
However, it must be noted, that in order to set cosmological
constraints we have implicitly assumed that the neutrino
interactions that trigger neutrino decays are time indepen-
dent. This is not the case in some models in which neutrinos
do decay today, but would not have done so in the early
Universe [21]. Hence, all terrestrial, astrophysical and
cosmological bounds are meaningful.
Sensitivity to invisible neutrino decays is generically ex-

pected to improve in the future. Bounds from current and
upcoming laboratory experiments, the next galactic super-
novae, and neutrino telescopes have been a subject of intense
study, see, e.g., [55,56,96–105]. From the cosmological side,
the positive detection of the neutrino energy density would
represent a very strong constraint on the neutrino lifetime
[106]. In addition, since baryon acoustic oscillations have
now been shown [107] to require the presence of free-
streaming neutrino species, we think they could also be used
to set constraints on the invisible neutrino lifetime, and could
potentially reach τν ∼Oð1015Þ s.
In this work we have focused on CMB constraints upon

invisible neutrino decays. One may naively think that future
CMB observations could help to tighten the constraints on
invisible neutrino decays. However, we do not expect this
to be the case. In Figure 6, we show the TT power spectrum
for some neutrino decay scenarios as compared to ΛCDM.
One can clearly appreciate that, for neutrino lifetimes that
are not already excluded by Planck 2018 observations, the

only modification to the power spectrum occurs for
l < 1000, which corresponds to angular scales that have
been measured already with cosmic variance error bars by
the Planck satellite. This means that we expect constraints
to improve only slightly, and particularly from future
polarization measurements.
To conclude, in this work we have shown that when the

full Planck 2018 data is considered, neutrino decay life-
times of τν ¼ ð2–16Þ × 109 s ðmν=0.05 eVÞ3 are preferred
over neutrinos being stable with a 1–2σ significance. From
the particle physics perspective, although beyond the scope
of this work, it would be very interesting to work out a UV
complete model that is capable of generating such neutrino
lifetimes while being consistent with all other laboratory
constraints, in particular those arising from the null
searches of charged lepton-flavor violation processes.
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APPENDIX A: ENERGY TRANSFER RATE FOR
1+2 → 3 + 4 ANNIHILATION PROCESSES

Here we calculate the energy density transfer rate for a
1þ 2 → 3þ 4 annihilation process by closely following
[108,109]. Neglecting statistical factors and assuming
Maxwell-Boltzmann statistics for the distribution func-
tions, the energy density transfer rate explicitly reads:

δρ

δt
¼−

X
spins

Z
d3p̃1d3p̃2d3p̃3d3p̃4ð2πÞ4

×δ4ðp1þp2−p3−p4ÞjMj2E1ðf1f2−f3f4Þ; ðA1Þ

FIG. 6. TT power spectrum for various values of the neutrino
decay lifetime as compared to ΛCDM, assuming the same
cosmological parameters. We consider the neutrino decay process
νi → νj þ ϕ and we fix mνi ¼ 0.05 eV for concreteness. The
grey band indicates cosmic variance.
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where d3p̃i ¼ d3pi=ð2Eið2πÞ3Þ andM is the amplitude for
the 1þ 2 → 3þ 4 process, where we assumed CP con-
servation. For our particular process of interest, T1 ¼ T2 ¼
T and T3 ¼ T4 ¼ T 0. And hence, within the MB approxi-
mation f1f2 ¼ e−ðE1þE2Þ=T and f3f4 ¼ e−ðE3þE4Þ=T 0 ¼
e−ðE1þE2Þ=T 0

by detailed balance, which allows us to reduce
the phase space integrals from 12 → 1 dimensions.
By following the integration procedure of Refs. [108,109],

and particularizing for m1 ¼ m2 ¼ m3 ¼ m4 ¼ 0 we find

δρ

δt
¼

Z
∞

smin

σs2ds
64π4

�
T 0K2

� ffiffiffi
s

p
T 0

�
− TK2

� ffiffiffi
s

p
T

��
; ðA2Þ

where smin ¼ min½ðm1 þm2Þ2; ðm3 þm4Þ2�, and σ is the
usual cross section for the 1þ 2 → 3þ 4 process. We are
interested in applying this formula to the process ϕϕ → ν̄ν.
At the energies of interest (∼MeV) m1¼m2¼m3¼m4¼0
is a very good approximation. The cross section for the
ϕϕ → ν̄iνi process simply reads:

σðsÞ ≃ 2
P

jλ
4
ij

πs
log

�
s
m2

ν

�
; ðA3Þ

where here we have for simplicity assumed that mνi ¼ mνj .
5

By using expression (A2) we obtain the following analytical
energy transfer rate:

δρϕ
δt

¼
P

jλ
4
ij

π5

�
T5
ν log

�
2Tν

mν

�
− T5

ϕ log

�
2Tϕ

mν

��
: ðA4Þ

Note that this rate corresponds to ϕϕ ↔ ν̄ν for one single
neutrino mass eigenstate in the final state.

APPENDIX B: COSMOLOGICAL PARAMETERS

In Table II we quote the mean�68% CL intervals for all
the relevant cosmological parameters as derived in each
analysis performed in this study.

TABLE II. Marginalized posteriors for the standard cosmological parameters plus the neutrino decay lifetime and ΔNeff from the
analysis to Planck 2018 data. i, j label active neutrino mass eigenstates. The rows correspond to the mean and�1σ errors but for the case
of the neutrino decay parameters in which we quote a 95% CL bound.

Scenario

Data Parameter νi → ν4 þ ϕ νi → ν4 þ ϕ, þΔNeff νi → νj þ ϕ νi → νj þ ϕ, þΔNeff

Planck2018
TTTEEE+lowE+len

log10ðΓeffÞ <2.6 <2.5 <2.0 <2.3
ΔNeff � � � 0.14� 0.28 � � � 0.23� 0.29

τν · ðmν=0.05 eVÞ−3 > 0.3 × 109 s > 0.4 × 109 s > 1.3 × 109 s > 0.6 × 109 s
Ωbh2 0.02240� 0.00017 0.0225� 0.0003 0.02230� 0.00018 0.0226� 0.0003
Ωcdmh2 0.1187� 0.0014 0.121� 0.004 0.1186� 0.0014 0.123� 0.005

logð1010AsÞ 3.08� 0.03 3.09� 0.03 3.08� 0.03 3.09� 0.03
ns 0.970� 0.005 0.976� 0.010 0.972� 0.005 0.981� 0.015
τreio 0.050� 0.008 0.051� 0.008 0.050� 0.007 0.050� 0.008

H0½km=s=Mpc� 67.9� 0.6 69.2� 2.0 68.0� 0.06 69.7� 2.0

Planck2018
TT+lowE+len

log10ðΓeffÞ <2.5 <2.5 <2.0 <1.8
ΔNeff � � � −0.14� 0.29 � � � −0.05� 0.27

τν · ðmν=0.05 eVÞ−3 > 0.4 × 109 s > 0.4 × 109 s > 1.8 × 109 s > 1.4 × 109 s
Ωbh2 0.02211� 0.00023 0.02212� 0.0003 0.0220� 0.0002 0.0220� 0.0003
Ωcdmh2 0.1197� 0.0017 0.120� 0.004 0.1203� 0.0017 0.120� 0.005

logð1010AsÞ 3.037� 0.014 3.03� 0.02 3.035� 0.015 3.03� 0.02
ns 0.964� 0.005 0.963� 0.013 0.966� 0.005 0.965� 0.012
τreio 0.052� 0.008 0.051� 0.008 0.052� 0.008 0.051� 0.008

H0½km=s=Mpc� 67.0� 0.7 66.9� 2.5 67.0� 0.8 66.8� 2.2

Planck2018+BAO log10ðΓeffÞ <2.6 <2.7 <2.0 <2.0
ΔNeff � � � 0.09� 0.25 � � � 0.19� 0.24

τν · ðmν=0.05 eVÞ−3 > 0.3 × 109 s > 0.2 × 109 s > 1.2 × 109 s > 0.8 × 109 s
Ωbh2 0.02237� 0.00016 0.0225� 0.0002 0.02234� 0.00017 0.0224� 0.0003
Ωcdmh2 0.1192� 0.0012 0.121� 0.004 0.1190� 0.0013 0.123� 0.003

logð1010AsÞ 3.07� 0.03 3.08� 0.03 3.08� 0.03 3.09� 0.03
ns 0.969� 0.005 0.973� 0.010 0.971� 0.005 0.979� 0.010
τreio 0.048� 0.008 0.050� 0.008 0.050� 0.008 0.050� 0.008

H0½km=s=Mpc� 67.7� 0.6 68.5� 1.7 67.8� 0.6 69.1� 1.7

5This hugely simplifies the cross section and we have
explicitly checked that it is accurate at the 10% level.
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APPENDIX C: PLANCK 2015 CONSTRAINTS

Here we outline the constraints on invisible neutrino
decays that can be derived from Planck 2015 CMB
observations [51,52]. We consider the following data set
combinations Planck 2015 TT+lowP+lensing and

Planck 2015 TTTEEE+lowP+lensing. In Table III
we quote the best fit, mean 68% CL error bars and 95% CL
exclusions for the parameter Γeff and for the invisible
neutrino decay lifetime. In Fig. 7 we display the margin-
alized 1D and 2D posterior distribution of the parameter
Γeff and ΔNeff − Γeff respectively.
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FIG. 7. Marginalized posterior distributions from the analysis to the Planck 2015 TT+lowP+lensing data (blue) and
the Planck 2015 TTTEEE+lowP+lensing (red). The upper panels correspond to the neutrino decay scenario νi → νj þ ϕ,
and the lower panels correspond to the neutrino decay scenario νi → ν4 þ ϕ. The left panels correspond to the one dimensional posterior
of log10½1.26 × 1011 s=τνðmν=0.05 eVÞ3�. The right panels correspond to the two dimensional posterior in the ΔNeff −
log10½1.26 × 1011 s=τνðmν=0.05 eVÞ3� plane.

TABLE III. Marginalized constraints from Planck 2015 CMB observations for log10ðΓeffÞ, ΔNeff , and those inferred for the neutrino
lifetime τν from Eq. (12). Note that we also account for Planck 2015 lensing measurements.

Parameter log10ðΓeffÞ τν=ð109 sÞ · ðmν=0.05 eVÞ−3 ΔNeff
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
χ2ΛCDM − χ2ν

p
Data Scenario BF 68% CL 95% CL BF 68% CL 95% CL 68% CL BF

Planck2015
TTTEEE+lowP

νi → νj þ ϕ 1.61 1.3þ0.7
−0.3 <2.0 3.0 7.0þ7.2

−5.5 >1.2 � � � 1.8
νi → νj þ ϕ, þΔNeff 1.58 1.4þ0.6

−0.3 <2.2 3.3 5.5þ5.0
−4.2 >0.9 0.02� 0.27 2.2

νi → ν4 þ ϕ 1.18 1.6þ0.8
−0.4 <2.5 8.1 3.4þ3.7

−2.8 >0.4 � � � 1.8
νi → ν4 þ ϕ, þΔNeff 1.98 1.7þ0.7

−0.3 <2.6 1.3 2.8þ3.3
−2.2 >0.3 −0.04� 0.26 1.7

Planck2015
TT+lowP

νi → νj þ ϕ 1.00 1.0þ0.7
−0.5 <1.9 13 13þ31

−10 >1.7 � � � 1.2
νi → νj þ ϕ, þΔNeff 1.35 1.0þ0.7

−0.5 <1.9 5.6 12þ28
−9 >1.7 0.23� 0.38 1.2

νi → ν4 þ ϕ 2.15 1.3þ0.8
−0.7 <2.3 77 7þ23

−5 >0.6 � � � 1.0
νi → ν4 þ ϕ, þΔNeff 1.38 1.2þ0.7

−0.8 <2.4 5.3 7þ35
−6 >0.5 0.26� 0.35 0.1
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Finally, when considering a lifetime of τν ¼
1.3 × 105 s ðmν=0.05 eVÞ3, we find that the fit to Planck
2015 data is degraded with respect to ΛCDM at the level of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
χ2νi→νjþϕ − χ2ΛCDM

q
¼ 5.4; ðC1Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
χ2νi→ν4þϕ − χ2ΛCDM

q
¼ 3.1: ðC2Þ

when considering the Planck 2015 TT+lowP+
lensing data set. Similarly, for the Planck 2015
TTTEEE+lowP+lensing data set we find:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
χ2νi→νjþϕ − χ2ΛCDM

q
¼ 7.7; ðC3Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
χ2νi→ν4þϕ − χ2ΛCDM

q
¼ 3.9: ðC4Þ
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