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We reconstruct the neutrino mass as a function of redshift, z, from current cosmological data using 
both standard binned priors and linear spline priors with variable knots. Using cosmic microwave 
background temperature, polarization and lensing data, in combination with distance measurements 
from ∑baryonic acoustic oscillations and supernovae, we find that the neutrino mass is consistent 
with mν (z) = const. We obtain a larger und on the neutrino mass at low redshifts coinciding
with the onset of dark energy domination,

∑
mν(z = 0) < 1.46 eV (95% CL). This result can be

explained either by the well-known degeneracy between
∑
mν and ΩΛ at low redshifts, or by models

in which neutrino masses are generated very late in the Universe. We finally convert our results into
cosmological limits for models with non-relativistic neutrino decay and find

∑
mν < 0.21 eV (95%

CL), which would be out of reach for the KATRIN experiment.

I. INTRODUCTION

Cosmological surveys and particle physics experiments
are independent and complementary probes of neutrino
properties. Neutrino oscillation experiments have mea-
sured the squared mass differences between neutrino
mass eigenstates, giving a lower bound of 59 meV for
the total sum of the neutrino masses,

∑
mν [1]. In

addition, the Karlsruhe Tritium Neutrino Experiment
(KATRIN) has constrained the electron neutrino mass
to be lower than mν,e < 0.8 eV at 90% CL [2, 3]. In-
dependent from these constraints, measurements of the
cosmic microwave background (CMB) with the Planck
satellite mission, combined with distance measurements
from baryonic acoustic oscillations (BAO) from the Sloan
Digital Sky Survey (SDSS) and 6dF have provided a
tight upper bound on the total sum of neutrino masses,∑
mν < 120 meV at 95% CL [4].
Contrary to neutrino mass direct detection limits,

the cosmological neutrino mass bound assumes a spe-
cific cosmological model, usually the ΛCold Dark Mat-
ter (ΛCDM) model or its single-parameter extensions.
In more extended cosmological models, the cosmologi-
cal neutrino mass limits can become less stringent due
to opening wider parameter spaces and/or covering more
complex physics scenarios.

On the one hand, the lower bound of
∑
mν = 59 meV

imposed by neutrino oscillation experiments can be re-
laxed in cosmological analyses to

∑
mν = 0 meV, for

example, if cosmological neutrinos disappear in the late
Universe. Although the original “neutrinoless Universe”
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proposal [5] has been ruled out1, other scenarios like mod-
els predicting postrecombination neutrino mass genera-
tion and subsequent relic neutrino annihilation [9] are
still possible. In such models, the neutrino mass param-
eter cannot be captured using cosmological data and can
only be measured using terrestrial and astrophysical ex-
periments such as KATRIN. The possible cosmological
disappearance of the neutrino mass parameter has also
been proposed in the context of modified gravity theo-
ries [10–12]; these should soon be tested with surveys like
Euclid [12]. If we allow for strong fine tuning, another
possibility to eliminate the cosmological neutrino mass
bounds would be to postulate a new light scalar particle
that couples to neutrinos, with a coupling constant that
needs to be smaller than g ∼ 10−7 to avoid laboratory
constraints [13].

On the other hand, the upper cosmological neutrino
mass bound is sensitive to a number of model assump-
tions and can be slightly relaxed, for example when
the dark energy equation of state is allowed to vary in
time [14–21], when the curvature of the Universe is not
fixed [21], when considering additional relativistic de-
grees of freedom [4], or when assuming non-standard mo-
mentum distributions of the cosmic neutrinos [22]. More-
over, it has been shown that the cosmological neutrino
mass bound can be substantially weakened when neutri-
nos are unstable and thus their lifetime is smaller than
the age of the Universe [23–27] or when neutrino masses
are varying in time [9, 28–30]. Note, however, that the
strongly relaxed neutrino mass bounds of

∑
mν< 0.9 eV

1By free-streaming of the cosmic neutrino background before pho-
ton decoupling [6, 7], by the resulting phase shift in the CMB
peaks [8], and by precise CMB measurements of the effective num-
ber of species in the early Universe [4].
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(95% CL) with neutrino decays [24] or
∑
mν< 4.8 eV

(95% CL) with time-varying neutrino masses [30] have
been derived from previous releases of cosmological data,
including the Planck 2015 CMB data. The neutrino mass
bound has been substantially tightened with the Planck
2018 release,

∑
mν=0.12 eV (95% CL, Planck 2018 TT-

TEEE+lowE+lensing+BAO [4]) and therefore, we ex-
pect the above-mentioned bounds also to change.

In a previous publication [30], some of us investigated
how the standard cosmological neutrino mass bound
would be affected if neutrino masses were to be gener-
ated late in the Universe. This analysis suggested that
the combination of current CMB temperature, polariza-
tion and lensing data, as well as BAO and supernovae
(SN) data prefers neutrino masses to be generated at low
redshifts, allowing a significantly larger cosmological neu-
trino mass upper bound. An alternative interpretation of
the results is that current cosmological datasets do not
necessarily require neutrinos to be massive, pushing the
scale factor of the phase transition in the model to very
low redshifts. The trend of larger neutrino mass bounds
in the late Universe had already been noted before (see,
e.g., Refs. [29, 31–36] and references therein). This could
either arise due to the well-known degeneracy between
neutrino masses and dark energy, or be explained by
new physics beyond the Standard Model of Cosmology.
In particular, it seems striking that the energy scales of
dark energy and neutrino masses are numerically very
close, 4

√
ρΛ ∼ mν ∼ meV. If cosmological data permit

larger neutrino masses during dark energy domination,
there could be an intriguing theoretical connection be-
tween these two phenomena (see, e.g., Refs. [9, 28, 37–40]
and references therein).

The tight neutrino mass limit from cosmology is mak-
ing a direct detection from Tritium β-decay experiments
like KATRIN very challenging. Indeed, KATRIN’s tar-
get sensitivity of 200 meV at 90% CL for the νe mass [41]
will unlikely hit the cosmological limit obtained in either
ΛCDM or its simple extensions [4, 21]. Assuming all ob-
servations and analysis assumptions are correct and free
of systematic effects, we are entering a regime where a di-
rect detection of neutrino masses with particle detectors
such as KATRIN could become a strong hint for non-
standard neutrino physics. At the same time, the next
generation of cosmological surveys aim to improve their
reach in neutrino mass sensitivity and to make the first
detection [42, 43].

To work toward these future goals, we present here
a model-independent approach to investigate the pos-
sibility that neutrino masses change on cosmological
timescales, reconstructing the neutrino mass as a func-
tion of redshift.

A similar methodology has been applied to reconstruct
possible variations in other cosmological parameters, in
particular dark energy parameters [36, 44–56] and the
Hubble parameter [36, 57–62] as a function of redshift,
the shape of the primordial power spectrum as a function
of wave number [63–67], and parameters describing devi-

ations from general relativity as a function of redshift and
wave number [68]. Exploring variations of cosmological
parameters in time also gains in importance in light of
tensions between parameters inferred from current high-
and low-redshift data (see, e.g., Ref. [69]).

In general, reconstructions fully accounting for degen-
eracies and the interplay between cosmological param-
eters, such as the dark matter density and dark energy
parameters, are especially hard to achieve [70–72]. In the
case of the neutrino mass, a model-independent recon-
struction is particularly challenging. A comprehensive
model for time-varying neutrino masses would require an
interaction with other energy sectors, such as dark radi-
ation or dark energy, to satisfy energy conservation laws.
Additionally, including such interactions permits to fully
capture and exploit the physics signatures of the model.
While in the case of dark radiation this interaction is
negligible for many cosmological scenarios (e.g., the dark
radiation resulting from neutrino decays has negligible
cosmological impact [24]), in the case of dark energy this
interaction could alter wde(z) and thus generate multiple
signatures that allow us to place stronger limits on the
model.

In this paper, we take a conservative approach and use
a generic function to model the neutrino mass sum. We
also ignore potential additional constraining power com-
ing from the inclusion of the coupling between the neu-
trino and the dark sector which is theory specific, and
perform a model-independent analysis that only focuses
on neutrinos without assuming any specific interactions
with other dark sectors. This yields a conservative ap-
proach in the modelling but not necessarily the most con-
servative neutrino mass constraints (see the discussion in
Sec. V). The method used here expands on the work done
in Ref. [30], which assumed a specific time-varying neu-
trino mass model, and also spans models with neutrino
decays for which we will set new limits.

The paper is structured as follows. In Sec. II we ex-
plain the theoretical background of cosmological neutrino
mass constraints and neutrino mass models. In Sec. III
we present our methodology, in particular the different
datasets and reconstruction methods. We present our
results in Sec. IV and summarize and discuss them in
Sec. V.

II. THEORETICAL BACKGROUND

A. Neutrino mass constraints from cosmological
probes

At the beginning of their cosmic journey, neutrinos
are relativistic particles and behave as a radiation
component in the early Universe. When their kinetic
energy term drops below the mass term due to cooling
in an expanding Universe, neutrinos start to behave
as nonrelativistic, massive particles. The redshift of
this transition is inversely proportional to the neutrino
mass [73]: neutrinos with a smaller mass become non-
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relativistic at a later time compared to neutrinos with a
higher mass. Neutrino masses thus affect cosmological
observations during different cosmic epochs, which in
turn allows us to probe

∑
mν at different redshifts.

The cosmic microwave background– Constraining neu-
trino properties with the CMB has been a rich research
area with extensive literature (see, e.g., Refs. [74–76]). To
summarize, the key effects we look for in CMB probes are:

(i) Effects on the background evolution of the Universe
via changes in the angular diameter distance at recombi-
nation, DA(zrec) and the Hubble parameter [74, 75]. In
general, there is a strong degeneracy between neutrino
parameters and the Hubble constant [74, 77–80].

(ii) Effects on the evolution of perturbations. In partic-
ular, the integrated Sachs-Wolfe effect is affected, both at
early times during radiation domination (eISW) [74, 75],
as well at late times when dark energy starts to dominate
the evolution of the Universe (`ISW) [81]. The eISW de-
pends on the relativistic degrees of freedom, Neff , as well
on neutrino masses, but in a different way. Whereas Neff

mostly changes the amplitude of the first peak in the
CMB anisotropy power spectrum, neutrino masses affect
the amplitude of the eISW on a large range of multipoles
depending on the neutrino mass and the corresponding
free-streaming scale [74, 75, 82]. The `ISW effect dom-
inates at ` < 30 and is therefore elusive because of cos-
mic variance in CMB data alone. However, when cross-
correlated with galaxy number counts, this effect is a
promising avenue for measuring neutrino masses [83].

(iii) Effects on the matter distribution deflecting the
CMB photons by gravitational lensing [84]. This will
leave both an imprint on the CMB temperature and po-
larization anisotropies (in the high-` region of the spec-
tra), as well as generate a CMB lensing convergence

signal, Cφφ` . The latter probe will capture the small-
scale suppression of the matter power spectrum due to
large neutrino thermal velocities and corresponding free-
streaming out of density fluctuations [75, 85]. Depending
on whether the neutrino wavelength is above or below the
free-streaming wavelength, neutrinos cluster as cold dark
matter and baryons, or free-stream out of gravitational
wells. This slows down the clustering of matter, leading
to a suppression of the matter power spectrum on the
corresponding scales which is more pronounced for larger
neutrino masses [86]. The CMB damping tail is measured
with high precision with current data [87–89] and CMB
lensing is now in a high signal-to-noise regime [90, 91].

(iv) The optical depth to reionization τ is degenerate
with the amplitude of scalar primordial fluctuations As.
Since the amount of clustering of cosmic structures is
tightly linked to

∑
mν , this in turn becomes a strong

degeneracy between τ and
∑
mν . CMB polarization

measurements of τ enable us to obtain a tighter con-
straint on

∑
mν [16, 92].

Baryonic acoustic oscillations– Before CMB decou-
pling, baryons and photons are tightly coupled to each

other. At the time of recombination, the CMB photons
decouple from the baryons, and the oscillations of the
baryon-photon fluid are frozen in the CMB anisotropies.
In addition to the CMB, these oscillations also leave
a characteristic imprint in the large scale structure
of the Universe, both transverse as well as along the
line of sight [93, 94]. In particular, the size of the
BAO is known, and therefore BAO can be used as
standard rulers to infer either H(z)rs(z

∗) or DA/rs(z
∗),

where DA(z) is the angular diameter distance (see, e.g.,
Refs. [95, 96] for reviews) and rs the sound horizon at
decoupling z∗. These quantities are in particular sensi-
tive to the matter density Ωmh

2. BAO measurements
allow to constrain the energy contribution of massive
neutrinos to the matter density. The BAO feature has
been detected in the clustering of galaxies [93, 94, 97], as
well as in the clustering of low-redshift quasars [98–100],
and in the correlations of Lyman-α systems [101, 102]
(see below). This latter probe provides an additional
measurement to standard BAO data and extends BAO
observations toward high redshifts.

Lyman-α forest– The absorption lines of neutral
hydrogen in the intergalactic medium (IGM) in quasar
spectra are sensitive to cosmological parameters, and
probe cosmic structure formation at redshifts between
z ∼ 2 − 6. In particular, Lyman-α forest measurements
characterize small structures on the scale of sub-Mpc
to Mpc. This anchors the level of the matter power
spectrum on scales between k ∼ 0.1 − 2 and therefore
probes the regime where the suppression of the matter
power spectrum due to massive neutrinos is the most
pronounced (see, e.g., Refs. [103–107]). The relevant
summary statistic is the 1D flux power spectrum,
which is related to the matter power spectrum using a
nonlinear transformation [108, 109]. The level of the 1D
flux power spectrum depends both on the amplitude of
the linear matter power spectrum and on the sum of
neutrino masses, resulting in a degeneracy between these
two parameters [110]. This limits the ability of current
Lyman-α forest measurements to constrain neutrino
masses. The current upper bound from Lyman-α
measurements alone is Σmν < 0.71 eV (95% CL) [107].
Probing cosmological parameters with the Lyman-alpha
forest is also challenging because of observational and
astrophysical systematics, which need to be modeled in
the analyses [111, 112].

Supernovae– Measurements of the luminosity distance
DL(z) from supernovae explosions are not directly
sensitive to neutrino properties. However, they can be
used to constrain dark energy parameters, such as the
dark energy density ΩΛ and the dark energy equation
of state wde(z) (see, e.g., Ref. [113] for a review), which
helps significantly to break degeneracies with neutrino
parameters.

Combining the different cosmological probes described
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above enhances significantly the constraining power com-
ing from only one of the datasets (see, e.g., Refs. [4, 42,
74, 76, 114]). This is due to the fact that (i) different
probes are capturing the physics of the Universe at differ-
ent redshifts, and (ii) different probes depend on different
parameter combinations, which follow different degener-
acy directions. For example, Ref. [74] describes in detail
how the combination of CMB and BAO helps to break
the H0 −

∑
mν degeneracy.

B. Neutrino mass models

Most of the possible neutrino mass models, in par-
ticular the ones arising from the famous seesaw mecha-
nism [115–120], cannot be tested using cosmological data.
From a cosmological perspective, more focus is then natu-
rally placed on studying neutrino mass mechanisms that
make cosmologically testable predictions, such as mod-
els providing neutrino mass variations on cosmologically
interesting timescales.

As mentioned earlier, when allowing for the neutrino
mass to vary as a function of redshift, an interaction
with the dark energy or dark radiation sector is required
to satisfy energy conservation laws. The most popular
models that couple the neutrino and dark energy sectors
are mass varying neutrino (MaVaN) scenarios (see, e.g.,
Ref. [28]). Here, the neutrinos couple to a light scalar
field, which slowly rolls in a flat potential. Originally,
this direct link between neutrino masses and dark en-
ergy was proposed to explain the similarity between the
energy scales of neutrino masses and quintessence-like
dark energy (E ∼ 10−3 eV). However, the coupling to
a light scalar mediates an attractive force between the
neutrinos and leads to bound state formation [121], such
that the light scalar field can only explain dark energy
under rather special circumstances (see, e.g., Refs. [37–
39]). For example, the Growing Neutrino Quintessence
model studied in Ref. [38] yields time-dependent neutrino
masses, which vanish in the early Universe and raise from
mν = 0 eV at a . 0.2 to mν ∼ 0.7 eV at a = 1.

Coupling the mass-varying neutrino sector to dark ra-
diation is less trivial and usually occurs with simultane-
ously coupling both sectors to the dark energy sector.
For example, it has been proposed that a simultaneous
variation of neutrino masses, a light sterile neutrino frac-
tion, and dark energy can be used to test certain aspects
of the Weak Gravity Conjecture [40].

Another gravitational avenue to couple neutrinos to
dark energy and dark radiation is the gravitational neu-
trino mass model proposed in Ref. [9], which served
as a motivation for the previous cosmological study in
Ref. [30]. The key cosmological prediction of this model is
that the cosmological neutrino mass parameter vanishes.
Indeed, the model predicts massless neutrinos in the early
Universe and the generation of neutrino masses in a late-
time cosmological phase transition at T . mν . In the
phase transition, neutrino masses are generated, followed
by neutrino decay into the lightest mass eigenstate and

rapid annihilation into massless Goldstone bosons (see
Refs. [9, 122, 123] for more details). Thus, the model pre-
dicts massless neutrinos in the early Universe and mass-
less dark radiation in the late Universe. The intermediate
regime with massive neutrinos, which exists directly af-
ter the phase transition, exists only for cosmologically
negligible timescales. This implies that the cosmologi-
cal neutrino mass parameter would be zero, as currently
preferred by cosmological data [4]. This also implies that
experiments aiming at a direct detection of the relic neu-
trino background, such as the proposed PTOLEMY ex-
periment [124], would not be able to detect this back-
ground,2 unless we allow for substantial neutrino asym-
metries (see below).

If the model in Ref. [9] is extended by allowing for
neutrino asymmetries (i.e., more neutrinos than antineu-
trinos or vice versa), not all neutrinos would find an an-
tineutrino partner to annihilate, leaving behind a fraction
of relic neutrinos with a nonzero cosmological mass pa-
rameter. As Ref. [30] demonstrated, even in this case, the
cosmological neutrino mass bound would be substantially
weakened to

∑
mν < 4.8 eV (95% CL). However, we note

that this weakened bound was obtained with Planck 2015
data and is expected to become more stringent when in-
cluding the Planck 2018 dataset. This is because the
ΛCDM constraint on

∑
mν strengthened by a factor of

O(2) from
∑
mν = 0.21 eV (95% CL, Planck 2015 with-

out polarization [125]) to
∑
mν = 0.12 eV (95% CL,

Planck 2018 [4]).

Finally, neutrinos can couple to the dark radiation
sector if they are unstable, with lifetimes shorter than
the age of the Universe. In particular, 2-body decays
of neutrinos into BSM particle species, such as mass-
less or very light sterile neutrinos and Goldstone bosons,
have been proposed to relax cosmological neutrino mass
bounds. Early cosmological studies based on Planck 2015
data implied a relaxation of the cosmological neutrino
mass bound up to

∑
mν . 0.9 eV [24–26]. As above,

this bound is expected to become tighter when including
Planck 2018 data (see Sec. IV C). Thus, neutrino decay
can only slightly alleviate cosmological bounds, similar to
other extensions of the ΛCDM model, such as dynamical
dark energy. However, such models leave the intriguing
possibility of observing less (or even completely vanish-
ing) neutrino mass in the late Universe, similar to the
model proposed in Ref. [9], and thus make cosmological
observations crucial for determining the neutrino mass
origin and beyond-SM neutrino interactions.

2At first sight, one might expect that PTOLEMY could detect the
massless Goldstone bosons, which are neutrino-composite bosons
(similar to the light quark-composite mesons in QCD). However,
the boson’s energy is E = Tν < mν , while the neutrino capture
would release the other neutrino of the bound state, requiring an
energy of at least mν . This would violate energy conservation,
unless one of the neutrinos is almost massless. We thank Pedro
Machado for bringing up this argument.
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These and other theoretical motivations to study
neutrino mass variations on cosmologically interesting
timescales, which typically yield nontrivial interactions
with other cosmological sectors such as dark energy and
dark radiation, are the main rationale for the work that
we present here.

III. METHODOLOGY

A. Data

Motivated by the expected contribution highlighted in
Sec. II A, we include the following datasets in our analy-
sis:

1.) CMB and CMB lensing: We use CMB tempera-
ture, polarization and lensing data from the Planck
2018 data release [4].

2.) BAO: We use BAO from 6dF [127], the Sloan Dig-
ital Sky Survey (SDSS) DR7 Main Galaxy Sam-
ple (MGS) [128] and the SDSS Baryon Oscillation
Spectroscopic Survey (BOSS) twelfth data release
(DR12) [129]. The mild discrepancies seen between
Planck and Lyman-alpha BAO data have decreased
in recent releases of the Lyman-alpha BAO from
SDSS DR14 eBOSS [130, 132]. Therefore we in-
clude also this additional BAO dataset which pro-
vide two data points at z ∼ 1.5 and z ∼ 2.3. We
also include the BAO measurement from quasars
from the 14th data release of the extended BOSS
(eBOSS) quasar sample [99], giving us another data
point at z ∼ 1.5.

3.) Supernovae: We additionally add type IA su-
pernova data from from the Pantheon Supernovae
Sample [131] in order to break the degeneracies be-
tween dark energy and neutrino masses.

We demonstrate the impact of these specific datasets
later in Sec. IV, and summarize their respective redshift
range in Tab. I.

B. Reconstruction method

We modify the publicly available Einstein-Boltzmann
code CAMB [133] and the corresponding Monte-Carlo
Markov chain package CosmoMC [134] in order to im-
plement different reconstruction methods for redshift-
dependent neutrino masses.

1. Binned reconstruction

As a first attempt, we parametrize the neutrino mass
with a step function for which it is assumed that the
neutrino mass has a constant positive amplitude in each
redshift bin. In the statistics literature this is called a

regressogram [135]. To maximally exploit our datasets
we use a parametrization with six redshift intervals:

∑
mν(z) =



∑
mν,0 (0 ≤ z < z1)∑
mν,1 (z1 ≤ z < z2)∑
mν,2 (z2 ≤ z < z3)∑
mν,3 (z3 ≤ z < z4)∑
mν,4 (z4 ≤ z < z5)∑
mν,5 (z ≥ z5).

(1)

We choose the edges of the redshift bins to pinpoint spe-
cific transitions in the composition of the Universe and
to highlight the impact of using different cosmological
probes. We set z1 = 0.5, z2 = 3, z3 = 10, z4 = 100 and
z5 = 1100. The first bin explores

∑
mν during dark en-

ergy domination, the second bin spans the BAO interval,
the third bin includes most of the remaining informa-
tion expected in CMB lensing [136], the fourth bin cov-
ers intermediate redshifts, and the second to the last bin
stretches out to the time of CMB decoupling. The last
bin for z > 1100 captures all the integrated information
of the pre-recombination Universe. This choice of bins
will also allow us to set constraints on neutrino decay
models [23–26], as described in Sec. IV C. The neutrino
masses in the individual bins are five additional param-
eters in the model, compared to the standard ΛCDM
model with massive neutrinos. The discontinuity in the
binned

∑
mν(z) leads only to small discontinuities in re-

lated quantities, such as the Hubble rate H(z), which
however cause no numerical instabilities in the analysis.
A similar parametrization has recently been used for the
reconstruction of the dark energy equation of state wde(z)
from gamma-ray bursts [137].

2. Spline priors

To perform a smoother fit and to potentially identify
features in the neutrino mass sum that are hidden in the
binned reconstruction, we also consider Bayesian regres-
sion splines with variable knot points [138].

The knots correspond to the bin margins of the re-
gressogram prior function described above, and model
change points where the trajectory of the neutrino mass
might change its slope. Previous literature in cosmol-
ogy has often used splines with fixed knot positions (see,
e.g. [36, 59, 64]). This, however, requires to choose the
positions of the knots in advance and can therefore signif-
icantly influence or bias the result of the reconstruction.
Here, we estimate the position of the knots from the data
and include them as free parameters in the analysis. Us-
ing variable knot positions yields a more flexible fit than
in the case with fixed knots and allows the fit to adapt
to underlying features of the model. This methodology
has previously successfully been applied several times in
cosmology [48, 139, 140], most recently in Ref. [62].

Compared to binned priors, the resulting reconstruc-
tion is smooth and not piecewise constant anymore. We
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Dataset Redshift range

Planck 2018 CMB TTTEEE [4, 88] mostly z = 1100
Planck 2018 CMB lowl [4, 88] mostly z = 1100
Planck 2018 CMB lowE [4, 88] mostly z = 8 and z = 1100
Planck 2018 CMB lensing [4, 126] 0 ≤ z ≤ 1100
BAO (6dF) [127] z = 0.106
BAO (SDSS DR7 BOSS MGS) [128] z = 0.15
BAO (SDSS DR12 BOSS) [129] z = 0.38, 0.51, 0.61
BAO (SDSS DR14 eBOSS quasars)[99] z = 1.52
BAO (SDSS DR14 eBOSS Ly-α) [130] z = 2.34
BAO (SDSS DR14 eBOSS cross Ly-α-QSO) [130] z = 2.35
SN (Pantheon) [131] 0.01 < z < 2.3

TABLE I. List of datasets used in the analyses performed in this work and their corresponding redshift range.

model two knots, z1 and z2, and linearly interpolate be-
tween

∑
mν,z0 ,

∑
mν,z1 ,

∑
mν,z2 and

∑
mν,z3 . For our

analysis, we choose z0 = 0 and z3 = 1100. In that case,
the neutrino mass at redshift z is given by∑

mν(z) (2)

=


∑
mν,z0 + (

∑
mν,z1 −

∑
mν,z0) zz1 (z0 ≤ z < z1)∑

mν,z1 + (
∑
mν,z2 −

∑
mν,z1) z−z1z2−z1 (z1 ≤ z < z2)∑

mν,z2 + (
∑
mν,z3 −

∑
mν,z2) z−z2z3−z2 (z2 ≤ z < z3)∑

mν,z3 (z ≥ z3).

We then choose a uniform prior on the logarithm of the
corresponding redshift with −1 ≤ log10(zi)i=1,2 ≤ 3.041,
covering the entire redshift region until recombination
and focusing on low redshifts where most of the data is
located. We further need to impose that z2 has to be
equal or larger than z1, in accordance to the definition
above in Eq. (2). In addition, we choose z1,2 > 0.1,
corresponding to the lowest redshift of the BAO dataset
(see Table I).

With this parametrization, we have five additional free
parameters compared to the standard ΛCDM with mas-
sive neutrinos, three for

∑
mν at z1, z2 and z3, and two

for the positions of z1 and z2. In order to obtain point-
wise credible bands for

∑
mν(z), we compute the neu-

trino mass sum for two hundred points in z as derived
parameters with GetDist [141] to sample well the entire
redshift range. We then compute pointwise the mean and
credible intervals for each point in z.

IV. CONSTRAINTS FROM CURRENT DATA

For our neutrino mass reconstruction, we run MCMC
chains with our modified version of CosmoMC. Since both
our methods only touch the neutrino mass modeling, we
vary the standard ΛCDM parameters alongside with the
new parameters of the reconstruction: the cold dark mat-
ter density Ωch

2, the baryon density Ωbh
2, the scalar

spectral index ns, the amplitude of primordial fluctu-
ations As and the optical depth to reionization τ . In
addition, we have six additional parameters for the re-
construction with fixed bins (

∑
mν,0,

∑
mν,1,

∑
mν,2,

∑
mν,3,

∑
mν,4 and

∑
mν,5), and six for the recon-

struction with linear splines and variable knots (
∑
mν,z0 ,∑

mν,z1 ,
∑
mν,z2 ,

∑
mν,z3 and the position of the knots

log10(z1) and log10(z2)). We choose a uniform prior be-
tween [0:5] for

∑
mν in the individual redshift bins (sim-

ilarly to the Planck 2018 analysis [4]), and we do not as-
sume a specific correlation between the values of

∑
mν

in the different bins, leaving them to vary independently.
In addition, we assume a normal neutrino mass hierarchy
in line with current cosmological constraints [4, 21, 142].
The choice of the mass hierarchy should not significantly
affect our final results presented in Sec. IV, as current
cosmological data cannot (yet) distinguish between the
different neutrino mass hierarchies [21, 76, 142–151].

A. Binned reconstruction

We show the results of the binned neutrino mass re-
construction in Fig. 1, and in Table II. We plot both the
95% and the 68% CL upper limits for each mass param-
eter, as well as the 95% limit for

∑
mν(z) = const. (i.e.,

the standard single parameter extension of ΛCDM for
massive neutrinos) obtained from the same data combi-
nations. We always plot the 95% CL and 68% CL one-tail
upper limits, e.g., we have removed the 32% and 5% high-
est samples for these limits. For consistency we choose
the same type of limits for all the individual redshift bins,
and can therefore compare better the results for the in-
dividual bins and data combinations. For the full data
combination including CMB, CMB lensing, BAO and SN,
we find ∑

mν(0 ≤ z < 0.5) < 1.13 eV∑
mν(0.5 ≤ z < 3) < 0.42 eV∑
mν(3 ≤ z < 10) < 0.37 eV∑

mν(10 ≤ z < 100) < 0.19 eV∑
mν(100 ≤ z < 1100) < 0.32 eV∑

mν(z ≥ 1100) < 0.40 eV (95% CL).

These results are consistent with neutrino masses
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constant in time. In addition, we observe that the
neutrino mass bound becomes less stringent at low
redshifts (z ≤ 3), and at very high redshifts (z ≥ 1100).
The large neutrino mass bound at low redshifts could
arise due to the well-known degeneracy between the
neutrino mass sum and the dark energy density (see
below). It could also point at a very late generation of
neutrino masses in the Universe, and would therefore
be consistent with the trend seen in Ref. [30]. In the
Standard Model of Cosmology, the neutrino masses
are generated during the electroweak or earlier phase
transitions.

Our plots also allow us to note the contribution to the
constraint from different probes.

Top row: In the top row of Fig. 1, we plot the z-
dependent constraints on the neutrino mass sum from
CMB anisotropy data alone. Because the binned
reconstruction introduces more free parameters, the
constraints in all bins are consistent but systematically
larger than the standard neutrino mass bound from the
latest Planck release [1, 4]3. The CMB anisotropy data
put a strong constraint on

∑
mν at high redshifts, but

only a weak constraint at low redshifts. We also note
that the neutrino mass sum in the lowest redshift bin is
unconstrained. In this bin the CMB data alone provides
insufficient constraining power. As described earlier, at
low redshifts, the CMB anisotropy data would mostly
be sensitive to neutrino masses via the late integrated
Sachs-Wolfe effect at low multipoles `, which is cosmic
variance limited and subject to significant parameter
degeneracies. In the lowest redshift bin (0 < z < 0.5),
the CMB has only little constraining power, and the
prior (with prior mean

∑
mν = 2.5 eV) dominates the

result of the reconstruction. At intermediate redshifts,
the data strongly constrain the neutrino mass through
the lensing of the CMB anisotropies which will be
picked up here as a smoothing of the temperature and
polarization data, and the impact of neutrinos on the
background evolution (see the discussion in Sec. II). At
high redshifts close to recombination, we observe a small
increase in the uncertainty of

∑
mν . This might be due

to the fact that at recombination the constraint on
∑
mν

comes mostly from the early integrated Sachs-Wolfe
effect, the CMB damping tail, and background effects,
while all other effects from neutrino masses only become
relevant at intermediate to low redshifts.

Second row: In the second row in Fig. 1, we plot
the constraints on

∑
mν(z) from CMB anisotropies

plus the CMB lensing reconstruction. The CMB lensing
kernel peaks around z ∼ 2 (see, e.g., Refs. [152, 153])
and carries constraining power on the bin between

3Note that the
∑

mν(z) = const. line should be compared to the
95% shaded region.

0.5 ≤ z < 3. Other constraints are also improved by
an indirect effect: CMB lensing is also sensitive to the
total matter density and the dark energy density [154],
and therefore helps to constrain

∑
mν(0 < z < 0.5)

by partially breaking the tridimensional degeneracy
between ΩΛ, Ωm, and

∑
mν . This can also be seen

in Fig. 2, where we show the results for
∑
mν in the

different bins, as well as its correlation with ΩΛ and Ωm.

Third row: The BAO data points used in this work
are distributed over the whole redshift range between
z = 0.1 − 2.35. This mostly improves the constraints
in the first two neutrino mass bins. In addition, the
inclusion of BAO reduces significantly the degeneracy
between Σmν and Ωm, and therefore also improves the
overall constraints in all redshift bins.

Bottom row: We include SN data from the Pan-
theon 18 data set to constrain further the dark energy
component. We observe the smallest uncertainty of∑
mν in the bin between 10 ≤ z ≤ 100. The sensitivity

of the neutrino mass bound starts to weaken at a similar
redshift as the onset of dark energy domination (see
below). The degeneracy between the sum of neutrino
masses and the dark energy density might play an
important role here.

We note in Fig. 2 that in all cases there is little cor-
relation between the individual neutrino mass ampli-
tudes. We also studied how the inclusion of growth rate
measurements obtained with redshift-space distortions
(RSD) [129] would affect our results presented here. RSD
can be used to probe the growth rate f(k, z) at different
scales and redshifts [155]. The scale-dependent feature
in this quantity is a source of information for neutrino
masses [156–159]. Including the growth rate measure-
ments, we found a decrease of the bound of

∑
mν of

38% in the lowest redshift bin and only a marginal im-
provement in other bins. The exact modeling of RSD is
under active development and therefore we present our
final results without including RSD.

B. Reconstruction with splines

Next we reconstruct the neutrino mass sum with linear
splines and variable knots (see Sec. III). We investigate at
which redshift the sensitivity on

∑
mν starts to weaken

by allowing the knots z1 and z2 to vary as well. We show
our results for this reconstruction on the right-hand side
of Fig. 1. We also present our results in Table III. For
the final data combination we find∑

mν(z = 0) < 1.46 eV∑
mν(z = 1100) < 0.53 eV (95% CL).

In general, when comparing the results from the two
different reconstruction methods, we note that the con-
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Dataset CMB CMB + CMBL CMB + CMBL + BAO CMB + CMBL + BAO + SN∑
mν(z ≤ 0.5) (eV) 4.86 3.07 1.73 1.13∑
mν(0.5 ≤ z ≤ 3) (eV) 3.19 2.85 0.51 0.42∑
mν(3 ≤ z ≤ 10) (eV) 1.64 1.63 0.40 0.37∑
mν(10 ≤ z ≤ 100) (eV) 0.47 0.50 0.20 0.19∑
mν(100 ≤ z ≤ 1100) (eV) 0.39 0.37 0.33 0.32∑
mν(z ≥ 1100) (eV) 0.44 0.42 0.41 0.40

TABLE II. 95% upper limits on the amplitudes of the neutrino mass at different redshifts reconstructed with a binned
parametrization and using different data combinations.

Dataset CMB CMB + CMBL CMB + CMBL + BAO CMB + CMBL + BAO + SN∑
mν(z = 0) (eV) 4.75 2.91 1.43 1.46∑
mν(z = 0.5) (eV) 3.50 2.74 2.31 0.76∑
mν(z = 3) (eV) 2.11 1.84 0.18 0.18∑
mν(z = 10) (eV) 1.07 1.11 0.16 0.15∑
mν(z = 100) (eV) 0.69 0.47 0.17 0.18∑
mν(z = 1100) (eV) 0.52 0.50 0.53 0.53

TABLE III. 95% upper limits on the amplitudes of the neutrino mass at different redshifts reconstructed with linear splines
and variable knots and using different data combinations.

straints for
∑
mν at different redshifts are similar. There

are small differences, in particular for
∑
mν(z = 0), be-

cause in the binned reconstruction
∑
mν is fixed between

the bin margins. We also note that, as expected, we
obtain smooth curves for the reconstruction with linear
splines. This is due to the fact that the positions of
the knots z1 and z2 are free parameters in the analysis,
smoothing the posterior means and credible bands. Com-
pared to the binned reconstruction, we observe that the
credible bands of the reconstructed curve via splines with
variable knots exhibit more features despite the same
number of free parameters.

For constant neutrino masses in time, we would, in
principle, expect flat posteriors for the two knots z1 and
z2, as the position of the knots does not matter when
fitting a constant function. However, even in that case,
the posterior for z1 and z2 can still vary because of pos-
sible degeneracies between the neutrino mass sum and
other cosmological parameters and because of the differ-
ent amount of data points at different redshifts, resulting
in local changes of the uncertainty of the neutrino mass
sum.

In Fig. 3, we see that there is no clear preference for
the position of the knots z1 and z2. For the position of
the first knot (change point) we find z1 < 0.89 (68% CL)
for the full data combination. This limit is close to the
onset of dark energy domination at z ∼ 0.5 [160]. The
preference for a small value for the position of z1 is the
most pronounced for the final data combination.

The position of the second knot, z2, is less constrained,
but also moves toward lower redshifts when including
more data. Whereas the first knot, z1, mostly is needed
to model the increase of the uncertainty of

∑
mν(z) at

low redshifts, the second knot, z2, determines the width
of the regime where the uncertainty of

∑
mν(z) is the

smallest.

C. Implications for neutrino mass decay models

In this section, we note that our a priori model-
independent reconstruction can constrain specific models
that predict new physics beyond the Standard Model of
Particle Physics. In particular, as discussed in Sec. II B,
it has been proposed that neutrinos can decay into dark
radiation in the late Universe. To apply our constraints
to these models, we need to carefully distinguish two
cases. First, in the scenario in which neutrinos decay
while they are still relativistic, the anisotropic stress
changes before the decay [27]. This makes it hard to di-
rectly transfer our bounds to such models, because these
models change the neutrino properties both for z < znr

and for z > znr. If instead neutrinos decay after they be-
come nonrelativistic, all cosmological neutrino properties
for z > znr are the same as in the standard case. Thus,
any change of neutrino properties for z < znr due to the
decay will not affect the properties for z > znr. In partic-
ular, any constraints on cosmological parameters before
the decay, such as

∑
mν or ωνh

2, will be unaltered in
the model compared to the standard ΛCDM model with
constant-mass, nondecaying neutrinos. This implies that
our constraints for z > znr can be directly transferred to
nonrelativistic neutrino decay models.

Our constraint is shown in our final result plot, Fig. 4,
which will be discussed in more detail in the next section.
In this plot, the red dashed line is the neutrino mass sum
as a function of the redshift znr at which the largest neu-
trino mass eigenstate mν3 becomes nonrelativistic [73],

1 + znr ∼
2mν3

meV
, (3)

assuming a normal neutrino mass hierarchy. The smaller
neutrino mass eigenstates will become nonrelativistic
later and thus can be neglected in this curve. Taking the
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FIG. 1. Reconstructed upper bounds of the neutrino mass as function of redshift. The panels from top to bottom show
incremental addition of data starting from Planck 2018 CMB temperature and polarization, and then subsequently adding
Planck CMB lensing, BAO from BOSS DR12, 6dF and MGS, eBOSS DR14 quasars and Lyman-alpha, and SN from Pantheon
18. The left panels show the results obtained with the binned parameterization and the right panels the limits from the
reconstruction with linear splines and variable knots. In all cases, we also report with the black solid line the 95% CL
constraint from the same data combination for

∑
mν(z) = const. (i.e., the standard single parameter extension of ΛCDM for

massive neutrinos).
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FIG. 2. 2-dimentional contours showing the 68% and 95% CL and 1-dimensional posteriors for the neutrino mass parameters
in the individual bins, ΩΛ and Ωm. Different colors show different data combinations, as in Fig. 1.

intersection of the red dashed line and our result curve,
we find a limit of∑

mν < 0.21 eV (95% CL) (4)

for z > znr. For the nonrelativistic decay scenario, we
bound

∑
mν with our result for

∑
mν(z = 203). Note

that 103 < znr < 203 are the redshifts at which the
individual neutrinos would become nonrelativistic if they
had a combined mass of

∑
mν = 0.21 eV (95% CL) (see

Fig. 4).

Using Planck 2015 data, it has been previously shown
that neutrino decay models can relax the cosmological
neutrino mass bound to

∑
mν . 0.9 eV for the non-

relativistic decay scenario [23–26]. Note that the cosmo-
logical impact of the resulting dark radiation is negligible
in these models, as the neutrinos decay during the matter
domination era. Compared to the earlier results in [23–
26], our bound in Eq. (4) might be tightened due to two
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FIG. 3. The results for the change points z1 and z2 from the
reconstruction with linear splines and variable knots.

different effects. First, we use more recent CMB data
from the latest 2018 Planck release [4]. Second, the red-
shift of the nonrelativistic neutrino transition decreases
with decreasing neutrino mass, such that the bound gets
tighter for later neutrino decays (see Fig. 4). We also note
that the neutrino mass bound of

∑
mν . 0.9 eV [23–26]

relied on simplified assumptions for the equations of mo-
tions, as noted in Ref. [27]. This might have an impact
on this model-specific mass bound but does not alter our
results due to the reasons discussed above.

The limits extracted above do not include all funda-
mental assumptions of the nonrelativistic decay models,
e.g., a decrease in the total neutrino mass. In principle,
it is possible that the wider limits that we find at low
redshifts could influence the limits at high redshifts. To
check the robustness of our estimates, we extended the
extraction to include a theoretical prior on the neutrino
mass sum with

∑
mν,zi ≤

∑
mν,zj for zi ≤ zj .Using this

prior, we found an upper limit of
∑
mν < 0.26 eV (95%

CL) for the nonrelativistic decay scenario. This shows
that the neutrino mass bound for the decay models is
stable with respect to a potential late-time change of the
neutrino mass sum.

V. DISCUSSION AND CONCLUSION

In this paper, we reconstructed the cosmological
neutrino mass sum as a function of redshift. This
reconstruction was model independent, such that no
specific mass model or interaction with the dark energy
or dark radiation sector was assumed. Our final result
is shown in Fig. 4. The figure shows the reconstructed
neutrino mass sum for the full data combination of

CMB temperature, polarization and lensing, combined
with BAO and SN data. We highlight the redshift
when dark energy starts to dominate. We also high-
light the redshift znr at which the largest neutrino
mass eigenstate becomes nonrelativistic, in order to
constrain models [23–26] that predict neutrino decay af-
ter this nonrelativistic transition (see Sec. IV and below).

Our result is consistent with neutrino masses that are
constant in time, as predicted by the Standard Model of
Cosmology. We observe a small increase of the bound
on

∑
mν at high redshifts (z & 500), as well as a large

increase of this bound at low redshifts coinciding with the
onset of dark energy domination. The large mass bound
at low redshifts could be explained in two different ways.

On the one hand, it could simply arise due to the strong
degeneracy between ΩΛ and

∑
mν at low redshifts, which

is shown in Fig. 2. We have explicitly tested this scenario
by imposing a strong prior on ΩΛ = 0.69 ± 0.01. In
that case, the constraint on Σmν(z = 0) decreased by
42% to

∑
mν(z = 0) = 0.84 eV, which shows an impact

from correlations with dark energy but is still larger than
standard neutrino mass bounds. This latter effect might
be due to the large number of additional free parameters
needed for the reconstruction.

On the other hand, the large mass bound at low
redshifts could be explained by new physics. It has been
a longstanding puzzle why the energy scales of neutrino
masses and dark energy are close (mν ∼ 4

√
ρΛ ∼ meV)

but far away from all other known fundamental en-
ergy scales, such as the Higgs or Planck scales. If
cosmological data allow for larger neutrino masses in
the late Universe, 0 ≤ z ≤ 1 (such as suggested in
Refs. [29–36, 161]), an intriguing theoretical connection
to the dark energy sector could appear [9, 28, 37–40].
In particular, our results agree with the insights from
previous work presented in Ref. [30]. In that study,
a specific model was assumed that predicted the late
neutrino mass generation in the Universe arising from a
supercooled phase transition. We note that our results
also show the same trend recently obtained in Ref. [161]
by the Dark Energy Survey collaboration, where a higher
neutrino mass and a corresponding low ΩΛ was found.

The analysis presented in this paper could be extended
in different ways. On the theory side, it would be interest-
ing to reconstruct

∑
mν(z) fully implementing potential

interactions with the dark energy or the dark radiation
sector (see below). In particular, a coupling between the
dark energy and the neutrino sectors would affect the
dark energy perturbations, leading to more features in
the model and additional ways to decrease the degener-
acy between dark energy and massive neutrinos.

Our approach is conservative in the modeling of the
neutrino mass but not necessarily in the constraints that
we obtain: we choose the simplest parametrization of
the mass, without any model-specific assumptions, but
the constraints could be weakened or strengthened when
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FIG. 4. Final result: Neutrino mass limits as function of redshift obtained from Planck 2018 CMB temperature, polarization,
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Pantheon 18 (zoom of the lower right-hand panel in Fig. 1). The onset of dark energy domination is denoted with a dashed violet
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mν in the case when the neutrino with the largest neutrino mass becomes nonrelativistic at

redshift z, assuming a normal neutrino mass hierarchy.

model-specific physics is introduced. For example, the
neutrino mass bounds could become much weaker for
modified gravity models [10–12] or when introducing a
nontrivial coupling between the neutrino and dark en-
ergy sectors, for example in the model considered in
Ref. [30]. On the other hand, the bounds are expected
to become stronger in neutrino decay models when tak-
ing into account neutrino perturbations [23–26]. Such
features could be captured by a more general reconstruc-
tion of the neutrino mass including nontrivial couplings
to different sectors.

On the methodology side, one could model the num-
ber of knots or bins with a hyperparameter [138] in order
to allow the data to decide on the number of knots. To
speed up computations, this can be fitted with empiri-
cal Bayes, where the hyperparameters are chosen as the
maximizers of the marginalized likelihood [58, 162]. The
exact number of knots or bins can impact the results by
under- or overfitting the reconstructed function.

On the data side, it would be interesting to recon-
struct

∑
mν including more large scale structure data,

in particular galaxy clustering, cosmic shear, and cross-
correlations of either the `ISW effect and galaxy clus-
tering or of CMB lensing and tracers of the large scale
structure. These additional measurements of the sup-
pression of the matter power spectrum would also be an
additional way to break the degeneracy with dark en-
ergy (see, e.g. [43, 83, 114, 163–170]). To fully exploit
these data will however require careful modeling of the
nonlinear scales (see, e.g. [171–180]), and of potential

systematics, such as the scale-dependent galaxy bias in
the presence of massive neutrinos [149, 181–184].

Finally, we comment on the implications of our re-
sults for particle physics models and experiments. In
particular, our study strengthens the previously reported
cosmological mass bound

∑
mν < 0.9 eV (95% CL) of

nonrelativistic neutrino mass decay scenarios [23–26] to∑
mν < 0.21 eV (95% CL). We note that the constraints

are still weaker than for constant neutrino masses in time,
because decay scenarios are insensitive to late-time cos-
mological data from BAO and SN. However, our study
pushes the neutrino mass bounds of such models below
the sensitivity of the KATRIN experiment. This implies
that a neutrino mass discovery at KATRIN would hint
toward other models, such as models predicting post-
recombination neutrino mass generation and subsequent
relic neutrino annihilation, such as proposed in Ref. [9].
The cosmological disappearance of the neutrino mass pa-
rameter might also be explained in the context of modi-
fied gravity [10–12], but this degeneracy between massive
neutrino and modify gravity effects will be broken by fu-
ture surveys, such as Euclid [12].
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tergalactic gas for DESI-like small scale Lyman\alpha
forest observations,” (2020), arXiv:2012.04008 [astro-
ph.CO].

[113] A. Goobar and B. Leibundgut, “Supernova Cosmology:
Legacy and Future,” Annual Review of Nuclear and
Particle Science 61, 251–279 (2011), arXiv:1102.1431
[astro-ph.CO].

[114] A. Boyle, “Understanding the neutrino mass constraints
achievable by combining CMB lensing and spectro-
scopic galaxy surveys,” JCAP 04, 038 (2019), [Erratum:
JCAP 10, E01 (2019)], arXiv:1811.07636 [astro-ph.CO].

[115] P. Minkowski, “µ→eγ at a rate of one out of 109 muon
decays?” Phys. Lett. B67, 421 – 428 (1977).

[116] M. Gell-Mann, P. Ramond, and R. Slansky, in Proceed-
ings of the Supergravity Stony Brook Workshop (edited
by P. Van Nieuwenhuizen and D. Freedman, Elsevier,
Amsterdam, 1979).

[117] T. Yanagida, “Horizontal symmetry and masses of neu-
trinos,” Prog. Theor. Phys. 64, 1103–1105 (1980).

[118] R. N. Mohapatra and G. Senjanović, “Neutrino mass
and spontaneous parity nonconservation,” Phys. Rev.
Lett. 44, 912–915 (1980).

[119] J. Schechter and J. W. F. Valle, “Neutrino masses in
su(2)

⊗
u(1) theories,” Phys. Rev. D 22, 2227–2235

(1980).
[120] J. Schechter and J. W. F. Valle, “Neutrino decay and

spontaneous violation of lepton number,” Phys. Rev. D
25, 774–783 (1982).

[121] N. Afshordi, M. Zaldarriaga, and K. Kohri, “On
the stability of dark energy with mass-varying neu-
trinos,” Phys. Rev. D 72, 065024 (2005), arXiv:astro-
ph/0506663.

http://dx.doi.org/ 10.3847/1538-4357/ab6082
http://arxiv.org/abs/1910.07157
http://dx.doi.org/10.1093/mnras/staa3438
http://arxiv.org/abs/2004.01139
http://dx.doi.org/10.1103/PhysRevD.95.063504
http://dx.doi.org/10.1103/PhysRevD.95.063504
http://arxiv.org/abs/1611.10269
http://dx.doi.org/10.1086/466512
http://dx.doi.org/10.1086/466512
http://arxiv.org/abs/astro-ph/0501171
http://dx.doi.org/10.1111/j.1365-2966.2005.09318.x
http://dx.doi.org/10.1111/j.1365-2966.2005.09318.x
http://arxiv.org/abs/astro-ph/0501174
http://dx.doi.org/ 10.1016/j.physrep.2013.05.001
http://dx.doi.org/ 10.1016/j.physrep.2013.05.001
http://arxiv.org/abs/1201.2434
http://arxiv.org/abs/0910.5224
http://arxiv.org/abs/2007.08991
http://dx.doi.org/ 10.1088/1475-7516/2018/04/064
http://arxiv.org/abs/1709.00113
http://dx.doi.org/10.1093/mnras/stx2630
http://dx.doi.org/10.1093/mnras/stx2630
http://arxiv.org/abs/1705.06373
http://arxiv.org/abs/1705.06373
http://dx.doi.org/10.1093/mnras/staa3234
http://dx.doi.org/10.1093/mnras/staa3234
http://arxiv.org/abs/2007.08998
http://arxiv.org/abs/2007.08998
http://dx.doi.org/10.1103/PhysRevD.76.063009
http://dx.doi.org/10.1103/PhysRevD.76.063009
http://arxiv.org/abs/astro-ph/0607122
http://dx.doi.org/ 10.1051/0004-6361/201730533
http://arxiv.org/abs/1702.00176
http://dx.doi.org/10.1103/PhysRevD.71.103515
http://dx.doi.org/10.1103/PhysRevD.71.103515
http://arxiv.org/abs/astro-ph/0407372
http://dx.doi.org/10.1088/1475-7516/2006/10/014
http://arxiv.org/abs/astro-ph/0604335
http://dx.doi.org/ 10.1088/1475-7516/2015/02/045
http://arxiv.org/abs/1410.7244
http://dx.doi.org/10.1088/1475-7516/2015/11/011
http://arxiv.org/abs/1506.05976
http://dx.doi.org/10.1088/1475-7516/2020/04/038
http://arxiv.org/abs/1911.09073
http://arxiv.org/abs/1911.09073
http://dx.doi.org/10.1086/305289
http://dx.doi.org/10.1086/305289
http://dx.doi.org/10.1111/j.1365-2966.2005.09504.x
http://arxiv.org/abs/astro-ph/0504419
http://dx.doi.org/10.1088/1475-7516/2020/04/025
http://arxiv.org/abs/1911.09596
http://dx.doi.org/ 10.1093/mnras/292.1.27
http://dx.doi.org/ 10.1093/mnras/292.1.27
http://arxiv.org/abs/astro-ph/9612232
http://arxiv.org/abs/2012.04008
http://arxiv.org/abs/2012.04008
http://dx.doi.org/ 10.1146/annurev-nucl-102010-130434
http://dx.doi.org/ 10.1146/annurev-nucl-102010-130434
http://arxiv.org/abs/1102.1431
http://arxiv.org/abs/1102.1431
http://dx.doi.org/ 10.1088/1475-7516/2019/04/038
http://arxiv.org/abs/1811.07636
http://dx.doi.org/http://dx.doi.org/10.1016/0370-2693(77)90435-X
http://dx.doi.org/10.1143/PTP.64.1103
http://dx.doi.org/10.1103/PhysRevLett.44.912
http://dx.doi.org/10.1103/PhysRevLett.44.912
http://dx.doi.org/ 10.1103/PhysRevD.22.2227
http://dx.doi.org/ 10.1103/PhysRevD.22.2227
http://dx.doi.org/ 10.1103/PhysRevD.25.774
http://dx.doi.org/ 10.1103/PhysRevD.25.774
http://dx.doi.org/ 10.1103/PhysRevD.72.065024
http://arxiv.org/abs/astro-ph/0506663
http://arxiv.org/abs/astro-ph/0506663


17

[122] G. Dvali and L. Funcke, “Domestic Axion,” (2016),
arXiv:1608.08969 [hep-ph].

[123] L. Funcke, G. Raffelt, and E. Vitagliano, “Distinguish-
ing Dirac and Majorana neutrinos by their decays via
Nambu-Goldstone bosons in the gravitational-anomaly
model of neutrino masses,” Phys. Rev. D 101, 015025
(2020), arXiv:1905.01264 [hep-ph].

[124] M. G. Betti, M. Biasotti, A. Boscá, F. Calle, N. Canci,
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