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In the beyond Standard Model (BSM) scenarios, the possibility of neutrinos decaying into a lighter state
is one of the prime quests for the new-generation neutrino experiments. The observation of high-energy
astrophysical neutrinos by IceCube opens up a new avenue for studying neutrino decay. In this work, we
investigate a novel scenario of invisible neutrino decay to axionlike particles (ALPs). These ALPs
propagate unattenuated and reconvert into gamma rays in the magnetic field of the Milky Way. This is
complementary and independent of the previously done studies where gamma rays produced at the source
are used to investigate the ALP hypothesis. We exploit the Fermi-LAT and IceCube observations of NGC
1068 to set constraints on the ALP parameters. Being a steady source of neutrinos, it offers a better prospect
over transient sources. We obtain 95% confidence level (CL) upper limits on the photon-ALP coupling
constant gaγ ≲ 1.37 × 10−11 GeV−1 for ALP masses ma ≤ 2 × 10−9 eV. Our results are comparable to
previous upper limits obtained using the GeV to sub-PeV gamma-ray observations. Moreover, we estimate
the contribution from NGC 1068-like sources to diffuse gamma-ray flux at GeV energies under the ALP
scenario.
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I. INTRODUCTION

In late 1970, Peccei and Quinn proposed a new Uð1Þ
symmetry with an axion as an associated pseudo Nambu-
Goldstone boson to address the absence of CP violation in
quantum chromodynamics (QCD) [1,2]. Apart from the
QCD axions, the existence of axionlike particles (ALPs) is
also independently proposed by various Standard Model
(SM) extensions of particle physics [3,4]. ALPs are ultra-
light pseudoscalar bosons and can be understood as a sort
of generalization of the QCD axions. Both axions and
ALPs couple weakly to SM particles and are potential
candidates to make up a significant content of cold dark
matter of the Universe [5–8]. ALPs possess nonvanishing
coupling to photons in the presence of an external electro-
magnetic field, thus inducing a mixing between them. This
leads to the conversion of ALPs into photons and vice
versa, namely photon-ALP oscillations, similar to flavor
oscillations of massive neutrinos. The ALP mass ma and
the coupling constant gaγ with photons are treated as
independent parameters, whereas they are directly related
to each other in the case of QCD axions.
The photon-ALP oscillations served as the basis for

many experimental searches that have been performed to
detect ALPs. So far, no photons have been detected, and
several bounds have been placed on ALP parameters by
laboratory experiments [9–13]. For instance, the CERN

Axion Solar Telescope (CAST) [14] experiment has
put a stringent constraint of gaγ < 6.6 × 10−11 GeV−1 at
95% CL for ma ≲ 0.02 eV [15]. In the near future, new-
generation experiments like InternationalAxionObservatory
(IAXO) [16], Any Light Particle Search (ALPS) II [17],
STAX [18], and ABRACADABRA [19] will provide more
stringent bounds on the ALP parameter space.
Another intriguing possibility that has been proposed to

perform ALP searches is to look at astrophysical sources
with gamma-ray telescopes [20–24]. It is well known that
the Universe is opaque to photons with E > 100 GeV due
to their interaction with low energy background photons of
extragalactic background light (EBL) or cosmic microwave
background (CMB). Due to this interaction, the gamma
rays from high-redshift sources undergo pair production,
initiating an electromagnetic cascade, which severely con-
strains their propagation length. Under the ALP scenario,
the transparency of these photons increases drastically,
leading to peculiar modulations in their observed γ-ray
spectra. The detection of these very-high-energy (VHE)
fluxes by γ-ray detectors may provide crucial hints on
photon-ALP mixing. Many studies have been performed on
several galactic and extragalactic sources [25–42] putting
bounds on ALP parameter space thus indicating hints of the
emergence of some unconventional physics.
The production mechanism of VHE photons and neu-

trinos through the hadronic channel, either pγ or pp, is
strongly connected to the production of neutral and charged
pions. The angular distribution of neutrinos detected by*pant.3@iitj.ac.in
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IceCube points to their extragalactic origin. The associated
in situ VHE gamma rays may be detected by ground-based
detectors. Recently, IceCube Collaboration reported an
excess of neutrino events from the direction of NGC
1068 [43] (see also Ref. [44]), a nearby active type-2
Seyfert galaxy with the jet pointing perpendicular to the
line-of-sight. The mean number of signal events was
reported to be 79þ22

−20 , corresponding to 4.2σ level of
significance, in the energy range of ∼1–15 TeV. In the
γ-ray band, Fermi Large Area Telescope (LAT) detected
emission in the 0.1–300 GeV range [45] but no emission
was observed by Major Atmospheric Gamma Imaging
Cherenkov Telescopes (MAGIC) and placed strong upper
limits in the TeV scale [46]. Many works have been
performed to explain the lack of TeV emission from this
source by considering the optically thick environments
such as disk corona [47–49], wind-dusty torus [50],
starburst region [51], magnetized corona [52], etc., thus
disfavoring the transparent source scenario.
In this work, we investigate a novel scenario of invisible

neutrino decay toALP.We assume that a fraction of neutrino
flux undergoes decay while propagating, producing ultra-
light ALPs as decay products before reaching the Earth.
These ALPs then travel unattenuated throughout the cos-
mological distance and enter the Galactic magnetic field
(GMF), where they again convert into gamma rays and may
appear above the detection threshold in the energy range
explored by ground-based gamma-ray telescopes. We
exploit the Fermi-LAT and IceCube observations of NGC
1068 to put 95% CL constraints on ALP parameter space.
This complements previous studies where only the photon-
ALP oscillations of gamma rays produced at the source are
considered in various magnetic field environments.
This paper is organized as follows. In Sec. II, we describe

the invisible neutrino decay over the cosmological distance
and the probability of ALP production. In Sec. III, we
examine the current bounds on the neutrino decay lifetime
and the bound used in this work. In Sec. IV, we briefly
describe the photon-ALP oscillations and conversion in the
magnetic field of the Milky Way. In Sec. V, we describe the
model considered for initial neutrino flux at the source. In
Sec. VI, we place upper limits on ALP parameters. We also
discuss the uncertainty introduced to the upper limits due to
the choice of initial neutrino flux, GMF models, neutrino
decay lifetimes, and γ-rays to ALPs conversion. Finally, we
estimate the diffuse gamma-ray flux at GeV energies from
NGC 1068-like sources under the ALP scenario.

II. INVISIBLE NEUTRINO DECAY

In the SM of particle physics, the assumption that
neutrinos are massless is a direct consequence of the
assumption that only left-handed neutrinos exist. Over
several decades, many experiments were performed that
point to their nonzero mass. The most direct experi-
mental evidence comes from the observation of neutrino

oscillations (see Ref. [53] for a review), which strongly
indicate the existence of physics beyond the Standard
Model. It is now well known that a neutrino state of
specific flavor is a coherent superposition of three mass
eigenstates.
Apart from neutrino oscillation, there are several other

BSM scenarios where nonstandard neutrino interactions
(NSI) are probed. One such typical scenario is neutrino
decay. The nonzero neutrino mass leads to the possibility of
heavier neutrinos to decay into lighter ones, which can be
either an active (visible decay) or a sterile neutrino
(invisible decay) state, along with the emission of a new
BSM boson. In 1972, neutrino decay was proposed as a
solution to solar neutrino problem [54] although it was
shown later that it contributes at a subleading order [55]. In
invisible decay, and for Majorana neutrinos, νi → νj þ a,
where νi and νj are the heavier and lighter neutrino mass
eigenstates with masses mi and mj, respectively, and a is
the pseudoscalar boson of mass ma. Note that here we
assume mi > mj þma. In this work, we focus on invisible
neutrino decay where the pseudoscalar boson is considered
an ALP. We mainly follow the methodology developed in
Ref. [40], the relevant expressions of which are recol-
lected below.
The interaction Lagrangian between neutrinos and ALP

is given by

Lint ¼
X
i;j

ifijνiγ5νjaþ h:c:; ð1Þ

where fij are the couplings in the mass basis.
The total decay rate is given by1 [56,57]
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It should be noted that in the above equation, the decay rate
of channels νi → νj þ a and νi → ν̄j þ a are summed up.
Also, the decay rate remains the same for antineutrinos.
Assuming normal ordering (NO), i.e., m1 < m2 < m3,

with the lightest neutrino ν1 to be stable, the lifetimes
of ν2 and ν3 are given by τ2 ≡ Γ−1ðν2 → ν1 þ aÞ and
τ3 ≡ ½Γðν3 → ν1 þ aÞ þ Γðν3 → ν2 þ aÞ�−1. We take the
lightest neutrino m1 to be massless and use the current
three-flavor neutrino oscillation data from Ref. [58] to
determine m2 ≈ 8.61 meV and m3 ≈ 50.1 meV. We also
assume that m2; m3 ≫ ma.

1Here, massive neutrinos are assumed to be Majorana particles.
For Dirac neutrinos, the decay rate will be divided by a factor of
4, and the coupling should be replaced by jfijj.
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While propagating over the cosmological distances,
neutrinos will decay into ALPs such that their number
NiðzÞ of mass eigenstate νi changes with redshift z as

1

NiðzÞ
dNiðzÞ
dz

¼ −1
λiðzÞ

dlðzÞ
dz

; ð3Þ

where λiðzÞ ¼ ð1þ zÞEνðτi=miÞ is the decay length of
neutrino νi at redshift z, Eν is the neutrino energy at z ¼ 0,
and lðzÞ is the cosmic length traveled by νi from NGC 1068
(at z0 ¼ 0.0048) to redshift z.
On further simplification of Eq. (3), one can obtain the

survival probability of neutrinos as the ratio between the
number of neutrinos at redshift z and that at NGC 1068,

NiðzÞ
Niðz0Þ

¼ exp

�
−mileffðzÞ

τiEν

�
; ð4Þ

with

leffðzÞ ¼
c
H0

Z
z0

z

dz
ð1þ zÞ2

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ωmð1þ zÞ3 þ ΩΛ

p ; ð5Þ

where H0 is the Hubble constant, Ωm ≈ 0.315, and
ΩΛ ≈ 0.685.
Therefore, the ALP flux at the detector (z ¼ 0) arising

from νi decays is given by

ϕa ¼
X
α¼μ;e

PναaðEνÞϕνα ; ð6Þ

where

PναaðEνÞ ¼
X
i¼2;3

�
1 − exp

�
−mileffð0Þ

τiEν

��
jUαij2 ð7Þ

is the production probability2 of ALPs with leffð0Þ ¼
14 MPc, ϕνα is the neutrino flux of να at the source, and
Uαi denotes the leptonic flavor mixing matrix [53]. Here,
we consider the standard parametrization of the leptonic
mixing matrix and use the best-fit values of neutrino
oscillation parameters from Ref. [58].

III. CURRENT BOUNDS ON
NEUTRINO DECAY LIFETIME

In Eq. (7), it can be clearly seen that the ALP production
probability depends exponentially on the neutrino decay
lifetime. Therefore, it is natural to examine the current
bounds in the literature. Various bounds on invisible
neutrino decay considering Supernova 1987A [59], solar
neutrinos [60–62], atmospheric neutrinos [63,64], and

astrophysical neutrinos [65] are proposed (see also [66]
and the references therein). Theboundsondecay lifetimes set
by using noncosmological neutrinos are generally weak due
toLorentz suppression of their decay rate since the detectable
neutrinos are ultrarelativistic. In this work, we consider the
cosmological constraint τν ≳ 4 × 105 sðmν=50 meVÞ5 from
Ref. [67] for beingmore stringent over others. Here,mν is the
mass of the heavier active neutrino. It should be noted that the
above constraint applies only to the invisible decay of
relativistic neutrinos and needs to be revised for the non-
relativistic case [67].
Asmentioned in the previous section, we consider normal

mass ordering with m1 ¼ 0, m2 ≈ 8.61 meV, and m3 ≈
50.1 meV along with the condition m2; m3 ≫ ma. Using
these and Eq. (2), we can estimate the lifetimes as [40]

τ2 ≈ 4 × 105 s

�
Rey21

1.25 × 10−7

�
−2
�

m2

50 meV

�
5

; ð8aÞ

τ3 ≈ 4 × 105 s

�
Rey31

6.39 × 10−10

�
−2
�

m3

50 meV

�
5

: ð8bÞ

It is clear from the above equations that to satisfy
cosmological constraint, the couplings should be Re y21 ≤
1.25 × 10−7 and Re y31 ≤ 6.39 × 10−10. We choose
Re y21 ∼ 10−7 and Re y31 ∼ 10−10, which gives τ2=m2 ¼
104 s eV−1 and τ3=m3 ¼ 107 s eV−1 as benchmark values
to compute the ALP production probability. It should be
noted that much lower coupling values result in an increase
in the decay lifetime thus reducing the probability of ALP
production. Also, note that ν2 mainly contributes to ALP
production since its lifetime is much shorter than that of ν3.

IV. PHOTON-ALP OSCILLATIONS
AND CONVERSION IN THE MILKY WAY

The minimal coupling gaγ between photons and ALPs a
in the presence of an external magnetic field B can be
described via the Lagrangian,

Lint ¼
−1
4

gaγaFμνF̃μν ¼ gaγaE ·B; ð9Þ

where Fμν is the electromagnetic field tensor, F̃μν is the
dual tensor, and E is the electric field of the propagating
photon beam.
Consider a monoenergetic, polarized photon beam of

energy E propagating along the ẑ direction in a homo-
geneous external magnetic field B along the ŷ axis. In the
short wavelength approximation, i.e., E ≫ ma, the equa-
tion of motion can be written as [68]

�
i
d
dz

þ EþM0

�
ψðzÞ ¼ 0; ð10Þ

with ψðzÞ ¼ ðAxðzÞ; AyðzÞ; aðzÞÞT , where AxðzÞ and AyðzÞ
denote the photon transverse polarization states along the

2Here, we have neglected the contribution from ν3 decay, i.e.,
ν3 → ν2 þ a, and the subsequent ν2 decay.
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x and y axis, aðzÞ is the amplitude associated with ALP
field, and M0 represents the photon-ALP mixing matrix.
We assume for simplicity that B is sufficiently weak

so that the contribution of the QED vacuum polarization
in M0 can be neglected. We also discard the effect of
Faraday rotation since we are considering the energy E in
the VHE γ-rays regime. The mixing matrix then takes the
simplified form,

M0 ¼

0
B@

Δxx 0 0

0 Δyy Δy
aγ

0 Δy
aγ Δzz

a

1
CA; ð11Þ

with Δxx ¼ Δyy ¼ −ω2
pl=2E, Δzz

a ¼ −m2
a=2E, and Δy

aγ ¼
gaγγBy=2. Here, ω2

pl is the plasma frequency resulting from
the effective photon mass due to the charge screening
effect as the beam propagates through the cold plasma.
The propagation length s of the photon-ALP beam can

be split into N subregions. The whole transport matrix can
be described by TðsÞ ¼ TðsNÞ × TðsN−1Þ ×… × Tðs1Þ,
assuming a constant magnetic field in each subregion.
The final survival probability of the VHE γ-rays on
the Earth is Pγγ ¼ Tr½ðρ11 þ ρ22ÞTðsÞρð0ÞT†ðsÞ�, where
ρð0Þ ¼ 1

2
diagð1; 1; 0Þ is the initial polarization of the beam,

ρ11 ¼ diagð1; 0; 0Þ and ρ22 ¼ diagð0; 1; 0Þ denotes the
polarization along the x and y axis, respectively.
In the strong-mixing regime, Ecr ≤ E ≤ Emax, photon-

ALP oscillations probability becomes maximal and
independent of energy with Ecr ¼ 2.5 GeVjm2

neV − 1.4 ×
10−3ncm−3 jg−111B−1

μG and Emax ¼ 2.12 × 106 GeVg11B−1
μG.

Here, we adopted the notations mneV ≡ma=1 neV, g11 ≡
gaγ=10−11 GeV−1, ncm−3 ≡ ne=1 cm3, and BμG ¼ B=1 μG.
In this work, we consider the ALP-photon conversion in

the Milky Way region. The strength of the GMF is ∼OðμG)
and can be modeled with both regular (large-scale) and
turbulent (small-scale) components. We utilize the GMF
model by Jansson and Farrar [69] with updated model
parameters according to the Planck satellite data [70]. In
their previous characterization [71], 22 parameters are used
to describe the large-scale regular field as a superposition of
disk and toroidal halo components that are parallel to the
galactic plane, and an out-of-plane “X-field” component at
the galactic center. It also allows the possibility of a striated
field and overall scaling of the density of relativistic
electrons. These parameters are determined by fitting
∼40; 000 extragalactic Faraday rotation measures (RMs)
and polarised synchrotron emission data. In the updated
model, 13 more parameters are introduced including the
striated and small-scale random fields. Furthermore, the
electron density is rescaled, and the scale height is revised.
By considering all 36 parameters together, the updated
model gives an excellent accounting of the observatio-
nal data.

In this study, we consider only the large-scale regular
component since in the energy regime of gamma rays, the
coherence length of the turbulent component is insignifi-
cant to induce any large-scale photon-ALP oscillation
effect. We calculated photon-ALP conversion probability
in the GMF using publicly available Python package
gammaALPs3 [72].

V. INITIAL NEUTRINO FLUX
AT THE SOURCE

It is evident from Eq. (7) that in order to calculate the
ALP production probability, a neutrino flux at the source
location is required. There are several models proposed in
the literature to explain both the Fermi-LAT and IceCube
observations of NGC 1068 [48–50,52]. We consider the
model by Ref. [51] for the benchmark initial neutrino flux
at the source. In this model, a two-zone scenario is
proposed to explain the broadband multimessenger data
by accounting for the nonthermal emission with the inner
coronal region and outer starburst ring. The gamma-ray
emission above 100 MeV results from the starburst region,
whereas the TeV neutrinos originate from the coronal
region. In contrast to other models, where an alternative
acceleration mechanism is required, it considers cosmic
rays (CRs) to be scattered off stochastically by Alfvénic
turbulence.
We take the initial neutrino flux ϕν from Fig. 5 of

Ref. [51], i.e., the total neutrino flux produced in the corona
region. Using Eq. (7), we calculate the ALP production
probability, as shown in the left panel of Fig. 1, from
invisible neutrino decay of νμ and νe for the benchmark
neutrino decay lifetime as described in Sec. III. We find that
the ALP production probability from νμ decay is ∼46% at
1 GeV, which goes down to below ∼5% at 1 TeV. This
implies that around 10 TeVand above, the neutrino decay is
negligible, and the neutrino flux nearly matches the bench-
mark model and the IceCube observation of NGC 1068. In
the right panel of Fig. 1, we show the survived muon
neutrino plus antineutrino flux after the invisible neutrino
decay. For reference, we also show the best-fit muon
neutrino spectrum of NGC 1068 by IceCube, along with
uncertainties by shaded regions.

VI. RESULTS AND DISCUSSION

A. Constraints on ALP parameters

We constrain the ALP parameters by conducting a
maximum likelihood analysis on the gamma-ray flux.
We construct the likelihood function to be

L ¼ e−χ
2=2; ð12Þ

3https://gammaalps.readthedocs.io/en/latest/index.html.
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where χ2 is the chi-squared function. The χ2 estimator is a
function of a single parameter, namely the normalization of
ALP flux, and can be written as

χ2ðθÞ ¼
XNbins

i

�
Φconv

i þΦγALP
i ðθÞ −Φobs

i

σi

�2

; ð13Þ

where Φconv is the conventional gamma-ray flux produced
due to hadronic interactions and taken from Fig. 5 of
Ref. [51], ΦγALP is the gamma-ray flux due to conversion
of ALPs in the GMF,Φobs are the observed Fermi-LAT data
points, and σi are the errors associatedwith the data. The test
statistic can bewritten asTS ¼ −2 ln ðLðθÞ=Lðθ̂ÞÞ, which in
this particular case reduces to Δχ2 ¼ χ2ðθÞ − χ2minðθ̂Þ,
where θ̂ is the best-fit value that minimizes the χ2 function
in Eq. (13). We then set upper limits on gaγ with 95% CL by
excluding the values for which Δχ2 > 3.84 for a single
degree of freedom4 [53].
We obtain upper limits of gaγ ≲ 1.37 × 10−11 GeV−1

for ALP masses ma ≤ 2 × 10−9 eV as shown in Fig 2.
This is a significant improvement over CAST limits;
however, it is comparable to existing constraints in this
mass range. For comparison, we also show the upper
limits set by CAST [15], NGC 1275 [27], H. E. S. S. [26],
and Mrk 421 [33]. In the left panel of Fig. 3, we show the
ALP-induced gamma-ray spectra resulting from ALP to
gamma-ray conversion in the Milky Way corresponding
to the upper limits obtained above along with the conven-
tional gamma-ray flux. We find that its strength is too
weak to appear as a distinct detectable signature.

B. Uncertainty on upper limits
on ALP parameters

It is implicit from the analysis that the constraint
obtained in the previous section may suffer due to uncer-
tainties in various parameters. In this section, we discuss
the impact of uncertainty introduced to the upper limits due
to the choice of initial neutrino flux, GMF models, neutrino
decay lifetimes, and γ-rays to ALPs conversion.

FIG. 2. Exclusion region at 95% CL set by NGC 1068 (in
yellow) with invisible neutrino decay to ALPs for decay lifetimes
τ2=m2 ¼ 104 s eV−1 and τ3=m3 ¼ 107 s eV−1. For comparison,
we show the constraints set by CAST [15], NGC 1275 [27],
H.E.S.S. [26], and Mrk 421 [33]. The narrow pink region shows
the exclusion region obtained using initial neutrino flux from
model II [49] (see text) under the minimal pp scenario. The
collection of current upper limits are taken from Ref. [73].

FIG. 1. Left: ALP production probability from invisible neutrino decay of νμ (solid) and νe (dashed) for τ2=m2 ¼ 104 s eV−1 (thick)
and τ2=m2 ¼ 105 s eV−1 (thin) keeping τ3=m3 ¼ 107 s eV−1 fixed. Right: survived muon neutrino plus antineutrino flux after the
invisible neutrino decay. The initial muon neutrino flux at the source is shown in a yellow solid curve, and the best-fit muon neutrino
spectrum of NGC 1068 obtained by IceCube [43] is shown in a black solid line along with uncertainties by shaded regions.

4PDG Review Statistics, Table 40.2.
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1. Impact of initial neutrino flux

In this section, we recompute the upper limits on ALP
parameters by considering different initial neutrino fluxes
as predicted by other models in the literature. These models
differ in terms of model parameters, emission region, and
acceleration mechanism, thus varying the production
mechanism of gamma rays and neutrinos. We choose four
different models, as summarized in Table I, for the initial
neutrino flux the references to each are given in the last
column.
In model I, the measured intrinsic x-ray luminosities are

incorporated in the disk-corona model by estimating the
relevant parameters to explain the neutrino emission from
the magnetized corona. For the CR acceleration mecha-
nism, both stochastic acceleration and magnetic reconnec-
tion are investigated.
In model II, a model-independent analysis is done to

explain hidden neutrino production with (a) pγ scenario at
R≲ 30RS, where RS is the Schwartzschild radius, in which
CRs are accelerated in the corona and interact with coronal
x rays and (b) pp scenario R≲ 100RS, in which the
accelerated CRs interact with gas in inflowing material.
In model III, protons are assumed to be accelerated via

diffusive shock acceleration in the inner regions of the wind
near the black hole, thus inducing a nonthermal emission.
The pγ interactions of “failed” winds are mainly respon-
sible for the neutrino generation. The GeV gamma rays are
described by invoking a separate outer region where the
“successful” winds interact with the torus gas via pp
interactions.
In model IV, a physical model is proposed, including the

acceleration and diffusion of high-energy protons, to
explain neutrino and gamma-ray emission. The measured
x-ray luminosity of NGC 1068 is used to describe the
attenuation of VHE gamma rays in the corona region.
The emission in the MeV–GeV region arises due to

synchrotron and inverse Compton scattering. We choose
neutrino flux corresponding to the model parameters
Γp ¼ 2.1, R ¼ 17Rs, and B ¼ 6 kG, where Γp is spectral
index of the accelerated protons, R is the radius of the
corona, and B is the magnetic field strength in the corona.
The model also requires the high-energy electrons to lose
energy via synchrotron in the presence of a large magnetic
field, B≳ 6 kG, to avoid exceeding the observed gamma-
ray flux by Fermi-LAT at sub-GeV energies.
We find that no significant constraint can be put on the

coupling strength using initial neutrino flux from models I,
III, and IV except for the minimal pp case of model II. In
this case, a very narrow region of 9.35 × 10−11 ≲ gaγ ≲
1.20 × 10−10 GeV−1 for ALP masses ma ≤ 10−9 eV is
excluded, which is shown in Fig. 2 as a pink region.
This region has already been excluded by the CAST
experiment and thus provides no significant improvement.
The corresponding ALP-induced gamma-rays are shown in
the right panel of Fig. 3. We infer that the choice of initial
neutrino flux plays a significant role in constraining the
ALP parameters. In the future, the collection of multi-
messenger data from a large sample of Seyfert galaxies and
the robust analysis of their broadband spectra will lead to a
better understanding of the acceleration mechanism,
improvements in modeling the emission region, and pre-
cisely estimating the model parameters to explain the
observed gamma-rays and neutrinos. This will significantly
reduce the uncertainty caused by the current incomplete
knowledge and allow us to put stringent bounds on ALP
parameters.

2. Impact of GMF models

The probability of conversion of ALPs into photons
strongly depends on the magnetic field structure and its
strength. In light of the updated measurements in the past
few years, the knowledge of the GMF has improved

TABLE I. Summary and comparison of neutrino emission mechanism in various models considered for initial neutrino flux.

Model no. Model name Neutrino emission mechanism Reference of ϕν

I Kheirandish et al. 2021 Both pp and pγ interactions; measured intrinsic x-ray luminosities
are incorporated in the disk-corona model; CR acceleration via
stochastic acceleration and magnetic reconnection are considered.

Fig. 1 of [52]

II Murase 2022 Model-independent analysis; (a) pγ at R≲ 30RS: accelerated CRs in
the corona interact with coronal x rays and (b) pp at R≲ 100RS:
accelerated CRs interact with gas in inflowing material.

Fig. 3 of [49]

III Inoue et al. 2022 pγ interactions in the inner region due to “failed” winds; GeV gamma
rays explained via pp interactions of “successful” winds and torus
gas in the outer region.

Fig. 6 of [50]

IV Blanco et al. 2023 pp interactions; proposed physical model including the acceleration
and diffusion of protons; attenuation of VHE gamma rays is described
using measured x-ray luminosity.

Fig. 5 of [74]
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significantly and is more precisely known compared to
extragalactic magnetic fields. Nonetheless, we check
whether choosing a different GMF model induces a change
in the upper limits. We consider an alternate GMF model
proposed by Pshirkov et al. [75]. In this model, rotation
measures of extragalactic sources are used to infer the
structure of the GMF.
In the left panel of Fig. 4, we show the upper limits

obtained in this case. We find no significant impact on the
coupling constant except for a slight improvement in the
ALP mass range for both initial neutrino flux models. Thus,
the choice of the GMF model does not drastically affect the
upper limits.

3. Impact of neutrino decay lifetime

Next, we discuss the uncertainty due to the assumption
of neutrino decay lifetime. We choose τ2=m2 ¼ 105 s eV−1

keeping τ3=m3 ¼ 107 s eV−1, same as before. The ALP
production probabilities are shown in the left panel of Fig. 1
by thin solid and dashed curves. We find that compared to
the benchmark value of τ2=m2 ¼ 104 s eV−1, the ALP
production probability goes down to below ∼2% at around
100 GeV. This feature can be clearly seen as a little bump in
the corresponding survived neutrino flux shown in the right
panel of Fig. 1 by the purple dot-dashed curve.
In the right panel of Fig. 4, we show the upper limits

obtained in this case. We find no significant change in the

FIG. 4. Left: comparison of constraints on ALP parameters at 95% CL for the GMF model by Jansson and Farrar (thick) and by
Pshirkov et al. [75] (thin) for both the benchmark initial neutrino flux and from model II (see text). The neutrino decay lifetime is kept
fixed at the benchmark values. Right: same as the left panel but for neutrino decay lifetime τ2=m2 ¼ 105 s eV−1 (thin), keeping
τ3=m3 ¼ 107 s eV−1, same as before. The GMF model by Jansson and Farrar [69] is also kept fixed in this case.

FIG. 3. Left: ALP-induced gamma-ray spectra (dotted) corresponding to upper limits of gaγ ¼ 1.37 × 10−11 GeV−1 for ALP mass
ma ¼ 1 neV along with the conventional gamma-ray flux (dot-dashed) as estimated in Ref. [51]. The Fermi-LAT [45] and MAGIC [46]
data points are shown with the red circular and blue square markers, respectively. Right: same as the left panel but for the initial neutrino
flux taken from Ref. [49]. The ALP-induced gamma-rays (dotted) are shown for the upper limits obtained in the case of a minimal
pp scenario.
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bound for the benchmark initial neutrino flux, whereas it
degrades by a small amount for the initial neutrino flux
from model II. However, a slightly bigger region can be
excluded in this case. Thus, our limits are not strongly
sensitive to the choice of neutrino decay lifetime.

4. Impact of γ-rays to ALP conversion

Due to nonzero coupling between photons and ALPs,
there is a probability that a fraction of the conventional
gamma-ray flux will also convert into ALPs in GMF. The
converted gamma rays then escape the detection, thus
reducing the observed flux. In order to account for this
possibility, we multiply the conventional gamma-ray flux
with the survival probability Psurv of gamma rays after the
ALP conversion,

ΦabsðEγÞ ¼ ΦconvðEγÞ × PsurvðEγÞ: ð14Þ

We calculate, as an example, the maximum loss of gamma
rays due to conversion for the ALP parameters realized in
the left panel of Fig. 3 and find that it is around 0.5% in the
relevant energy range from 0.1 GeV to 1 TeV. We anticipate
that this uncertainty will induce a negligible effect on the
upper limits. In order to check this, we then again calculate
the χ2 using Eq. (13), replacing Φconv with Φabs, and Δχ2
following Sec. VI A. We find that upper limits remain
unaffected by the photon loss due to conversion to ALPs.

C. Diffuse γ-ray flux at GeV energies
under the ALP effect

In this section, we estimate the contribution to diffuse
gamma-ray flux from NGC 1068-like sources at GeV
energies by convolving the gamma-ray flux obtained from
a single source under the ALP-photon conversion,

ΦdiffðEγÞ ¼
Z

zmax

0

dϕa

dE
nðzÞ d2V

dzdΩ
PaγðEγÞdz; ð15Þ

where dϕa=dE is the ALP flux obtained in Eq. (6) for NGC
1068, nðzÞ is the source density that we assume propor-
tional to the star formation rate (SFR) at redshift z,
d2V=dzdΩ is the comoving volume element per unit
redshift per unit solid angle, and Paγ is the conversion
probability from ALPs to gamma rays in GMF. The upper
limit of integration is taken to be zmax ¼ 6. We consider the
functional form of SFR as in Ref. [76]. The parametric fit is
taken from Table II of Ref. [77].
In Fig. 5, we show the diffuse gamma-ray flux for

benchmark values of neutrino decay lifetime and ALP
parameters (ma ¼ 1 neV, gaγ ¼ 1.37 × 10−11 GeV−1)
along with an 1σ uncertainty band. We consider the
uncertainty in the parametric fit to the analytical form
of SFR (refer to Table II of Ref. [77]) to calculate the
lower and upper limits of the 1σ uncertainty band. For

comparison, we also show the extragalactic gamma-ray
background (EGB) measured by Fermi-LAT [78] and the
diffuse flux from all blazars [79], star-forming galaxies [80],
radio galaxies [81], and dark matter (DM) induced gamma
rays as calculated in Ref. [79]. We find that the cumulative
gamma-ray flux is less pronounced below 10GeV; however,
slightly higher flux than star-forming and radio galaxies is
obtained above 200 GeV. The overall contribution of
gamma-ray flux under the ALP scenario, assuming similar
emission from NGC 1068-like sources, is insignificant
relative to conventional gamma rays from other populations
of extragalactic sources. Thus, the ALP-induced gamma
rays are highly suppressed to appear as a distinct signature or
account for any significant contribution to EGB flux.

VII. SUMMARY

The discovery of high-energy astrophysical neutrino
sources by IceCube opens up a new opportunity to provide
deeper understanding, or possibly discover, and experi-
mentally test new physics beyond the Standard Model. One
of the prime quests is to look for signatures of neutrino
decay. On the other hand, the induction of spectral
irregularities in the high-energy gamma-ray spectra of
the astrophysical sources is a promising strategy for
searching ALPs. In this work, we have investigated a
novel scenario of invisible neutrino decay into ALPs. Our
approach offers a complimentary and independent probe to
previous studies where gamma rays produced at the source
are used to investigate the ALP hypothesis. We assume that

FIG. 5. Expected diffuse gamma-ray flux (orange solid curve)
from invisible neutrino decay to ALPs. The EGB spectrum
measured by Fermi-LAT [78] is shown in purple points. For
comparison, we also show the flux from all blazars [79], star-
forming galaxies [80], radio galaxies [81], and DM-induced
gamma rays [79].
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a fraction of neutrinos produced at the source undergoes
decay while propagating, producing ultralight ALPs before
reaching the Earth. These ALPs upon entering into the
Milky Way convert into gamma rays due to GMF. These
gamma rays will add on top of the conventional gamma
rays produced due to hadronic interactions at the source. It
might be possible that these ALP-induced gamma rays are
sizable enough to leave some imprints in the measured flux.
We exploited the IceCube and Fermi-LAT observations

of NGC 1068 to put upper bounds on the ALP parameters.
We use the benchmark model for initial neutrino flux at the
source given by Ref. [51]. Assuming normal mass ordering
and the lightest neutrino ν1 to be stable, we consider the
benchmark neutrino decay lifetimes of τ2=m2¼ 104 seV−1

and τ3=m3 ¼ 107 s eV−1, satisfying the cosmological
constraint by Ref. [67]. We obtain an upper limit on the
coupling strength at 95% CL to be gaγ≲1.37×10−11GeV−1

for ALP massesma ≤ 2 × 10−9 eV. Our limits significantly
improve over the CAST constraints [15] but are comparable
to the constraints set by H.E.S.S. [26], NGC 1275 [27], and
Mrk 421 [33] in this mass range. Using the obtained ALP
parameters, we also computed the contribution of ALP-
induced gamma rays to the gamma-ray spectra of NGC 1068
by Fermi-LAT and MAGIC. Since the conventional gamma
rays in the benchmarkmodel fairly explain the observed data
points, the contribution of ALP-induced gamma rays is very
less to appear as a distinct signature. Thus, only upper bounds
could be placed in this case.
We have also discussed the possible systematic uncer-

tainties introduced to the upper limits. First, we study the
impact of initial neutrino flux by choosing four different
models proposed in the literature. Each model differs in
emission region and mechanism to explain the gamma rays
and neutrino emission from the source. We found that
except for the case of minimal pp interactions in the
model given by Ref. [49], no significant constraint can
be put on the coupling strength. For the minimal pp
case, we are able to exclude a very narrow region of
9.35×10−11 GeV−1≲gaγ ≲1.20×10−10 GeV−1 for ALP
masses ma ≤ 10−9 eV. In this model, the conventional
gamma rays cannot fully explain the data points above
10 GeV and the ALP-induced gamma rays can fairly
explain it. Nonetheless, the obtained ALP parameters have

already been ruled out by the CAST experiment. Thus, the
choice of initial neutrino flux plays a significant role in
constraining the ALP parameters. In the future, a better
characterization of the emission mechanism and region
using broadband observations will significantly reduce the
model uncertainties. Next, we study the impact of choosing
a different GMF model by Pshirkov et al. over the one
given by Jansson and Farrar on the upper limits. We find
that the upper limit on the coupling strength is not affected
although a slight improvement in the mass range is
obtained. We then study the impact of choosing a different
neutrino decay lifetimes, τ2=m2 ¼ 105 s eV−1 and keeping
τ3=m3 same as before and found that the upper limits are
not strongly sensitive to them. Due to the finite probability
of absorption of conventional gamma rays due to con-
version into ALPs in the GMF, we also study its impact and
found that it does not affect the upper limits.
Finally, we estimate the contribution to diffuse gamma-

ray flux from NGC 1068-like sources under the ALP
scenario. We then compared this flux with the EGB
spectrum measured by Fermi-LAT in the GeV energies
along with the contribution to the diffuse flux from blazars,
star-forming galaxies, radio galaxies, and dark matter. We
find that ALP-induced gamma rays contribute less signifi-
cantly compared to other populations of extragalactic
sources.
In the near future, the advent of next-generation neutrino

telescopes like IceCube-Gen2, KM3NeT, etc., with their
unprecedented sensitivities and the rapid increase in multi-
messenger studies, especially gravitational waves, will
allow further exploration of invisible neutrino decay. The
implications of which may appear in the gamma-ray band
and can be probed by MAGIC, High Energy Stereoscopic
System (H.E.S.S.), and Cherenkov Telescope Array (CTA).
This will ultimately lead to closing the gaps in the ALP
parameter space, which is still unconstrained by the
existing bounds.
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