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Abstract

The KM3NeT observatory detected the most energetic neutrino candidate ever observed, with an energy between
72 PeV and 2.6 EeV at the 90% confidence level. The observed neutrino is likely of cosmic origin. In this article,
it is investigated if the neutrino could have been produced within the Milky Way. Considering the low fluxes of
the Galactic diffuse emission at these energies, the lack of a nearby potential Galactic particle accelerator in the
direction of the event, and the difficulty of accelerating particles to such high energies in Galactic systems, we
conclude that if the event is indeed cosmic, it is most likely of extragalactic origin.

Unified Astronomy Thesaurus concepts: Neutrino astronomy (1100); High energy astrophysics (739); Galactic
cosmic rays (567); Cosmic ray sources (328)

1. Introduction

Neutrinos are unique cosmic messengers, produced exclu-
sively through hadronic interactions. They allow us to probe
regions of the Universe that are otherwise inaccessible and to
discern leptonic from hadronic processes, which is usually
very difficult to achieve unambiguously with electromagnetic
observations alone. These elusive particles have opened new
avenues in high-energy astrophysics research. Neutrino

detectors such as AMANDA, IceCube, ANTARES, and
Baikal-GVD have demonstrated the feasibility of neutrino
telescopes and provided the first groundbreaking results in the
last decade, such as the measurements of the astrophysical
neutrino flux (IceCube Collaboration 2013; M. G. Aartsen
et al. 2016; A. Albert et al. 2018, 2024; V. A. Allakhverdyan
et al. 2023; R. Abbasi et al. 2024) or the detection of neutrinos
from the Galactic plane (IceCube Collaboration et al. 2023).
Also, the first likely associations of neutrinos with single
sources, such as the blazar TXS 0506+056 or the active galaxy
NGC 1068, have been achieved (IceCube Collaboration et al.
2018, 2022).
The KM3NeT neutrino telescope detected the event KM3-

230213A on 13 February 2023 (KM3NeT Collaboration et al.
2025b). The event has a median neutrino energy of 220 PeV,
with a 90% confidence interval ranging from 72 PeV to
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2.6 EeV. This makes KM3-230213A the most energetic
neutrino candidate event observed so far. Furthermore, the
expected flux of atmospheric neutrinos above 100 PeV in
KM3NeT is 1–5 × 10−5 events per year (KM3NeT
Collaboration et al. 2025b), indicating that this event was
quite unlikely to be produced by cosmic rays (CRs) interacting
in the Earth’s atmosphere. This detection marks a significant
milestone in neutrino astronomy.

The origin of the event is not clear. While it is with
extremely high probability a cosmic event, many different
classes of objects are expected to produce neutrinos, such as
active galactic nuclei (AGN), supernova remnants (SNRs),
star-forming regions, γ-ray bursts and others. Also, large-scale
emission from the Galactic plane, cosmogenic neutrinos, or
unresolved sources can contribute to the neutrino flux
measured on Earth. However, only a few types of sources
are expected to be able to accelerate particles to the required
energies.

In this article, we explore the possibility that the event is of
Galactic origin, i.e., produced in the Milky Way, where
potential production sites are astrophysical accelerators, gas
targets and cosmic-ray collisions giving rise to a diffuse
Galactic component. The position of KM3-230213A was
determined to be R.A. = 94°.3 and decl. = −7°.8, with contain-
ment radii of R(68%) = 1°.5, and R(99%) = 3°.0. The
corresponding Galactic coordinates are l = 216°.1 and
b = −11°.1. Therefore, the event occurred far away from the
Galactic center, and ∼11° offset from the Galactic plane. We
first search for potential gas targets within the vicinity of the
event in Section 2, as a correlation with gas is expected in the
hadronic collision neutrino production channel. We then
discuss the expected neutrino fluxes from the Galactic diffuse
emission (Section 3.1) and further search for possible nearby
particle accelerators (Section 3.2). The investigation is
followed by a search for potential γ-ray counterparts and a
derivation of upper limits on Galactic neutrino fluxes as a
result of the nondetection of sources by the HAWC
observatory (Section 4). We conclude in Section 5, where
we summarize and discuss our results.

2. Molecular Gas in the Neutrino Event Vicinity

In many environments in the Galaxy, the dominant hadronic
production mechanism for neutrinos and γ-rays is the collision
of CRs with other hadronic targets. To investigate whether
there is an enhancement of molecular gas close to the KM3-
230213A position, we used carbon monoxide (CO) emission
maps from T. M. Dame et al. (2001). CO is a reliable tracer of
molecular gas and is often used to estimate the total mass of
molecular gas (e.g., N. Neininger et al. 1998).
The CO map of the velocity-integrated brightness temper-

ature together with KM3-230213A’s position and the 68% and
99% containment radii are shown in Figure 1. The different
molecular clouds in the region are also indicated. These are
CMa OB1, Maddalena’s cloud, the Rosette molecular cloud,
Monoceros OB1 (Mon OB1), the southern (S. Ori) and
northern Orion filaments, Monoceros R2 (Mon R2), and the
Orion A and Orion B clouds, with distances from the Earth
between ∼400 pc and ∼2.4 kpc (E. F. Schlafly et al. 2014). As
can be seen, no excess is observed directly at the KM3-
230213A position. However, close by there are the S. Ori
filament and the Mon R2 cloud. The latter is in overlap with
the 99% containment radius of the neutrino event, and thus it
could be a potential target for CRs. Both the S. Ori filament
and Mon R2 are relatively close to the Earth.
The S. Ori filament is estimated to be at a distance of

∼900 pc and is potentially a “bridge” between the Mon R2 and
the CMa OB1 clouds (see R. J. Maddalena et al. 1986, and
references therein). Its mass estimated from CO observations
is 3 × 104M⊙, but estimates derived from the virial theorem or
from the assumption of local thermodynamic equilibrium give
larger values. It seems not to be a region of active star
formation (R. J. Maddalena et al. 1986).
A commonly adopted distance of Mon R2 from the Earth is

(830 ± 50)pc (R. Racine 1968; W. Herbst & R. Racine 1976).
It has a physical size of 44 × 88 pc (J. M. Carpenter &
K. W. Hodapp 2008) and a total mass of ∼9 × 104M⊙
(R. J. Maddalena et al. 1986). The molecular gas is not evenly
distributed but exhibits a clumpy structure with a concentration
toward the center (e.g., R. J. Maddalena et al. 1986). Assuming
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Figure 1. CO map of the velocity-integrated brightness temperature from T. M. Dame et al. (2001) with the KM3-230213A event superimposed: The cross marks the
event position, and the white and red circles are the 68% and 99% containment radii, respectively. The dashed ellipses mark the location of molecular clouds in the
region.
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a uniform distribution over a region of 44 × 88 × 44 pc, one
obtains an average number density of ∼20 cm−3. However,
this estimate disregards the spatial shape of the cloud, and
from the CO maps one can infer that some fraction of the
44 × 88 pc diameter does not contain mass. In the densest
regions of the cloud, number densities are likely to reach
several hundreds of particles per cm3. This is much larger than
the average Galactic interstellar medium density of ∼0.2 cm−3

from the density model of K. Ferrière (1998), K. Ferrière et al.
(2007) at the same location. In contrast to the S. Ori filament,
Mon R2 is a site of ongoing star formation (S. D. Jiang &
L. A. Hillenbrand 2024). Since the Mon R2 cloud overlaps
with the 99% containment radius of KM3-230213A, in
principle, it could serve as a target for neutrino production.

3. Potential Cosmic-ray Sources

A big challenge for a potential Galactic origin of KM3-
230213A is its extreme energy. In the case of hadronic
collisions, the interacting CR needs to have at least an energy
of several hundreds of PeV, assuming the lower limit for the
neutrino energy of 72 PeV. Thus, it must be originating from
sources contributing to the CR spectrum in the transition
region between the “knee” and the “ankle” features. Many
Galactic sources will fail to accelerate particles even to PeV
energies. This is also reflected by the interpretation of the knee
in the CR spectrum being caused by a rigidity-dependent
cutoff of a Galactic source population (J. R. Hörandel 2003).
The probability for this event being of Galactic origin is
reduced even more by taking into account the distance from
the Galactic center and the offset of −11° from the Galactic
plane. In this section, we will explore potential CR sources,
first for the case of the diffuse emission, and later for other
known Galactic γ-ray sources.

3.1. Diffuse Galactic Emission

The diffuse Galactic emission is produced by CRs
propagating in the Milky Way and interacting with other
nuclei in the Galaxy. The CR spectrum measured at Earth
extends up to energies of several 1020 eV, although the most
energetic CRs are expected to have extragalactic origin
(A. Abdul Halim et al. 2024). Many different models for the
Galactic diffuse emission were developed. These models differ,
for example, in the considered CR composition, the diffusion
properties of CRs in the Galaxy, and the distribution and
injection of CRs from the sources. In particular, this modifies
the subsequent CR distribution within the Galaxy in terms of
total CR flux and potential spectral changes. Finally, these
models use different γ-ray and CR data sets to obtain their
estimates. The resulting γ-ray and neutrino emissions are non-
isotropic and follow the gas distribution of the Milky Way. Only
since the measurements of Tibet-ASγ (M. Amenomori et al.
2021) and later the LHAASO observatory (Z. Cao et al. 2023;
F. Cao et al. 2025) and HAWC (R. Alfaro et al. 2024) can
γ-ray data above energies of ∼100 TeV be taken into account
(M. Breuhaus et al. 2022; P. De La Torre Luque et al.
2022, 2025; G. Schwefer et al. 2023; C. Shao et al. 2023;
R. Zhang et al. 2023; X.-Y. He et al. 2024; S. Kaci &
G. Giacinti 2025; P. D. Marinos et al. 2025). Current models
are able to explain the data; however, there are still unresolved
issues, such as if the spectral hardening in the GeV regime
observed by Fermi-LAT is caused by differences in the

diffusion coefficients (P. De La Torre Luque et al. 2022) or by
unresolved sources (G. Peron et al. 2021; V. Vecchiotti et al.
2022a). Also, the contribution from unresolved sources in
general is not very precisely known (V. Vecchiotti et al.
2022b, 2023, 2024; S. Kaci et al. 2024; J. He et al. 2025;
P. Lipari & S. Vernetto 2025), and above ∼PeV energies, the
CR composition on Earth cannot be measured directly but only
be inferred from the properties of the CR air showers. This
leads to larger uncertainties and reduces the accuracy of the
model predictions of the γ-ray and neutrino fluxes above
∼100 TeV. We are specifically interested in the predicted
emission at the location of KM3-230213A. To investigate how
this localized flux compares to the overall emission, we use the
model in M. Breuhaus et al. (2022) as an example case, as it
was also focused on reproducing the γ-ray fluxes at hundreds
of TeV, and compare the results later with predictions from the
KRA5 model from D. Gaggero et al. (2015) and the newer
KRAγ min. and max. models from P. De La Torre Luque et al.
(2022). Although these are not the most recent models, the
conclusions remain the same. Furthermore, close to the event
position is the Mon R2 cloud, which contributes the most to
the emission. Because this cloud is not far from Earth, the CR
densities within the cloud are very close to the CRs measured
on Earth, regardless of the underlying diffuse model.
The model from M. Breuhaus et al. (2022) is tuned on γ-ray

data from Tibet-ASγ (M. Amenomori et al. 2021) and ARGO-
YBJ (B. Bartoli et al. 2015) for Galactic longitudes
25° � l� 100° and Galactic latitudes with |b|� 5°. Recently,
the Galactic diffuse γ-ray emission was also observed by
LHAASO (Z. Cao et al. 2023), and the model was additionally
tuned to these data only (M. Breuhaus et al. 2024). The models
are compared to the all-sky diffuse flux of KM3-230213A.
The results are shown in Figures 2 and 3, where a

comparison of the following neutrino fluxes is presented: the
all-sky diffuse KM3-230213A flux (KM3NeT Collaboration
et al. 2025b), measurements of neutrinos from the Galactic
disk by IceCube for the π0 and the KRA5 templates (IceCube
Collaboration et al. 2023), and theoretical predictions for the
cosmogenic neutrino flux and extragalactic sources taken from
KM3NeT Collaboration et al. (2025b). The neutrino fluxes at
the position of KM3-230213A and the all-sky diffuse Galactic
neutrino flux from Model A of M. Breuhaus et al. (2022) are
shown in Figure 2, tuned to data from Tibet-ASγ and to
measurements from LHAASO of the inner Galaxy region (|b|
< 5°, 15° < l < 125°). We note that, although the LHAASO
region of the inner Galactic plane overlaps with the one from
Tibet ASγ and ARGO-YBJ, it is not covering the same fraction
of the sky. The model tuned on LHAASO data leads to lower
predicted neutrino emission. This might be caused by the
different source masking by Tibet ASγ and LHAASO, and it
reflects uncertainties in the measurements of Galactic diffuse
emission by current γ-ray observatories (S. Kato et al. 2024).
As can be seen, at energies above several tens of PeV, the
Galactic diffuse fluxes are well below the KM3-230213A flux
as well as the bands of the cosmogenic neutrino flux and other
extragalactic sources, making the association of KM3-
230213A with a Galactic diffuse origin unlikely. Although
the KM3-230213A flux is computed with the assumption of
the emission being isotropic, which is not the case for the
diffuse Galactic emission, using a non-isotropic template
would not change the result significantly.
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The exact composition of the CRs detected on Earth above
PeV energies is not known, and it can impact the resulting
neutrino emission. To compare different emission scenarios,
different compositional models from M. Breuhaus et al. (2022)
are shown in Figure 3. All of them are matched with the
Tibet-ASγ and ARGO-YBJ data, resulting in higher fluxes
than when matching to data from LHAASO. To explore the
maximum possible neutrino flux at higher energies, we also
show a case that was previously not in M. Breuhaus et al.
(2022): the composition of the first Galactic component from
Model A in M. Breuhaus et al. (2022) dominating below PeV
energies is kept as in the original model. All other CR
contributions are assumed to be hydrogen above PeV energies,
matching the all-particle CR flux. Therefore, above the
energies where we cannot measure the individual CR
composition directly with satellite observations, the CRs are
assumed to have the lightest possible composition. This is, as
in the pure hydrogen and the pure iron case, not expected to be
a realistic situation, but it produces the maximum possible
neutrino fluxes above PeV energies. The lower energies, which
are matched to the γ-ray data, still reproduce the direct CR
measurements on Earth. Even in this case, the diffuse Galactic
emission is not expected to dominate over the cosmogenic
fluxes.

Other models of the diffuse Galactic emission as in
M. Breuhaus et al. (2022) give similar results. To illustrate
this, Figure 4 shows the range of all-sky neutrino fluxes from
the models of M. Breuhaus et al. (2022), as well as the KRA5

model from D. Gaggero et al. (2015) and the newer KRAγ
min. and max. models from P. De La Torre Luque et al.
(2022). Due to the steep spectral index of the diffuse CRs, the
resulting fluxes above tens of PeV are negligible compared to
other sources. Below PeV energies, the atmospheric muon and

antimuon neutrino flux dominates over the average diffuse
Galactic neutrino flux. Above ∼PeV energies, the diffuse
Galactic emission is negligible compared to other expected
neutrino fluxes, but it is still dominating over the atmospheric
neutrinos (KM3NeT Collaboration et al. 2025b).
By adopting a simple model for the Galactic density

distribution at the location of KM3-230213A, such as the one
from K. Ferrière (1998) and K. Ferrière et al. (2007), the flux
per steradian is reduced by ∼20%. This difference is smaller
than changes caused by uncertainties in the CR models.
However, neutrino emission arising from dense target clouds,
such as Mon R2, is expected to be enhanced. For example,
estimations of the diffuse flux from Mon R2 were computed in
A. Albert et al. (2021). Assuming that the emission is evenly
distributed over an area of 14°2 (R. J. Maddalena et al. 1986),
enhancements of around 1 order of magnitude are possible,
compared to Model A from M. Breuhaus et al. (2022). The
material within Mon R2 is, in fact, not evenly spread out, but
rather concentrated in different clumpy regions (J. M.
Carpenter & K. W. Hodapp 2008). This will produce regions
with both lower and higher γ-ray fluxes, compared to
computations assuming a homogeneous gas distribution.
However, enhancements of many orders of magnitude, which
would be needed for the diffuse Galactic neutrino flux to
dominate over the cosmogenic neutrino flux or other
extragalactic sources, are not possible. The diffuse Galactic
neutrino flux is therefore negligible, both if it is produced in
the diffuse interstellar medium and in the clouds investi-
gated here.

3.2. Single Sources

While the expected neutrino emission from the cloud Mon
R2 caused by interactions of the diffuse Galactic CRs would
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not reproduce the flux inferred from the KM3-230213A
measurement, the case in which a beam of accelerated particles
from a nearby accelerator produces a larger emissivity cannot
be excluded. The challenge to explain the KM3-230213A
neutrino with a single Galactic source comes from (i) the
presence of a possible accelerator that can operate until the
required energies and (ii) the gas target. A possible target for
the neutrino event is the Mon R2 cloud (see Section 2). An
accelerator could also be located away from the emission site,
with its accelerated particles diffusing into Mon R2. However,
if it is located too far away, the density of accelerated particles
will be low. Additionally, if located at a similar distance to
another cloud such as Orion A, the collisions with particles in
this other cloud will also produce γ-rays and neutrinos.
Depending on the gas densities, the emission from the second
cloud could be comparable to or even higher than the emission
from Mon R2. A source outside the Mon R2 cloud would
produce γ-ray emission within the whole cloud, and therefore
Mon R2 should appear bright in γ-rays. Such a scenario is
inconsistent with the nondetection of Mon R2 by HAWC
(A. Albert et al. 2021, see Section 4.1). An optically thick
source in γ-rays that is bright in neutrino emission can
therefore be only located inside Mon R2, with the neutrinos
produced in a rather small region with strong radiation fields.
In the following, different potential source types are
investigated.

Supernova remnants (SNRs): Although SNRs might only be
able to accelerate particles until PeV energies in their earliest
phases shortly after the supernova explosions (P. O. Lagage &
C. J. Cesarsky 1983; A. R. Bell et al. 2013; A. Marcowith
et al. 2018), it was argued recently that SNRs in massive star
clusters might be able to accelerate CRs up to energies of
hundreds of PeV (T. Vieu & B. Reville 2023). Even such an

extreme scenario would only be able to produce neutrinos with
energies of several tens of PeV, which is not sufficient to
explain a neutrino with an energy much larger than the low end
of the 90% confidence interval of KM3-230213A of 72 PeV.
We compared the positions of known SNRs from the latest

version of Green’s SNR catalog (D. A. Green 2024) with
KM3-230213A (see Figure 5). No SNR close to KM3-
230213A is known. Given the difficulties of accelerating CRs
to the required energies and the nondetection of an SNR close
by, SNRs are very unlikely to be a potential source for KM3-
230213A.
Stellar clusters: Young stellar clusters with a large number

of massive stars can produce a collective wind termination
shock where particles can be accelerated. Inside the Mon R2
cloud, there is ongoing star formation, but to a lesser extent
than in the Orion A and Orion B clouds. However, no Wolf–
Rayet star was found in the region, and the most massive star
is only ∼10M⊙ (T. S. M. Rayner et al. 2017). To search for
potential young stellar clusters, we use the catalog from
S. Celli et al. (2024). The stellar clusters are displayed in
Figure 5 with magenta circles, where the sizes of the circles
correspond to the cluster sizes. Two clusters are found within
the KM3-230213A uncertainty region (FSR_1117 and
NGC_2183), and three additional ones are found within 5°
from the event (BDSB91, NGC_2232, and vdBergh_80).
However, all of these clusters have collective wind powers
<1 × 1034 erg s−1, and therefore there is not enough power
within the collective stellar winds to allow efficient CR
acceleration to the required energies (G. Morlino et al. 2021;
A. M. W. Mitchell et al. 2024). Given the low wind powers,
the scenario of an SNR exploding in a massive wind-blowing
cluster as in T. Vieu & B. Reville (2023) also seems unlikely.
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X-ray binaries and microquasars: Microquasars are a
relatively new source class in the very high-energy γ-ray
regime, with SS433 being the first microquasar detected by
HAWC and H.E.S.S. (A. U. Abeysekara et al. 2018; H. E. S. S.
Collaboration et al. 2024). Recently, the LHAASO collabora-
tion discovered γ-ray emission above ∼100 TeV from five
sources (LHAASO Collaboration 2024). However, microqua-
sars might lack the potential to accelerate CRs to the energies
needed. In the model from G. J. Escobar et al. (2022), for
example, protons reach maximum energies of only ∼1016 eV,
which makes any potential association with KM3-230213A
unlikely. X-ray binaries were searched for in catalogs
produced with eROSITA data (A. Avakyan et al. 2023;
M. Neumann et al. 2023), and microquasars were searched for
in the catalog provided by J. A. Combi et al. (2008). Only a
subset of X-ray binaries will also be microquasars. As can be
seen in Figure 5, no X-ray binaries or microquasars are found
close to KM3-230213A.

Pulsars and pulsar wind nebulae: Pulsars and pulsar wind
nebulae are efficient particle accelerators and prominent
sources in the γ-ray sky. A large number of LHAASO sources
detected above energies of ∼100 TeV are potentially asso-
ciated with high spin-down power pulsars. From general
arguments, the maximum achievable energies in units of PeV
can be written as (E. de Oña Wilhelmi et al. 2022)

( ) ( )/ /
E EPeV 2 , 1max e B

1 2
36
1 2

where ηe is the ratio between the electric and magnetic field
strength, ηB is the fraction of the pulsar wind energy flux
transferred to the magnetic field, and E36 is the spin-down
power in units of 1 × 1036 erg s−1. In ideal conditions, ηe � 1,
and ηB � 1 because of energy conservation.

We searched for known pulsars in the ATNF pulsar catalog
(R. N. Manchester et al. 2005). Only two pulsars are found
within a distance less than 5° from the neutrino event: B0559-
05, with a distance of 4°.4, and B0621-04, with a distance of 3°.8
(see Figure 5). They have spin-down powers of
8.3 × 1032 erg s−1 and 2.9 × 1031 erg s−1, respectively, which
are far too low to reach even PeV energies according to
Equation (1). While the situation can be different in other
cases, such as in binary systems (A. M. Bykov et al. 2024), the
energy-loss rates of the pulsars are orders of magnitude below
what one might consider as a strong pulsar, and they are not
able to accelerate CRs to the required energies. We therefore
conclude that no known pulsar could be a potential CR
accelerator for KM3-230213A.
If the cone of open field lines around a pulsar’s magnetic

pole does not point toward the Earth, no pulsed emission can
be detected and a pulsar might not be recognized as such.
However, a powerful pulsar is expected to produce a bright
pulsar wind nebula, which could be visible in γ-rays. A large
fraction of this electromagnetic radiation is believed to be of
leptonic origin, but a hadronic component is not excluded. In
the next section, a search for potential Galactic γ-ray sources is
performed.

4. Constraints from γ-Ray Observations
4.1. Search for Potential γ-Ray Counterparts

Neutrino production via hadronic collisions or photo-meson
production inevitably also leads to the production of γ-rays. In
the very high-energy γ-ray region, data from HAWC,
LHAASO, and Fermi-LAT are available. For a Galactic
source accelerating particles up to more than ∼100 TeV, one
would expect detections in both HAWC and LHAASO, unless
the γ-rays are absorbed.

105 106 107 108 109

E [GeV]

10−10

10−9

10−8

10−7

10−6

10−5

E
2
dN dE

[G
eV

cm
−2

s−
1

sr
−1
]

IceCube Galactic π0 fit
IceCube KRA5

γ fit

Galactic diffuse models
Cosmogenic band

Sources band
Atm. νµ + ν̄µ

KM3-230213A

Figure 4. Expected fluxes from different models of the diffuse Galactic emission (blue band; see text for details) compared to measurements of the KM3-230213A
all-sky diffuse flux from KM3NeT Collaboration et al. (2025b) (blue data point; the different blue shades represent the 1σ, 2σ, and 3σ Feldman–Cousins confidence
intervals, respectively.) IceCube measurements of the Galactic diffuse neutrino flux for different models are also shown (black lines; IceCube Collaboration
et al. 2023), as well as bands of the cosmogenic neutrino flux and individual extragalactic sources as in KM3NeT Collaboration et al. (2025b). The zenith-angle-
averaged expected flux of atmospheric muon and antimuon neutrinos from M. Honda et al. (2007) and R. Enberg et al. (2008) is shown in red.

7

The Astrophysical Journal, 1003:157 (12pp), 2026 June 1 Adriani et al.



Fermi-LAT, HAWC, and LHAASO are survey instruments
that cover the region of interest. While Fermi-LAT observes γ-
ray energies from tens of MeV up to several hundreds of GeV,
the HAWC and LHAASO energy ranges extend up to
hundreds of TeV and even PeV energies. Because of γ-ray
absorption, at energies above hundreds of TeV, HAWC and
LHAASO are effectively constrained to observations within
the Milky Way, whereas at Fermi-LAT energies, a large
number of extragalactic objects are observed. We searched for
potential counterparts in the 4FGL-DR4 Fermi-LAT catalog
(J. Ballet et al. 2023), the 3HWC (A. Albert et al. 2020), and
the first LHAASO catalog (1LHAASO; Z. Cao et al. 2024) of
γ-ray sources. The 4FGL-DR4, the 3HWC, and the 1LHAASO
sources plotted over the CO map of T. M. Dame et al. (2001)
are shown in Figure 6. The position of KM3-230213A and the
68% and 99% containment radii are also shown.

No nearby sources from HAWC or LHAASO were found,
imposing stringent constraints on any potential astrophysical
sources in the region. While HAWC and LHAASO observa-
tions are much more relevant for the energy of the neutrino
event, it is possible that the emission at HAWC and LHAASO
energies is absorbed. This is different in the Fermi-LAT
energy range, since even strong stellar ultraviolet radiation
cannot absorb GeV γ-rays and the electromagnetic cascades
triggered by the absorption process can provide a relevant
contribution to the emission at lower energies, depending on
the spectral shape. A source found by Fermi-LAT whose
extension to higher energies is in tension with the nondetection
by HAWC or LHAASO could be an absorbed Galactic source.
Excluding extragalactic sources, there are two Fermi-LAT
sources of unknown type within the 99% error region
(KM3NeT Collaboration et al. 2025a, 2025b): 4FGL

230◦ 220◦ 210◦ 200◦

0◦

−10◦

−20◦

Galactic Longitude

G
al
ac
tic

La
tit
ud

e

SNRs
Stellar clusters
X-ray binaries
Microquasar candidates
Pulsars

0

50

100

150

W
C
O
[K

k
m

s−
1
]

Figure 5. Different known potential CR accelerators in the region around KM3-230213A: The yellow dots represent SNRs from Green’s SNR catalog
(D. A. Green 2024). The magenta circles show the young stellar clusters from S. Celli et al. (2024), and the sizes of these circles correspond to the cluster sizes.
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Figure 6. CO map from T. M. Dame et al. (2001) of the velocity-integrated brightness temperature tracing the molecular gas as a background, KM3-230213A’s
position (red cross) and uncertainty (white and red circles), and sources from the 4FGL-DR4 catalog (cyan triangles; J. Ballet et al. 2023), the 3HWC (orange circles;
A. Albert et al. 2020) and the 1LHAASO (magenta circles; Z. Cao et al. 2024).
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J0616.2-0653 and 4FGL J0624.8-0735. While 4FGL J0624.8-
0735 has the potential radio-source counterpart NVSS
J062455-073536, of unknown type, and associated emission
was detected in X-rays (KM3NeT Collaboration et al. 2025a),
no potential counterpart at other wavelengths was found for
4FGL J0616.2-0653. As argued in KM3NeT Collaboration
et al. (2025a), the source might even be extended, and its γ-ray
emission could potentially be explained by mismodeled diffuse
emission (KM3NeT Collaboration et al. 2025a). In addition to
these catalog sources, J. Martí et al. (2013) performed an
analysis of the source 2FGLJ0607.5-0618c, which is likely
associated with the Mon R2 cloud. They reported no
significant detection of γ-rays above energies of ∼3 GeV,
while at lower energies, the emission is consistent with a
power law dN/dE ∝ E−2.73.

While no source in the vicinity of KM3-230213A was
detected by HAWC or LHAASO, the HAWC collaboration
published data accompanying the 3HWC catalog (A. Albert
et al. 2020). These data include sky maps with the
significances and flux normalizations maximizing the like-
lihood function.64 In these data, a point source and sources
with extensions of 0°.5, 1°.0, and 2°.0 are considered. The flux
normalizations are given for an energy of 7 TeV by assuming a
power law of E−2.5. Limits on the γ-ray flux, computed using
the reported flux and flux error, are used to derive a limit on
the neutrino emission at the KM3-230213A location.

Using the open-source gammapy package (A. Donath et al.
2023; F. Acero et al. 2024), we retrieved the flux and
uncertainty values, corresponding to the 2σ Feldman–Cousins
confidence intervals, from the sky maps. The values of the flux
at 7 TeV, the corresponding upper uncertainties and the
derived upper limits (the sum of flux normalization and
uncertainty) for the point source and the extended source cases
are shown in Table 1. As it can be seen, the uncertainties
dominate over the flux normalizations since no HAWC source
is located nearby. Using these upper limits on the flux at 7 TeV
and the power-law index of −2.5, we computed the upper
limits on the γ-ray flux for the whole HAWC energy range.
Furthermore, the HAWC collaboration also has analyzed the
potential emission from nearby molecular clouds (A. Albert
et al. 2021), among them Mon R2. While the cloud was not
detected, upper limits were provided. These limits are also
shown in the left panel of Figure 7, together with the

prediction of the total emission from Mon R2 as a passive
cloud from the same article.
Since an inconsistency of the extension of the γ-ray spectra

observed by Fermi-LAT with the upper limits obtained from
HAWC data could be explained by an absorbed source
potentially emitting neutrinos at higher energies, we compare
in the left panel of Figure 7 the Fermi-LAT spectra with the
HAWC limits. An extension of the Fermi-LAT spectra toward
higher energies does not necessarily represent the true spectral
shape of the sources. As can be seen, the measurements of
Mon R2 by Fermi-LAT are consistent with the upper limits of
HAWC for Mon R2 at higher energies, assuming no spectral
breaks or cutoffs. Similarly, the extrapolated fluxes of 4FGL
J0616.2-0653 and 4FGL J0624.8-0735 are well below the
HAWC limits at the KM3-230213A position. However, the
extension of the emission of Mon R2 from Fermi-LAT is
below the predictions for Mon R2 at HAWC energies from
A. Albert et al. (2021). A possible explanation for this
discrepancy might be the use of the template for the Mon R2
cloud by HAWC, which was not done by J. Martí et al. (2013).
Assuming a larger extension of the Mon R2 cloud will also
yield larger γ-ray fluxes. Further uncertainties are the CR
density, changes in the spectral shape, and the particle density
within Mon R2. Nevertheless, because the extensions of the
Fermi-LAT spectra toward higher energies are consistent with
the HAWC nondetection, the presence of a strong absorbed
Galactic source is unlikely.

4.2. Upper Limits on Neutrino Fluxes from HAWC
Nondetections

With the upper limits from HAWC, one can derive limits on
the maximum possible neutrino fluxes at the energy range of
KM3-230213A. While HAWC can observe sources above
energies of ∼100 TeV (A. U. Abeysekara et al. 2020), it is not
guaranteed that the assumption of a power-law index of −2.5
is still valid at these energies, and we therefore assumed that
the limit only holds until ∼100 TeV. This is the same
maximum energy for which HAWC provided upper limits
for Mon R2 in A. Albert et al. (2021).
To obtain a limit on the neutrino flux at hundreds of PeV,

we made use of the publicly available GAMERA software
package (J. Hahn 20162015; J. Hahn et al. 2022). We assumed
a population of power-law-distributed CRs producing γ-rays
and neutrinos via proton–proton collisions, fulfilling the
HAWC limits. The most poorly constraining neutrino limits
are obtained for hard CR power-law indices. Here, we choose
a power-law index of the CRs of −2, which is the one
expected in standard diffusive shock acceleration. Harder CR
spectral indices are more difficult to produce, and we also note
that none of the sources detected with the LHAASO Kilometer
Squared Array (LHAASO KM2A; Z. Cao et al. 2024) have a
power-law index harder than −2. Since for hadronic collisions
the γ-ray and neutrino spectra show approximately the same
power-law index as the parent CRs, the existence of Galactic
sources with harder CR indices than −2 above hundreds of
TeV seems unlikely. For the fulfillment of the HAWC upper
limits in γ-rays, this power-law index is assumed to be valid
for energies above ∼100 TeV.
The γ-ray emission can be absorbed by the large-scale

diffuse Galactic radiation fields or by radiation fields inside the
source itself. To assess the impact of the large-scale Galactic
radiation fields, we made use of the radiation model developed

Table 1
Flux Normalizations from the Public 3HWC Data of HAWC (A. Albert et al.
2020) for KM3-230213A at 7 TeV with the Upper Error (2σ Feldman–Cousins

Confidence Intervals) on the Flux and the Derived Upper Limits

Source
Extension Flux at 7 TeV Upper Error Upper Limit

(TeV−1 cm−2 s−1) (TeV−1 cm−2 s−1) (TeV−1 cm−2 s−1)

PS 9 × 10−18 1.4 × 10−16 1.5 × 10−16

0°.5 0 2.1 × 10−16 2.1 × 10−16

1°.0 9 × 10−17 4.2 × 10−16 5.1 × 10−16

2°.0 1.6 × 10−16 7.5 × 10−16 9.1 × 10−16

Note. The different rows show the point source (PS) case and the cases of
extended sources with radii of 0°.5, 1°.0, and 2°.0.

64 The data are available under https://data.hawc-observatory.org/data sets/
3hwc-survey/fitsmaps.php.
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by C. C. Popescu et al. (2017) together with the cosmic
microwave background. At 100 TeV, even if the neutrino
would have been produced at the outer edge of the Milky Way
at a Galactic radius of 24 kpc (the maximum Galactic radius of
the model from C. C. Popescu et al. 2017), only 3.4% of the γ-
ray emission is lost. For the Mon R2 cloud, located at a
distance of 830 pc, this value reduces to 0.7%. Therefore, one
can safely neglect the absorption by the large-scale fields and
consider the γ-ray upper limits as a proxy for the computation
of the corresponding neutrino limits.

The derived neutrino limits for a point source, for sources of
0°.5, 1°.0, and 2°.0 extension, and for the Mon R2 molecular
cloud are shown in the right panel of Figure 7. Absorption was
ignored, and it was assumed that the CRs follow an E−2 power
law. The fluxes reported in KM3NeT Collaboration et al.
(2025b) were derived with the assumption of an all-sky diffuse
isotropic flux. Such a flux cannot be directly compared with
the neutrino limits for individual sources with different
extensions. We therefore computed a point-source flux for
KM3-230213A for the current livetime of the detector from
the effective area. For the calculation of the effective area, the
same selection criteria as in KM3NeT Collaboration et al.
(2025b) were applied, and for the final result we also assumed
a power-law spectral shape throughout the whole energy range
from 72 PeV to 2.6 EeV, with a spectral index of −2, as in
KM3NeT Collaboration et al. (2025b). This flux is also
displayed in the right panel of Figure 7. All neutrino limits are
more than 3 orders of magnitude below the expected flux, and
the lower 3σ uncertainty of the expected flux is still 1 order of
magnitude above the limit of the Mon R2 cloud and 2 orders of
magnitude or more for the other cases. Because the flux is
derived from only one event, the flux derived from KM3-
230213A can be considered as an upper limit to the neutrino
flux. In this case, the limits derived from the HAWC data for a
Galactic neutrino source are much more constraining.

An underestimation of the neutrino limits can be caused by
significant absorption within the source itself. The most
relevant absorbing photon energy is ( ) /m c Ee

2 2 , where mec
2

is the electron rest-mass energy and Eγ is the absorbed γ-ray

energy (S. Vernetto & P. Lipari 2016). For γ-ray energies of
∼100 TeV, the most relevant photons come from far-infrared
radiation fields with energies around 3 meV. More accurate
calculations with the open-source software package GAMERA
yield temperature fields of 60 K, corresponding to energies of
5 meV. Strong far-infrared radiation is produced in the Galaxy
when surrounding clouds reprocess the light from massive
stellar clusters. For non-ionizing ultraviolet radiation fields
with energy densities of several hundreds of eV cm−3, one can
produce far-infrared energy densities up to 100 eV cm−3

(M. A. Dopita et al. 2005; B. Groves et al. 2008; C. C. Popescu
et al. 2011). However, for a 60 K radiation field with an energy
density of 100 eV cm−3, the attenuation length is ∼400 pc,
which is much larger than the size of the whole Mon R2 cloud.
It is therefore highly unlikely that a strong hidden Galactic
source producing large neutrino fluxes at the required energies
exists.

5. Conclusion

In this article, we have explored the possibility that the
highest-energy candidate neutrino event ever detected KM3-
230213A could be produced within our own Galaxy. We
searched for potential gas targets and found that the
Monoceros R2 cloud is within the 99% containment radius
and could serve as a target for accelerated particles. However,
the diffuse Galactic emission is insufficient to produce such an
event flux. A search for potential γ-ray counterparts revealed
two unidentified Fermi-LAT sources, but no detection by
HAWC and LHAASO. Using publicly available HAWC data,
we derived upper limits on the γ-ray and potential neutrino
emission. The limits derived from HAWC data on potential
Galactic neutrino emission are orders of magnitude below the
flux calculated from KM3-230213A when interpreted as a
point-source flux. The only hypothetical exception could be an
absorbed γ-ray source with a very hard spectrum. However,
nearly all conceivable Galactic CR accelerators struggle with
producing the required maximum energies and no counterpart
can be found in the region. We conclude that it is very unlikely
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Figure 7. Left: Gamma-ray fluxes of the Fermi-LAT sources 4FGL J0616.2-0653 and 4FGL J0624.8-0735, and the Fermi-LAT spectrum of Mon R2 from J. Martí
et al. (2013), extended up to energies of ∼100 TeV, assuming the same spectral shape as at lower energies. The 95% credible interval upper limits on Mon R2 from
HAWC are shown in red (A. Albert et al. 2021), and the upper limits derived from public HAWC data for a point source and sources of 0°.5, 1°, and 2° extension at
the position of KM3-230213A are shown in blue. The prediction of the diffuse emission from Mon R2 as a passive cloud (A. Albert et al. 2021) is shown with the
magenta band. Right: Neutrino limits derived from the HAWC γ-ray limits shown in the left panel for a point source, extended sources of 0°.5, 1°.0, and 2°.0, and the
Mon R2 cloud, assuming E−2 distributed CRs. The point source flux derived from the detection of KM3-230213A is shown in blue, and the different shades of color
of the flux uncertainties represent the 1σ, 2σ, and 3σ Feldman–Cousins intervals.
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that the event originated from within the Milky Way.
Therefore, an extragalactic origin is much more likely.
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