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ABSTRACT

Seyfert galaxies are emerging as a promising source class of high-energy neutrinos. The Seyfert galaxies NGC 4151 and NGC 1068 have come up
respectively as the most promising counterparts of a 30~ and of a 4.2¢0- neutrino excesses detected by IceCube in the TeV energy range. Constraining
the very-high-energy (VHE) emission associated with the neutrino signal is crucial to unveil the mechanism and site of neutrino production. In this
work, we present the first results of the VHE observations (~29 hours) of NGC 4151 with the MAGIC telescopes. We detect no gamma-ray excess
in the direction of NGC 4151, and we derive constraining upper limits on the VHE gamma-ray flux. The integral flux upper limit (at the 95%
confidence level) above 200 GeV is f = 2.3 x 1072 cm™2 s~!. The comparison of the MAGIC and IceCube measurements suggests the presence

of a gamma-ray obscured accelerator, and it allows us to constrain the gamma-ray optical depth and the size of the neutrino production site.

Key words. Galaxies: individual: NGC 4151 — Galaxies: Seyfert — Gamma rays: general — Radiation mechanisms: non-thermal

1. Introduction

After more than a decade from the IceCube discov-
ery of an extra-terrestrial flux of high-energy neutrinos
(IceCube Collaboration 2013), the nature of the astrophysical
sources responsible for the production of these cosmic messen-
gers is still unknown. The spectral properties of the diffuse neu-
trino flux have been characterized with increasing accuracy in
the energy range from a few TeV up to a few PeV (Abbasi et al.
2024a). The comparison of this flux with the isotropic gamma-
ray background observed by Fermi-LAT (Ackermann et al.
2015) disfavors optically-thin gamma-ray emitters with soft
spectra (spectral index > 2.2) as the dominant neutrino source
class, at least below 100 TeV (Murase et al. 2013; Aartsen et al.
2015; Bechtol et al. 2017; Peretti et al. 2020; Fang et al. 2022).
These results point towards the possible existence of gamma-ray

* Corresponding authors: A. Lamastra, S. Mangano, S. Menon,
E. Peretti. E-mail: contact.magic @mpp.mpg.de

obscured cosmic-ray accelerators (Murase et al. 2016). The ex-
istence of such gamma-ray obscured powerful neutrino sources
was already hypothesized by pioneering works from the late
seventies (Berezinsky 1977; Silberberg & Shapiro 1979; Eichler
1979; Berezinsky & Ginzburg 1981; Berezinsky et al. 1990).
The nearest neighborhoods of active galactic nuclei (AGN) were
one of the most promising environments for these conditions to
be met (Stecker et al. 1991, 1992). In the vicinity of the super-
massive black hole (SMBH, see e.g. Padovani et al. 2024b) the
high density of gas and radiation provides the right target for pro-
tons to sustain the production of TeV neutrinos, while the AGN
photon field is also strong enough to efficiently absorb gamma
rays through pair-production.

To date, indeed, the Seyfert 2 galaxy NGC 1068 has been
found as the most significant hotspot in the Northern Sky in
a recent IceCube analysis (IceCube Collaboration et al. 2022),
and observations in the gamma-ray band indicate that the en-
vironment where the neutrinos are produced must be opaque
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to GeV-to-TeV gamma rays (Aartsen et al. 2020; Acciari et al.
2019; Ajello et al. 2023; Abbasi et al. 2025). This was possi-
ble also thanks to the modest distance of the source, 10.1 Mpc
(Tully et al. 2008; Padovani et al. 2024b), for which the absorp-
tion of the extragalactic background light (EBL) is not a limita-
tion (Franceschini & Rodighiero 2017). The upper limits (ULs)
on the very-high-energy (VHE) gamma-ray flux set by the Major
Atmospheric Gamma Imaging Cherenkov (MAGIC) telescopes
(Acciari et al. 2019) are more than one order of magnitude be-
low the inferred neutrino flux. This suggests that the source is not
optically thin to gamma rays. It is possible to reach this conclu-
sion due to our understanding of the typical hadronic interaction
channels, since hadronuclear (pp) and photo-hadronic (py) in-
teractions produce comparable fluxes of gamma rays and neutri-
nos as a result of similar production rates of neutral and charged
pions.

How particles can be efficiently accelerated up to hundreds
of TeV in the AGN vicinity is not yet understood. Several mech-
anisms such as diffusive shock acceleration (Inoue et al. 2019,
2020; Peretti et al. 2025; Inoue et al. 2022), stochastic acceler-
ation (Murase et al. 2020; Eichmann et al. 2022; Murase 2022;
Murase et al. 2024; Fiorillo et al. 2024a; Lemoine & Rieger
2025), and magnetic reconnection (Kheirandish etal. 2021;
Fiorillo et al. 2024b; Mbarek et al. 2024) have been proposed
to explain the acceleration process. Regardless of the specific
acceleration mechanism, it was shown that if energetic protons
are injected into the AGN neighborhood, they are able to pro-
duce a neutrino emission at the level of flux observed by Ice-
Cube without exceeding the gamma-ray flux. Here gamma rays
are efficiently absorbed and reprocessed via electromagnetic cas-
cade reactions to the poorly explored MeV range (Murase et al.
2020).

A key question we aim to address in this work is whether
NGC 1068 is a peculiar source or representative of a broader
population of gamma-ray obscured AGN neutrino sources.

Several acceleration models developed for the AGN nearest
neighborhoods are based on equipartition arguments leading to a
correlation between the neutrino luminosity and the X-ray lumi-
nosity of the AGN. Consequently, several studies searching for
neutrino signal in X-ray bright Seyfert galaxies have been car-
ried out. Interestingly, an independent analysis of the publicly
available 10-year IceCube dataset (Neronov et al. 2024), along
with IceCube analyses of extended datasets using different muon
track event selections (Abbasi et al. 2025, 2024b), have reported
sizable neutrino excesses from some of the X-ray bright Seyfert
galaxies in the Swift-BAT catalog. These findings reinforce the
idea that Seyfert galaxies can be high-energy neutrino sources
potentially dominating the diffuse neutrino flux in the TeV range
(Padovani et al. 2024a; Ambrosone 2024; Fiorillo et al. 2025).

Among them, the nearby Seyfert galaxy NGC 4151 (D =
15.8 Mpc; Yuanetal. 2020) has been identified as a likely
neutrino source. NGC 4151 is located at a distance of only
0.18° from the fourth most significant hotspot in the IceCube
search for northern neutrino point sources (see supplement
of IceCube Collaboration et al. 2022). Neronov et al. (2024) re-
ported a ~ 30 neutrino excess at the position of NGC 4151.
Abbasi et al. (2025) also identified NGC 4151 as one of the most
interesting candidates in their search for sources individually de-
tectable by IceCube, reporting a post-trial significance of ~ 2.9
o.

Although the neutrino excess from NGC 4151 is not yet sta-
tistically significant to claim a detection, it is interesting to con-
sider the possibility that it corresponds to a real signal, and it
may therefore represent a further indication of particle accelera-
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tion and hadronic interactions at work in a Seyfert galaxy. This
motivates our dedicated search for VHE gamma-ray emission
from this source.

NGC 4151 is classified as a Seyfert 1/1.5
(Osterbrock & Koski 1976). The inner regions of Seyfert 1
are less obscured than Seyfert 2 providing a direct knowledge
of the intrinsic AGN photon fields. This allows for better
constraints on neutrino emission and gamma-ray absorption
compared to Compton-thick Seyfert 2 galaxies like NGC 1068.
Investigating the gamma-ray/neutrino connection in NGC 4151
is also fundamental to assess whether the neutrino production
region exhibits similar gamma-ray opacity among the different
Seyfert classes.

In this work, we present the first VHE observations of
NGC 4151 with the MAGIC telescopes, we discuss the impli-
cations of our observations, and we derive constraints on the
gamma-ray optical depth and size of the neutrino production site.

2. Observations and data analysis

The VHE observations were performed by the MAGIC tele-
scopes, which consist of two 17-m diameter Imaging Atmo-
spheric Cherenkov Telescopes (IACTs) located at an altitude
of 2231 m above sea level, on the Canary Island of La Palma,
Spain at the Roque de los Muchachos Observatory (Aleksi¢ et al.
2016). MAGIC has a typical energy resolution of about 16%,
and has an angular resolution at energies of a few hundred GeV
of less than 0.07 degrees (Aleksi¢ et al. 2016). Under dark night
conditions, and for zenith angles <30°, MAGIC reaches a trigger
energy threshold of ~50 GeV, and a sensitivity above 220 GeV of
0.67%=+ 0.04% of the Crab Nebula flux in 50 hr of observations
(Aleksic et al. 2016).

The telescopes with a field of view diameter of 3.5 degrees
observed NGC 4151 under mostly dark observational conditions
and good weather from 31st of March 2024 until 25th of June
2024. The zenith angle (Z,) distribution of the data ranges from
10° and 50° with the majority of the data at Z; < 35°. The anal-
ysis energy threshold determined by accounting for the zenith
angle distribution is ~100 GeV. In order to minimize systemat-
ics, the observations were performed in the wobble mode strat-
egy (Fomin et al. 1994), where the camera center is pointing at
0.4 degrees from the NGC 4151 position, so that the background
and any possible gamma-ray signal can be estimated simultane-
ously.

After removing data affected by abnormally low background
rates, and data with a median aerosol transmission at 9 km mea-
sured to be below 70% that of a clear night (Fruck et al. 2022;
Schmuckermaier et al. 2023), the final sample consists of about
29 hours of effective observation time of good-quality data' col-
lected in 20 nights. A small fraction of the observations (3.4
hours) are affected by the presence of the moon which increases
the night sky background (NSB) fluctuations. However, the NSB
level of the moon dataset is less than 2 times the one under dark
conditions, so the moon and dark data samples were analyzed
together applying the same standard image cleaning levels and
Monte Carlo files.

Data were analyzed using the standard MAGIC Analysis and
Reconstruction Software (MARS) package (Zanin et al. 2013;
Aleksié et al. 2016). The data processing pipeline consists of
calibration, image cleaning, and calculation of the second mo-
ment of the elliptical-shaped camera images of the telescopes,

1 93% of the data have an aerosol transmission greater than 85% of
that of a clear night.
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Table 1. Spectral Energy Distribution in the VHE band

Energy Energy Low Energy High 95% Flux UL
(TeV) (TeV) (TeV) (1073 TeV em 2 s71)
0.162 (0.169) 0.095 0.300 9.0 (8.9)
0.510 (0.533) 0.300 0.949 3.032)
1.613 (1.685) 0.949 3.000 2.83.1)
5.103 (5.332) 3.000 9.487 2124

Notes. Differential flux ULs with a spectral index of I' = 2.83 (I’ = 2.0) for
four logarithmic energy bins between 0.095 and 9.5 TeV. First column: average
energy of the bin, reweighed according to the assumed spectral slope and the de-
tected number of excesses in that bin (Lafferty & Wyatt 1995). Central columns:
lower and upper boundaries of the energy bins. Last column: flux ULs computed
in each energy bin at a 95% confidence level.

the so-called Hillas parameterization. The random forest algo-
rithm based on the reconstruction parameters is used to separate
hadronic background from gamma-ray signal as well as to es-
timate the primary gamma-ray energy. To verify the validity of
the reconstruction performance for NGC 4151, the same anal-
ysis pipeline has been applied to Crab Nebula data for similar
periods and zenith angle distributions.

3. Results

Within the 29 hours of MAGIC observation, no significant
gamma-ray emission was detected. Figure 1 shows the num-
ber of detected gamma-ray candidate events as a function of the
squared angular distance to the NGC 4151 position (points) for
energies greater than about 100 GeV, while the shaded gray re-
gion shows the estimated background. The vertical dashed line
defines the boundary of the signal region within which the detec-
tion significance is computed. We find 3815 gamma-like events
for 3832.7+35.7 expected background events, which yields a
significance of -0.2 o (Li & Ma 1983). Given the lack of a signif-
icant signal from NGC 4151, ULs on the photon flux emitted in
the VHE band were derived. Flux ULs are calculated following
Rolke et al. (2005), with a confidence level of 95%, and consid-
ering a systematic uncertainty on the gamma-ray detection effi-
ciency of 30% (Aleksi¢ et al. 2016).
The integral flux UL (at the 95% confidence level) above 200
GeV is f = 2.3x10712 ecm™2 s7! assuming a power-law gamma-
ray spectrum ¢ = ¢o(E/Ep)", with spectral index I' = 2.83,
while differential ULs up to ~10 TeV are shown in Fig. 2 and
listed in Table 1. Since our goal is to constrain the gamma-ray
emission associated with the neutrino emission, the spectral in-
dex is assumed to be equal to the spectral index of the best-fit
neutrino spectrum obtained from 12 years of IceCube (muon
track) data (Abbasi et al. 2025), which is reported in the same
Figure (orange line) together with the 68 % statistical uncertainty.
In Figure 2 we also show the neutrino spectrum derived
by Neronov et al. (2024) using the publicly available 10 years
of IceCube data (shaded green region). Although Abbasi et al.
(2025) determines that the central 68% of the contribution
to the test statistic for NGC 4151 comes from neutrinos with
energies between 4.3 TeV and 65.2 TeV, we use the neu-
trino spectrum derived by Neronov et al. (2024) to assess the
impact of the energy range and flux normalization on our results.

We also compute ULSs assuming a standard power-law spec-
tral index I' = 2.0, with the aim of allowing a direct compari-
son with similar sources already published in the literature (e.g.,
NGC 1068; Acciari et al. 2019). These ULs, given in Table 1
and shown in Fig. 3, differ from those derived for I' = 2.83 by at
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Fig. 1. The squared angular distance (6%) to the NGC 4151 position dis-
tribution shows the number of gamma-ray candidate events as a function
of the squared angular separation between the reconstructed gamma-ray
direction and the NGC 4151 position. The distribution of 62, defined
relative to the position of NGC 4151, is indicated with the black points,
while the gray histogram corresponds to the 6% distribution defined rela-
tive to one of the background estimation points (Fomin et al. 1994).The
vertical dashed line defines the signal region within which the detection
significance is computed.
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Fig. 2. Multi-messenger SED of NGC 4151 in the VHE band. Black
points indicate the MAGIC ULs derived in this work assuming a power-
law spectral index I' = 2.83. The orange solid line and band refer to
the best-fit and 1-o- contour of the single-flavor neutrino spectrum de-
rived from IceCube data collected from muon tracks over 12 years
(Abbasi et al. 2025), while the dotted orange corresponds to its extrap-
olation in energy. The green band refers to the single-flavor neutrino
spectrum derived from the publicly available 10-year IceCube dataset
(adapted from Neronov et al. 2024).

most ~10%, indicating that they do not strongly depend on the
assumed spectral index. Figure 3 extends the multi-messenger
spectral energy distribution (SED) into the GeV band by includ-
ing the spectral points detected by Fermi-LAT from the direction
of NGC 4151. In the Fermi-LAT band the region of NGC 4151
was first investigated in a study aimed at detecting the cumula-
tive emission from AGN hosting ultra fast outflows (Ajello et al.
2021). In that work, an individual significance of 4.20- was
found from the position of NGC 4151. More recent studies
(Abdollahi et al. 2022; Ballet et al. 2023; Murase et al. 2024,
Peretti et al. 2025) unveiled two point-like gamma-ray sources
within 1 degree from the galaxy. One, 4FGL J1211.6 + 3901 is
associated to the z = 0.6 blazar FIRST J121134.2+390053, and
is located at 0.4° from the center of NGC 4151. The other source,
4FGL J1210.3+3928, is associated to the high synchrotron peak
blazar 1E 1207.9+3945, also located around z = (.61, and is
found only 4.7 arcmin away from the center of NGC 4151. The
presence of the latter background blazar makes the disentangle-
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Fig. 3. Multi-messenger SED of NGC 4151 in the HE and VHE bands.
Black points indicate the MAGIC ULs obtained in this work assuming
a power-law spectral index I' = 2.0. Blue data points indicate the Fermi-
LAT spectrum of 4FGL J1210.3+3928 (spatially coincident with NGC
4151) from Abdollahi et al. (2022). Neutrino spectra are the same as in
Fig. 2.

ment among the potential emitters very challenging at the Fermi-
LAT energies (see e.g. Murase et al. 2024; Peretti et al. 2025).
The blue data points in Figure 3 indicate the gamma-ray spec-
trum of 4FGL J1210.3+3928 from the 4FGL-DR3 source cat-
alog (Abdollahi et al. 2022). We note that the ULs derived in
the VHE band are in agreement with the Fermi-LAT data above
~ 100 GeV, and that a possible contamination of the gamma-
ray emission from the background blazars could only affect
the MAGIC observations at energies below ~200 GeV, since at
higher energies the EBL absorption coefficient is > 1 for a source
emitting at a redshift of 0.6. Since we do not detect the emission
but only derive ULs on the gamma-ray flux, any contamination
from the background blazar would make these limits even more
conservative.

4. Phenomenological constraints on the size of the
neutrino source

The non-detection of NGC 4151 in the VHE gamma-ray do-
main can aid in constraining some key properties of the neu-
trino source observed by IceCube in association with NGC 4151.
For instance, the size of the emitting region can be probed
through a model-independent study of its optical depth. Since
NGC 4151, like NGC 1068, is expected to be a steady-state
source of high-energy neutrinos (Abbasi et al. 2021; Dave et al.
2024), we work under the assumption of steady production of
neutrinos and gamma rays during the observational time of Ice-
Cube and MAGIC. The spectra of neutrinos and gamma rays
resulting from pp interactions depend on the spectrum of pri-
mary protons, while in py interactions, they are also deter-
mined by the spectrum of target photons. Neutrino production
in a photon-rich environment also causes gamma-ray attenu-
ation due to the onset of pair production in the ambient ra-
diation field. The absorbed gamma-ray power is expected to
be reprocessed at lower energies via the electromagnetic cas-
cade. Thus, if the source is optically thick, the gamma-ray spec-
trum may undergo significant modifications before leaving the
source, making the relation between observed gamma-ray and
neutrino spectra more complex. However, the production spectra
of gamma rays and neutrinos are expected to be similar as almost
identical production rates of charged and neutral pions shar-
ing the same energy are typical of hadronic and photo-hadronic
interactions (Kelner et al. 2006; Kelner & Aharonian 2008;
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Roulet & Vissani 2021; Condorelli & Petrera 2025). Therefore,
we assume that gamma rays are produced with the same power-
law inferred for the neutrinos in the energy range observed by
IceCube. Given K as the average ratio of number of charged to
neutral pions, the energy production rate of gamma rays and neu-
trinos produced in hadronic (K = 2), or photo-hadronic (K = 1)
interactions, are related as follows (Murase et al. 2016):

4
E0,(E)) ~ 32 EO(E)) (1)
where, @, (Q,) is the production rate of gamma rays (all-flavor
neutrinos) at energy £, (E, ~ E,/2). This enables an estimation
of the intrinsic gamma-ray emissivity given the neutrino one.
Equation (1) depends on the interaction scenario and the slope
of the particle distribution. To remain conservative, we adopt the
most pessimistic assumption, which minimizes the gamma-to-
neutrino production ratio, namely K = 2 and a spectral slope
I' = 2. This choice ensures that our subsequent estimates are
conservative and it corresponds to a gamma-ray flux approxi-
mately equal to twice the single-flavor neutrino flux at the same
energy.

As the gamma-gamma absorption can play a dominant role
in the AGN vicinity, it is fundamental to properly account for
the AGN photon field. To this end, we adopt the analytic pre-
scriptions described in Marconi et al. (2004) and Mullaney et al.
(2011) respectively for the optical to X-ray intrinsic AGN spec-
trum and the associated infrared component, and assume an
X-ray luminosity of Ly = 8 x 10%ergs™! (Yang et al. 2001;
Gianolli et al. 2023). The volume density of the higher energy
background photons and gamma rays is set by assuming a spe-
cific value R for the source radius. The low energy photon back-
ground and the associated optical depth are computed as reported

in Appendix A.
In our multi-messenger analysis we compute the
observationally-motivated intrinsic gamma-ray luminosity

as follows. We assume as a reference the power-law neutrino
spectrum provided by the IceCube collaboration in Abbasi et al.

(2025), with best-fit normalization at 1 TeV qb},MTeV =1.51*59

x10"""TeV ! cm™2 s7!, and spectral slope I' = 2.83f8'%§. We
assume the best fit value as a benchmark, and we also consider
the whole 1o uncertainty for both parameters qb},MTeV and I'. Since
the low neutrino statistics prevent a precise determination of
the IceCube spectrum, we extend the parameter exploration to
include the case I' = 2, and examine how lower values of the
spectral normalization affect our results. We finally obtain the
gamma-ray spectra following Eq. (1). The resulting gamma-ray
luminosity (computed for the energy range E > 300GeV),
L,, ranges from 10¥ to 10¥ergs™!, which is < 5% of the
bolometric luminosity (Ly, ~ 1.9 X 10" erg s7h.

Figure 4 illustrates the dependence of the gamma-ray spec-
trum on the assumed source size R keeping constant only the
impact of gamma-gamma absorption on the EBL. As discussed
in Appendix A, the gamma-ray optical depth scales as 7., ~ R
thus the more compact the source the greater the gamma-ray
optical depth. First, we limit our analysis to the energy range
probed by Abbasi et al. (2025), and then expand it to include
the wider energy range considered in Neronov et al. (2024). The
comparison of the gamma-ray emission computed without in-
ternal absorption (gray line and band) with the MAGIC UL at
5 TeV clearly implies a substantial level of absorption inside the
source. Figure 4 also reveals that the gamma-ray flux is not com-
patible with the MAGIC UL for an emission size R > 2 X 1O4Rg

(light blue band), where R, = GMgy/ c? is the gravitational ra-
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Fig. 4. Phenomenological constraints on the size of the neutrino source
obtained comparing the different predictions with MAGIC ULs (black
points). The gray dotted curve represents the unabsorbed gamma-ray
flux corresponding to the best-fit neutrino spectrum, considering only
the EBL absorption, while the gray band accounts for the uncertainty in
both ¢, and T". Similarly, the dotted light blue and blue curves, along
with their respective shaded bands, represent the gamma-ray emission
with different level of internal gamma-ray absorption, depending on the
assumed source radius: 2 x 10* (light blue) and 3 x 10% (blue) gravita-
tional radii. The dark gray area below 300 GeV is not taken into account
in this analysis.

dius. For a black hole mass of Mgy = 4.57x 107 Mg, (Bentz et al.
2006; Gianolli et al. 2023) this emission size corresponds to ap-
proximately 4 X 1072 pc. The largest radius allowing the gamma-
ray spectral band to be completely localized below the MAGIC
ULisfound at R ~ 3 x 102Rg, which corresponds to 6 x 10~ pc.

Since we are also considering the analysis performed in
Neronov et al. (2024), we extrapolate the reference neutrino
spectrum of Abbasi et al. (2025) and its 1o uncertainty to 300
GeV. This allows for a multi-messenger analysis over an ex-
tended energy range probed by MAGIC observations. As shown
in Figure 4, the derived constraints on the size of the neutrino
production region remain valid. We note, however, that while
the 1o uncertainty band of Abbasi et al. (2025) is in agreement
with the flux uncertainty of Neronov et al. (2024) for energies
between 4 and 10 TeV, its extrapolation to lower energies does
not match the lower bound of the neutrino flux found in their
analysis (see Fig. 2). We verified that assuming this lower bound
for the neutrino flux, our constraints on the neutrino produc-
tion region are robust within a factor of ~2. We do not consider
extrapolations of the gamma-ray spectra to energies lower than
300 GeV as they are not supported by the presence of neutrino
data. In addition, we notice that extrapolations to lower energies
would also result in a gamma-ray luminosity comparable to or
exceeding the AGN bolometric luminosity. Furthermore, such
extrapolations would be better constrained by the emission of
the Fermi-LAT source 4FGL J1210.3+3928, which is spatially
coincident with NGC 4151.

5. Discussion

NGC 4151, similar to NGC 1068, appears as a bright TeV neu-
trino source candidate opaque in gamma rays at the same en-
ergy. Therefore, the nearest neighborhood, R < 10* R,, of the
accreting supermassive black hole (often referred to as corona
or cocoon, as discussed in pioneering works by Berezinsky
1977; Berezinsky & Ginzburg 1981; Berezinsky et al. 1990;
Silberberg & Shapiro 1979; Eichler 1979; Stecker et al. 1991),
emerges as the most plausible candidate production site of such
astronomical messengers (Padovani et al. 2024b).

The phenomenological test performed in the previous sec-
tion is intended to illustrate the constraining power of MAGIC
ULSs to the size of the neutrino source. MAGIC observations are
crucial for advancing our understanding of candidate neutrino
sources such as Seyfert galaxies, since it operates in the VHE
band, which partially overlaps with the operational energy range
of the IceCube neutrino observatory. A model-independent con-
straint on the source’s opacity can only be obtained if a gamma-
ray counterpart is not detected in the same energy range as that of
the observed neutrinos. The constraining power of other wave-
lengths remains model-dependent, as the production spectra of
gamma rays and neutrinos can be very hard.

Therefore, focusing the analysis in the energy range above 4
TeV (or 300 GeV when also Neronov et al. 2024, is considered)
is not a limitation as we do not intend to perform detailed phys-
ical modeling. We only point out that a simple extrapolation of
the gamma-ray flux down to the GeV range would lead to a total
gamma-ray luminosity exceeding the bolometric one. However,
we also observe that, a spectral break somewhere around TeV
(or 10? GeV) and a hard low-energy spectral slope (~ E!) can
be expected according to several physical models studying the
nearest neighborhoods of AGN (Padovani et al. 2024b).

In this context, the fiducial gamma-ray flux, if preceded
by a hardening below some energy break, might mimic the
spectral behavior of models of cosmic-ray acceleration in the
AGN corona through magnetic reconnection (Kheirandish et al.
2021; Fiorillo et al. 2024b) or turbulence (Murase et al. 2020;
Eichmann et al. 2022; Murase 2022; Fiorilloetal. 2024a;
Mbarek et al. 2024; Lemoine & Rieger 2025). Scenarios of
diffusive shock acceleration at accretion shocks or at shocks
developed in the early stages of a fast AGN-driven wind
(Inoue et al. 2019, 2020; Peretti et al. 2025; Inoue et al. 2022)
are unlikely to produce spectra harder than E~2, consequently
their activity can be much better constrained by the Fermi-LAT
observation in the GeV domain.

NGC 4151 is one of the brightest X-ray sources in the lo-
cal Universe, and its possible association with neutrino emis-
sion aligns with predictions from acceleration models developed
for the AGN nearest neighborhoods, which foresee a correla-
tion between the X-ray and neutrino emission. However, this ex-
pectation is challenged by the fact that Abbasi et al. (2025) re-
ports no significant neutrino signal in the IceCube stacked anal-
ysis of the X-ray bright Swift-BAT sources. Nevertheless, uncer-
tainties in intrinsic X-ray luminosity estimates, particularly for
Compton-thick AGN, may introduce biases in the analysis, as
strong absorption of the primary AGN emission and Compton
reflection can significantly affect the determination of the X-ray
luminosity. On the other hand, gamma rays associated with neu-
trino emission, as outlined in the scenario presented here, are ex-
pected to be largely absorbed at energies above a few GeV (see
Fig. A.2). Future VHE observations, e.g., with the Cherenkov
Telescope Array Observatory, will extend the spectral coverage
and improve sensitivity, thereby providing valuable constraints
on the transport property of the emission region, its gamma-ray
optical depth and the maximum energy energy of accelerated
particles in these sources.

6. Conclusions

NGC 4151 is recently in the spotlight as one of the brightest
hotspots of the IceCube neutrino sky. Analyses using IceCube
data identified NGC 4151 as a potential counterpart to a ~30
neutrino excess in the TeV energy range.
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The observation of the Seyfert galaxy NGC 4151 with the
MAGIC telescopes resulted in a non-detection. Data were accu-
mulated from March to June 2024 for about 29 hours in good
observational conditions. This allowed to set constraining ULs
on the gamma-ray flux from this object in the energy range be-
tween 100 GeV and 10 TeV.

Gamma-ray and neutrino detectors operating in the same en-
ergy band are instrumental in obtaining model-independent con-
straints on the opacity of the neutrino production site. Since
the neutrino spectrum in NGC 4151 spans the energy range
~4-60 TeV (Abbasi et al. 2025), the very-high-energy band is
the optimal observational window to study absorption effects
in this source. The neutrino flux is observed at the level of
1072 — 107" TeV em =2 57! in the energy range where MAGIC
and IceCube overlap. If this neutrino flux were confirmed, it
would be incompatible with the ULs set by MAGIC in the con-
text of NGC 4151 as an optically thin gamma-ray source.

The Seyfert 1/1.5 nature of NGC 4151 allows us to have a
direct knowledge of the intrinsic X-ray luminosity of the AGN
and consequently of the photon field of the AGN. This allowed
us to employ a phenomenological test and set an upper limit on
the size of the neutrino production region below 10* gravitational
radii. Such a result remains valid under different assumptions on
the spectral shape of the injected particles.

This work showed that NGC 4151 is the second Seyfert
galaxy, after NGC 1068, that might host a high-energy neutrino
source optically thick to gamma rays. This suggests that, regard-
less of the Seyfert 1/2 classification, the neutrino production site
in this class of sources has similar characteristics in terms of
gamma-ray opacity.

To assess the validity of this interpretation, confirmation of
the neutrino signal from this source and a more precise mea-
surement of its spectrum are required. This will be achieved
through the accumulation of additional data from current and
next-generation neutrino detectors and more sensitive analyses
with updated techniques.

Data availability

The data underlying this article will be made available upon rea-
sonable request to the corresponding authors.
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Fig. A.1. SED of an AGN with an X-ray luminosity Ly = 8 X

10 ergs™!.

Appendix A: Background photon field and opacity

The AGN SED is constructed following the analytical prescrip-
tion of Marconi et al. (2004) (see also Peretti et al. 2023). Such
parametrization is characterized by a thermal component pro-
duced by the accretion disk and an X-ray power law due to
the corona. These two components are connected by an empir-
ical scaling, known as @px, which depends on the overall in-
trinsic AGN luminosity. Even though it plays a subdominant
role in terms of photon density for the spatial regions consid-
ered in our analysis, for the sake of completeness we also in-
clude the parametrization of the infrared peak (Mullaney et al.
2011) produced by the dusty torus surrounding the AGN. While,
with good approximation, the X-ray and optical big blue bump
originate from the innermost AGN region (corona and accretion
disk), the infrared emission is spread over a much larger volume
given the parsec-scale size of the dusty torus. In agreement with
Lyu & Rieke (2021), we assume 1 pc as a characteristic size for
the torus.

Fig. A.1 represents the assumed AGN intrinsic SED. The
curve is normalized to an X-ray luminosity of Ly = 8 X
102 ergs™ (Yang et al. 2001; Gianolli et al. 2023). This cor-
responds to the following bolometric luminosity Ly ~ 1.9 X
10 ergs!.

The optical depth for gamma-gamma absorption is computed
following Aharonian et al. (2008):

Ty (E)) = Rf de npy (€)o7, (Ey, €) (A1)

Emin

where 7y, is the background photon density evaluated at energy
€, €min = m2ct/ E,, is the energy threshold for the pair-production
with a gamma-ray of energy E,. We assume that X-ray and
optical-UV photon fields are homogeneous in our region of in-
terest of size R. Consequently, excluding the infrared domain,
where the torus emission dominates, the photon density scales
with the size as np, ~ R2. For this reason, the effective opti-
cal depth scales as 7., ~ R~!. The pair-production cross section
reads (Aharonian 2004)

3 1 o1
Ty (Eyr ) =%[(s +3In()- 2+ Z)1n(«ﬁ+ Vs—1)
(A2)
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Fig. A.2. Optical depth for yy absorption of gamma-ray photons from
the source assuming different sizes for the various emitting regions R
(blue lines). The optical depth due to interaction with EBL photons
(Franceschini & Rodighiero 2017) is shown by the gray line.

where s = €E,,/ (mgc“) and o7 is the Thompson cross section.

Fig. A.2 illustrates the behavior of the optical depth as a
function of the energy under different assumptions for the size
of the emitting region. In particular, we show the optical depth
corresponding to the gravitational radii assumed in calculating
the absorbed gamma-ray emission described in Section 4.



