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Abstract

The recent IceCube detection of TeV neutrino emission from the nearby active galaxy NGC 1068 suggests that
active galactic nuclei (AGNs) could make a sizable contribution to the diffuse flux of astrophysical neutrinos. The
absence of TeV 7-rays from NGC 1068 indicates neutrino production in the vicinity of the supermassive black
hole, where the high radiation density leads to ~-ray attenuation. Therefore, any potential neutrino emission from
similar sources is not expected to correlate with high-energy v-rays. Disk-corona models predict neutrino
emission from Seyfert galaxies to correlate with keV X-rays because they are tracers of coronal activity. Using
through-going track events from the Northern Sky recorded by IceCube between 2011 and 2021, we report results
from a search for individual and aggregated neutrino signals from 27 additional Seyfert galaxies that are contained
in the Swift's Burst Alert Telescope AGN Spectroscopic Survey. Besides the generic single power law, we
evaluate the spectra predicted by the disk-corona model assuming stochastic acceleration parameters that match
the measured flux from NGC 1068. Assuming all sources to be intrinsically similar to NGC 1068, our findings
constrain the collective neutrino emission from X-ray bright Seyfert galaxies in the northern sky, but, at the same
time, show excesses of neutrinos that could be associated with the objects NGC 4151 and CGCG 420-015. These
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excesses result in a 2.7¢0 significance with respect to background expectations.

Unified Astronomy Thesaurus concepts: Neutrino astronomy (1100); High energy astrophysics (739)

1. Introduction

The IceCube discovery of high-energy cosmic neutrinos
(M. G. Aartsen et al. 2013a, 2013b) demonstrated the
feasibility of multimessenger astrophysics to find the origin
of cosmic rays (CRs; M. Ahlers & F. Halzen 2017). Today, the
continuous observation of the high-energy sky by IceCube has
revealed evidence for particle acceleration in a nearby Seyfert
galaxy, NGC 1068 (R. Abbasi et al. 2022a). This evidence
reinforces the idea that active galactic nuclei (AGNs) can
generate very-high-energy CRs (F. Halzen & E. Zas 1997) and
are potentially the primary contributors to the diffuse neutrino
flux observed by IceCube. However, the whereabouts of the
remaining sources of the high-energy cosmic neutrino flux
remain unknown.

NGC 1068 was identified as the most-significant source in
the analysis of nine years of IceCube neutrino observations
in the northern sky (R. Abbasi et al. 2022a). The search
identified an excess of 79 events in the direction of
NGC 1068 corresponding to a muon neutrino flux of
5x 107" GeV 'cm ?s ! at 1 TeV with the best-fit power-
law spectral index of 3.2. The neutrino flux measured from
NGC 1068 is much larger than the ~-ray emission in TeV
energies if extrapolated from the ~GeV ~-ray emission
measured by Fermi Large Area Telescope (S. Abdollahi
et al. 2020; J. Ballet et al. 2020). It is also more than an order
of magnitude larger than the upper limits placed by MAGIC
and HAWC (V. A. Acciari et al. 2019; E. Willox et al. 2022)
on ~TeV ~-ray emissions. High-energy neutrinos and v-rays
are simultaneously produced whenever CRs interact with
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ambient matter or radiation within or near cosmic accelerators
(F. Halzen & A. Kheirandish 2019). The observed difference
between neutrinos and ~-rays from NGC 1068 cannot be
explained by absorption by the extragalactic background light
(EBL; K. Murase 2022a). Therefore, the environments where
the neutrinos are produced in NGC 1068 must be opaque to
GeV-TeV ~-rays that would otherwise accompany the
neutrinos. Among the primary candidates are the cores of
AGNs, which can simultaneously accommodate the efficient
production of high-energy neutrinos and offer an optically
thick zone that obscures the accompanying ~-rays. Conse-
quently, the observed ~GeV ~-rays should have a different
origin than the observed neutrinos (K. Murase et al. 2020).

The high level of neutrino emission compared to ~-rays
from NGC 1068 is in agreement with the multimessenger
picture for the total diffuse high-energy neutrino flux reported
by IceCube (M. G. Aartsen et al. 2020b; R. Abbasi et al.
2022b). This isotropic neutrino flux is an order of magnitude
greater at medium energies (~30 TeV) than it is at very high
energies (>100TeV) (M. G. Aartsen et al. 2020a). Compar-
isons between the diffuse neutrino flux at medium energies
and the isotropic ~-ray background observed by Fermi
(M. Ackermann et al. 2015) independently suggest neutrino
production in environments that are obscured to high-energy
~rays (N. Senno et al. 2015; K. Murase et al. 2016; K. Bechtol
et al. 2017; A. Capanema et al. 2020; K. Fang et al. 2022), in
line with the previously discussed multimessenger picture of
NGC 1068.

AGNs host supermassive black holes at their centers that
power these galaxies via the release of gravitational energy
from accreting matter. The accreting matter falls toward the
black hole and forms a disk around the central engine, i.e., the
core of the AGN. The cores of AGNs are optically thick for
GeV-TeV ~-rays. Simultaneously, they provide the target
matter and radiation that is required for the efficient production
of neutrinos. See K. Murase & F. W. Stecker (2023) and
references therein for more details.

IceCube has previously searched for the collective neutrino
flux from AGN cores by considering a large catalog of AGNs
and assuming that neutrinos are produced by accelerated CRs
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in the AGN accretion disks (R. Abbasi et al. 2022¢). In the
study presented here, motivated by the observation of ~TeV
neutrinos from NGC 1068, which is among the brightest
AGNs in intrinsic X-rays (F. E. Bauer et al. 2015; A. Marin-
ucci et al. 2016; C. Ricci et al. 2017), we instead aim to
identify neutrino emission from a targeted selection of X-ray
bright Seyfert galaxies in the northern sky (decl. > —5°). In
particular, our selection focuses on the 2-10keV energy range
which, in a py scenario, would provide the target photons with
the right energy to efficiently produce ~TeV neutrinos
(D. F. G. Fiorillo et al. 2024; P. Padovani et al. 2024) and
thus generally make X-rays a principal proxy of neutrino
emission. In addition, the same X-rays would simultaneously
absorb the high-energy ~-rays (K. Murase et al. 2020). In our
study, each candidate source is then searched individually for
signs of point-like neutrino emission above background
expectations. Here, in addition to the generic power-law
spectral assumption, we turn our attention to neutrino emission
from the coronae of Seyfert galaxies (K. Murase et al. 2020;
A. Kheirandish et al. 2021). In this search, we employ model-
predicted neutrino spectra accounting for CR interactions with
ambient matter and radiation in the coronal environment, as
well as the generic single power-law flux. Additionally, we
perform a joint analysis of all sources using a stacking method
to search for potential collective emissions from these sources.

In the next section, we discuss neutrino emission from the
coronae of bright Seyfert galaxies. In Section 3 we present
details about the source selection and analysis methods. The
results of each test performed in this study are presented in
Section 4. In Section 5 we discuss the implication of each
analysis.

2. Seyfert Galaxies as Sources of High-energy Neutrinos

In Seyfert galaxies, accretion dynamics and magnetic
dissipation lead to the formation of a hot, highly magnetized,
and turbulent corona above the disk; see, e.g., K. Miller &
J. Stone (2000). The dense environments near the super-
massive black holes together with the acceleration of CRs in
the coronae offer suitable conditions for the production of
high-energy neutrinos. Simultaneously, these systems will be
opaque to the accompanying very-high-energy y-rays. Such a
scenario has been examined by models that attempt to describe
the neutrino flux at the medium energy range of the IceCube
high-energy diffuse astrophysical neutrino observation and the
soft best-fitted spectrum reported from NGC 1068 (Y. Inoue
et al. 2020; K. Murase et al. 2020; A. Kheirandish et al. 2021;
B. Eichmann et al. 2022). These models, commonly referred to
as disk-corona models, can accommodate the high level of
neutrino emission at medium energies and the measured
neutrino flux from NGC 1068; see, e.g., K. Murase &
F. W. Stecker (2023) for detailed discussion. Disk-corona
models are, however, not the only possibility; see, e.g.,
S. Inoue et al. (2023) for a different scenario with similar
phenomenology. Here, we focus on the disk-corona model
presented by K. Murase et al. (2020) and A. Kheirandish et al.
(2021) where neutrino emission is a product of stochastic
acceleration in the corona and interaction of CRs with gas or
the radiation from the innermost regions of the AGN. On the
basis of the reported intrinsic X-ray flux, this model finds
NGC 1068 as the brightest source in IceCube and suggests that
additional sources might be identified in IceCube if they pose
similar characteristics to NGC 1068.
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AGN coronae are primarily characterized by X-ray emission
that is powered thermally. In the scenario discussed in this
work, the CR injection fraction is proportional to the
dissipation rate in the coronae, which is determined by the
thermal X-ray luminosity. Naturally, the intrinsic X-ray
luminosity becomes the principal parameter in the disk-corona
models for estimating the neutrino emission. Additional model
parameters include the CR to thermal pressure ratio that
summarizes the CR budget and the turbulence strength. Larger
values of this ratio result in increased neutrino production.
While moderate values can explain the diffuse neutrino flux at
medium energies, a higher level of CR pressure is needed to
explain the neutrino flux measured in the direction of
NGC 1068 (A. Kheirandish et al. 2021). This assumption is
heavily tied to the measured X-ray flux, and we will return to it
in the discussion of the results. For this study, we solely focus
on the high CR pressure scenario (i.e., Pcr/Py = 50%) with
corresponding turbulent strength (7, of 50 since the
identification of sources with moderate CR pressure requires
next-generation neutrino  telescopes (A. Kheirandish
et al. 2021).

3. Searching for Neutrino Emission from Bright Seyfert
Galaxies in the Northern Sky

3.1. Source Catalog

Our source catalog is based on the Swift's Burst Alert
Telescope (BAT) AGN Spectroscopic Survey (BASS; C. Ricci
et al. 2017) which is an all-sky study of AGNs detected in the
X-ray band. In our selection, we start from all sources
identified as Seyfert galaxies with the 105 month Swift-BAT
classification (K. Oh et al. 2018). BAT sources in the northern
sky (decl. > —5°) are ranked by their intrinsic X-ray fluxes in
the 2-10keV band. Sources with weak intrinsic X-ray fluxes
are not expected to produce sizeable neutrino fluxes. There-
fore, we select only bright sources for our analysis with
intrinsic X-ray fluxes that are at least 10% that of NGC 1068,
which is approximately the sensitivity of IceCube in the
northern sky according to the previous result of NGC 1068
(R. Abbasi et al. 2022a). The selection retains 28 sources
including NGC 1068. Considering the a priori knowledge of a
strong flux from this source, we separate out the results for
NGC 1068 to avoid bias in the analysis. Therefore, we discuss
the exclusion and inclusion of NGC 1068 separately. To be
conservative and to take into account the fact that the
remaining sources can still give neutrino signals significant
enough based on the model, we draw our conclusion without
NGC 1068, and the results including NGC 1068 are shown for
completeness.

3.2. IceCube Detector and Data

The IceCube Neutrino Observatory at the South Pole is a
Cherenkov neutrino telescope that utilizes 1km? volume of
glacial ice to detect high-energy neutrinos. The detector is an
array of 5160 digital optical modules (DOMs), each composed
of a photomultiplier tube (PMT) and onboard read-out
electronics (M. G. Aartsen et al. 2017). Cherenkov photons
emitted by the relativistic charged particles produced in
interactions between neutrinos and nucleons are collected by
the PMTs. The photon count and arrival time recorded by each
DOM are used to reconstruct the energy and direction of each
event. The flavors and interaction types of neutrinos lead to
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different event morphologies in the detector. Among them,
track events resulting from charged-current interactions of
muon neutrinos can be reconstructed with good angular
resolutions (R. Abbasi et al. 2022a), which makes them ideal
for pointing back to their sources. However, muons and
neutrinos produced in the atmosphere present a significant
background. Fortunately, the Earth acts as an effective muon
filter for up-going events from the northern sky, thus a better
sensitivity can be reached due to the suppression of the
atmospheric muon background. Here, we analyze the through-
going muon tracks in the northern sky (decl. > —5°, R. Abbasi
et al. 2022b).

The data sample is processed in the same way as in
R. Abbasi et al. (2022a) which has new data processing, data
calibration, and event reconstruction implemented that result
in substantially improved energy reconstructions and point-
spread function at low to medium energies. The details can be
found in the supplementary materials of R. Abbasi et al.
(2022a). We extend the data used in this previous work by
adding extra 1.7 yr of experimental data. We also improved the
modeling of the muon contribution from the decay of tau
leptons produced by tau neutrino charged-current interactions
outside the detector by adding dedicated Monte Carlo (MC)
simulations. The extension of the lifetime increases the total
number of events by ~20%. The experimental data starts with
the fully built and commissioned detector (aka IC86) on 2011
May 13 and ends on 2022 February 13 with a total live time of
3804 days, corresponding to 794,301 track events in total.

3.3. Analysis

In order to discriminate between potential neutrino emission
from our selected sources and the background composed of
atmospheric and isotropic astrophysical neutrinos, we employ
the unbinned likelihood ratio hypothesis testing method that
utilizes the direction, energy proxy, and angular uncertainty of
the events (J. Braun et al. 2008). We perform two types of
searches. One is the catalog search, where we look for the
neutrino emission from each source separately, using both a
power-law assumption and disk-corona model prediction. The
outcome will be used to conduct a binomial test to examine the
significance of observing excesses for k sources in these two
scenarios for our catalog search. This could potentially identify
a subset of sources that do not individually pass the
significance threshold. The other is the stacking search, where
the emission of each selected source is combined according to
model expectations in order to obtain an enhanced signal
above the background. In the stacking analysis, only the disk-
corona model flux is tested. All searches were specified
a priori.

These analyses apply the improved kernel density estima-
tion (KDE) method presented in R. Abbasi et al. (2022a) to
generate probability density functions (PDFs), which improves
the modeling of directional distributions of individual
neutrinos. These distributions depend on the shape of the
spectrum and were therefore generated for each spectral index
in the power-law flux analysis (R. Abbasi et al. 2022a). Using
the same methods, we generate the signal spatial PDFs
corresponding to the disk-corona model spectra with an
updated KDE generation pipeline, where we utilize a grid in
the intrinsic X-ray luminosity Ly, the parameter that
determines the shape of the flux. In the catalog search, under
the assumption of a single power-law flux, we determine two
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fit parameters for each source: the number of expected signal
events ng; and the spectral index ~. In addition, we fit the
observations from each source with the flux predicted by the
disk-corona model. Here, the shape of the flux is fixed by the
intrinsic X-ray luminosity Ly taken from BASS. Hence, there
is only one fit parameter corresponding to the normalization
(and therefore the cosmic-ray pressure): the number of
expected signal events n;. The same is done in the stacking
analysis, which is based on the same model. We fit the global
number of signal events n; (total contribution from all
sources), while the relative sources weights and flux shapes
are fixed by the model predictions and the observed X-ray
luminosities. More details about the likelihood method can be
found in the Appendix.

For the analyses based on the disk-corona model, we
calculate the expected number of events from each source with
the high-pressure scenario described in A. Kheirandish et al.
(2021), and thus assume that all sources behave intrinsically
similar to NGC 1068. Here, the flux shape is fixed by Ly, and
the flux normalization changes with the CR pressure. The
expected fluxes of selected sources are shown in Figure 1. The
total model fluxes with and without NGC 1068 for the stacking
search are also shown with comparison to the 50 discovery
potential, where a 60 significance is expected even without
NGC 1068 for the optimistic scenario. Testing the performance
of the analysis shows that if the disk-corona model predicts the
true flux, modeling the flux correctly gives a gain of ~lo
significance for the stacking search and ~0.70 for NGC 1068
compared to fitting a power-law spectrum, as can be seen in
Figure 7 in the Appendix.

For the catalog search based on the power-law spectrum
assumption, we follow the same procedure as in R. Abbasi
et al. (2022a). This analysis complements the search discussed
above for possible high-energy events if neutrino emission
from any of the sources is extended to above ~100 TeV, and
thus offer an intuitive comparison with other work by applying
the generic power-law flux assumption.

4. Results

Table 1 shows a summary of our results. In addition to
NGC 1068, we find excesses of neutrino emission that could
be associated with two other sources: CGCG 420-015 and
NGC4151. CGCG 420-015 is the most-significant source in
the search based on the disk-corona model with a 3.5¢0 local
(pretrial) significance, while NGC 4151 stands out as the most-
significant source in the search based on the power-law
spectrum assumption with a 3.2¢0 local significance. Starting
from the larger value 3.50, the global significance is lowered
by the look-elsewhere effect by accounting for the number of
objects in the catalog (27) and the two spectral assumptions.
The global significance of the catalog search is 2.30, as
determined by repeated applications of the entire analysis to
simulated data containing only background events.

The local significance of NGC 1068 increases slightly
compared to the previous result in R. Abbasi et al. (2022a)
due to the extension of the data set. Assuming the power-law
spectral model, we obtain a local p-value of 8 x 10~%, which
corresponds to a global significance of 4.3¢ in the previous
catalog search described in R. Abbasi et al. (2022a) (N =110
candidate sources) and is consistent with expectations assum-
ing the best-fitting values in the previous analysis. The panels
in Figure 2 display the p-value scan in the nearby region
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m—— NGC 6240 other individual sources
m— NGC 1068 === total

= NGC 4151 total (w/o NGC 1068)
. NGC 4388 ===+ 50 DP (w/o NGC 1068)

10 107 10* 10°
neutrino energy [GeV]|

Figure 1. The expected flux of each source (thin lines) from the disk-corona model (high CR pressure) with the top four sources highlighted. The total fluxes
excluding or including NGC 1068 are shown. The 50 discovery potential (DP), which excludes NGC 1068, is given as well.

Table 1
Results
Spectral Model Hexp TS g A Plocal Dglobal nyL

Stacking Searches
Stacking (excl.) Disk-corona 154.0 0.1 5 2.4 x 107! (0.70) 2.4 x 107" (0.70) 51.1
Stacking (incl.) ¢ *” Disk-corona 199.0 11.2 77 1.1 x 107* (3.70) 128.0
Catalog Search 1
CGCG 420-015 Disk-corona 32 11.0 31 2.4 x 107* (3.50) 6.5 x 1073 (2.50) 46.4
NGC 4151 Disk-corona 13.1 9.0 23 6.4 x 107* (3.20) 39.5
NGC 1068 ¢ Disk-corona 44.6 234 48 3.0 x 1077 (5.00) 61.4
Catalog Search 2
NGC 4151 Power-law 7.4 30 2.7 6.4 x 107* (3.20) 1.7 x 1072 (2.10) 61.4
CGCG 420-015 Power-law 9.2 35 238 3.0 x 1073 (2.70) 62.1
NGC 1068 ¢ Power-law 29.5 94 33 8.0 x 107% (5.20) 94.9
Binomial Searches
Binomial Search 1 (excl.) Disk-corona 14 x 107 (k=2) 1.7 x 1073 (2.90)
Binomial Search 2 (excl.) Power-law 1.2 x 1073 (k = 3) 14 x 1072 (2.20)

Note. Results for the stacking search and selected results from two catalog searches, Catalog Search 1: disk-corona model and Catalog Search 2: power-law model,
and corresponding binomial tests, Binomial Search 1: disk-corona model and Binomial Search 2: power-law model. Best-fitted TS, 7, local (pretrial) and global
(post-trial) p-values, and corresponding significances are shown. For the disk-corona model analysis, expected numbers of events (nxp) are listed and for the power-
law analysis, best-fitted spectral indices 4 are listed. nyp, column shows the 90% upper limits of the numbers of signal events. Upper limits assuming power-law
spectra are given assuming E . Results marked with ¢ *” are provided for completeness but are not used to compute final significances because evidence for neutrino
emission from NGC 1068 was known prior to this work (M. G. Aartsen et al. 2020c; R. Abbasi et al. 2022a). For the binomial tests, the value k corresponds to the
number of sources retained in the most-significant set (see Appendix for details).

around the most-significant sources under our two spectral likelihood scans for the powerlaw fit are shown in Figure 8 in
assumptions. Their best-fit fluxes are shown in Figure 3 where the Appendix. The fluxes given by the model fit can also be
the model fit and power-law fit can be compared. The profile compared to their expected spectra. For all selected sources,
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Figure 2. Local (pretrial) p-value maps around the most significance sources NGC 1068 (left), NGC 4151 (middle), and CGCG 420-015 (right) with the disk-corona
model fit (top) and the power-law fit (bottom). Colored points show the locations of sources and crosses show the best-fit locations. Contours correspond to 68%

(solid) and 95% (dashed) confidence regions.
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Figure 3. The best-fitted flux and the corresponding 68% statistical uncertainty for model and power-law searches compared to the expected disk-corona flux for the
most-significant sources NGC 1068 (left), NGC 4151 (middle), and CGCG 420-015 (right). Distance and intrinsic X-ray luminosity (in erg s™1) for each source are
taken from BASS. Systematic uncertainties are subdominant. The neutrino energy range of the best-fitted flux is computed from the 68% central bins contribution to
the total TS value. See the Appendix for more details about the determination of the energy range and the description of systematic uncertainties.

Figure 4 compares the expected number of events to the
measurements consisting of either the computed 90%
confidence level upper limits or the best-fit flux value
(NGC 1068). The model prediction, based on stochastic
particle acceleration and high cosmic-ray pressure in the
AGN corona, appears to be ruled out for NGC 6240 and
NGC 4388 because the 90% CL upper limits are below the
expected fluxes for these two candidate sources. The full
information and results for all sources are tabulated in Table 2.

The binomial test (M. G. Aartsen et al. 2019) allows us to
combine these results without any assumption about the
relative contribution from the candidate sources in our catalog.
Assuming the disk-corona flux model for each candidate
source, and excluding NGC 1068, we find a combined pretrial

significance of 2.90 in excess of the expected backgrounds.
For the generic power-law flux, the same test yields a pretrial
significance of 2.20. After accounting for having tested the
two flux models (and the associated trials factor), the global
significance of the binomial test becomes 2.7¢. This result
rests on the observation of two candidate sources (k = 2) with
small local p-values in our catalog: NGC 4151 and CGCG
420-015. Including NGC 1068 would increase the number of
sources, identified in this test, by one (k = 3), and result in an
a posteriori significance of 40. For more details about the
binomial test and this result, see the Appendix.

As can be seen in Table 1, there is no significant excess
found in the stacking search without contribution from
NGC 1068 with p-value =0.24. The 90% C.L. upper limit



THE ASTROPHYSICAL JOURNAL, 988:141 (15pp), 2025 July 20 Abbasi et al.

*  model expectation e  analysis result
70
60 I
50 - NGC 1068 L

!

w40 1 I
g CGCG 420-015 I
30 - ® NGC 4151 I
920 - ® ° ® .
® NGC 6240 NGC 4388
®
10 ) I I * + [
° ® ! . ° ° °
0 —a - . , .
0.0 0.2 0.4 0.6 0.8 1.0
sin(Dec)

Figure 4. Expected numbers of events (green stars) from the model and the best-fitted numbers of signal events (black circles) for individual sources. Down arrows
show the 90% C.L. upper limits. The five candidate sources with the strongest expected neutrino signal (disk-corona model) are highlighted.

Table 2
Source List and Results
Model Power Law B .
Source Decl. RA. Fin o ey Texp i -logop nuL i, 4 -logop 00 Pooa
NGC 1068 -0.0 40.7 268.3 44.5 475 6.5 61.4 94.1 33 7.1 8.5 449.0
NGC 4388 12.7 186.4 71.7 21.4 0.0 0.0 13.0 2.0 1.9 0.9 39 130.0
NGC 6240 2.4 253.2 411.1 16.8 0.0 0.0 13.4 0.0 4.3 0.0 1.5 60.9
NGC 4151 39.4 182.6 84.8 13.1 22.5 32 39.5 30.1 2.7 32 10.9 214.0
7164-19 27.0 221.4 179.5 8.6 0.0 0.0 12.0 33 2.0 0.7 42 99.1
UGC 11910 10.2 331.8 157.5 8.5 0.0 0.0 12.9 6.4 43 0.3 2.2 69.2
NGC 5506 -32 213.3 115.6 8.1 0.0 0.0 9.0 0.0 1.6 0.0 1.9 102.5
NGC 1194 —1.1 46.0 117.8 7.6 4.4 0.6 15.2 27.7 3.7 0.9 2.9 161.5
Mrk3 71.0 93.9 113.6 7.4 0.0 0.0 10.9 0.0 43 0.0 4.4 46.4
MCG+38-3-18 50.1 20.6 99.4 6.3 0.0 0.0 10.8 0.0 43 0.0 33 47.6
UGC 3374 46.4 88.7 65.1 4.6 0.0 0.0 11.0 0.0 4.3 0.0 32 46.9
NGC 3227 19.9 155.9 37.2 4.0 0.0 0.0 14.5 0.0 1.7 0.0 2.1 46.7
4C+50.55 51.0 321.2 97.0 4.0 4.6 0.8 14.9 9.7 32 0.5 5.0 78.9
NGC 7682 35 3523 479 4.0 23 0.7 18.8 0.0 4.3 0.0 1.6 62.4
IRAS05078+1626 16.5 71.7 46.1 4.0 0.0 0.0 12.2 0.0 43 0.0 2.0 50.0
2MASX J201459284-2523010 254 303.7 78.6 3.8 0.0 0.0 11.9 0.0 43 0.0 23 479
Mrk 1040 31.3 37.1 40.6 3.7 0.0 0.0 11.7 329 43 0.9 5.1 114.0
LEDA136991 68.4 6.4 42.6 3.7 0.0 0.0 11.4 3.8 4.1 0.2 5.0 53.9
Mrk 1210 5.1 121.0 329 32 0.0 0.0 13.3 0.0 43 0.0 1.7 60.1
CGCG 420-015 4.1 73.4 50.5 32 30.7 3.6 46.4 35.5 2.8 2.5 5.2 254.6
MCG+4-48-2 25.7 307.1 31.6 3.1 22.1 2.3 31.8 452 3.2 2.1 7.2 182.5
3C111 38.0 64.6 61.5 3.1 0.0 0.0 11.6 15.7 43 0.5 42 76.2
UGC 5101 61.4 144.0 454 2.6 4.8 1.0 17.6 8.7 3.0 0.7 6.9 95.2
3C382 327 278.8 49.4 2.4 0.0 0.0 11.6 349 43 1.0 5.4 118.2
Mrk 110 523 141.3 34.4 2.1 0.0 0.0 10.9 0.0 43 0.0 34 479
3C 390.3 79.8 280.5 44.4 1.8 0.0 0.0 12.6 0.0 43 0.0 6.9 78.6
NGC 3516 72.6 166.7 30.7 1.6 0.0 0.0 11.8 30.0 43 0.6 8.8 104.7
Cygnus A 40.7 299.9 32.1 1.6 3.7 0.7 15.2 2.9 2.1 0.7 53 97.2
Note. Information of sources and the catalog search results. Intrinsic 2-10 keV X-ray flux is Fi"™ .y x 1072 erg cm~2s~". Best-fit results for TS, A and pretrial p-

values for both the model analysis and power-law spectral assumptions are shown. For the model analysis, expected numbers of signal events (11¢x,) and 90% upper
limit of the signal event numbers (ny;) are listed and for the power-law analysis, best-fitted spectral indices 4 and 90% upper limit fluxes are listed. The upper limit

fluxes are parameterized as (;550%

¥

(E/1TeV)™ x 1073 TeV-lem 2.
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on the total number of signal neutrinos from the selection of
sources excluding NGC 1068 is nSUL = 51, while n¢y, = 155
events were expected had all analysis assumptions been met
exactly. If NGC 1068 is included, the upper limit becomes

n" = 128 compared to an expectation of ney, = 199.

5. Discussion

In this study, we probed neutrino emission in the direction
of the brightest Seyfert galaxies identified in the BASS
catalog. Based on the disk-corona model prediction, collective
emission from these sources should emerge with high
significance in IceCube data provided that the sources are
characterized by a high CR pressure, similar to NGC 1068. On
the one hand, taking the intrinsic X-ray luminosities and
distances reported by BASS (C. Ricci et al. 2017) at face
value, the absence of a strong signal in the stacking search
implies that the model parameters that are suited to explain the
observed flux from NGC 1068 appear not to be shared with
most sources in the catalog. On the other hand, the results of
the catalog searches, in particular the 2.70 neutrino excess in
the binomial test, may suggest the existence of a subset of
Seyfert galaxies that are similar to NGC 1068, which would
add to the growing indications that at least a subset of AGNs
contribute to the high-energy neutrino flux. However, more
data is needed for a robust identification of these and other
similar sources.

The first implication of the aforementioned results is that the
CR to thermal pressure parameter, which sets the normal-
ization of CRs at the source, may be lower than what is
projected for NGC 1068. Sources with lower values are
beyond the reach of the current generation of neutrino
telescopes, and their identification would be feasible with the
commissioning of IceCube-Gen2 (A. Kheirandish et al. 2021).

Both the selection of the X-ray bright Seyfert galaxies in
this study and the expected neutrino flux in the disk-corona
model, depend strongly on the reported intrinsic X-ray flux in
BASS. Therefore, the accuracy of the reported estimates for
the intrinsic X-ray emission becomes one of the main hurdles
and the primary source of astrophysical systematic uncertainty
in this analysis. Among the most promising candidate sources
that are considered in this analysis are Compton thick AGNs,
i.e., AGNs with high levels of X-ray obscuration (column
density Ny > 10**cm™2), for which the assessment of the
intrinsic luminosity is challenging. This includes CGCG 420-
015, for which the estimated neutrino flux, if interpreted as a
genuine signal, would exceed the model expectation by about
an order of magnitude. The BASS catalog that is utilized in
this analysis offers the most comprehensive survey of
nonjetted AGN. However, the accurate measurement of the
intrinsic X-ray flux from Compton thick sources requires
careful modeling that can benefit from additional data,
especially targeting instruments such as NuStar that are
sensitive to higher energy X-rays. It is worth mentioning that
detailed modeling of a few of the prominent sources in these
searches (A. Tanimoto et al. 2022) yields an intrinsic flux that
is not compatible with BASS. For example, the higher intrinsic
flux reported for NGC 1068 (A. Marinucci et al. 2016) would,
compared to BASS, prefer a lower value of CR pressure within
the disk-corona model to describe the neutrino flux. Corre-
spondingly, adopting a lower value for the rest of the sources
would decrease the expected emission from these other sources
in the catalog. Similarly, the discrepancy between different
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measurements of the intrinsic luminosity for the rest of the
sources would change their expected neutrino fluxes. For a
recent evaluation of the intrinsic X-ray luminosity of Compton
thick AGNs, see A. Tanimoto et al. (2022). Additional studies
are particularly encouraged in light of the absence of a
detectable neutrino signal in the direction of NGC 4388. Given
its proximity, and the high level of intrinsic X-ray flux reported
by BASS, the disk-corona model with high CR pressure
predicts 21 events from NGC 4388, making it the brightest
source in our list excluding NGC 1068. A recent dedicated
analysis of the intrinsic emission from this source, however,
reports a lower value for the intrinsic flux and a drop during
the period of this analysis (N. Torres-Alba et al. 2023). A
reduction in X-ray emissivity during the IceCube data taking
period would lower the predicted neutrino emission and would
be consistent with the nonobservation of neutrinos reported
here for this source (N. Torres-Alba et al. 2023). In summary,
a more accurate measurement of the intrinsic X-ray flux from
these sources will likely modify the expected emission from
the Seyfert galaxies and the prospects for identifying them.
The stacking analysis in particular is highly dependent on
these uncertainties, in addition to the assumption that the
sources have a high CR pressure.

Finally, we should also note that the uncertainties in model
parameters, such as the size of the corona and underlying
diffusion, could change the expected neutrino flux and
subsequently the likelihood for observation of the sources.
The search in this study assumes that sources share the same
underlying model parameters, which is a strong assumption.
For more detailed study of the underlying parameters; see, e.g.,
K. Murase (2022b, 2024), M. Ajello et al. (2012), and A. Das
et al. (2024).

6. Summary and Outlook

In this work, we present a study of potential high-energy
neutrino emission from Seyfert galaxies in the northern sky
that are intrinsically X-ray bright. In addition to the generic
power-law flux assumption, we incorporate the disk-corona
model and performed a catalog search with 27 (28) sources
excluding (including) NGC 1068. We also performed a search
for aggregated neutrino emission using a stacking method
relying on the disk-corona flux model. Since there is no
significant excess of neutrino events observed in the stacking
search, we can constrain the collective neutrino emission from
those X-ray bright Seyfert galaxies in the northern sky.

Since we cannot reject the null hypothesis, we set upper
limits on the neutrino emission from all individual sources for
both scenarios. The current results motivate continuing
searches for neutrino emission from X-ray bright Seyfert
galaxies in addition to NGC 1068, especially NGC 4151 and
CGCG 420-015, which will reveal whether the cumulative
2.70 excess reported here is due to statistical fluctuations or a
genuine astrophysical signal. If interpreted as the latter, it
would suggest the existence of sources similar to NGC 1068,
which could potentially be explained by the disk-corona
model. Nevertheless, the absence of a significant correlation in
the stacking search and most individual sources implies that
the features of NGC 1068 leading to the strong neutrino
emission are not commonly shared with other X-ray bright
Seyfert galaxies. As discussed in Section 5, the expectation of
neutrino emission relies considerably on the details of the
modeling within the picture of the disk-corona model, and
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more comprehensive multiwavelength observations will pro-
vide further insight into the characteristics of the potential
sources, which is expected to significantly improve their
modeling. The results reported here show that implementing
dedicated models is useful and can improve the sensitivity of
searches for the sources of high-energy neutrinos.

Our conclusions are supported by a complementary IceCube
study of hard X-ray (14-195keV) AGNs, identified in BASS,
which reports an excess of neutrinos toward NGC 4151 at 2.9¢0
post-trial significance (R. Abbasi et al. 2025). This analysis is
based on an alternative track event selection (M. G. Aartsen
et al. 2020b) that includes data from the entire sky recorded
during partial detector configurations before IceCube was fully
commissioned. While this study employs a different hypoth-
esis, data sample, and analysis techniques, the results of the
catalog search are consistent with the results reported here.

IceCube-Gen2, the next-generation of the IceCube detector
(M. G. Aartsen et al. 2021), will be 8 times larger in volume
with an expected 5 times increase of the effective area for
muon tracks, increasing the potential to discover neutrino
sources by a factor of ~5. This improvement could lead to the
discovery of neutrino emission from the interesting sources
studied in this work.

Considering the fact that the majority of bright Seyfert
galaxies, the Circinus galaxy for example, reside in the
southern sky, an enhanced sensitivity toward that region would
help the search for more sources similar to NGC 1068. The
recent technical progress in starting track and cascade event
selections in IceCube (R. Abbasi et al. 2021, 2023, 2024)
provides significantly improved sensitivity to the southern sky,
thus creating an excellent opportunity to search for neutrino
emission from these interesting southern sky sources. In the
upcoming years, detectors built, or under construction, in the
northern sky such as Baikal-GVD, KM3NeT, P-ONE, and
TRIDENT (S. Adrian-Martinez et al. 2016; A. D. Avrorin
et al. 2018; M. Agostini et al. 2020; Z. P. Ye et al. 2023) will
further boost the identification of sources in the southern sky.
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Appendix

The analysis presented here is an extension of the one
described in R. Abbasi et al. (2022a). First, we increased the
number of neutrino events from ~665,000 to ~794,000 by
adding data recorded by IceCube during an additional period
of 1.7 yr. Second, in addition to the generic power-law spectral
assumption, we studied a specific model (K. Murase et al.
2020; A. Kheirandish et al. 2021) that relates intrinsic X-ray
fluxes to expected neutrino fluxes from the coronal regions of
bright Seyfert galaxies. All other technical aspects, such as the
event selection criteria and the likelihood function, remain
identical. Increasing the available live time by ~20% improves
the 5o discovery potential of the analysis by ~10%, as shown
in Figure 5 for a single power-law spectral assumption with
spectral indices v = 2.0 (left) and v = 3.2 (right).

The KDEs of the signal and background PDFs that govern
the reconstructed muon directions and energies, developed in
R. Abbasi et al. (2022a), deliver unbiased parameter estimates
for the best-fit number of neutrino events (n,) and power-law
spectral indices (), see also Figure 6 (left). We use the same
KDE method to derive the PDFs assuming the neutrino fluxes
predicted by the disk-corona model. Specifically, we construct
these KDEs on a discrete grid as a function of the AGN’s
intrinsic X-ray luminosity. Assuming the intrinsic X-ray
luminosities reported by BASS (C. Ricci et al. 2017), this
assigns a unique set of energy and spatial PDFs to each AGN
in our selection. Therefore, in contrast to the power-law
spectral assumption, there is only a single parameter related to
the normalization (the number of signal events ng). The
measurement of this parameter remains unbiased, as demon-
strated in Figure 6 (center) for the NGC 1068 as an example.
The reduction in variance compared to the power-law case
(left) is due to the reduction in degrees of freedom. Assuming
the disk-corona model to be correct, we expect the dedicated
search to be more powerful than the generic, power-law-based
search. Simulations show 10%-20% improvement regarding
the signal events needed. Figure 7 shows the increase of the
significance using NGC 1068 as an example. We extend the
dedicated, model-based search for neutrinos from individual
AGN to the stacking case, i.e., the search for combined signals
from the set of Seyfert galaxies selected for this work. The
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Figure 5. The discovery potential comparison between M. G. Aartsen et al. (2020), R. Abbasi et al. (2022a), and this work for a time-integrated search assuming a
power-law spectrum as a function of the source decl. Shown here are the flux levels and the ratios assuming spectral indices v = 2.0 (left) and v = 3.2 (right).
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corresponding likelihood function reads

N [ Mg
0= T {2 S . 0|
i=1 k=1

+( - %)ﬁ,(xi)}, (A1)
where the relative weights, 0 < w;, < 1, are given by the
number of neutrinos expected from IceCube’s effective area
and the neutrino flux predicted by the disk-corona model for
each source depending on the intrinsic X-ray luminosity

N -1
o l’l]fo(Lkz_lOkeV, 6]{) % {Z nkexp(LkZ—IOkeV’ 6]{)} .
k

(A2)

Recovering some fixed number of signal neutrinos from a set
of sources is more challenging than recovering the same
number of signal neutrinos from a single source because the
effective amount of background is larger. Nevertheless, the
estimate of the number of signal events in this analysis also
remains essentially unbiased in the stacking case, as shown in
Figure 6 (right).

To facilitate an easier comparison to previous works, we
have also analyzed our selection of Seyfert galaxies assuming
a single power-law flux. The measured flux normalizations and
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Figure 7. The significance comparison between fitting the model (blue) and
power-law (orange) spectra for NGC 1068 when simulating the flux predicted
by the disk-corona model. The improvement depends on the source and an
increase of 0.7¢ is expected for NGC 1068.

spectral indices for the three most-significant sources
(NGC 1068, NGC 4151, and CGCG 420-015) are given in
Figure 3. The uncertainties presented here are the statistical
ones. The detailed study of systematic uncertainties for this
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is found at k =2 (NGC 4151 and CGCG 420-015) assuming the disk-corona model flux. Right: Distributions of binomial p-value in background simulations. The
vertical dashed lines denote the observed binomial p-values with the experimental data assuming the power-law flux (red) and disk-corona model flux (blue). The
trial-corrected distribution corresponds to the orange histogram and the final p-value is denoted by the orange line.

sample was presented in the supplemental material of
R. Abbasi et al. (2022a). These include the depth-dependent
optical properties of the glacial ice, the refrozen hole ice
columns around the IceCube strings, as well as the photon
detection efficiency of the IceCube DOMs. Their effect on the
fitted parameters, studied via dedicated MC simulations of
alternative detector properties, is subdominant compared to the
statistical uncertainties. For NGC 1068, for which statistical
uncertainties are smallest, the systematic uncertainties are at
the level of ~10% (~30%) of the statistical ones for the mean
number of signal events (spectral index). Generally, systematic
uncertainties yield £10% uncertainty on the normalization of
the neutrino flux (M. G. Aartsen et al. 2019). The neutrino
energy range of the best-fitted flux in Figure 3 contains 68%
central bins contribution to the total test statistics (TS) value.
We calculate the TS contribution for a given neutrino energy
bin by creating a histogram of the weighted sum of neutrino
energies selected from similar events in MC (having close
angular uncertainty and reconstructed energy values), with
weights given by each event’s contribution to the total TS
value. The resulting neutrino energy range depends on the
best-fitted flux shape. For the power-law flux, we can see how
the larger best-fitted 4 spectral index value results in the lower
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energy range of NGC 1068 in comparison to energy ranges of
NGC4151 and CGCG 420-015, where the best-fitted #
spectral indices are lower. The best-fitting values for the entire
selection of sources are given in Table 2. The profile likelihood
for the powerlaw flux search is shown in Figure 8.

A search for aggregated neutrino signals using the stacking
method described above can fail if the model misspecifies
individual candidate sources, but is otherwise mostly correct.
The binomial test trades a reduction in sensitivity for increased
robustness. It simply considers a subset of sources that show
positive results in the single source analysis. Here, we perform
it twice—one binomial test for each of the two spectral
assumptions: disk-corona model and single power law. The
test uses the pretrial p-values of the sources to examine an
excess in the number of small p-values compared to the
expectation from the background. The probability of produ-
cing k or more sources with p-values smaller than p, from
background is

Iv.vrc

pbkg = Z

i=k

]Vsrc —i
( ; )pk(l — p) N, (A3)

where we search for the minimum probability p, . and its
corresponding k. The expected distribution of p,;, for the



THE ASTROPHYSICAL JOURNAL, 988:141 (15pp), 2025 July 20

background used to evaluate the significance is estimated from
pseudo-experiments. Figure 9 (left) shows the binomial
probability as a function of the number of sources that exceed
a given local p-value threshold for the power-law flux (blue)
and the disk-corona model flux (red) assumptions. Overall, the
smallest binomial probability p,i, = 1.4 X 10~ is found for
k=2 sources (NGC 4151 and CGCG 420-015) assuming the
disk-corona model flux. This does not determine the final
significance because we have to account for the internal trials
related to the scan over the local p-value thresholds, as well as
the choice of two flux models. To determine the final p-value,
we perform a large number of repetitions of this search using
simulated data that containing only background events.
Figure 9 (right) shows the distribution of the best binomial
p-value under the power-law spectral and the corona-disk
model assumptions. Having scanned the threshold local p-
value during the binomial scan increases the p-value from
Prmin = 1.4 x 107 to o = 1.7 x 1073, Selecting the best
solution among the two flux assumptions further increases the
p-value to pgna = 3.4 X 1073, or 2. 70 (orange).
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