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Abstract

Active galactic nuclei (AGN) are promising candidate sources of high-energy astrophysical neutrinos, since they
provide environments rich in matter and photon targets where cosmic-ray interactions may lead to the production of
gamma rays and neutrinos. We searched for high-energy neutrino emission from AGN using the Swift-BAT
Spectroscopic Survey catalog of hard X-ray sources and 12 yr of IceCube muon track data. First, upon performing a
stacked search, no significant emission was found. Second, we searched for neutrinos from a list of 43 candidate sources
and found an excess from the direction of two sources, the Seyfert galaxies NGC 1068 and NGC 4151. We observed
NGC 1068 at flux ¢ =4.027138 x 100" TeV " em 25! normalized at 1 TeV, with a power-law spectral index

VYt Ty
v=13.107533, consistent with previous IceCube results. The observation of a neutrino excess from the direction of
NGC 4151 is at a posttrial significance of 2.90. If interpreted as an astrophysical signal, the excess observed from
NGC 4151 corresponds to a flux ¢ =1.51709) x 107" TeV " ecm 25! normalized at 1 TeV and v=2.83"03z.

v+,
Unified Astronomy Thesaurus concepts: Neutrino astronomy (1100); High energy astrophysics (739); Active
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galaxies (17); Seyfert galaxies (1447)

1. Introduction

In 2013, IceCube reported the detection of high-energy
neutrinos of astrophysical origin with a sky distribution consistent
with isotropy (M. G. Aartsen et al. 2013). This steady flux of
astrophysical neutrinos observed in the energy range TeV-PeV
has so far been characterized by a single power-law model
M. G. Aartsen et al. 2020a; R. Abbasi et al. 202la,
2022a, 2022b). To find the origin of the neutrino emission,
IceCube has searched for neutrino excesses from various
astronomical source classes, e.g., supernovae (R. Abbasi et al.
2023a), pulsar wind nebulae (M. G. Aartsen et al. 2020b),
ultraluminous infrared galaxies (R. Abbasi et al. 2022c), X-ray
binaries (R. Abbasi et al. 2022d), galaxy clusters (R. Abbasi et al.
2022¢e), GRBs (R. Abbasi et al. 2022f), and others. Evidence of
neutrinos from the galactic plane (R. Abbasi et al. 2023b), at a
significance level of 4.50, indicates a contribution of ~6%—13%
to the all-sky astrophysical flux at 30 TeV. So far, no significant
evidence of a dominant source class has been identified.

Active galactic nuclei (AGN) are promising source candidates,
owing to their electromagnetic emission (E. Lusso et al. 2012),
which spans several orders of magnitude in luminosity, as well as
their likely ability to accelerate charged particles to ultra-high
energies, E ~ 10°eV (R. Lovelace 1976; R. Mbarck &
D. Caprioli 2019). AGN are the compact innermost regions of
galaxies that, in some cases, are bright enough to outshine the host
galaxy. Matter spirals into a central supermassive black hole
(SMBH), forming an accretion disk releasing vast amounts of
energy. The accretion disk is enveloped in a dusty torus that
obstructs the view of the AGN core. AGN ubiquitously show
evidence of thermal plasma being ejected with a range of velocities
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and opening angles. Many AGN are observed with ejected winds
over wide angles, while some outflows are relativistic. A subset of
AGN constituting less than 10% are distinguishable by highly
collimated and ultrarelativistic jets (A. Konigl 2006). The
orientation of the jet with respect to the observer and the degree
of obscuration by the dusty torus result in differences in the
observed spectral features (R. Antonucci 1993; C. M. Unry &
P. Padovani 1995). Blazars are the brightest AGN, with their jets
pointing toward the Earth.

The emission of AGN spans the entire electromagnetic
spectrum, from radio waves to gamma rays (R. A. Edelson
et al. 1996). The gases contained within the inner boundaries of
the torus are under the gravitational effect of the SMBH and have
a very high velocity. Observationally, they are identified by
Doppler-broadened emission lines, and the region is referred to as
the broad-line region (BLR). The other key region around AGN is
the narrow-line region (NLR) ascribed to the gases around the
torus with lower velocities and extending to a few kiloparsecs. For
obscured AGN, only the NLR is observed, while the BLR
remains hidden by the torus. The emission from the jets is
nonthermal, with intense radiation of high apparent luminosities
resulting from Doppler boosting. A prominent source of X-rays
within the AGN is the corona, sometimes referred to as the hot
corona. Though the exact geometry, size, and location of the
corona remain unknown, the hot corona is believed to be situated
above the inner region of the accretion disk and is responsible for
reprocessing the UV photons from the accretion disk to X-ray
energies by the inverse Compton process. There is a possible
feedback mechanism between various outflows and the accretion
disk, where the hot corona also plays an important role. The
accretion disk is believed to power the jets in many AGN. The
interplay of physical processes underlying these salient features of
AGN gives rise to myriad observable emission features.

AGN have long been considered as production sites of
astrophysical neutrinos (see, e.g., F. W. Stecker et al. 1991;
K. Mannheim 1995; F. Halzen & E. Zas 1997). This hypothesis is
supported by the detection of a high-energy neutrino in 2017 by
IceCube in spatial and temporal coincidence with the blazar TXS
0506+056, in a flaring state (M. G. Aartsen et al. 2018a), and the
evidence of neutrinos from the active galaxy NGC 1068
(M. G. Aartsen et al. 2018b; R. Abbasi et al. 2022g). Neutrino
emission models suggest that high-energy neutrinos produced in
AGN by the decay of charged pions are accompanied by a high-
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energy gamma-ray flux arising from the decay of neutral pions
(see, e.g., S. Gao et al. 2017; A. Keivani et al. 2018; K. Murase &
F. W. Stecker 2022). These models propose that regions within
AGN, such as the corona and jet, which are rich in photons and
matter as indicated by electromagnetic signatures, are possible sites
of neutrino production. Previous studies have searched for neutrino
emission from gamma-ray-bright blazars (see, e.g., M. G. Aartsen
et al. 2017a; M. Huber 2019) and concluded that this source class
contributes only a small fraction toward the total flux of
astrophysical neutrinos observed by IceCube. The lack of a simple
association between gamma-ray AGN and neutrinos motivated
reevaluations and new implementations of models (see, e.g., S. Gao
et al. 2019; M. Petropoulou et al. 2020; P. Padovani 2023) where
neutrinos escape the AGN environment but gamma rays interact
with matter or photon fields surrounding the active core and
cascade down to MeV gamma rays or hard X-rays. These
predictions led to searches for neutrino emission from sources
detected in lower-energy bands, which found background-
compatible results (see, e.g., R. Abbasi et al. 2022h, 2022i).

In this study, we search for a possible correlation between
high-energy neutrinos and AGN detected in hard X-rays. We
use the Swift-BAT AGN Spectroscopic Survey (BASS;
M. Koss et al. 2017), which is the most complete all-sky
catalog of hard X-ray AGN detected in the 14-195 keV range,
and we perform two different analyses as detailed in
Sections 3.1 and 3.2.”"

2. Data Set and Hard X-Ray Sources
2.1. The Neutrino Data Set

The IceCube Neutrino Observatory is situated at the
Amundsen—Scott South Pole Station, encompassing a cubic
kilometer of ice (M. G. Aartsen et al. 2017b) that acts as the
detection medium. Neutrino interactions produce secondary
charged particles that move at relativistic speeds, emitting
Cherenkov radiation. IceCube detects this radiation using 5160
digital optical modules deployed on 86 cables known as
“strings” at depths between 1450 m and 2450 m from the
surface forming a three-dimensional array (M. G. Aartsen et al.
2017c¢). The events detected by IceCube are classified based on
their optical signatures. The ~kilometer-long track-like events
are produced by charged-current (CC) interactions of muon
neutrinos (M. G. Aartsen et al. 2013). The roughly spherical
cascade events are produced by all other CC interactions and
neutral current (NC) interactions (M. G. Aartsen et al. 2020a).
The background for the astrophysical neutrino flux is
dominated by the atmospheric muons and neutrinos produced
in cosmic-ray air showers (M. G. Aartsen et al. 2016).

We used IceCube data recorded from 2008 to 2020 for the
analyses discussed in this paper. The data set has the same
selection criteria as in M. G. Aartsen et al. (2020c) applied to
an additional two years of data. The detector operated with
partial configurations of 40, 59, and 79 strings from 2008 to
2011 and with the full 86 string configuration from 2011
onward (see Table 3). The sample covers the entire sky and is
largely made of through-going muon tracks (M. G. Aartsen
et al. 2020c). The data set was chosen due to the tracks having
a better angular resolution compared to other event morphol-
ogies, with a median <1° above 1 TeV (M. G. Aartsen et al.
2017b; R. Abbasi et al. 2021b). See M. G. Aartsen et al.

! Swift- BAT AGN Spectroscopic Survey

Abbasi et al.

(2020c¢) for more information about the selection criteria and
the reconstruction methods for direction and energy.

2.2. Hard X-Ray Sources

The BASS catalog (M. Koss et al. 2017; C. Ricci et al. 2017)
used in this study contains AGN selected from sources in the
70 month Swift-BAT hard X-ray survey (W. H. Baumgartner
et al. 2013). As the most complete hard X-ray AGN catalog,
this provides an opportunity to perform a sensitive study of the
potential contribution of hard X-ray AGN to the neutrino flux.
Only six of the 838 sources do not have redshift estimates.
Most are nearby, with a median of 0.04. We used the updated
source class and redshift values from the BASS DR-2 catalog
(M. J. Koss et al. 2022a, 2022b).

Gas and dust surrounding AGN can act as targets for hadronic
interactions. The amount of material, therefore, may impact
neutrino production and is quantified by the column density (Ny)
of neutral hydrogen along the line of sight. Due to their high
penetrating power, hard X-rays are well suited to probe the
obscured AGN core. Only two of the 838 sources do not have
column density estimates. Since we have used column density,
Ny, to classify the sources in the first analysis (see Section 3.1),
the two sources without the parameter measured were excluded.

3. Analysis

We perform two analyses: a stacked search and an individual
source search, described in Sections 3.1 and 3.2, respectively.
The analyses in this paper are time-integrated searches
performed using an unbinned likelihood ratio method that
tests how well a hypothesis representing a combination of the
signal and the diffuse background describes the data, as
compared to a null hypothesis representing only the back-
ground (A. Achterberg et al. 2006; J. Braun et al. 2008). We
assume a point source emits neutrinos following a power-law
energy spectrum, with the neutrino flux per flavor given by
%, +l_,ﬂ(E,,) = ¢, - (E,/Ep)™", where E, is the normalization
energy, ¢q is the normalization flux, E,, is the neutrino energy,
and v is the spectral index. The likelihood function is defined as
follows for a single point source (M. G. Aartsen et al. 2019a):

Ling, ) =TT} (%Sitxi, 03 Eis 1)
+ (1= %)Bisi B), (1)

where n, is the number of signal neutrinos. S;, the signal
probability density functions (PDFs), have spatial and energy
components where x;, E;, and o; are the reconstructed direction,
energy, and estimated directional uncertainty of each candidate
neutrino event in the data set, respectively. The spatial part of
B;, the background PDF, depends only on decl. because the
distribution of events in R.A. is uniform over long timescales
for IceCube. The signal PDF is constructed using Monte Carlo
simulated events and the background PDF using data
randomized in R.A. The number of signal events n; and the
power-law index < are determined by maximizing the
likelihood £, which yields best-fit parameter values 7i; and 4.

3.1. The Stacked Search

A stacking analysis evaluates the cumulative neutrino signal
from a given population of sources. In this method, the signal
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from all sources is summed to increase the sensitivity and
possibility of detection. The likelihood function used in this
analysis is similar to Equation (1) but with a stacked signal
PDF where each source term contains two types of weights:

l. w is a theoretical weight, which is a chosen observed
physical property hypothesized to be proportional to the
neutrino flux. In this analysis, we use the intrinsic X-ray flux
(see Appendix A.2) in the 14-195 keV range for each source
as a weight. The values are provided in the BASS catalog.

2. R(6, ) is a detector weight, which is the sensitivity of
the IceCube detector for a source at a decl. 6 with a
spectral index .

The stacked signal PDF for the ith neutrino event, where
ief{l,2,...N}, ke {l,2,..., M}, xg is the position of the kth
source, and M is the number of sources, is

Si,Stacked
_ S W R ) - Siee, xs,, 0 Eiy )
Sl WkR (61, )

For this analysis, we divide our catalog using two different
criteria: AGN type and column density. We divide the catalog into
blazar and nonblazar AGN according to the first criterion.
Subdividing the catalog by the column density (Ny) results in
three samg)les: unobscured AGN (Ny < 102 cm ™), obscured
AGN (10 em 2 < Ny < 10% cm_z), and Compton-thick (CT)
AGN (Vg > 10* cmfz). Enough absorbing matter surrounds CT
sources, resulting in a large optical depth for Compton scattering.
We also test an unphysical hypothesis of equal neutrino emission
from all AGN as an unbiased basis for comparison with other
tests. In effect, we test a total of seven hypotheses. The first six
use flux weights for each of the following AGN classes: (i) all 836
AGN, (ii) 104 blazars, (iii) 732 nonblazars, (iv) 457 unobscured
AGN, (v) 323 obscured AGN, and (vi) 56 CT AGN, while the last
(vii) uses equal weights for all 836 AGN.

Any flux measurement (or flux upper limit) derived from the
stacking analysis applies solely to the selected AGN of a given
class that forms a subset of the entire source population in the
Universe. Many AGN fall below the instrument's detection
threshold, due to large distance, low intrinsic luminosity, or
high obscuration. To consider all the undetected sources, we
scale the fluxes by a catalog completeness factor. In evaluating
the contribution from the entire source population in the
Universe, we integrate over luminosity functions for each
source class (blazars from L. Marcotulli et al. 2022 and
nonblazar AGN from Y. Ueda et al. 2014) and assume the
neutrino flux is proportional to the intrinsic X-ray flux. See
Appendix A.4.1 for the details of this method and the estimated
catalog completeness factors for each AGN class.

@)

3.2. The Individual Source Search

In this analysis, we study sources that are most likely to be
individually detected by IceCube. We hypothesize that neutrino
emission is proportional to the intrinsic hard X-ray flux in the
14-195 keV range. The strong decl. dependence of the IceCube
sensitivity to neutrino point sources implies that some sources have
a higher likelihood of being detected because of their sky location.

To select the sources to be probed individually, we define a
“figure of merit” (FOM) as the ratio of the intrinsic hard X-ray
flux in the 14-195 keV range to the neutrino flux sensitivity at
the source decl. and rank all AGN in our catalog according to

Abbasi et al.

this value. Since a power-law energy spectrum with spectral
index y = 2.5 approximately describes the astrophysical diffuse
flux, we considered the same for the neutrino flux from each
source. Starting from the source with the highest value of
FOM, we select all the sources that have up to a factor of 10
lower FOM than the top source (see Appendix A.5). The 43
AGN thus selected from the BASS catalog used to perform the
second analysis are listed in Table 5. Most of these selected
sources are in the Northern Hemisphere, since IceCube has
better sensitivity in the north as compared to the southern sky.

Using the method described in Section 3, we find the best-fit
values of ny and +y for each source. NGC 1068 is present in the
list used for this analysis. Since a previous IceCube study
(R. Abbasi et al. 2022g) has identified evidence for neutrino
emission at a significance of 4.20, we do not report a posttrial
significance for it.

4. Results

Stacking analysis. We tested seven hypotheses: first, by using
the entire AGN sample and five subsamples with flux weights,
and second, by all AGN using equal weights. For each hypothesis,
we computed pretrial p-value (pioq). Since we test multiple
hypotheses by performing several statistical tests and using
samples having considerable overlaps, the pjo.; for the most
significant test is corrected using a trial factor (see
Appendix A.4.2). For the analysis performed using all 836
AGN with equal weights, the best-fit number of neutrinos is zero
and pjoca 18 1.0. The hypothesis showing the highest statistical
significance is an obscured AGN (102 cm ™2 < Ny < 10**cm™?)
at a posttrial significance of 2.10.

Since there is no significant evidence of neutrino emission, we
derive 90% confidence level (CL) flux upper limits per flavor for
power-law spectra with three different spectral indices: E
E 23 and E 20 (see Table 1). For spectral indices of v = 3.0, 2.5,
and 2.0, the analyses with all AGN are most sensitive in the
energy ranges 0.5 TeV to 0.1 PeV, 2.5 TeV to 1.1 PeV, and 6 TeV
to 10 PeV, respectively (see Figures 1 and 7). We used these
energy ranges for all AGN samples, since they are expected to be
comparable (see Appendix A.4.3). The fluxes are scaled by the
catalog completeness factor to take into account all unresolved
sources (see Appendix A.4.1).

We constrain the maximum contribution from all hard X-ray
blazars to the astrophysical diffuse flux in R. Abbasi et al. (2022b)
to be less than 7%. This is evaluated using the flux upper limits
obtained for blazars considering a power-law spectrum of £ at
100 TeV and corrected for catalog completeness. Notably, the
completeness factor for the blazars has large uncertainties as given
in Table 4. Previously, another IceCube result (M. G. Aartsen
et al. 2017a) constrained the contribution from Fermi-2LLAC
blazars to be 27%. There exists only a small overlap between the
blazars in this analysis and the previous study. They indepen-
dently conclude that blazars emit a small fraction of neutrinos.
The flux upper limits obtained for all AGN or nonblazar AGN,
considering a power-law spectrum with an index v = 3.0 at an
energy ~30TeV, are comparable to the diffuse flux. Thus, we
cannot exclude the possibility that a major fraction of the diffuse
flux can be attributed to these source classes.

Individual source search. From the list of 43 sources, the two
sources with pretrial significance >30 are Seyfert galaxies
NGC 1068 and NGC 4151, and their results are listed in Table 2.
NGC 1068 is found at a flux and spectral index consistent with
previous results (R. Abbasi et al. 2022g). Since it was observed
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Figure 1. The 90% CL flux upper limit for (left) all AGN in the catalog, blazars, and nonblazars, and (right) for unobscured, obscured, and Compton-thick sources.
Flux upper limits are shown here for a spectral index of 3.0, since most samples result in a best-fit value of ~3. These flux upper limits are displayed within the most
relevant energy range for the analysis and are scaled using the catalog completeness factor described in Appendix A.4.1. For reference, the plot shows the all-sky
diffuse flux from muon tracks (light blue dotted line; R. Abbasi et al. 2022b) and from cascades (purple; M. G. Aartsen et al. 2019b).
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Figure 2. Left: 68% CL contour lines for NGC 1068 (blue) and NGC 4151 (black), along with the best-fit values (crosses) of flux normalization and spectral index.
Right: flux as a function of energy from NGC 1068 (black) and NGC 4151 (orange), obtained from the current analysis. We compare them to the all-sky total
astrophysical neutrino flux showing 9.5 yr of northern tracks data (R. Abbasi et al. 2022b) and six years of cascade data (M. G. Aartsen et al. 2020a). The all-sky
fluxes shown in the plot are calculated by integrating the measured quantities from R. Abbasi et al. (2022b) and from M. G. Aartsen et al. (2020a) over 4. Lines are
shown for the best-fit values, and the shaded region represents the 68% CL region, which represents the statistical uncertainties. The systematic uncertainties are
subdominant for this analysis. The energy range corresponds to the majority of the contribution toward the neutrino excess: we found the central 68% of the
contribution to the test statistic to be from neutrinos with energies of 0.7 TeV-15 TeV for NGC 1068 and 4.3 TeV-65.2 TeV for NGC 4151.

Table 1
Summary of Results from the Stacked Search
Sample No. of Sources Ay ot Plocal Do0% D90% $90%
(Significance) (y =2.0) (y=12.5) (y = 3.0)
All AGN 836 161 2.89 0.01 (2.20) 0.68 8.97 39.25
Blazars 104 10 2.04 0.14 (1.10) 0.16 1.83 7.38
Nonblazars 732 180 3.02 0.01 (2.40) 0.75 9.89 41.94
Compton-thick 56 45 3.14 0.12 (1.20) 0.30 3.63 14.40
Obscured 323 148 291 0.003 (2.70) 0.57 6.85 27.06
Unobscured 457 0 0 1.00 (0.00) 0.24 3.02 13.85

Note. Flux upper limit normalized at 1 TeV is in units of 10~"' TeV ' cm™?s~'. These upper limits are scaled by respective completeness factors and shown for
different energies in Figure 1. The best-fit number of neutrinos, 7, is the sum over all sources in the sample.
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Figure 3. Top row: high-resolution scan of the sky around the region of the two most significant source positions (a) NGC 1068 and (b) NGC 4151. For details of the
method used to obtain the scans, see R. Abbasi et al. (2022g). The white cross shows the best-fit position, and the red star shows the source position cataloged in
BASS. The solid and dashed contours show the 68% and 95% CL regions around the sources, respectively. Bottom row: number of events as a function of the square
of the angular distances from the source for (c) NGC 1068 and (d) NGC 4151. The best-fit astrophysical neutrino signal, the background, and their sum are shown in
purple, orange, and gray, respectively. They are obtained using Monte Carlo simulations. The neutrino event data points are shown in black with error bars.

Table 2
The Two Most Significant Sources from the Individual Source Search

Name

1TeV

Type s 4 Vit Plocal posttrial p-value
(TevV ™! cm 2 sh (Significance) (Significance)
NGC 1068 Compton-thick Seyfert 81.7 3.10 7538 4.02 1138 x 1071 127 x 107 (4.70)
NGC 4151 Obscured Seyfert 49.8 2.83 103 1.51 5937 x 1071 3.99 x 107° (3.90) 1.67 x 107 (2.90)

with a high significance, we exclude it from the estimation of the
posttrial p-value, evaluated as 1 — (1 — Procal) s Where N is the
number of sources. NGC 4151, the source with the highest FOM
among the 43 AGN used for the individual source search, is found
to have a posttrial p-value of 1.67 X 10~ (2.90). An excess of
neutrinos was previously reported from a direction (~0.18° angular
deviation) compatible with that of NGC 4151 in R. Abbasi et al.
(2022g).

While we do not reject the background hypothesis at >3c
significance, we can consider the excess to be astrophysical in
origin and derive a best-fit flux normalization. Figure 2 (left)
shows the best-fit values and 68% CL contours from a likelihood
scan using Wilk's theorem. The contours are evaluated at 5 TeV,
where the correlation between fit parameters is minimal. The
power-law spectra and uncertainties are shown in Figure 2 (right).

The uncertainties are primarily statistical and the systematic
uncertainties are subdominant, as evident from the estimates
found in multiple searches of neutrino sources, e.g., M. G. Aartsen
et al. (2014b, 2017b).

We scan the region around the most significant sources as
shown in Figure 3 (top). It shows the offset of the best-fit
positions as a result of the analysis from the cataloged
coordinates of the sources. The known source position lies
within the 68% contour line for both sources. See Figure 3
(bottom) for the distribution of the neutrino events with
increasing angular distance from the sources.

5. Discussion

The most significant neutrino sources observed are two Seyfert
galaxies, NGC 1068 and NGC4151. However, the stacking
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analysis of nonblazar AGN (731 of 732 nonblazar AGN are
Seyfert galaxies) shows no significant emission. It should be noted
that we have not tested the predictions of any specific model while
performing the stacking analyses. The apparent disagreement
indicates that the potential neutrino emission is not directly
proportional to the hard X-ray flux. The stacking analysis
considering only blazars, a class of jetted AGN, also did not
show any significant emission. This is consistent with the previous
neutrino searches that have not found a significant correlation
between blazars and neutrinos detected by IceCube. Several
models suggest that the neutrino fluxes from blazars possibly peak
around 100 PeV, where their fluxes are too small to be detected by
IceCube (X. Rodrigues et al. 2024).

NGC 1068 and NGC4151 are two nearby AGN, with
photometric distances 11.14 £ 0.54 Mpc, 14.20 £ 0.88 Mpc
(N. A. Tikhonov & O. A. Galazutdinova 2021), that are obscured
Ny = 10*% em™2, 10727 cmfz) and bright in X-rays
(flux =2.06 x 10" Cergem 257!, 526 x 107 Cergem 2s71).
They have similar SMBH masses, 1.3 x 10’ M., (J.-M. Wang
et al. 2020) and 1.66 x 10’ M. M. C. Bentz et al. 2022).
However, while NGC 1068 is a starburst galaxy, NGC 4151
shows little evidence of star formation (C. G. Mundell et al. 1999).
Both sources show evidence of jet—disk interaction (D. R. A. Will-
iams et al. 2020; G. Venturi et al. 2021). The relativistic jets and
the accretion disk are the two most promising sites for efficient
particle acceleration, which is essential for neutrino production.

Acceleration mechanisms describing neutrino production
predict a comparable flux of gamma rays and neutrinos. However,
NGC 1068 is “hidden” in gamma rays, as the neutrino flux
exceeds the gamma-ray flux (see Figure 9). NGC 4151 is also an
obscured source, with the core surrounded by heavy amounts of
dust and gas, and it has not been detected in gamma rays. It has
been suggested that the interaction sites of the cosmic rays within
these AGN are close enough to the core that the photon density is
sufficiently high and the gamma rays on the order of GeV-energy
cannot escape. For details of the modeling of similar sources, see
K. Murase (2022), C. Blanco et al. (2023), A. Das et al. (2024),
and K. Murase et al. (2024).

Neutrino emission from these sources was also tested in a
complementary analysis of Seyfert galaxies (R. Abbasi et al.
2024). The two analyses overlap in the sources examined.
Nevertheless, the hypotheses tested, the neutrino data set, and
the analysis techniques are different. The complementary
analysis tests specific models of emission (A. Kheirandish
et al. 2021) using a data set restricted to the northern sky. The
conclusions from the two studies are consistent.

After the present work was unblinded, and while the
manuscript was in preparation, the results of A. Neronov
et al. (2024) were shared with us and subsequently published.
In that work, the authors find a ~30 neutrino signal from a
population of Seyfert galaxies. The population of Seyferts they
considered includes NGC 4151 and NGC 3079, the second-
and third-most significant neutrino sources observed in the
second analysis of this work (see Table 5).

The best-fit spectra found for the two sources are ~E > and
softer than the diffuse astrophysical flux obtained by IceCube
studies (M. G. Aartsen et al. 2019b; R. Abbasi et al. 2022b). To
resolve this discrepancy, we require either a dominant source
population with a harder spectrum or a class of similar sources
with some emitting at higher energies than the observed ones.
Considering NGC 1068 and NGC4151 as two sources
representative of a class of neutrino emitters, we find that they
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contribute ~1% of neutrinos to the diffuse flux but only ~0.1%
to the total hard X-ray flux at a spectral index v = 3.0. For the
neutrino flux, we chose 15 TeV to evaluate the flux, since this
is within the sensitive energy range of both sources and the
diffuse flux. We also assumed a direct relation between the
hard X-ray and neutrino flux and corrected for catalog
completeness. This suggests underlying physical parameters
besides hard X-ray flux may determine neutrino emission
despite the limitations of considering a sample of only two
nearby AGN. The intrinsic fluxes from obscured sources,
especially CT AGN, have high uncertainties, as it is
challenging to observe the emission from the core. In
conclusion, growing evidence points to Seyfert galaxies as
neutrino emitters. Better X-ray flux measurements of AGN
especially for CT AGN may prove important to the discovery
of high-energy neutrino sources.
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Appendix

A.l. Neutrino Data Set

Table 3 shows the different configurations in which the
IceCube detector operated, the livetime in days, and the number
of events for each detector configuration. For the incomplete
detector configurations with 40, 59, and 79 strings, the detector
operated for about a year collecting data. With the complete
configuration of 86 strings, there are various data-taking
periods also about a year in length, each of which is called a
“season.” The table includes the breakdown of the IC 86
configuration into different seasons with the livetime and the
number of events in each season.

Table 3
Details of the Neutrino Data Set Used for the Analysis

Configuration Livetime No. of Events
(days)

IC 40 2008 Apr 6-2009 May 20 (376.4) 36,900
IC 59 2009 May 20-2010 May 31 (353.6) 107,011
IC79 2010 Jun 1-2011 May 13 (316.0) 93,133
IC 86, 2011 2011 May 13-2012 May 15 (340.1) 119,169
IC 86, 2012 2012 Apr 26-2013 May 2 (327.7) 116,715
IC 86, 2013 2013 Apr 18-2014 May 5 (355.6) 126,337
IC 86, 2014 2014 Apr 10-2015 May 18 (365.5) 129,823
IC 86, 2015 2015 Apr 24-2016 May 20 (365.3) 130,434
IC 86, 2016 2016 May 20-2017 May 18 (357.2) 126,438
IC 86, 2017 2017 May 18-2018 Jul 10 (405.6) 145,602
IC 86, 2018 2018 Jun 19-2019 Jul 17 (362.5) 129,230
IC 86, 2019 2019 Jun 28-2020 May 29 (304.7) 109,616
IC 86, all 2011 May 13-2020 May 29 (3184.2) 1,133,364

Note. The start date of some configurations is earlier than the end date of the
previous season. This is because these dates denote the start date of test runs of
the new processing, and the data-taking begins once the previous run ends.
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A.2. Hard X-Ray Sources

The intrinsic X-ray flux is the observed flux after correcting for
absorption and performing k-correction, i.e., shifting the flux such
that it is in the 14-195keV range in the source frame. The
absorption arises mainly from photoelectric absorption and
Compton scattering, which are both taken into account. The
intrinsic X-ray flux and other parameters have been estimated in
BASS using X-ray spectral analysis. Many models were tested by
the authors, to find the one that is most appropriate for each
source. Different models are used for the analysis of blazars and
nonblazar AGN (P. Magdziarz & A. A. Zdziarski 1995). The
authors computed the flux in the energy range 14-195keV by
extrapolating the fluxes in the 14-150 keV energy range, because
the Swift-BAT detector response for the highest-energy range,
150-195keV, is poor, with a signal-to-noise ratio ~100-1000
times lower than those of other energy bands.

To evaluate the column density, the authors of the BASS
catalog first used a simple power-law spectrum to fit the
observations and then increased the number of free parameters
as and when required. From the spectral analysis, if a source
resulted in column density, Ny > 10%4 cm_z, it is analyzed
using a spheroidal torus model from M. Brightman &
K. Nandra (2011) and classified as CT in the BASS catalog
(C. Ricci et al. 2015).

In Figure 4 (left), we show the positions of the hard X-ray
AGN from the BASS catalog. In Figure 4 (right), we can see from
the y-axis that the sources in the catalog have a wide range of
luminosity spanning around seven orders of magnitude. The most
distant sources observed are around z ~ 3 and are also the most
Iuminous, and as the distance increases, the AGN detected are
more likely to be blazars with a higher luminosity and also
detected in gamma rays. There are fewer nonblazar AGN
observed at higher redshift in comparison, since the dust and
gas in the torus prevent any light from the core from being visible
at very large distances. However, for the blazars, their orientation
makes the powerful jets point toward us, and due to relativistic
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Figure 4. Left: sky map in equatorial coordinates that shows all the hard X-ray AGN in the catalog used to perform the analyses in this study. The color scheme of the
sources shows the hard X-ray intrinsic flux (in the 14-195 keV energy range). The black dashed line represents the Galactic plane, and the star on the lower left
represents the Galactic center. Right: the distribution of the hard X-ray sources in the parameter space of luminosity as a function of redshift. The color of each data
point represents the column density of the sources. The sources are shown using different markers that correspond to the type of AGN, and the circled sources
represent the AGN that have been detected in gamma rays and are found in the Fermi 4-FGL catalog (S. Abdollahi et al. 2020). The Galactic blazar is defined as a
blazar with an additional component from the galaxy (M. J. Koss et al. 2022a).
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beaming, the emission from the jet is boosted, making them
visible at a far greater distance. The jet is also able to penetrate any
gas or dust it encounters, even though the obscuration arises
mostly from the torus whose axis aligns with the jet—and hence
does not block any light from it.

A.3. Hypothesis Testing

The statistical method followed to perform the two analyses
is a hypothesis test. We evaluate the test statistic (TS) using the
likelihood function given in Equation (1) and defined as
follows, with a larger TS indicating that the data favor the
signal hypothesis more than a lower TS:

L(n, = 0) )
,C(I’ls = iy, Y=

The pretrial p-value, pj.,1, i defined as the survival probability
of the observed TS value compared to a distribution of TS values
computed by generating background-only pseudo-experiments.
The background PDF is obtained by scrambling only the R.A. of
neutrino events to preserve the decl. distribution of the events.
Each scrambling realization is a trial. We plot the TS values of
these trials to obtain the background PDF. We then fit a X}z/
distribution plus a delta function at TS =0 to our histogram. To
compute a p-value associated with a certain TS, we find the
background-only TS distribution by performing repeated searches
on events with randomized R.A. values. p-values are then
converted to one-sided statistical significance.

18 = 210g( (A1)

AA4. Stacked Search Methods and Additional Results
A4.1. Catalog Completeness Correction

To calculate the catalog completeness factor, we compute the
fraction of the neutrino flux expected from the entire source
population due to the sources contained in the catalog.

In the analysis, we hypothesize

dN, -
= o Py, (A2)
dE,
where ®¥ is the neutrino differential energy spectrum and
Fyl,y is the intrinsic X-ray flux.

Most of the sources in the BASS catalog are at relatively low
redshift (Zmean =0.16), but for the most distant AGN,
cosmological redshift plays a significant role in the observed
neutrino flux. The flux is corrected for absorption and k-
corrected. We measure the neutrino flux at a specific energy of
1 TeV and need to correct it to evaluate the intrinsic neutrino
flux at the source. The observed neutrino differential energy
spectrum is assumed to follow a power law given by

d[\]’/ obs B d[\]”source

dE, dE,

The values for §“§ay and redshift z are available in the BASS
catalog. Finally, by integrating the luminosity function of the
source class (from L. Marcotulli et al. 2022 for blazars and
from Y. Ueda et al. 2014 for nonblazar AGN), we obtain the
contribution from the entire source population. The catalog
completeness correction factor, or completeness factor for
short, derived for each source class and spectral index are
reported in Table 4. The neutrino flux upper limits obtained
from the stacked search for various spectral indices are divided
by these values.

(142)77 o< FRly(14+2) 7. (A3)
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Table 4
Fractions Showing the Completeness Factors of the Source Populations
Completeness ~ Completeness Completeness
Category Fraction Fraction Fraction
7=20E>) 4=25E>) ~7=30E">9
All AGN 2.42 20%% 3.17 *572% 4.01 *02%
Nonblazar AGN 231 989 3.04 05% 3.86 “9%%
Blazars 11.52 7458%  14.58 #5389 17.97 *871%
Unobscured 5.05 g 6.49 *132% 8.06 H1 %%
Obscured 2.26 *335% 2.98 *01l% 3.78 *530%

Compton-thick 1.52 8% 2.03 *939% 2.59 *3%%

We need the sum of the neutrino signal expectation from
both the sources being tested and from the entire source class
population in the observable Universe. To calculate the
completeness factor, we define a quantity S(y) using
Equation (A3), where S(v) = Fi" ray(1 + z)™7 and is propor-
tional to the neutrino signal expectatlon To find S(7)iorar> the
sum of S(v) from the entire source class population, we use

S (’Y)total = f L/(’)”"““ f ml:lax

dv
S(L, z, L,
x S(L, z, ) ¢( z)ddQ

dLdzdS, (A4)

v the

comoving volume per unit redshift and solid angle. To compute
this integral, we need an accurate luminosity function that
captures the source density through all relevant luminosities
and redshifts.

For the nonblazar AGN and their column density subclasses,
we use the best-fit luminosity function from Y. Ueda et al.
(2014). For their fit, those authors used X-ray surveys from
multiple instruments that covered a combined energy range of
0.5-195keV. The luminosity function is presented in the
2-10keV range, so we use their spectral template of a cutoff
power law to convert it to the 14-195keV range. Since the
luminosity function is in terms of intrinsic and k-corrected
luminosity, no other adjustments need to be made.

For the blazar AGN, we use the best-fit luminosity function
from L. Marcotulli et al. (2022). They tested multiple models,
so we used the model that has the lowest Akaike information
criterion. Those authors gave the luminosity function in terms
of intrinsic and k-corrected luminosity, so no adjustments need
to be made.

When integrating these luminosity functions we use the same
minimum and maximum luminosities as those authors:
Lin = 102 ergs ' and Ly, = 10¥ergs™' for the blazars
and Ly, = 10%ergs ' and Ly = 107ergs™' for the
nonblazars. We use the same maximum redshift of z,,x = 6 for
both classes.

To calculate S(7)w for the different classes of column
density, we use the nonblazar luminosity function separated
into its contributions from each class. We also need the blazar
contribution for each class, but the blazar luminosity function is
not a function of column density. Most blazars have low
column densities, as the jet is not traveling through the
obscuring torus, so we add the blazar luminosity function to the
unobscured nonblazar AGN luminosity function to calculate
the unobscured S(7V)m. Some BASS blazars fall into the
obscured class (12% of total BASS blazars), either through

where ¢(L, z) is the luminosity function and
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Figure 5. Plotted here are the inverse cumulative distributions of S(y) for
v = 2, for both the entire population and the BASS sources. The distributions
for both all AGN and just blazars are plotted. The catalog completeness fraction
is also listed along with an arrow illustrating the difference between the
numerator and denominator in the fraction. At the highest fluxes, there is an
overfluctuation of bright sources, which results in a higher value for sources in
the catalog as compared to the total flux from all possible sources. Since the
plot shows the cumulative distribution, this effect is not seen at the lower
fluxes.

truly having that much obscuring material or through poor
model fits. To account for this, we add 0.12 times the blazar
luminosity function to the obscured nonblazar luminosity
function to calculate the obscured S(7),o1- The fractional blazar
contributions to each class are rough estimates, but the blazar
total flux is subdominant to the nonblazar AGN flux by ~2
orders of magnitude, so little difference is made by changing
these fractional contributions.

In Figure 5, we have plotted the inverse cumulative S(v) for
v =12, as a function of S(v). The arrows in the figure show the
difference between Sy, for just the sources in the catalog and
the entire source class. The ratio of these two values gives our
catalog completeness fraction. Figure 5 outlines this for all
AGN, which is dominated by nonblazar AGN, and for blazars.
The curves for the BASS sources closely match the curves for
the entire population up until the sensitivity of the catalog is
reached.

To find the error of S(7)i, We use a bootstrapping method
along with the reported errors for each fit parameter from both
luminosity functions. We randomly sample the parameters’ values
from their error PDFs, assuming they are Gaussian and
uncorrelated. They are most likely correlated, but we do not have
that information and the assumption of no correlation gives a
larger and more conservative error. Then, we calculate S(y);o for
many samples and find the 16th and 84th percentiles of the
distribution of S(y)w to determine the lo range of the
completeness factors. The errors are shown in Table 4 along
with the completeness factors for three different +’s.

A.4.2. Trial Factor Correction

We have tested seven different hypotheses in the stacking
analysis (see Section 3.1) using different subclasses of AGN
with a significant overlap in the source populations. To
evaluate the correlation between the different AGN samples
used to test each hypothesis, we performed a large number of
trials, O(10°), since a simple analytical function as was used
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Figure 6. The cumulative distribution function of the minimum of the p-values
from each AGN sample resulting from background trials, and the pretrial p-
values of the samples in the unblinded analysis. “All-flux” and “all-equal” refer
to the samples containing all 836 AGN tested using hard X-ray flux as weights
and equal weights, respectively.

previously for the individual source search is not sufficient in
this case. From each background trial, we computed the p-
values for each of the seven AGN samples and found the
minimum p-value. Figure 6 shows the distribution of the
minimum p-values. The corresponding value of pjo.q gives the
posttrial p-value. For the AGN samples tested, the pretrial p-
values and pretrial significances are reported in Table 1.

A.4.3. Energy Range Evaluation

As the sensitivity of the IceCube detector is not constant for
all neutrinos and varies with energy, we evaluate the energy
range most relevant to the analyses. We follow two methods for
the two analyses. This range reflects most of the neutrino
events that contribute to the TS.

Since we find flux upper limits in the stacking analysis and
the results do not show a high significance, we utilize pseudo-
signal events from Monte Carlo instead of experimental data to
determine the central 90% energy range. To evaluate the upper
bound of the energy range, we performed many trials by
injecting signals over the background, with a fixed value for the
lower-energy bound and varying the upper energy bound. Next,
we compute the sensitivity for each energy range and plot each
one a function of the energy. The lowest value of the higher-
bound energy for which the evaluated sensitivity is below 1.05
times the total sensitivity flux evaluated over an energy range
of zero to infinity gives us the most sensitive higher-bound
energy value. To evaluate the lower bound of the energy range,
we performed many trials by injecting signals over the
background with a fixed value of higher energy bound and
varying the lower-energy bound to find the sensitivity for each
energy range and plot them as a function of the energy. The
lowest value of the varying lower-bound energy for which the
evaluated sensitivity is above 1.05 times the total sensitivity
flux evaluated over an energy range of zero to infinity gives us
the most sensitive higher-bound energy value.

The most sensitive energy range is not expected to vary
significantly with the different AGN samples, but it will change
for different spectral indices. Therefore, we evaluate the energy
range using all AGN and use the values for the other samples as
well. The evaluated energy range where the analysis is most
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sensitive for 7 = 2.0 is 6 TeV-10PeV, that for v = 2.5 is
2.5 TeV-1.1PeV, and that for v = 3.0 is 0.5 TeV-0.1 PeV.

For the individual source search, the relevant energy ranges
were determined using the experimental data collected from
muon tracks over 12yr. The resultant fluxes for the two
sources, NGC 1068 and NGC 4151, were obtained assuming a
power-law spectrum. Even though these fluxes extend across
the entire energy range covered by the neutrino data set, the
most relevant energy range corresponds to that which
contributes 68% toward the TS obtained for each source.

In the case of NGC 1068, the energy range is 0.7-15 TeV.
This is slightly different from the value reported for NGC 1068
in R. Abbasi et al. (2022g), where the energy range is
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1.5-15TeV. This discrepancy is due to the different data sets
being used for the two analyses and their different effective
areas. While in this analysis, we used the Point Source Tracks
sample, which includes tracks from the whole sky (for details,
see M. G. Aartsen et al. 2020c), the previous analyses used the
Northern Tracks sample, which focuses on muon tracks from
the northern sky (for details, see M. G. Aartsen et al. 2019a).

A.4.4. Stacked Search: Additional Results

In addition to the flux upper limits evaluated for index
v = 3.0, we computed upper limits for indices v = 2.5 and
v = 2.0 as well. These flux upper limits are given in Table 1
and shown in Figure 7.
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Figure 7. Panels (a) and (c) show the 90% CL flux upper limits for all AGN, AGN subclasses of blazars, and nonblazars, and panels (b) and (d) show the upper limits
for the unobscured, obscured, and Compton-thick sources. The flux is for power-law spectra with a spectral index of 2.0 (top row) and 2.5 (bottom row). These flux
values are derived using the completeness correction described in Appendix A.4.1. For reference, the plot shows the all-sky diffuse flux from muon tracks (R. Abbasi
et al. 2022b) in light blue dotted lines and that from cascades (M. G. Aartsen et al. 2019b) in purple.
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A.5. Individual Source Search: Source Selection

To evaluate the “figure of merit” that formed the basis of the
selection of 43 sources to be analyzed more closely in the
individual source search in Section 3.2, we first computed the
neutrino flux sensitivity, defined as the required signal, in terms
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of flux or number of neutrinos, that yields a p-value smaller
than 0.5 in 90% of the trials, as a function of the decl. for
spectral index v = 2.5. The sensitivity allows the IceCube
detector to observe a source at different declinations and is
shown in Figure 8 (left). The list's final selection of 43 sources
and their distribution in the sky is shown in Figure 8 (right).

75°

210¢  2180° 150° 1200 / 90°

° “‘.‘ 270° , 240°
A ) 7 ® Ll

Galactic plane
+ Galactic center

-75° Equatorial Coordinates

Figure 8. Left: neutrino sensitivity flux (in blue) and the flux upper limits (in orange) at normalization energy 1 TeV and power-law spectral index v = 2.5 as a
function of the sine of decl. Right: sky map showing the 43 sources from which we search for the emission of neutrinos, individually. Most sources are in the Northern

Hemisphere, as seen in Figure 8 (right).

13



THE ASTROPHYSICAL JOURNAL, 981:131 (17pp), 2025 March 10 Abbeasi et al.

A.6. Individual Source Search: Additional Results

We calculated the pjocq for each of the sources, which is reported Other than the two sources found with the highest
in Table 5. For the two most significant sources, we show their significance, we derived the flux upper limits for each source
electromagnetic spectra observed by different telescopes overlaid at three different power-law indices: v=2.0, 2.5, and 3.0. See
with the neutrino spectrum obtained from this analysis in Figure 9. the flux upper limits in Table 5.

Table 5
Summary of Results from the Individual Source Search
Type Source « 6 A 4 Plocal X-Ray Flux gbo% gbs% gé’%
(deg) (deg)
Seyfert NGC 1068 40.67 —0.01 63.18 3.1 127 x 1076 206.0
NGC 4151 182.64 39.41 43.67 2.83 3.99 x 1077 525.7
NGC 3079 150.49 55.68 29.53 4.0 0.003 112.6 13.84 77.91 203.50
MCG 4-48-2 307.15 25.73 21.74 3.75 0.060 63.9 6.44 49.50 150.52
NGC 4992 197.27 11.63 17.41 2.86 0.086 66.8 4.89 46.79 166.27
3C 111 64.59 38.03 18.22 3.45 0.108 118.7 743 4591 127.20
NGC 1275 49.95 41.51 16.13 3.55 0.117 79.2 7.42 45.01 123.17
Q02414622 41.24 62.47 18.4 3.84 0.129 89.6 10.17 49.92 120.86
Cygnus A 299.87 40.73 1.84 1.38 0.141 137.9 5.98 30.95 114.64
NGC 1194 45.95 —-1.1 12.74 3.75 0.229 1145 2.69 35.22 144.95
NGC 5548 214.5 25.14 11.18 4.0 0.246 759 4.86 33.63 103.11
7164-19 221.4 27.03 8.43 4.0 0.252 250.1 4.74 33.90 102.57
IRAS 05589+2828 90.54 28.47 7.58 4.0 0.268 62.4 4.89 31.53 90.33
4C 50.55 321.16 50.97 6.41 3.41 0.329 217.3 5.56 29.49 79.88
Mrk 348 12.2 31.96 5.27 4.0 0.356 159.2 4.38 25.92 81.12
NGC 1142 43.8 —0.18 7.43 3.18 0.359 123.7 2.26 28.56 113.46
Mrk 417 162.38 22.96 1.72 2.44 0.407 50.0 3.46 25.03 106.33
NGC 4102 181.6 52.71 4.05 3.75 0.441 71.8 491 25.60 65.94
Mrk 1040 37.06 31.31 3.51 3.49 0.460 61.1 3.53 21.35 67.19
Mrk 110 141.3 52.29 0.41 1.43 0.466 57.1 4.79 24.10 64.50
3C 120 68.3 5.35 4.69 3.82 0.472 93.4 2.19 21.49 78.00
NGC 5252 204.57 4.54 0.73 2.24 0.493 106.3 2.01 22.24 84.06
NGC 7469 345.82 8.87 0.17 2.58 0.534 64.3 2.16 20.42 73.51
IRAS 05078+1626 77.69 16.5 0.0 0.0 1.0 923 2.90 22.94 71.02
Mrk 1210 121.02 5.11 0.0 0.0 1.0 61.5 1.96 20.87 85.90
NGC 2110 88.05 —7.46 0.0 0.0 1.0 317.5 3.51 75.21 608.59
NGC 7682 352.27 3.53 0.0 0.0 1.0 55.8 1.98 22.55 85.59
Ark 120 79.05 —0.15 0.0 0.0 1.0 68.0 1.80 22.15 91.29
3C 382 278.76 32.7 0.0 0.0 1.0 75.0 3.52 21.65 64.13
2MASX J20145928+-2523010 303.75 25.38 0.0 0.0 1.0 73.6 3.12 21.15 67.60
NGC 3516 166.7 72.57 0.0 0.0 1.0 113.9 8.01 36.84 93.62
NGC 6240 253.25 2.4 0.0 0.0 1.0 348.2 1.89 21.86 85.01
NGC 3227 155.88 19.87 0.0 0.0 1.0 106.6 2.90 21.62 69.19
NGC 5506 213.31 —3.21 0.0 0.0 1.0 234.7 1.87 23.38 94.73
UGC 3374 88.72 46.44 0.0 0.0 1.0 132.9 4.14 22.71 60.82
UGC 11910 331.76 10.23 0.0 0.0 1.0 60.8 2.34 21.63 79.23
NGC 4388 186.44 12.66 0.0 0.0 1.0 323.0 2.55 22.78 78.43
Mrk 3 93.9 71.04 0.0 0.0 1.0 279.4 7.98 37.09 94.26
LEDA 168563 73.02 49.55 0.0 0.0 1.0 58.7 4.28 22.35 62.87
3C 445 335.96 2.1 0.0 0.0 1.0 55.2 1.77 22.88 96.98
FSRQ 3C 4543 343.49 16.15 3.71 2.01 0.150 124.9 4.54 35.05 114.93
3C 273 187.28 2.05 3.51 2.20 0.230 434.7 2.88 33.35 133.67
BL Lac Mrk 421 166.11 38.21 0.0 0.0 1.0 182.9 3.86 22.84 61.88

Note. The table contains the results from the individual source search. It shows the sources, their type, their positions in equatorial coordinates (J2000), the best-fit
number of astrophysical neutrino events 7, the best-fit spectral index 9, the pretrial p-value, and the 90% CL flux upper limit per flavor for v = 2.0, 2.5, and 3.0 at a
normalization energy of 1 TeV given by c“ogg)%, zp‘ébs%, and QﬁgéJ% in units of 10~"* TeV~' cm ™% s, X-ray flux in the table is the intrinsic hard X-ray flux in the energy
range 14-195 keV and in units of 10 '? erg cm % s~ '. The source type is obtained from the BASS DR-2 catalog and differs from the 105 month BAT survey
classification for some sources; e.g., NGC 1275, Mrk 348, and 3C 120 are classified as blazars instead of Seyferts in the 105 month BAT survey.
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Figure 9. The spectral energy distribution of the electromagnetic (EM)
emissions from NGC 4151 and NGC 1068 and their neutrino spectra obtained
from this analysis. Electromagnetic data and upper limits are taken from
https://tools.ssdc.asi.it/SED/.
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