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Evidence for neutrino emission from the nearby
active galaxy NGC 1068

IceCube Collaboration*+

A supermassive black hole, obscured by cosmic dust, powers the nearby active galaxy NGC 1068. Neutrinos,
which rarely interact with matter, could provide information on the galaxy’s active core. We searched for
neutrino emission from astrophysical objects using data recorded with the IceCube neutrino detector between
2011 and 2020. The positions of 110 known gamma-ray sources were individually searched for neutrino
detections above atmospheric and cosmic backgrounds. We found that NGC 1068 has an excess of 79’_“2?J
neutrinos at tera—electron volt energies, with a global significance of 4.2¢, which we interpret as associated
with the active galaxy. The flux of high-energy neutrinos that we measured from NGC 1068 is more than an
order of magnitude higher than the upper limit on emissions of tera—electron volt gamma rays from this source.

bservations of high-energy cosmic rays

(protons and atomic nuclei from space),

up to 10* to 10%° eV (I-3), have demon-

strated that powerful cosmic particle

accelerators must exist, but their nature
and location remain unknown. Interstellar mag-
netic fields change the direction of charged
cosmic particles during their propagation to
Earth, concealing their sources. High-energy
photons and neutrinos are not deflected, so
they could be used to locate the cosmic accel-
erators. Both travel along straight paths and
are produced wherever cosmic rays interact
with ambient matter or light, in or near the
acceleration sites (4, 5). Depending on the en-
vironment in which these interactions occur,
gamma rays could rapidly lose energy through
several processes, including pair-production
in interactions with lower-energy photons.
Above tera-electron volt energies, gamma rays
are strongly absorbed over cosmological dis-
tances through interactions with the extragalac-
tic background light and the cosmic microwave
background (6). Neutrinos are not affected by
intergalactic absorption, so they could poten-
tially be used to probe tera-electron volt cos-
mic accelerators.

Active galaxies, those that host an active ga-
lactic nucleus (AGN) (7), are characterized by a
very bright central region powered by the ac-
cretion of material onto a supermassive black
hole (SMBH). The accretion flow of matter into
the SMBH is usually surrounded by an obscur-
ing, dusty torus, causing the observable char-
acteristics of an AGN to depend on the viewing
angle from Earth. For example, Seyfert II gal-
axies (8) are thought to be viewed edge on, with
the line of sight passing directly through the
obscuring torus (9). In some cases, the AGN
can launch a strong, narrow jet of accelerated
plasma. If such a jet is oriented close to the line
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of sight, the AGN is observed as a blazar (10).
AGNs are potential neutrino emitters (11, 12); if
a plasma jet is present, it might dominate the
emission (13, 14).

The IceCube Neutrino Observatory (15) is
based at the Amundsen-Scott South Pole Sta-
tion in Antarctica and has been operating since
2010. The observatory uses 1 km? of optically
transparent glacial ice as a detection medium
to measure Cherenkov light—ultraviolet and
blue photons emitted by charged secondary
particles traveling at a speed above the phase
velocity of light in the ice. These relativistic
(close to the speed of light) secondary particles
are produced when neutrinos interact with
nuclei in or near the instrument. A total of
5160 digital optical modules (DOMs) are in-
stalled on 86 vertical cables (strings), spaced
125 m apart to form a three-dimensional array
in the ice. Each DOM records the number of
induced photoelectrons (charges) as a func-
tion of time.

Declination

24h

The measured flux of astrophysical neutrinos
(16) is largely isotropic, equally distributed among
neutrino flavors, and can be described by a sin-
gle power-law energy distribution that extends
from ~10 TeV to peta-electron volt energies
(17, 18). A specific source of high-energy cosmic
neutrinos was reported after the spatial and
temporal coincidence of a high-energy IceCube
neutrino (79) with a gamma-ray flaring blazar,
TXS 0506+056 (20-22). TXS 0506+056 con-
tains a typical accretion disk and a dusty torus,
which emits high-energy radiation and, possi-
bly, cosmic rays (22). Neutrinos detected using
IceCube were correlated with a catalog of 110
known gamma-ray emitters, with a signifi-
cance of 3.3¢ (23). The individual sources that
made the largest contribution to the total sig-
nificance of that catalog were the active gal-
axy NGC 1068 and the blazars TXS 0506+056,
PKS 1424+240, and GB6 J1542+6129. The signif-
icance of the neutrino excess from the direc-
tion of NGC 1068 was reported as 2.9c, which
is insufficient to claim a detection (23).

Searching for point-like neutrino emission

We analyzed data collected with IceCube be-
tween 13 May 2011 and 29 May 2020. This period
begins with the installation of the full 86-string
detector configuration. Previous searches for
cosmic neutrino sources (23) included data
collected with the incomplete detector with
fewer strings going back to 2008 and the full
detector up to the spring of 2018. We only used
the full detector data because our methods de-
pend on uniformly processed data. The IceCube
dataset we used (24) has consistent selection
criteria (25). We reprocessed these data uni-
formly to remove data sample fragmentation,
align different data-taking conditions and cal-
ibrations, and improve event reconstructions
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Fig. 1. Sky map of the scan for point sources in the Northern Hemisphere. The color scale indicates the
logarithm of the local P value (Pi,ca) obtained from our maximum likelihood analysis, evaluated (with the
spectral index as a free parameter) at each location in the sky. The map is shown in equatorial coordinates on
a Hammer-Aitoff projection. The black circles indicate the three most significant objects in the source list
search, which are labeled. The circle around NGC 1068 contains the most significant location in the Northern
Hemisphere, shown in higher resolution in Fig. 2A.
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(26). We applied the directional track recon-
struction method SeLiNERECO (26, 27, 28) to all
events in our dataset (26). We incorporated ad-
ditional calibration information in the extrac-
tion of the charges at each DOM and in the
corresponding arrival times of Cherenkov pho-
tons. Compared with previous work (23), this
introduces small changes in the reconstructed
event energies and some reconstructed event
directions (26). To ensure a uniform detector
response, the DOMs of the DeepCore subarray,
intended to study $100-GeV neutrinos, were
excluded (25). Our resulting dataset, which
is optimized for track-like events induced
by muon (anti-)neutrinos |(;)|, has a total ex-
posure time of 3186 days.

We restricted our searches to the Northern
Hemisphere from declination § = -3° to 81°
where IceCube is most sensitive to astrophys-
ical sources. IceCube uses Earth as a passive
cosmic muon shield and as a target material
for neutrinos. Hence, by selecting only upward-
going events, we reduced the atmospheric muon
background, which contributes <0.3% to our
final event sample (25). Declinations higher
than 81° are excluded because low-energy
events from those directions are closely aligned
with the strings of IceCube, complicating our
distinction between the signal and background
(26). The resulting loss of sky coverage is <1%.

A total of ~670,000 neutrino-induced muon
tracks pass the final event selection criteria
(25). However, only a small fraction of these
events originate from neutrinos produced in
astrophysical sources. Most arise from the de-
cay of particles (specifically mesons) that are
produced in the interaction of cosmic rays
with nuclei in Earth’s atmosphere. To discrim-
inate neutrinos that originate from individual
astrophysical sources from the background of
atmospheric and diffuse astrophysical neutrinos,
we used a maximum-likelihood method and
likelihood ratio hypothesis testing, based on the
estimated energy, direction, and angular uncer-
tainty of each event (26). The median angular
resolution of each neutrino arrival direction,
composed of reconstruction uncertainty and
the kinematic angle between the parent neu-
trino and the muon, is 1.2° at 1 TeV, 0.4° at
100 TeV, and 0.3° at 1 PeV. We assume any
point source emits a neutrino flux @y, de-
scribed by a generalized power-law energy
spectrum, ®, iy, (Ey) = Po-(E, /Eo) 7", with
normalization energy Ey = 1 TeV, where E, is
the neutrino energy and the spectral index y
and the flux normalization ®, are free parame-
ters (26). This corresponds to two correlated
model parameters that we express as a pair
(Uns, 7), Where ¢ is the mean number of as-
trophysical neutrino events associated with a
given point in the sky. Using the energy- and
declination-dependent effective area of the de-
tector and assuming a spectral index v, u,s can
be directly converted to @, (26). Hence, the
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Table 1. Summary of final P values. For each of the three tests performed, we report the most

significant local and global P values.

Test type

Pretrial P value, Pyca
(local significance)

Posttrial P value, Py opal
(global significance)

Northern Hemisphere scan

5.0 x 108 (5.30)

2.2 x 1072 (2.00)

List of candidate sources, single test

10%107(5.20)

11%16°5(4.20)

List of candidate sources, binomial test

4.6 x107° (4.45)

34 x 107* (3.4o)
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Fig. 2. High-resolution scan around the most significant location. (A) High-resolution scan around the
most significant location marked by a white cross, with contours showing its 68% (solid) and 95% (dashed)
confidence regions. The red dot shows the position of NGC 1068, and the red circle is its angular size in
the optical wavelength (61). (B) The distribution of the squared angular distance, {, between NGC 1068 and
the reconstructed event directions. We estimated the background (orange) and the signal (blue) from
Monte Carlo simulations, assuming the best-fitting spectrum at the position of NGC 1068. The superposition
of both components is shown in gray and the data in black. This representation of the result ignores the

energy and angular uncertainty of the events.

tuple of u,s and y fully determines the flux of
muon neutrinos, @, 15, atany given energy.

We performed three different searches (26).
The first search consists of three discrete scans
of the Northern Hemisphere to identify the
location of the most statistically significant
excesses of high-energy neutrino events. These
scans use three different hypotheses for the
spectral index: y as a free parameter, y fixed to
2.0, and v fixed to 2.5. The other two searches
use a list of 110 preselected astronomical ob-
jects, all located in the Northern Hemisphere:
The second search is for the most significant
candidate neutrino source in the list, whereas
the third search consists of a binomial test to
evaluate the significance of observing an ex-
cess of k£ sources with local P values below or
equal to a chosen threshold, with % being an
index from 1 to 110. The binomial test is re-
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peated under the same three spectral index
hypotheses as the sky scan.

All analysis methods, including the selection
of the hypotheses to be tested, were formu-
lated a priori. The performance of each method
was evaluated using simulations and random-
ized experimental data (26). The local P values
are determined as the fraction of background-
only simulations that yield a test statistic greater
than (or equal to) the test statistic obtained
from the experimental data. The global P values
are determined from the smallest local P value
after correcting for testing multiple locations
(the look-elsewhere effect) (26). We use this
global value to assess the evidence that the
data provide against a background-only null
hypothesis (that the data consist purely of at-
mospheric background and isotropic cosmic
neutrinos).
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Fig. 3. Source parameters of NGC 1068. The best-fitting flux values are shown as the black cross, with
the solid and dashed contours representing the 68% and 95% confidence levels, respectively. These were
derived from Wilks" theorem—i.e., by using the log-likelihood ratio (color scale), —2A log £, between any

fixed values for the two flux parameters (y, @LTeY ) and the overall best-fitting point marked by the cross.

V-V

The side panels show the corresponding one-dimensional projections (profile likelihoods) as black solid lines,
with the gray shaded areas showing the one-dimensional 68% confidence levels (as reported in the text).

All contours include only statistical uncertainties.

The discrete scan of the sky maximizes the
signal and background likelihood functions
at each point on an ~(0.2° x 0.2°) grid, deter-
mining the local value of the test statistic, the
best-fitting value of the mean number of as-
trophysical neutrino events (i ), and the
mean spectral index (y). The scan is repeated
with fixed spectral indicesy = 2.0 and y = 2.5
to reduce the impact of background fluctua-
tions, which arise from atmospheric neutrinos.
The atmospheric spectrum, produced by the
decay of charged pions and kaons as well as the
muons produced when pions and kaons decay,
follows a power law with y = 3.7 (29), and thus
those fluctuations typically yield ¥ > 3. Fixing
the spectral index therefore increases the sen-
sitivity to astrophysical sources with y < 3.
For the 20 most significant locations in each
of the three searches, we scan the 1.5° x 1.5°
vicinity using increased resolution of ~(0.03° x
0.03°) on a square grid. We find the most sig-
nificant location identified in the first scan (with
free spectral index) at right ascension 40.69°
and declination 0.09° (J2000 equinox) with
7 =3.2and i, = 8L

Sky scan search

The full sky map of the discrete scan is shown
in Fig. 1. At the most significant location, the
local P value is 5 x 1078, which corresponds to
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a local significance of 5.3c. After including a
penalty for the multiple tests performed—i.e.,
how likely it is to observe an equal or larger
significance when scanning many independent
sky positions under the three spectral index
hypotheses (26)—the global P value corresponds
(26) to 2.00 and is therefore not significant
without additional prior information. The high-
resolution scan around the most significant
location is shown in Fig. 2A.

We searched a posteriori for astrophysical
counterparts in close proximity to the direc-
tion of the five most significant locations in
each of the three sky maps. The nearby active
galaxy NGC 4151 (8) is located at ~0.18° from
the fourth most significant location in the map
obtained with y = 2.5.

Source list search

Searching the entire Northern Hemisphere re-
quires a strong numerical penalty because of
testing multiple locations. This trials factor can
be reduced by restricting the search to a list
of a priori selected positions based, for exam-
ple, on known gamma-ray emission (30). To
avoid confirmation bias, we maintain the pre-
vious selection method (23), which was adopted
before there was any indication for neutrino
emission from NGC 1068 (31). This approach
identified a total of 110 objects within the
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declination range we analyzed, —3° < 6 < 81°
The number of objects in the list was chosen
such that alocal 5¢ detection corresponds to
a global detection >4c¢ after accounting for
the number of trials. The 110 astronomical
objects were selected from the gamma-ray flux
weighted by the IceCube sensitivity. Using the
gamma-ray flux above 1 GeV (32), the list con-
tains 95 blazars, 5 AGNs, and 9 other types
of galaxies. One galactic source is added be-
cause of its tera—electron volt gamma-ray emis-
sion (26, 33). We do not assume or require any
relationship between the observed gamma-ray
flux and the hypothesized neutrino flux during
our hypothesis testing (26).

Of the 110 astronomical objects tested,
NGC 1068 is the most significant with a local
P value of 1 x 1077 (5.26); it has best-fitting val-
ues of spectral index § = 3.27J3 and mean
number of signal events fi,,, = 79752 NGC1068
is contained within the 68% confidence re-
gion around the most significant location in
the sky scan, offset by 0.11° (less than the direc-
tional uncertainty), consistent with neutrino
emission from NGC 1068 (Fig. 2). After cor-
recting for having tested the 110 sources in the
catalog, the global P value for NGC 1068 is 1.1 x
107%, corresponding to a significance of 4.2c.

Binomial test

‘We performed a binomial test to investigate
how likely it is to find an excess of k sources
from the catalog with local P values below or
equal to a threshold (26), as defined a priori.
By scanning the P value threshold, we find
the smallest background probability for an ex-
cess of k& = 3 sources, under the free spectral
index hypothesis, with local P values <4.6 x
107°. This is equivalent to a local significance
of 3.76, a small increase from the previous
search (23). After correcting for having tested
three different spectral index hypotheses, we
obtain a posttrial significance of 3.4c for the
binomial test. Besides NGC 1068, the other
two objects contributing to the excess are the
blazars PKS 1424+240 and TXS 0506+056
(Fig. 1), for which we found potential neu-
trino emission with local significances of 3.7c
and 3.5c, respectively. This significance of
TXS 0506+056 relates to a time-integrated sig-
nal over the duration of our dataset, whereas
previous analyses have found evidence for tran-
sient emission (20, 21, 34). A search for transient
emission has a lower effective background than
our time-integrated searches. The total num-
ber of contributing candidate sources (k = 3)
in the binomal test is lower than the four pre-
viously reported (23). Although the local sig-
nificance of PKS 1424+240 increased from 3.0c
to 3.70, the local significance of GB6 J1542+61
decreased from 2.9¢ to 2.2¢, falling below
the threshold corresponding to the best-fitting
binomial P value. The results of all three searches
(26) are summarized in Table 1.
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Neutrino emission from NGC 1068

The high-resolution scan around the most sig-
nificant location in the Northern Hemisphere
is shown in Fig. 2A, with NGC 1068 located
inside the 68% confidence region. The posi-
tion of NGC 1068 produced fi,, = 7922 more
events than expected from the atmospheric
and diffuse astrophysical neutrino backgrounds.
Figure 2B shows the distribution of the angu-
lar separation of these events from NGC 1068.
Among the 79 most contributing events, 63
were included in a previous analysis (23). The
systematic uncertainty on [i, is ~2 events (26).
The measured spectral index is y = 3.2132
with an estimated systematic uncertainty of
+0.07 (26), consistent with previous results
(23). We estimate these systematic uncertain-
ties by analyzing simulated data, assuming a
source with flux equal to the one measured for
NGC 1068 but varying assumptions about the
detector response (26). Systematic uncertainties
arise mainly from the modeling of the photon
propagation in the glacial ice—e.g., scattering
and absorption—and the efficiency with which
photons are detected by the IceCube optical
modules. Systematic uncertainties are smaller
than statistical uncertainties for directional track
reconstructions (26) but have a nonnegligible
effect on the energy reconstructions.

The properties of the source spectrum are
shown in Fig. 3, which shows the likelihood
as a function of the model parameters (®, y)
evaluated at the coordinates of NGC 1068.
The conversion of i, to the flux @, accounts
for the contribution from tau neutrino in-
teractions (which produce muons) assuming
an equal neutrino flavor ratio. The best-fitting
flux averaged over the data-taking period,
at a neutrino energy of 1 TeV, is fl>1?i"% =
(5.0 £ 1555 + 0.64) x 1071 TeV ! em 2571,
This systematic uncertainty was estimated by
varying the flux normalization under differ-
ent ice and detector properties, such that we
reproduce the observed values of ¥ and fi ¢ in
the median case.

Our analysis assumed that the spectrum fol-
lows an unbroken power law over the entire
energy range of the dataset. However, our re-
sults show that the main contribution to the
excess (and thus the measured spectral index
and flux normalization) comes from neutrinos
in an energy range from 1.5 to 15 TeV, which
contributes 68% to the total test statistic. Out-
side this energy range, the data do not strong-
ly constrain the inferred flux properties. Our
results strengthen the suggestion (23) that
NGC 1068 could be a neutrino source; we find
a higher statistical significance for this result
(426 versus 2.90).

Incrementally removing the most contribut-
ing neutrino events one by one from the vicinity
of NGC 1068 shows that the excess persists,
which indicates that it is not dominated by
one or a few single events but is the result of

IceCube Collaboration, Science 378, 538-543 (2022)

IceCube (this work) { Electromagnetic observations (26)
Theoretical v model (52,55) -+ 0.1 to 100 GeV gamma-rays (40,41)
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Fig. 4. Multimessenger spectral energy distribution of NGC 1068. Gray points show multifrequency
observations (data sources listed in table S1). Dark and light green points indicate gamma-ray observations
at 0.1 to 100 GeV (40, 41) and >200 GeV (42), respectively. Arrows indicate upper limits, and error bars
are 1o confidence intervals. The solid, dark blue line shows our best-fitting neutrino spectrum with the
dark blue shaded region indicating the 95% confidence region. We restrict this spectrum to the range
between 1.5 and 15 TeV, where the flux measurement is well constrained (26). Two theoretical predictions
are shown for comparison: The light blue shaded region and the gray line show the NGC 1068 neutrino
emission models from (52, 55) and (53), respectively. The shaded region covers possible values of the
gyrofactor 30 < ng < 10* used to describe uncertainty in the efficiency of the underlying particle acceleration
(55). All fluxes @ are multiplied by the energy squared E2.
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Fig. 5. Comparison of point-source fluxes with the total diffuse astrophysical neutrino flux. Fluxes
for NGC 1068 (blue line, this work), TXS 0506+056 (orange line, this work), and the diffuse neutrino
background [brown data points and gray band (17, 25)] are given for a single flavor of neutrinos and
antineutrinos. All fluxes &,y are multiplied by the neutrino energy squared E2. For the conversion of the
diffuse astrophysical flux measured from the vev, channel (17), we assume an equal flavor ratio. Shaded
regions and dashed lines indicate 68% confidence intervals. Downward arrows are 68% upper limits.

an accumulation of neutrinos (26). We visually
inspected all neutrino events contributing to
the excess from NGC 1068, finding typical, well-
reconstructed, horizontal, and approximately
tera—-electron volt-energy tracks with no sign

4 November 2022

of unexpected contamination or anomalies
(26). Out of the 20 events contributing the
most to the test statistic, 19 were included in the
previous analysis (23). Although the location is
therefore dominated by the same neutrinos, the
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differences in the data processing modify their
contribution to the likelihood function. These
changes are small but consistently cause the
reconstructed neutrinos to align more closely
with the direction of NGC 1068, thus strength-
ening the association (26).

Astrophysical interpretation

The flux we measured from the direction of
NGC 1068 was 79155 muon-neutrino events
over a period of 3186 days, corresponding to

vy, = (5.0 % L) x 107 TeV " em s~
If all neutrino flavors contribute equally, as
expected for sources dominated by pion decay
and neutrino oscillations over cosmic distances
(35, 36), the all-flavor flux is a factor of 3 higher.
We adopt a distance of 14.4 Mpc for NGC 1068
(37), although values in the literature range
from 10.3 + 3 Mpc (38) to 16.5 Mpc (39). For
comparison, assuming isotropic emission, this
leads to a redshift-corrected equivalent neu-
trino luminosity L., from 1.5 to 15 TeV and at
14.4 Mpc, of L, = (2.9 + 1lg,) x 10*2 erg s™.
This is higher than the equivalent gamma-ray
luminosity of 1.6 x 10*" erg s observed in the
energy range 100 MeV to 100 GeV (40, 41) and
higher than the upper limits reported above
200 GeV (42) (Fig. 4).

High-energy neutrinos are generated in or
near astronomical sources as decay products
of charged mesons, which are themselves
produced in proton-proton interactions (4), or
interactions between protons and low-energy
ambient radiation (5). Gamma rays are also
produced in the same processes, through the
decay of neutral mesons. Neutrinos escape the
site without further interactions, whereas pho-
tons may experience additional interactions
depending on the optical depth of the envi-
ronment. Therefore, the connection between
neutrinos and gamma rays is highly dependent
on the astrophysical environment. NGC 1068
(8) is a nearby Seyfert II galaxy that hosts a
Compton-thick AGN (43-45), has vigorous
starburst activity (46, 47) and outflows (48),
and for these reasons has previously been dis-
cussed as a potential source of high-energy
neutrinos (49-51). Neutrino emission models
(52, 53) have predicted the production of neu-
trinos and gamma rays within the heavily
obscured environment around the NGC 1068
AGN (49, 54). In those models, the SMBH in
the AGN provides the acceleration conditions,
with x-ray photons generated through photon
Comptonization from the accretion disk in the
hot plasma above the disk, called the corona,
providing the conditions for the production
of neutrinos and absorption of gamma rays.
Figure 4 compares our neutrino flux measure-
ment with the model predictions (52, 53).

The evidence of neutrino emission from
NGC 1068 suggests that AGNs could make a
substantial contribution to the diffuse neu-
trino flux. Figure 5 compares the neutrino

IceCube Collaboration, Science 378, 538-543 (2022)

fluxes from the AGN NGC 1068 and the blazar
TXS 0506+056 with the overall diffuse flux
of astrophysical neutrinos. These two sources
contribute ~1% of the total diffuse flux in their
observed energy ranges. For NGC 1068, the ob-
served energy range does not strongly overlap
with the diffuse flux, and its best-fitting spectral
index of y = 3.2702 is higher than the diffuse
flux with y = 2.5375-F7 (17). Nonetheless, it is evi-
dent that the diffuse flux could contain additional
bright and nearby sources, like NGC 1068, a
large population of faint sources, or both. For
example, the nearby Seyfert I galaxy NGC 4151
has previously been suggested as a potential
neutrino source (55, 56, 57). Depending on the
luminosity function and cosmological evolution,
the contribution from many faint sources at
large distances (redshift z 2 1) could be large
(58, 59).

We cannot characterize the underlying source
population with so few known point sources.
However, our observation of neutrino emis-
sion from NGC 1068 can place constraints on
the density p of AGNs with similar or greater
neutrino luminosity in the local Universe,
independent of the precise emission process
or processes. If there is one source within a
spherical volume of radius 14.4 Mpc (37), the
distance to NGC 1068, then p < 10~* Mpc 3.
This density estimate relies on the observation
of a single source, which may or may not be
representative of the population, so this is an
upper limit. Simulations of populations with
various luminosity functions (60) have an un-
certainty of more than an order of magnitude.
Nevertheless, given the differences in spectrum
and distance between NGC 1068 and TXS 0506
+056, which is ~100 times farther away, we
suggest that there are at least two populations
of neutrino sources, which could differ in both
density and luminosity by orders of magnitude.

‘We have observed evidence for neutrino emis-
sion from the active galaxy NGC 1068 at the 4.2¢
level of significance, which we interpret as a
signature of hadronic particle acceleration. The
observation is consistent with phenomenolog-
ical models (52, 53) that predicted neutrino
emission and absorption of gamma-ray photons
in this source. Like the blazar TXS 0506+056
(21), the active galaxy NGC 1068 is a point source
of high-energy neutrinos.
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