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Abstract

Despite extensive efforts, discovery of high-energy astrophysical neutrino sources remains elusive. We present an
event-level simultaneous maximum likelihood analysis of tracks and cascades using IceCube data collected from
2008 April 6 to 2022 May 23 to search the whole sky for neutrino sources, and using a source catalog, for
coincidence of neutrino emission with gamma-ray emission. This is the first time a simultaneous fit of different
detection channels is used to conduct a time-integrated all-sky scan with IceCube. Combining all-sky tracks, with
superior pointing power and sensitivity in the northern sky, with all-sky cascades, with good energy resolution
and sensitivity in the southern sky, we have developed the most sensitive point-source search to date by IceCube
that targets the entire sky. The most significant point in the northern sky aligns with NGC 1068, a Seyfert II
galaxy, which, from the catalog search, shows a 3.5¢ excess over background after accounting for trials. The most
significant point in the southern sky does not align with any source in the catalog and is not significant after
accounting for trials. A search for the single most significant Gaussian flare at the locations of NGC 1068, PKS
14244240, and the southern highest-significance point shows results consistent with expectations for steady
emission. Notably, this is the first time that a flare shorter than four years has been excluded as being responsible
for NGC 1068’s emergence as a neutrino source. Our results show that combining tracks and cascades when
conducting neutrino source searches improves sensitivity and can lead to new discoveries.

Unified Astronomy Thesaurus concepts: Neutrino astronomy (1100); High energy astrophysics (739); Particle
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astrophysics (96)

Materials only available in the online version of record: machine-readable table

1. Introduction

Nearly massless and electrically neutral fundamental particles
called neutrinos permeate our Universe in three different flavors:
the electron neutrino (v,), the muon neutrino (v,), and the tau
neutrino (v,). Although v, were first discovered in 1956 as by-
products of radioactive decay in nuclear reactors (C. L. Cowan
et al. 1956), it was later predicted that neutrinos could also be
produced through cosmic-ray interactions near astrophysical
sources (C. Spiering 2012). This suggested that neutrinos could
potentially be used as astrophysical messengers, helping us locate
high-energy astrophysical events such as active galactic nuclei
and gamma-ray bursts. Unlike photons, which interact with the
cosmic microwave background (CMB) and extragalactic back-
ground light at high energies (J. Biteau & M. Meyer 2022), and
cosmic rays (high-energy charged nuclei), which can be deflected
by magnetic fields and attenuated at high energies (10'° eV) by
the CMB (A. A. Watson 2014), high-energy neutrinos can travel
cosmological distances in a straight line without interacting or
being deflected. This allows us to investigate the most distant and
energetic astrophysical events. Although neutrinos are very
difficult to detect, due to their small cross sections, their
interaction probability increases with energy (J. A. Formaggio
& G. P. Zeller 2012). This phenomenon is an important reason
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why the IceCube detector is most sensitive to neutrinos in the
energy range of TeV to PeV, where detection probability is
highest.

1.1. IceCube Neutrino Observatory

Located at the Amundsen—Scott South Pole Station, the
IceCube Neutrino Observatory was built to detect the
Cherenkov radiation that follows after neutrinos interact with
the water molecules that make up the Antarctic ice (M. Aartsen
et al. 2017a). IceCube consists of a cubic-kilometer array of
5160 digital optical modules (DOMs) spread over 86 vertical
cables (strings). Each DOM contains a 10" photomultiplier
tube (PMT) that can detect the arrival time and intensity of
photons from Cherenkov radiation (R. Abbasi et al. 2010), as
well as an onboard data acquisition system (R. Abbasi et al.
2009b). The incoming direction and energy of neutrino events
can then be reconstructed using this information.

The pattern of collected light varies based on the neutrino
flavor and the type of interaction—charged current (CC) or
neutral current (NC). The two main categories of event
patterns are tracks and cascades. Tracks, produced predomi-
nantly by the outgoing muon in v,, CC interactions, are linear
in shape and usually extend for many kilometers, allowing
detection even if the interaction vertex is outside the detector.
Cascades appear nearly spherical in shape and are produced
predominantly by CC interactions of v, and v, but also by NC
interactions from all neutrino flavors (M. G. Aartsen et al.
2017c; R. Abbasi et al. 2023).

2. Dataset Construction
2.1. Track Events

Prior searches by IceCube for neutrino point sources have
relied primarily on track events. Historically, tracks have been
favored over cascades, due to their small angular errors (less
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than 1° at greater-than-TeV energies; M. G. Aartsen et al.
2020) and their high detection rate of about 2 mHz, allowing
for a very robust sample. In 2017, a high-energy neutrino track
event was detected by IceCube and traced back to the blazar
TXS 0506 + 056 (M. Aartsen et al. 2017b, 2018a, 2018b),
providing the first evidence of neutrino emission from a
nonstellar astrophysical source. In 2022, track events were
used as evidence for neutrino emission from the active galaxy
NGC 1068 (R. Abbasi et al. 2022).

Although tracks have small angular uncertainties, they are
contaminated with background from atmospheric i and v, with
100 million p detected for every astrophysical v at trigger
level. In the northern sky, the Earth acts as a filter, absorbing
and reducing the amount of ;4 background. Since there is less
material between the atmosphere and the IceCube detector in
the southern sky, the rate of atmospheric o detected is orders
of magnitude higher than atmospheric v (M. Aartsen et al.
2017a). To formalize this division, IceCube defines its
operational horizon at a decl. of § = —5°, corresponding to
an overburden of at least 12 km of ice. This boundary, slightly
south of the geometric horizon at § = 0°, serves as the working
separation between northern and southern skies for point-
source searches. Even though the Earth filters out most of the
atmospheric p from the northern sky, southern sky atmo-
spheric i can be poorly reconstructed, also creating u
background in the northern sky (M. G. Aartsen et al. 2020).
Atmospheric v contamination when CC v, interactions
produce g occurs in both the northern and southern skies.

To mitigate the large atmospheric muon background in the
southern sky, low-energy track events from the southern sky
(with reconstructed energies less than 10 TeV) are cut
(R. Abbasi et al. 2009a, 2011). These cuts are based on a
single unbroken power law of E~ 7, where + is the spectral
index. This power-law energy spectrum describes how the
number of neutrinos per unit energy from a source decreases as
energy increases, with v defining the rate of decrease. The
energy of atmospheric neutrinos follows a “softer” power law
of E>7 while the energy of galactic and extragalactic
neutrinos follow a much “harder” energy spectrum
(M. G. Aartsen et al. 2019). While atmospheric neutrino
backgrounds exist in both the northern and southern sky, the
additional overwhelming atmospheric muon contamination in
the southern sky necessitates these aggressive energy cuts.
Consequently, IceCube track data are more sensitive to point-
like sources in the northern sky than in the southern sky. The
track dataset used in this analysis adds approximately four
additional years to the previous all-sky point-source search
conducted with the point-source tracks data sample (PSTracks;
M. G. Aartsen et al. 2020), totaling about 1.5 million events in
about 14 yr of exposure.

2.2. Cascade Events

Recently, cascades have been used to find evidence of
neutrino emission from the galactic plane (R. Abbasi et al.
2023), showing that cascades can also be used to find sources.
Cascades have larger directional uncertainties, on the order of
10° at energies above 10 TeV (M. G. Aartsen et al. 2017¢),
compared to tracks. However, because cascades are mostly
contained within the detector, a more accurate neutrino energy
measurement can be made (M. G. Aartsen et al. 2014). Since
cascade detection requires interaction vertices to be in or near
the detector, the cascade dataset used in this analysis is smaller
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than the track dataset, containing only about 60,000 events
over 10yr. The cascade dataset used in this analysis is the
same as that used in R. Abbasi et al. (2023), which was used
for the first observation of neutrino emission from the Galactic
plane. These events, however, have higher signal purity in the
southern sky compared to tracks. The background for cascades
comes from NC interactions of all-flavor atmospheric
neutrinos as well as CC interactions of v, and v,. Since
cascades are not produced by atmospheric muons or v, CC
interactions, fewer energy cuts are necessary to remove
background. The selection of cascades thus has an order of
magnitude fewer background neutrinos at TeV energies
compared to tracks. This reduced background also lowers the
median energy of cascades to about 1 TeV across the entire
sky. Consequently, cascades have better sensitivity to point-
like sources in the southern sky compared to tracks.

2.3. Combining Tracks and Cascades

Combining the 14 yr of track data with the 10 yr of cascade
data will result in IceCube’s best sensitivity to point-like
sources across the entire sky. With tracks leading the point-
source sensitivity in the northern sky and cascades leading the
point-source sensitivity in the southern sky, this combined
dataset will fully exploit the benefits of both morphologies.
Although new for the IceCube Collaboration, the idea of
combining the track and cascade data channels is not new, and
it has been done by the ANTARES Collaboration (A. Albert
et al. 2024).

The events in both the track and cascade component datasets
are assigned unique identifiers called event IDs. Due to some
events having overlapping classifications after the event
selection process, 703 events in each component dataset were
found to have matching event IDs. These events were
manually removed from the tracks dataset but retained in the
cascades dataset. These overlapping events account for only
0.05% of the tracks dataset and were kept in the smaller
cascades dataset to maintain robustness.

An investigation into Monte Carlo (MC) simulation overlap
between component datasets was also conducted. This test was
done by applying the tracks event selection pipeline to
cascades MC and vice versa. Any MC events that survived
through the selection process were manually removed, and
sensitivities were recalculated using these new MC events.
This test resulted in sensitivities which were maximally
different by ~3% and minimally different by ~0.5%. Due to
the minimal changes in sensitivity, overlapping MC events
were not removed from the component datasets for this
analysis.

Table 1 shows the livetime in days, number of events, and
the start/end dates for all samples in the combined tracks and
cascades dataset. Figure 1 shows the relative fraction of signal
events expected from cascades and tracks over the entire sky.
For both an E 2 and an E > spectrum, cascade events
dominate in the southern sky, while track events dominate in
the northern sky. Our sensitivity to point sources improves the
most at the decl. where signal events are expected to come
from tracks and cascades equally (50% from each). This
critical decl. depends on the assumed energy spectrum. For an
E? spectrum, the critical decl. occurs at approximately —5°.
This decl. is the definitional boundary between “upgoing” and
“downgoing” events. For an E~? spectrum, the critical decl.
shifts slightly south to about —8°. This difference in critical
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Figure 1. Fraction of expected signal events by event type and decl. The panels show the relative fractions of events expected from cascades and tracks as a function

of decl., assuming an E > spectrum (left) and an E~> spectrum (right).

Table 1

Data Samples
String Config./Data Sample Livetime (Days) Number of Events Start Date End Date References
IC 40 Tracks 376.4 36900 04/06/2008 05/20/2009 R. Abbasi et al. (2011)
IC 59 Tracks 353.6 107011 05/20/2009 05/31/2010 M. G. Aartsen et al. (2013)
IC 79 Tracks 312.8 101956 06/01/2010 05/13/2011 K. Schatto (2013)
IC 86 Tracks 3920.6 1397502 05/13/2011 05/23/2022 M. G. Aartsen et al. (2020)
IC 86 Cascades 3519.1 59592 05/13/2011 05/27/2021 R. Abbasi et al. (2023)

Note. Shown here are the dataset properties, including the name of the data sample (string configuration and data channel), livetime, number of events, start and end

date, and the published reference for each sample used in this work.

decl. between the two assumed spectra arises because the
softer E~* spectrum shifts events to lower energies, where the
cascades dataset’s lower energy threshold enables detection of
more events from the southern sky compared to the tracks
dataset.

Figures 2 and 3 show the effective area and expected
number of astrophysical neutrino events, respectively, in the
northern and southern sky for tracks only, cascades only, and
combined tracks and cascades. In the northern sky, both the
effective area and the expected number of astrophysical
neutrino events of the combined tracks and cascades sample is
higher than either tracks or cascades on their own in the range
of 1 TeV-1 PeV and is about twice as high as either between 1
TeV and 10 TeV. In the southern sky, both the combined
effective area and the expected number of astrophysical
neutrino events are slightly higher than that of cascades until
energies higher than 100 TeV where the combined effective
area and the number of events shifts to being about twice as
high as either individual dataset. The improvements in
effective area and expected number of events due to

combining datasets are larger in the northern sky than in the
southern sky.

3. Time-integrated All-sky Point-source Search
3.1. Analysis Method

This analysis utilizes the abovementioned newly combined
dataset to identify the most significant astrophysical neutrino
point sources across the entire sky. This is a time-integrated
analysis (covering the entire livetime of the detector) that
employs the maximum likelihood technique described by
M. G. Aartsen et al. (2013). This method provides a way to
combine datasets regardless of varying event rates, signal
purity, MC simulations, or expected flavors. The likelihood
function, £, is defined in Equation (1). This likelihood is
maximized by fitting for n, (mean number of signal events)
and +, and is composed of signal and background probability
density functions (PDFs). Each PDF is composed of a spatial
component and an energy component, enabling the calculation
of the probability of an event being either signal or
background. The following equation shows the general form



THE ASTROPHYSICAL JOURNAL, 995:11 (21pp), 2025 December 10 Abbasi et al.

103 ;
=== This Work 102 N -
, ] — Tracks
—_— 10 Cascades —_ 101_;
[ ‘
g 1 g 0]
o 10 ol 10
[a\] [a\] _1 ]
E 100 B 1073
& 5 1072 4
< 1o-1 < 3
E ° ® 10_3_5 ° °
: (-5° <6 <90°| § (-90° < 6 < -5°|
i 100 =
30 ] ¢ This Work / Tracks 0"””0,”
#¢ This Work / Cascades 1¢ tou,
9 1 9 1 No’
5 L . 5 2 " z
o 52 = o = . =
5 1 L
3_ 3_ ””“
1 g0t 00000000000000000000000000000 1
LR | T LAY | L) L L LA | L) T LAY | T T
103 10 105 106 103 10 10° 106
E, [GeV] E, [GeV]

Figure 2. Effective area comparison. Panels show the effective area in m> (averaged over solid angle) of all-flavor neutrinos per energy bin for tracks (this work),
cascades (R. Abbasi et al. 2023), and the combined sample (this work). Effective areas are averaged over solid angle in the decl. range of —5° to 90° for the northern
sky (left) and in the range of —90° to —5° for the southern sky (right). Each decade in energy contains 10 bins. The ratio of the combined sample effective area to
each component effective area is shown for each sky.

102
10! 4
T;_' 101- 1 ]
© E © i
) ] )
> ] > 100 4
I 0 [ ]
g 1073 g : .
I 5 ]
2 ini1 ] g 1071 4
j 10 g = This Work j 3
z ] —— Tracks " - Z. : . .
] Cascades ['5 <6 <90 ] E [-90 <6< -5 ]
_ 100 A
30 | ¢ This Work / Tracks ‘”H”‘N
#¢ This Work / Cascades 1 Yoo,
Q 9 ] fhey
'E; P P -'C_U, 2> ”6 P
m 52 = m = , =
5 0‘
3 1 _ *
3 ’09‘
1_QQ000090000000009000000000000000 1 -
LI | T LEELELELELELR | T LELELELELLR | T L LAY | T LEELELELELELR | T LEELELELELELR | T L
103 104 10° 106 103 104 10° 106
E, [GeV] E, [GeV]

Figure 3. Expected number of astrophysical neutrinos comparison. Panels show the number of expected all-flavor astrophysical neutrinos (Naguo) per energy bin per
year with respect to energy for tracks (this work), cascades (R. Abbasi et al. 2023), and the combined sample (this work), assuming an astrophysical spectrum of
E %% (R. Abbasi et al. 2024) for the northern sky (left) and the southern sky (right). Each decade in energy contains 10 bins. The ratio of the combined sample N zqo
to each component Ny, 1S shown for each sky.
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As the best-fit n, increases, the first term of the likelihood (the
signal weighting term) increases and the second term of the
likelihood (the background weighting term) decreases. The
fraction of signal events from each dataset, indexed by j,
depends on «y and decl., 6, and is used to calculate the number
of signal events per dataset, /. Examples of these fractions are
shown in Figure 1. Thus, £ is only a function of global n; and
v. The total number of events in each data sample is N, the
signal PDF is S, the background PDF is B3, the decl. of the ith
event in the jth sample is &/, the source position of the event in
R.A. (o) and § is xg, the reconstructed direction of the neutrino
event is xl-j , and the angular uncertainty is o (J. Braun et al.
2008; M. Aartsen et al. 2018b). S and B are evaluated at the
reconstructed position of the event. The spatial component of
S is modeled using either a Gaussian or a von Mises—Fisher
distribution, depending on the evaluated event’s o. For events
with o < 7°, the Gaussian form is appropriate, as it remains
valid under the small-angle approximation. This form of S is
shown below:

|2

x Es (E;, sin é;; 7). 2)

1 —|xs—x;
e 207

S =
2107
On the other hand, if o > 7°, the Gaussian approximation
breaks down due to spherical geometry effects, and the von
Mises—Fisher distribution is used instead. This form of S is
shown below:
1 cos(|xs —x; )

= amo? sinh ()" o7 x Es(Eysinds ). (3)
noj sinh (—

The energy component (£s) of S accounts for the probability
of seeing an event with energy E; at a decl. of §; given a flux
model with spectral index ~. The form of B is shown below:

B = Pp(siné;) x &g (E;, siné;). “)

The spatial component (Pg) of B is given by the event density
per solid angle, normalized by the total number of events in the
sample. The energy component (£g) of the B is taken from data
and is measured by the fraction of events with energy E; at a
decl. of sin 6;.

The test statistic (TS) used for this analysis is shown in
Equation (5), where 7 is the best-fit number of signal events
and 4 is the best-fit spectral index. As 7i; becomes larger,
L, 4) becomes larger than the null hypothesis/background
hypothesis L(n; = 0), and thus the TS increases:

Ln, = 0)]
L@, 3 |

To simulate background, for use in TS calculations,
background trials are generated by randomly scrambling the
« of events in the actual data. The rotation of the Earth ensures

TS= — 210g[ (5)
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that atmospheric backgrounds, isotropic astrophysical neutrino
background, and other Earth-based sources of systematic
uncertainty are uniformly distributed in «. This makes it
possible to generate realistic background trials from data while
taking into account the systematic effects of the detector. This
method generally eliminates any clustering signals; however,
to accurately create these background trials, residual signal
must be subtracted. This adjustment is necessary because, with
the galactic plane covering a significant portion of some decl.
bands, randomizing in o no longer ensures that the events are
background-only, but rather a mix of signal and background.
To achieve this, previous IceCube all-sky point-source
searches with cascades added a signal subtraction likelihood to
Equation (1) (M. G. Aartsen et al. 2017d; R. Abbasi et al.
2023). To maintain consistency in the likelihoods throughout
this analysis, signal subtraction is applied to both the cascades
and tracks datasets. The signal subtraction likelihood is the
following:

L i o ni o
s : J J _ s 3 J J
D= —st (sin(8)), E/) + (1 Nf) B (sin(8), Ef).  (6)

Solving for (1 — nf/N/) B (sin(¢/), E/) in Equation (6) and
replacing it in Equation (1) gives us the equation below:

M N ' ‘
L) =TT I] == S v o)
i e N

+D(sin(8)), E/) — ;—js (sin(8)), E/). (7)

_ Here, D is the background expectation from scrambling and
S is the a-averaged expected number of signal events based on
MC event acceptance to the source hypothesis, which, in this
case, is a point-source hypothesis.

Previous cascades-based point-source searches observed
noise in the sensitivity distributions when background trials
were constructed solely by randomizing in o This effect arises
from the limited statistics of the cascades sample, which
reduce the number of independent scrambles possible. To
mitigate this, an additional Gaussian randomization in 6§ with a
Gaussian width of 3° (R. Abbasi et al. 2023) is applied when
generating background from the cascade sample. This
procedure is only necessary and valid for cascades, since the
larger sample size of the tracks sample provides sufficient
statistics with o randomization alone, and the large angular
uncertainties of cascades validates the chosen decl. scrambling
width of 3°. Consequently, this randomization in ¢ is
maintained for background constructed from the cascades
sample but is not used for background constructed from the
tracks sample.

The decl.-based signal is simulated to determine our
analysis sensitivity and discovery potential across the sky.
When combining tracks and cascades, we inject signal-like
events (signal trials) from each dataset based on their fraction
of expected events for a specified energy spectrum (see
Figure 1) around the decl. of interest. Given tracks’ finer
angular resolution compared to cascades, MC events are
sampled from +3° in decl. for tracks injections and +5° for
cascades injections. Descriptions of the four tracks samples
and the cascades sample used in the combined tracks and
cascades dataset are shown in Table 1.
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Figure 4. Source list sensitivity, 5o discovery potential, and upper limits. Panels show the 90% C.L. median sensitivity to sources emitting an E~2 spectrum (left)
and E73 spectrum (right) as a function of source decl. for cascades (R. Abbasi et al. 2023) and tracks both individually and for combined tracks and cascades. The
90% C.L. upper-limits for the source catalog sources are shown assuming an E spectrum (left) and E™ spectrum (right). For sources with 71, = 0, the 90% C.L.
median sensitivity is used instead of the upper limit. The 5o discovery potential (DP) for combined tracks and cascades is also shown. dd—’; is the per-flavor number of

neutrinos (N) per neutrino energy (E) per area per time.

3.2. Sensitivity and Discovery Potential

In order to characterize this analysis and allow for
comparison to other analyses, sensitivities were calculated
for v = 2 and v = 3 across the entire sky. Sensitivities are
determined by constructing signal trials at each decl. and then
identifying the number of injected signal events (n;,;) and the
corresponding flux required for 90% of signal trials to yield a
test statistic (TS) greater than the median TS derived from
background trials. Additionally, the 5o discovery potential is
calculated, defined as the n;,; and corresponding flux required
for 50% of signal trials to achieve a TS greater than the
background TS distribution’s 5o threshold.

The sensitivities for the combined dataset and both components
and the combined dataset’s 5o discovery potential are shown in
Figure 4 for v = 2 and v = 3. The 5¢ discovery potentials for
tracks and cascades individually are shown in Figure 13. For
v = 2, the sensitivity is improved across the southern sky after
combining the cascades and tracks datasets. The 5o discovery
potential is similarly improved across the southern sky. For v = 3,
there is improvement achieved by combining the datasets in both
sensitivity and 5¢ discovery potential just below the horizon in the
range of about sin(6) = [—0.19, —0.11].

3.3. Results
3.3.1. All-sky Search

The TS is maximized using the abovementioned likelihood
and TS on a grid of points across the entire sky (with each pixel
having an approximate resolution of 0.46). Healpy (A. Zonca
et al. 2019), a Python (G. Van Rossum & F. L. Drake 2009)
implementation of Hierarchical Equal Area isoLatitude Pixelation
(HEALPix%) (K. M. Gdérski et al. 2005), was used to construct

69 http: / /healpix.sourceforge.net

the grid by determining the pixel size with the parameter
Nsige = 128. At each grid point, the local pretrial p-value—that
is, the probability of observing a TS value as large or larger
than the one measured purely from background—is deter-
mined by comparing the observed TS to a x* fit of the TS
distribution from multiple background trials. The point with
the smallest p-value in each part of the sky is identified as the
“hottest spot.” To calculate the post-trial probability, the p-
value of this hottest spot is compared against the distribution
of hottest spots obtained from numerous background trials for
that part of the sky. If the significance of the post-trial p-value
does not meet the 30 evidence potential threshold, it is not
high enough to claim either discovery or inconsistency with
the background-only hypothesis, and thus the hottest spot is
considered consistent with background emission. Each hottest
spot’s best-fit 7i;, 4 for an assumed single power-law energy
spectrum, 6 in degrees, and « in degrees is shown in Table 2.
This search excludes points that are within 10° of either
celestial pole due to low quality statistics. The full pretrial
significance sky map for tracks and cascades can be seen in
Figure 5, and that for combined tracks and cascades can be
seen in Figure 6.

The most significant pixel in the northern sky is found in
equatorial coordinates (J2000) at a § of —0.30 and « of 40.8.
Accounting for trials across the whole part of the sky tested,
the post-trial p-value at this location is 0.18. This point lies in
the vicinity of (about 0.3 away from) the galaxy NGC 1068.
The best-fit n, for this point is 89, and the best-fit 7y is 3.3. The
most significant pixel in the southern sky is found at a decl. of
—6.88 and o of 254.5 with a post-trial p-value of 0.08. The
best-fit n, for this point is 73, and the best-fit y is 2.4. The 3°
by 3° scans of the region around the hottest pixel in the
northern and southern sky are shown in Figure 7, with the
location of NGC 1068 in the northern sky marked with a star.


http://healpix.sourceforge.net
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Figure 5. Tracks and cascades all-sky maps. Panels show the best-fit pretrial significance all-sky Aitoff projection maps using the 14 yr of tracks from this work
(left), and for comparison, the previous 10 yr cascade results (right) (R. Abbasi et al. 2023), as a function of direction in equatorial coordinates (J2000 equinox). This
all-sky tracks sky map adds 3.6 yr of data to the previous all-sky neutrino point-source search with tracks (M. G. Aartsen et al. 2020). The solid gray line denotes the
galactic plane, with the dot representing the galactic center. The hottest northern and southern spots on both maps are in different locations, as described in Table 2.
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Figure 6. Combined tracks and cascades sky map. The illustration shows the best-fit pretrial significance all-sky Aitoff projection map using combined cascades and
tracks as a function of direction in equatorial coordinates (J2000 equinox). The solid gray line denotes the galactic plane, with the dot representing the galactic center.
The hottest northern spot matches the hottest northern spot seen in the tracks sky map. The hottest southern spot is not the hottest southern spot in either component
sky maps. The combined sky map hottest spots are described in Table 2.

Table 2
All-sky Search Most Significant Locations
Dataset Hemisphere @ 1 ny o' p-valuejocq p-valuegiopal
(deg) (deg)
Tracks North 41 -0.3 69 33 537 x10°° 0.22
South 112 —574 27 1.9 1.55 x 107° 0.05
Cascades North 338 17.6 214 3.6 3.92 x 107* 0.28
South 248 -50.9 90 29 131 x 1073 0.46
Combined North 41 -0.3 89 33 3.98 x 107° 0.18
South 255 —6.9 73 24 9.96 x 107° 0.08

Note. Summary of location, number of signal events, (n;), power-law spectral index, (), local p-value, and global p-value of the most significant point in the
northern and southern sky for tracks, cascades (R. Abbasi et al. 2023), and the combined dataset. The global p-value is calculated by correcting for testing locations
across the source’s corresponding part of the sky (either northern or southern).
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Figure 7. Northern and southern hottest spots. Panels show the local pretrial p-value maps in equatorial coordinates of the area around the most significant point in
the northern sky (left) and southern sky (right). The only source-list source seen over both zoomed in maps is NGC 1068. Its location is shown as the black star in the

area of the northern hottest spot (left).

Both hottest spots are consistent with the background-only
hypothesis.

3.3.2. Source Catalog Searches

A search on previously observed 7-ray sources is conducted
using the combined tracks and cascades dataset. The catalog
used in this work is comprised of 167 sources, constructed by
combining the source catalogs from M. G. Aartsen et al.
(2020) and R. Abbasi et al. (2023). The individual catalogs
themselves were compiled from the fourth Fermi Large Area
Telescope catalog (S. Abdollahi et al. 2020). Of these sources,
103 are located in the northern sky, while the remaining 64 are
located in the southern sky. The pretrial p-values as well as
each source’s location in « and decl., best-fit v, and best-fit n;
are shown in Table 3. Each source’s 90% C.L. upper-limit flux
assuming either an E~2 or E~> energy spectrum is shown in
Figure 4. The most significant source in the catalog is the
galaxy NGC 1068. In this search, NGC 1068 has a local
pretrial p-value of 1.3 X 107% (4.70) calculated from 30
million background trials and a global p-value of 2.1 x 10~*
(3.50) obtained by trial correcting for the 167 sources in the
catalog. The best-fit n, and v for NGC 1068 are 92.3 and 3.1,
respectively; these values are consistent with the all-sky
northern hottest spot. The slightly elevated n; at the location of
NGC 1068, relative to the most significant northern sky pixel,
arises from the choice of pixel binning (Ngqe = 128) used in
the all-sky scan, which does not center a pixel precisely at the
coordinates of NGC 1068. This is shown in Figure 7 (left),
where the hottest pixel is adjacent to another similarly hot
pixel, with NGC 1068 located between them. These results
show good agreement with previous evidence that has already
shown NGC 1068 to be a likely neutrino source (M. G. Aartsen
et al. 2020; R. Abbasi et al. 2022). The significance seen in this
work differs from M. G. Aartsen et al. (2020), due to the added
years of track data, and from R. Abbasi et al. (2022), due to
differences in track event reconstructions.

Eight sources in the catalog have a pretrial p-value <0.01.
These sources are NGC 1068, PKS 1424 + 240, PMN J1650-
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5044, GB6 J1542 + 6129, TXS 0506 + 056, G343.1-2.3,
PMN J1603-4904, and MGRO J2019 + 37. Compared to the
pretrial p-values of corresponding sources from M. G. Aartsen
et al. (2020) and R. Abbasi et al. (2023), NGC 1068, PKS 1424
+ 240, PMN J1650-5044, G343.1-2.3, PMN J1603-4904, and
MGRO J2019 + 37 in this analysis have smaller pretrial p-
values, while those of GB6 J1542 4+ 6129 and TXS 0506 +
056 are larger.

4. Time-dependent Flare Search
4.1. Analysis Method

IceCube follows a strict blindness procedure, and the criteria
for the time-dependent flare search in this work were decided
prior to unblinding. The criteria for sources used in this search
were the hottest northern and southern points and source-list
items with a time-integrated pretrial significance of >3¢. The
source lists items that met this criteria were the NGC 1068 and
PKS 1424 4 240. Since the hottest northern point is spatially
consistent with NGC 1068, the location of the hottest northern
point is substituted with the location of NGC 1068 for this flare
search. Although in the top five source-list items, TXS 0506 +
056 did not meet these criteria. IceCube does not allow
unblinding of sources ad hoc after an analysis is complete.

To evaluate whether these sources exhibit time-dependent
behavior when combining tracks and cascades, this analysis
employs the unbinned maximum likelihood technique outlined
in M. Aartsen et al. (2018b) during the time period where both
tracks and cascades overlap. The maximum allowed half-width
flare duration is restricted to that of tracks selection seen in
Table 1; however, since the cascades data sample is fully
contained temporally within the tracks sample, the flare mean
time is scanned only over the cascade livetime.

The time-integrated likelihood space in v and n, at the
coordinates of NGC 1068, PKS 1424 + 240, and the southern
hottest spot are shown in Figure 8. The contours in Figure 8
are derived assuming Wilks’ theorem (S. S. Wilks 1938) with
two degrees of freedom. This assumption was validated using
scrambled data as background estimations that, with the
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Figure 8. Likelihood maps of NGC 1068 (left), PKS 1424 + 240 (middle), and the southern hottest spot (right). These maps show the likelihood contours in the per-
flavor astrophysical flux as a function of spectral index () with normalization at 1 TeV. The 95% and 68% confidence level contours are shown assuming Wilks’
theorem (S. S. Wilks 1938) with two degrees of freedom. The locations of the best-fit flux and best-fit spectral index are shown as white dots.

constraint that ng > 0, resulted in TS distributions that were
consistent with a ? distribution within statistical uncertainties.
This time-dependent search is done primarily to check for the
possibility of a single strong flare being responsible for the
time-integrated result, and it does not characterize the time
variability of a source in detail. For this search, we assume a
Gaussian distribution of events in time and use the following
likelihood to search for the single most significant flare within
the allowed lifetime of the source:

M N J
nY

L(ns’ 77 Tb? Ot) - H H _8 X TS(YE)’ Ut)
Jji€j N’

nf
+1—FB><’TB. (8)

The S and B used in the time-dependent search have the
same form as described in Equations (2) and (3) for S and

Equation (4) for B. However, we must now add a time
component to this likelihood. The signal time PDF (7g) is

ti—To)?

Ts(ly, 0) = ——=¢ 27
2moy

©)

Here, T, is the mean time of the Gaussian flare, o, is the
Gaussian half-width of the flare, and #; is the event time. The
background time PDF (7p) is approximated by 1/T,,, where
T 1s the total observation time of the sample.

The test statistic is calculated in almost the same way as in
the time-integrated search, except now a term is added to
account for the look-elsewhere effect due to the choice of o
within a total observation time of T:

T L, =0)

TS = —2log el i
o LA, 4, 61, 1o)

(10)

We set the maximum allowed o, to be equal to half of the
dataset livetime, about 1960 days, so that the best-fit single
flare cannot be longer than the total livetime.
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4.2. Sensitivity and Discovery Potential

The time-dependent sensitivities and 5o discovery potentials
at the locations of the time-integrated southern hottest spot,
NGC 1068, and PKS 1424 + 240 are shown in Figure 9,
compared to the time-integrated sensitivity and 5o discovery
potential at each location’s decl. At shorter flare durations, the
sensitivity of the flare search is better than that of the time-
integrated search, since at short flare durations, there is less
atmospheric background contamination. At longer flare
durations, the time-dependent flare-search becomes less
sensitive than the time-integrated search. This occurs due to
the flare-search fitting for four free parameters instead of two
as in the time-integrated search.

4.3. Results

Our analysis found no evidence for flaring activity at the
locations of NGC 1068, PKS 1424 + 240, and the southern
hottest spot after trial corrections. At each location, the best-fit
flare is trial corrected by 167 from searching for flares from the
catalog of 167 sources. The 90% C.L. upper-limit fluxes
(E* - dN/dE) at 1TeV for the flares at the locations of
NGC 1068, PKS 1424 + 240, and the southern hottest spot are
5.97 x 107'2,5.79 x 1073, and 5.76 x 10" respectively in
units of TeV /cm?/s. Although the best-fit flare at NGC 1068
exhibits a trial-corrected significance of 4.8¢, thereby rejecting
the background hypothesis, its best-fit o, parameter reached the
maximum allowed value. To investigate further, we simulated
pseudo-experiments with an injected steady NGC 1068-like
signal and fitted for a best-fit flare to see how often a known
steady source could cause a long-duration high-significance
flare. These tests indicate that such a significance is obtained
17% of the time. This shows the limitation of distinguishing
long flares against steady emissions using this method. This
limitation could be due to having a higher number of four free
parameters in the time-dependent Gaussian flare likelihood
compared to there being only two free parameters in the time-
integrated likelihood. To further investigate, we implemented
the Feldman—Cousins method (G. J. Feldman & R. D. Cousins
1998) to compare the change in test statistic, ATS, across our
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Figure 9. Time-dependent sensitivities and discovery potential. Panels show the 90% C.L. median sensitivity to NGC 1068, PKS 1424 + 240, and the southern
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integrated all-sky search at each source’s decl. ‘:—E is the per-flavor number of neutrinos (N) per neutrino energy (E) per area per time.
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Figure 10. NGC 1068 Feldman—Cousins Contour. This contour is constructed by comparing the change in TS from pseudo-experiments to the change in TS from
data at varying points in the 4D time-dependent likelihood parameter space. The color bar represents the percentage of pseudo-experiments that exhibited smaller
ATS than data. Regions where this value are >90 are excluded. The dashed line indicates 90% contour’s minimum of and thus the lower-limit on the flare time of

NGC 1068.

4D parameter space. We first generated signal trials by
injecting simulated signals with varying combinations of ny, -,
Ty, and o,. For each trial, we calculated the difference between
the best-fit TS and the TS at the injected parameters to produce
a distribution of ATSpeugo Values. From the real data, we
similarly computed a single value, ATSp,,, as the difference
between the best-fit TS and the TS evaluated at the same
injection parameters. For each combination of parameters,
ATSpa was then compared to the corresponding distribution
of ATSpseuqo Values, allowing us to calculate the fraction of
pseudo-experiments for which ATSpgugo < ATSpaw. These
results are summarized in an ng versus ot 2D histogram of the
maximum fractions per parameter combination shown in
Figure 10, where regions at which the fraction exceeded 90%
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are excluded. From this test, we derive a lower limit of 708
days for NGC 1068’s best-fit o,. Therefore, we exclude any
single Gaussian flare under 708 days long as the cause of the
statistically ~ significant time-integrated observation of
NGC 1068. We are unable to distinguish flares longer than
708 days from a steady source. Overall, these results suggest
that our current method for searching for transient astro-
physical neutrino sources lacks sensitivity to very long-
duration flares at the known hottest spots.

5. Conclusion

By combining 14 yr of tracks and 10 yr of cascades data, we
have constructed a robust dataset that utilizes the benefits of
both detection channels. This dataset provides the best all-sky
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time-integrated sensitivity to point sources, compared to using
either tracks or cascades individually. The effective area for
PeV-scale neutrinos in the southern sky is two times better
than either tracks or cascades individually. The most
significant pixel in the northern sky from the all-sky time-
integrated point-source search lines up with NGC 1068, while
the most significant pixel in the southern sky does not match
any source on the source list and is not the most significant
pixel in the southern sky in either tracks or cascades
individually. Although it is a newly seen hottest spot, after
trial corrections, the southern hottest spot rejects the back-
ground hypothesis at a level of 1.40. The hottest source-list
item is NGC 1068, which rejects the background hypothesis at
3.50 after catalog-based post-trial corrections. Although no
single-flaring activity was discovered at the locations of the
southern hottest spot, NGC 1068, and PKS 1424 + 240, this is
the first time a single flare with duration of less than four years
has been excluded as being responsible for NGC 1068’s
emergence as a neutrino source.
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Appendix A
Event Selection

Events are initially determined through IceCube’s trigger
system, which searches for a local clustering of eight events
within a sliding time window of 5 us (M. Aartsen et al. 2017a).
However, trigger criteria alone are insufficient for astrophy-
sical neutrino searches, as they select events at a rate of
approximately 2.7 kHz, with atmospheric muons and atmo-
spheric neutrinos outnumbering astrophysical neutrinos by
roughly 10%:1, necessitating various event selection procedures
to achieve good signal purity.

A.l. Tracks

Track-like events are initially identified through the aforemen-
tioned triggers, with subsequent reconstruction using techniques
such as modified least squares fits to linear trajectories and
likelihood-based methods that model expected light patterns in
the detector. Further selection of track events differs by
hemisphere, separated by IceCube’s operational horizon at a
decl. of —5° in equatorial coordinates. In the northern sky,
atmospheric muons are strongly suppressed by selecting high-
quality track-like events and applying a multivariate boosted
decision tree (BDT; M. G. Aartsen et al. 2020). The BDT
separates neutrino-induced tracks from atmospheric muons and
cascades by selecting for high-quality metrics in various track fits.
The BDT retains ~90% of atmospheric neutrinos while reducing
atmospheric muons to ~0.1% of their initial rate. In the southern
sky, the background of atmospheric muons is orders of
magnitude higher. Therefore, selection relies on strict reconstruc-
tion-quality cuts and an energy threshold of >10 TeV to suppress
the softer atmospheric spectrum while retaining sensitivity to the
harder astrophysical component (M. G. Aartsen et al. 2020).
After all selection criteria are implemented, the tracks sample
yields an event rate of ~3 mHz, dominated by atmospheric
neutrinos in the northern sky and by high-energy, well-
reconstructed muons in the southern sky.

A.2. Cascades

Selection for cascade events is performed using convolu-
tional neural networks (CNNs) applied in multiple stages
(R. Abbasi et al. 2023). Early, fast CNNs reduce the
atmospheric background by reconstructing cascade direction,
energy, and vertex and discarding events that do not start in or
near the detector volume. This fast CNN reduces the
atmospheric background by ~99.92% compared to the online
cascade filter, while retaining >50% of neutrino-induced
events above 500 GeV. Later stages employ deeper networks
and boosted decision trees trained on CNN outputs, achieving
~8 orders of magnitude of suppression of atmospheric muons.
The final cascade sample has an event rate of ~0.2 mHz and
contains cascade events that are fully and partially contained
within the detector volume.

Appendix B
A Priori Catalog Results

Table 3 shows the results of the time-integrated point-source
catalog search.
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Table 3
Catalog of Sources and Results

Abbasi et al.

Source Name Class « 6 l”ix ")\/ 710gl()(plocal,combined) 710g10(p10ca|,tracks)
(deg) (deg)
1 NGC 1068 SBG 40.67 —0.01 92.32 3.14 5.902 5.685
2 PKS 1424 + 240 BLL 216.76 23.8 75.79 3.50 3.534 3.866
3 PMN J1650-5044 BLL 252.59 —50.75 88.46 2.93 2.856
4 GB6 J1542 + 6129 BLL 235.75 61.5 50.79 3.34 2.709 2.497
5 TXS 0506 + 056 BLL 71.36 5.7 9.67 0.87 2.663 2.793
6 G343.1-2.3 PWN 257.0 —44.3 77.60 2.92 2.085
7 PMN J1603-4904 BLL 240.97 —49.06 84.59 3.10 2.046
8 MGRO J2019 + 37 GAL 304.85 36.8 43.35 2.99 2.000 1.749
9 4C + 55.17 FSRQ 149.42 55.38 42.38 3.05 1.835 1.670
10 M 31 SBG 10.82 41.24 31.83 4.00 1.786 1.760
11 Galactic Center BCU 266.41 —-29.0 60.42 271 1.603
12 TXS 1714-336 BLL 259.4 —33.7 67.69 2.85 1.563
13 PKS 1717 4+ 177 BLL 259.81 17.75 37.81 3.88 1.518 1.520
14 PKS 1830-211 FSRQ 278.41 —21.06 70.55 2.76 1.484
15 PMN J1802-3940 FSRQ 270.67 —39.67 76.90 3.12 1.468
16 B2 1520 + 31 FSRQ 230.55 31.74 8.12 1.41 1.447 0.637
17 0J 014 BLL 122.86 1.78 38.29 4.00 1.438 1.450
18 GRS 1285.0 UNIDB 283.15 0.69 35.76 3.72 1.358 1.344
19 MGRO J1908 + 06 GAL 287.17 6.18 5.28 1.68 1.266 1.149
20 PKS 0048-09 BLL 12.68 —9.49 126.98 3.59 1.258 0.622
21 KUV 00311-1938 BLL 8.4 —19.36 109.29 3.64 1.257
22 AP Librae BLL 229.43 —24.37 7.88 0.50 1.085
23 4C 4 14.23 FSRQ 111.33 14.42 29.58 2.89 1.038 0.876
24 PKS 1622-253 FSRQ 246.45 —25.46 37.62 2.65 0.990
25 PKS B1130 + 008 BLL 173.2 0.58 3.93 1.34 0.955 0.861
26 MG4 J200112 + 4352 BLL 300.3 43.89 20.84 2.28 0.933 0.770
27 MG1 J123931 + 0443 FSRQ 189.89 4.73 5.51 0.80 0.911 0.885
28 3C 273 FSRQ 187.27 2.05 7.29 1.37 0.887 0.796
29 4C + 28.07 FSRQ 39.47 28.8 3.34 0.50 0.884 1.038
30 NGC 598 SBG 23.52 30.62 27.38 4.00 0.866 0.894
31 NGC 5380 GAL 209.33 37.5 18.75 3.14 0.854
32 PKS 1441 + 25 FSRQ 220.99 25.03 5.82 2.07 0.818 0.782
33 PKS 2326-502 FSRQ 352.33 —49.93 5.84 1.77 0.810
34 PKS 0208-512 FSRQ 32.69 —51.02 6.03 1.96 0.777
35 Gamma Cygni GAL 305.56 40.26 17.04 4.00 0.770 0.774
36 CTA 102 FSRQ 338.15 11.73 2.09 0.88 0.757 0.782
37 S4 1749 + 70 BLL 267.15 70.1 6.00 0.50 0.748 0.706
38 PSR B0656 + 14 GAL 104.95 14.24 23.34 4.00 0.742 0.733
39 TXS 1902 + 556 BLL 285.8 55.68 19.44 4.00 0.742 0.714
40 B2 0218 + 357 FSRQ 35.28 35.94 20.10 4.00 0.719 0.728
41 1H 1914-194 BLL 289.44 —19.36 35.35 2.70 0.714
42 BL Lac BLL 330.69 42.28 17.78 3.54 0.709 0.740
43 PKS 1244-255 FSRQ 191.69 —25.8 5.67 1.39 0.706
44 TXS 0518 + 211 BLL 80.44 21.21 2291 3.29 0.687 0.620
45 PKS 0700-661 BLL 105.13 —66.18 28.52 291 0.669
46 PKS 2320-035 FSRQ 350.88 —3.29 8.69 1.11 0.662 0.635
47 4C + 38.41 FSRQ 248.82 38.14 8.10 2.36 0.654 0.707
48 2HWC J2031 + 415 GAL 307.93 41.51 13.95 2.46 0.653 0.655
49 MG?2 J201534 + 3710 FSRQ 303.89 37.18 20.15 3.12 0.651 0.555
50 HESS J0835-455 PWN 128.29 —45.19 4.06 0.50 0.633
51 PMN J1918-4111 BLL 289.56 —41.19 54.56 3.74 0.626
52 3C 4543 FSRQ 3435 16.15 3.50 2.01 0.605 0.637
53 Mkn 501 BLL 253.47 39.76 16.12 3.98 0.603 0.640
54 PKS 0736 + 01 FSRQ 114.82 1.62 3.66 2.00 0.601 0.620
55 HESS J1857 + 026 GAL 284.3 2.67 20.85 3.06 0.599 0.553
56 PKS 2155-304 BLL 329.71 —30.23 61.58 4.00 0.591
57 0X 169 FSRQ 325.89 17.73 3.02 1.44 0.586 0.645
58 PKS 1730-13 FSRQ 263.26 —13.09 45.15 2.83 0.572
59 NGC 1275 RDG 49.96 41.51 15.69 2.94 0.568 0.608
60 IC 678 GAL 168.56 6.63 17.89 3.01 0.568
61 PMN J2250-2806 BLL 342.69 —28.11 58.55 4.00 0.565
62 PMN J0948 + 0022 AGN 147.24 0.37 4.28 1.23 0.549 0.611
63 PMN J1329-5608 BLL 202.27 —56.12 40.25 4.00 0.541
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Table 3
(Continued)
Source Name Class «@ 0 I”ix ’/}7 710g|0(Plocal.combincd) 710g10(plocal.lracks)
(deg) (deg)
64 HESS J1852-000 GAL 283.0 0.0 17.08 4.00 0.539 0.536
65 B2 1215 + 30 BLL 184.48 30.12 14.71 3.06 0.519 0.565
66 PKS 0521-36 AGN 80.74 —36.47 6.63 2.14 0.507
67 LMC GAL 80.0 —68.75 31.50 4.00 0.502 1.304
68 PG 1553 + 113 BLL 238.93 11.19 12.20 4.00 0.487 0.508
69 PKS 1329-049 FSRQ 203.02 —5.16 12.74 2.78 0.483 0.583
70 PKS 1502 + 106 FSRQ 226.1 10.5 9.38 2.35 0.478 0.486
71 PKS 1216-010 BLL 184.64 —1.33 10.15 4.00 0.475 0.501
72 NGC 4945 SBG 196.36 —49.47 8.84 2.14 0.475 2.024
73 TXS 2241 + 406 FSRQ 341.06 40.96 10.97 4.00 0.473 0.463
74 S3 0458-02 FSRQ 75.3 —-1.97 11.46 4.00 0.465 0.485
75 S2 0109 + 22 BLL 18.03 22.75 12.92 2.89 0.449 0.463
76 NGC 253 SBG 11.9 —25.29 52.24 3.79 0.443 0.598
77 Cen A RDG 201.38 —43.02 10.29 2.27 0.428
78 PKS 0235 + 164 BLL 39.67 16.62 11.48 4.00 0.419 0.436
79 MG1 J021114 + 1051 BLL 32.81 10.86 2.80 0.88 0.419 0.458
80 B3 0609 + 413 BLL 93.22 41.37 5.57 2.22 0.401 0.514
81 PKS 2032 + 107 FSRQ 308.85 10.94 2.58 0.50 0.391 0.418
82 Crab Nebula GAL 83.63 22.01 8.55 2.54 0.382 0.341
83 PKS 0829 + 046 BLL 127.97 4.49 11.88 2.86 0.376 0.371
84 PKS 0118-272 BLL 20.12 —27.02 44.56 3.94 0.371
85 RX J1931.1 4 0937 BLL 292.78 9.63 10.00 3.82 0.367 0.346
86 PKS 0332-403 BLL 53.56 —40.15 10.76 2.32 0.346
87 OT 081 BLL 267.88 9.65 4.93 2.62 0.344 0.307
88 PKS 0336-01 FSRQ 54.88 —1.78 6.17 4.00 0.339 0.333
89 PKS 0301-243 BLL 45.86 —24.12 44.09 3.61 0.336
90 PKS 1936-623 BLL 295.35 —62.18 26.49 4.00 0.335
91 PKS 2023-07 FSRQ 306.42 —7.59 23.47 3.26 0.332
92 0OJ 287 BLL 133.71 20.12 2.59 2.27 0.323 0.309
93 S4 1250 + 53 BLL 193.31 53.02 5.40 4.00 0.317 0.349
94 W Comae BLL 185.38 28.24 5.24 4.00 0.315 0.336
95 PKS 1510-089 FSRQ 228.21 —9.11 3.76 1.62 0.307 0.207
96 HESS J1837-069 GAL 279.43 —6.93 13.15 2.96 0.307 0.218
97 PKS 1424-41 FSRQ 216.99 —42.11 4.82 1.51 0.303
98 3C 279 FSRQ 194.04 -5.79 7.59 241 0.289 0.299
99 PMN J0334-3725 BLL 53.56 —37.43 10.89 2.45 0.274
100 1ES 1959 + 650 BLL 300.01 65.15 5.26 2.74 0.271 0.612
101 NGC 2146 SBG 94.53 78.33 2.27 1.15 0.268
102 HESS J1843-033 GAL 280.75 33 4.72 4.00 0.258 0.266
103 1IRXS J130421.2-435308 BLL 196.09 —43.9 7.13 2.34 0.258
104 PMN J0810-7530 BLL 122.75 =755 16.52 4.00 0.247
105 PKS B1056-113 BLL 164.81 —11.57 10.90 2.46 0.241
106 NVSS J190836-012 UNIDB 287.2 —1.53 3.74 3.15 0.239 0.221
107 PKS 2233-148 BLL 339.14 —14.56 2.64 2.02 0.236 0.782
108 B3 0133 + 388 BLL 24.14 39.1 1.58 3.75 0.230 0.233
109 PKS 0735 + 17 BLL 114.54 17.71 2.51 3.49 0.226 0.215
110 M 82 SBG 148.95 69.67 1.49 4.00 0.225 0.228
111 PG 1246 + 586 BLL 192.08 58.34 0.49 2.81 0.202 0.223
112 RGB J2243 + 203 BLL 340.99 20.36 1.07 4.00 0.197
113 NVSS J141826-023 BLL 214.61 —2.56 2.07 4.00 0.196 0.217
114 PKS 0402-362 FSRQ 60.98 —36.09 2.99 1.99 0.191
115 HESS J1849-000 GAL 282.26 —0.02 0.85 3.75 0.187 0.185
116 PMN J1610-6649 BLL 242.69 —66.81 10.28 2.92 0.187
117 PKS 0440-00 FSRQ 70.66 —-0.29 0.25 2.16 0.186 0.222
118 PKS 0727-11 FSRQ 112.58 —11.69 9.70 2.63 0.186 0.297
119 PMN J0531-4827 BLL 83.0 —48.46 2.02 1.02 0.150
120 PMN J2345-1555 FSRQ 356.3 —15.92 12.18 3.21 0.147
121 PKS 0823-223 BLL 126.5 —22.51 1.72 2.10 0.144
122 PKS 1440-389 BLL 220.99 —39.15 1.24 1.71 0.142
123 PKS 0537-441 BLL 84.71 —44.09 0.86 1.99 0.135
124 PKS 0426-380 BLL 67.17 —37.94 0.87 2.37 0.103
125 TXS 0628-240 BLL 97.74 —24.11 1.17 2.96 0.093
126 1ES 0806 + 524 BLL 122.46 52.31 0.0
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Table 3
(Continued)
Source Name Class «@ 0 I”ix ’/}7 710g|0(Plocal.combincd) 710g10(plocal.lracks)
(deg) (deg)

127 PKS 0502 + 049 FSRQ 76.34 5.0 0.0
128 PKS 0447-439 BLL 72.36 —43.84 0.0
129 1ES 0647 + 250 BLL 102.7 25.06 0.0
130 PKS 0805-07 FSRQ 122.06 —7.86 0.0
131 PKS 1124-186 FSRQ 171.76 —18.96 0.0
132 OG + 050 FSRQ 83.18 7.55 0.0
133 PKS 0454-234 FSRQ 74.26 —23.41 0.0
134 MG2 J043337 + 2905 BLL 68.41 29.1 0.0
135 PKS 2052-47 FSRQ 314.07 —47.24 0.0
136 PKS 0422 + 00 BLL 66.19 0.6 0.0
137 PKS 0420-01 FSRQ 65.83 -1.33 0.0
138 Mkn 421 BLL 166.12 38.21 0.0
139 PKS 0215 + 015 FSRQ 34.46 1.74 0.0
140 4C + 01.02 FSRQ 17.17 1.58 0.0
141 PKS 0019 + 058 BLL 5.64 6.14 0.0
142 HESS J1841-055 GAL 280.23 —5.55 0.0
143 Ton 599 FSRQ 179.88 29.24 0.0
144 3C 66A BLL 35.67 43.04 0.0
145 4C + 21.35 FSRQ 186.23 21.38 0.0
146 MH 2136-428 BLL 324.85 —42.59 0.0
147 PKS 1101-536 BLL 165.98 —53.96 0.0
148 B2 2114 + 33 BLL 319.06 33.66 0.0
149 TXS 0141 + 268 BLL 26.15 27.09 0.0
150 1H 1013 + 498 BLL 153.77 49.43 0.0
151 Arp 299 SBG 172.07 58.52 0.0
152 4C + 01.28 BLL 164.62 1.56 0.0
153 NGC 3424 SBG 16291 32.89 0.0
154 Arp 220 SBG 233.7 23.53 0.0
155 PKS 1502 + 036 AGN 226.26 3.44 0.0
156 1H 1720 + 117 BLL 261.27 11.87 0.0
157 SMC SBG 14.5 —72.75 0.0 0.169
158 B3 1343 + 451 FSRQ 206.4 44.88 0.0
159 PKS 2005-489 BLL 302.36 —48.82 0.0
160 PKS 2247-131 BCU 3425 —12.85 0.0
161 M 87 AGN 187.71 12.39 0.0
162 ON 246 BLL 187.56 253 0.0
163 PKS 2142-75 FSRQ 326.83 —75.6 0.0
164 PG 1218 + 304 BLL 185.34 30.17 0.0
165 S4 0814 + 42 BLL 124.56 42.38 0.0
166 IRXS J194246.3 + 1 BLL 295.7 10.56 0.0
167 S5 0716 + 71 BLL 110.49 71.34 0.0

Note. Summary of location, number of signal events, ns, power-law spectral index, 7, ---log;o (local p-value) of each source in the catalog for the combined tracks
and cascades (---10g10(Piocal,combinea)) and for tracks alone (---10g1o(Piocal racks))- Ellipses denote a source with a test statistic of zero, and blank entries in the tracks-
only p-value column indicate sources not included in the tracks-only catalog.

(This table is available in machine-readable form in the online article.)

Appendix C

A Priori Catalog Construction each source came from M. G. Aartsen et al. (2020) (PSTracks

Figure 11 shows the locations of all 167 sources in the Sources), R. Abbasi et al. (2023) (DNNCascade Sources), or
a priori source catalog in equatorial coordinates and whether from both (Overlapping Sources).
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Galactic Plane
DNNCascade Sources
PSTracks Sources
Overlapping Sources

X+

Equatorial

Figure 11. Source list locations. The locations, in equatorial coordinates, of the sources in the a priori defined catalog are shown with a point style indicating whether
the source is from the previously unblinded cascades all-sky neutrino point-source search (R. Abbasi et al. 2023) or from the previously unblinded tracks all-sky

neutrino point-source search (M. G. Aartsen et al. 2020).

Appendix D
Sensitive Energy Range

Figure 12 shows the central 90% sensitive energy range of the
combined tracks and cascades dataset assuming an £ and an E >
energy spectrum. In the northern sky, for an E 2 spectrum, the
sensitivity spans roughly from 1 TeV up to 10 PeV near the

horizon, decreasing to about 100 TeV at the northernmost
declinations. For an E > spectrum, the range narrows from
approximately 200 GeV-10 TeV near the horizon, tapering to
around 1 TeV at the most northern declinations. In the southern
sky, the ranges are broader: approximately 3 TeV—11 PeV for an
E 2 spectrum, and about 500 GeV to 11 TeV for an E > spectrum.
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Figure 12. Sensitive energy range. The central 90% sensitive energy range of the combined tracks and cascades dataset is shown, assuming an E~2 and £~ spectrum
as a function of the sine of decl. The energy range is shown for declinations between —80° and + 80°.
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Appendix E
Sensitivity Comparisons by Dataset

Figure 13 shows the combined tracks and cascades all-sky
90% C.L. median sensitivity and 50 discovery potential
compared to those of various other IceCube data selections.
These include the 14 yr PSTracks (this work) and the 10 yr

Abbasi et al.

cascades (R. Abbasi et al. 2023), which are both components
of the combined tracks and cascades dataset. Other selections
shown are the Northern Tracks selection (R. Abbasi et al.
2022) and the ESTES selection (R. Abbasi et al. 2025b). The
combined tracks and cascades dataset has the best all-sky
sensitivity and 5o discovery potential compared to the
individual selections shown in Figure 13.
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Figure 13. Sensitivity and 5¢ discovery potential comparison. The 90% C.L. median sensitivities to sources emitting an £~ 2 spectrum as a function of source decl.
for cascades (R. Abbasi et al. 2023) and PSTracks individually, the 10 yr ESTES selection (R. Abbasi et al. 2025b), the 10 yr Northern Tracks selection (R. Abbasi
et al. 2022, 2025a), and for the combined tracks and cascades are shown as solid lines. The 5o DP for all selections are shown as dashed lines. Here, Z—I;’ is the per-

flavor number of neutrinos (N) per neutrino energy (E) per area per time.

18



THE ASTROPHYSICAL JOURNAL, 995:11 (21pp), 2025 December 10

ORCID iDs

R. Abbasi @ https: //orcid.org/0000-0001-6141-4205

M. Ackermann @ https: //orcid.org/0000-0001-8952-588X
S. K. Agarwalla ® https: //orcid.org/0000-0002-9714-8866
J. A. Aguilar @ https: //orcid.org/0000-0003-2252-9514

M. Ahlers @ https: //orcid.org/0000-0003-0709-5631

JM. Alameddine © https: //orcid.org/0000-0002-9534-9189
S. Ali @ https: //orcid.org/0009-0001-2444-4162

K. Andeen @ https: //orcid.org/0000-0001-9394-0007

C. Argiielles ® https: //orcid.org/0000-0003-4186-4182

S. N. Axani © https: //orcid.org/0000-0001-8866-3826

X. Bai @ https: //orcid.org/0000-0002-1827-9121

A. Balagopal V. ® https: //orcid.org/0000-0001-5367-8876
S. W. Barwick @ https: //orcid.org/0000-0003-2050-6714
V. Basu @ https: //orcid.org/0000-0002-9528-2009

J. J. Beatty @ hittps: //orcid.org/0000-0003-0481-4952

J. Becker Tjus © https: //orcid.org/0000-0002-1748-7367

J. Beise @ https: //orcid.org/0000-0002-7448-4189

C. Bellenghi © https: //orcid.org/0000-0001-8525-7515

S. BenZvi @ https: //orcid.org/0000-0001-5537-4710

E. Bernardini @ https: //orcid.org/0000-0003-3108-1141

E. Blaufuss ® https: /orcid.org/0000-0001-5450-1757

L. Bloom ® https: //orcid.org/0009-0005-9938-3164

S. Blot @ https: //orcid.org,/0000-0003-1089-3001

J. Y. Book Motzkin ® https: //orcid.org/0000-0001-
6687-5959

C. Boscolo Meneguolo
8325-4329
S. Boser
O. Botner

https: //orcid.org/0000-0001-

https: //orcid.org /0000-0002-5918-4890
https: j/orcid.org,/0000-0001-8588-7306
J. Bottcher @ https: //orcid.org/0000-0002-3387-4236
B. Brinson @ https: //orcid.org/0000-0001-9128-1159
M. A. Campana @ https: //orcid.org/0000-0003-4162-5739
K. Carloni @ https: //orcid.org/0000-0003-3859-3748
J. Carpio @ https: //orcid.org/0000-0003-0667-6557
S. Chattopadhyay © https: //orcid.org/0009-0006-1352-2248
D. Chirkin @ https: //orcid.org/0000-0003-4911-1345
B. A. Clark @ https: //orcid.org/0000-0003-4089-2245

A. Coleman @ https: //orcid.org/0000-0003-1510-1712
D. A. Coloma Borja @ https: //orcid.org/0000-0003-
0007-5793

J. M. Conrad @ https: //orcid.org/0000-0002-6393-0438

D. F. Cowen @ https: //orcid.org/0000-0003-4738-0787

C. De Clercq @ https: //orcid.org/0000-0001-5266-7059

J. J. DeLaunay © https: //orcid.org/0000-0001-5229-1995
D. Delgado ® https: //orcid.org/0000-0002-4306-8828

P. Desiati ® https: //orcid.org/0000-0001-9768-1858

K. D. de Vries ® https: //orcid.org/0000-0002-9842-4068
G. de Wasseige @ https: //orcid.org/0000-0002-1010-5100
T. DeYoung @ https: //orcid.org/0000-0003-4873-3783

J. C. Diaz-Vélez @ https: //orcid.org/0000-0002-0087-0693
S. DiKerby @ https: //orcid.org/0000-0003-2633-2196

D. Durnford @ https: //orcid.org/0000-0002-6608-7650

M. A. DuVernois @ https: //orcid.org/0000-0002-2987-9691
A. Eimer © https: //orcid.org/0009-0002-6308-0258

P. Eller © https: //orcid.org/0000-0001-6354-5209

D. Elsisser @ https: //orcid.org/0000-0001-6796-3205

H. Erpenbeck @ https: //orcid.org/0000-0001-6319-2108

A. R. Fazely ® https: //orcid.org/0000-0002-6907-8020

A. Fedynitch @ https: /orcid.org/0000-0003-2837-3477

C. Finley @ https: //orcid.org/0000-0003-3350-390X

L. Fischer © https: //orcid.org/0000-0002-7645-8048

19

Abbasi et al.

D. Fox @ https: //orcid.org/0000-0002-3714-672X

A. Franckowiak @ https: //orcid.org/0000-0002-5605-2219

P. Fiirst @ https: //orcid.org/0000-0002-7951-8042

J. Gallagher @ https: //orcid.org,/0000-0001-8608-0408

E. Ganster @ https: //orcid.org/0000-0003-4393-6944

A. Garcia ® https: //orcid.org/0000-0002-8186-2459

E. Genton @ https: //orcid.org/0009-0003-5263-972X

A. Ghadimi @ https: j/orcid.org/0000-0002-6350-6485

C. Glaser @ https: //orcid.org/0000-0001-5998-2553

T. Gliisenkamp © https: //orcid.org/0000-0002-2268-9297

S. J. Gray @ https: //orcid.org/0000-0003-2907-8306

S. Griffin ® https: //orcid.org/0000-0002-0779-9623

S. Griswold @ https: J/orcid.org/0000-0002-7321-7513

K. M. Groth @ https: //orcid.org/0000-0002-1581-9049

D. Guevel @ https: //orcid.org/0000-0002-0870-2328

C. Giinther ® https: //orcid.org/0009-0007-5644-8559

P. Gutjahr @ https: //orcid.org/0000-0001-7980-7285

C. Ha © https: //orcid.org/0000-0002-9598-8589

C. Haack @ https: //orcid.org/0000-0003-3932-2448

A https: //orcid.org /0000-0001-7751-4489

L https: //orcid.org/0000-0003-2237-6714

F https: J/orcid.org /0000-0001-6224-2417
https: //orcid.org/0000-0002-9638-7574
https: //orcid.org /0009-0003-5552-4821
https: //orcid.org /0000-0003-2072-4172

J. Hellrung ® https: //orcid.org/0009-0006-7300-8961

F. Henningsen © https: //orcid.org,/0000-0002-0680-6588

N. Heyer @ https: //orcid.org/0000-0001-9036-8623

C. Hill @ https: //orcid.org/0000-0003-0647-9174

S. Hori @ https: /orcid.org/0009-0007-2644-5955

M. Hostert @ https: /orcid.org/0000-0002-9584-8877

W. Hou © https: //orcid.org/0000-0003-3422-7185

T. Huber @ https: //orcid.org/0000-0002-6515-1673

K. Hultqvist @ https: //orcid.org/0000-0003-0602-9472

K. Hymon @ https: //orcid.org/0000-0002-4377-5207

W. Iwakiri ® https: //orcid.org/0000-0002-0207-9010

S. Jain © https: J/orcid.org/0009-0000-7455-782X

O. Janik @ https: //orcid.org/0009-0007-3121-2486

M. Jeong @ https: //orcid.org/0000-0003-2420-6639

M. Jin © https: //orcid.org/0000-0003-0487-5595

N. Kamp @ https: //orcid.org/0000-0001-9232-259X

D. Kang @ https: //orcid.org/0000-0002-5149-9767

W. Kang @ https: //orcid.org/0000-0003-3980-3778

A. Kappes ©® https: //orcid.org/0000-0003-1315-3711

T. Karg @ https: //orcid.org/0000-0003-3251-2126

M. Karl @ https: //orcid.org/0000-0003-2475-8951

A. Karle ® https: //orcid.org/0000-0001-9889-5161

M. Kauer @ https: //orcid.org/0000-0003-1830-9076

J. L. Kelley ® https: //orcid.org/0000-0002-0846-4542

A. Khatee Zathul © https: //orcid.org/0000-0002-8735-8579

A. Kheirandish © https: //orcid.org/0000-0001-7074-0539

J. Kiryluk @ https: //orcid.org/0000-0003-0264-3133

S. R. Klein @ https: //orcid.org/0000-0003-2841-6553

Y. Kobayashi @ https: //orcid.org/0009-0005-5680-6614

A. Kochocki @ https: //orcid.org/0000-0003-3782-0128

R. Koirala ® https: //orcid.org/0000-0002-7735-7169

H. Kolanoski @ https: //orcid.org/0000-0003-0435-2524

T. Kontrimas ® https: /orcid.org/0000-0001-8585-0933

C. Kopper ® https: //orcid.org /0000-0001-6288-7637

D. J. Koskinen @ https: //orcid.org/0000-0002-0514-5917

P. Koundal @ https: //orcid.org/0000-0002-5917-5230

M. Kowalski @ https: //orcid.org/0000-0001-8594-8666

. Hallgren

. Halve

. Halzen
A. Haungs
J. Héaussler
K. Helbing


https://orcid.org/0000-0001-6141-4205
https://orcid.org/0000-0001-8952-588X
https://orcid.org/0000-0002-9714-8866
https://orcid.org/0000-0003-2252-9514
https://orcid.org/0000-0003-0709-5631
https://orcid.org/0000-0002-9534-9189
https://orcid.org/0009-0001-2444-4162
https://orcid.org/0000-0001-9394-0007
https://orcid.org/0000-0003-4186-4182
https://orcid.org/0000-0001-8866-3826
https://orcid.org/0000-0002-1827-9121
https://orcid.org/0000-0001-5367-8876
https://orcid.org/0000-0003-2050-6714
https://orcid.org/0000-0002-9528-2009
https://orcid.org/0000-0003-0481-4952
https://orcid.org/0000-0002-1748-7367
https://orcid.org/0000-0002-7448-4189
https://orcid.org/0000-0001-8525-7515
https://orcid.org/0000-0001-5537-4710
https://orcid.org/0000-0003-3108-1141
https://orcid.org/0000-0001-5450-1757
https://orcid.org/0009-0005-9938-3164
https://orcid.org/0000-0003-1089-3001
https://orcid.org/0000-0001-6687-5959
https://orcid.org/0000-0001-6687-5959
https://orcid.org/0000-0001-8325-4329
https://orcid.org/0000-0001-8325-4329
https://orcid.org/0000-0002-5918-4890
https://orcid.org/0000-0001-8588-7306
https://orcid.org/0000-0002-3387-4236
https://orcid.org/0000-0001-9128-1159
https://orcid.org/0000-0003-4162-5739
https://orcid.org/0000-0003-3859-3748
https://orcid.org/0000-0003-0667-6557
https://orcid.org/0009-0006-1352-2248
https://orcid.org/0000-0003-4911-1345
https://orcid.org/0000-0003-4089-2245
https://orcid.org/0000-0003-1510-1712
https://orcid.org/0000-0003-0007-5793
https://orcid.org/0000-0003-0007-5793
https://orcid.org/0000-0002-6393-0438
https://orcid.org/0000-0003-4738-0787
https://orcid.org/0000-0001-5266-7059
https://orcid.org/0000-0001-5229-1995
https://orcid.org/0000-0002-4306-8828
https://orcid.org/0000-0001-9768-1858
https://orcid.org/0000-0002-9842-4068
https://orcid.org/0000-0002-1010-5100
https://orcid.org/0000-0003-4873-3783
https://orcid.org/0000-0002-0087-0693
https://orcid.org/0000-0003-2633-2196
https://orcid.org/0000-0002-6608-7650
https://orcid.org/0000-0002-2987-9691
https://orcid.org/0009-0002-6308-0258
https://orcid.org/0000-0001-6354-5209
https://orcid.org/0000-0001-6796-3205
https://orcid.org/0000-0001-6319-2108
https://orcid.org/0000-0002-6907-8020
https://orcid.org/0000-0003-2837-3477
https://orcid.org/0000-0003-3350-390X
https://orcid.org/0000-0002-7645-8048
https://orcid.org/0000-0002-3714-672X
https://orcid.org/0000-0002-5605-2219
https://orcid.org/0000-0002-7951-8042
https://orcid.org/0000-0001-8608-0408
https://orcid.org/0000-0003-4393-6944
https://orcid.org/0000-0002-8186-2459
https://orcid.org/0009-0003-5263-972X
https://orcid.org/0000-0002-6350-6485
https://orcid.org/0000-0001-5998-2553
https://orcid.org/0000-0002-2268-9297
https://orcid.org/0000-0003-2907-8306
https://orcid.org/0000-0002-0779-9623
https://orcid.org/0000-0002-7321-7513
https://orcid.org/0000-0002-1581-9049
https://orcid.org/0000-0002-0870-2328
https://orcid.org/0009-0007-5644-8559
https://orcid.org/0000-0001-7980-7285
https://orcid.org/0000-0002-9598-8589
https://orcid.org/0000-0003-3932-2448
https://orcid.org/0000-0001-7751-4489
https://orcid.org/0000-0003-2237-6714
https://orcid.org/0000-0001-6224-2417
https://orcid.org/0000-0002-9638-7574
https://orcid.org/0009-0003-5552-4821
https://orcid.org/0000-0003-2072-4172
https://orcid.org/0009-0006-7300-8961
https://orcid.org/0000-0002-0680-6588
https://orcid.org/0000-0001-9036-8623
https://orcid.org/0000-0003-0647-9174
https://orcid.org/0009-0007-2644-5955
https://orcid.org/0000-0002-9584-8877
https://orcid.org/0000-0003-3422-7185
https://orcid.org/0000-0002-6515-1673
https://orcid.org/0000-0003-0602-9472
https://orcid.org/0000-0002-4377-5207
https://orcid.org/0000-0002-0207-9010
https://orcid.org/0009-0000-7455-782X
https://orcid.org/0009-0007-3121-2486
https://orcid.org/0000-0003-2420-6639
https://orcid.org/0000-0003-0487-5595
https://orcid.org/0000-0001-9232-259X
https://orcid.org/0000-0002-5149-9767
https://orcid.org/0000-0003-3980-3778
https://orcid.org/0000-0003-1315-3711
https://orcid.org/0000-0003-3251-2126
https://orcid.org/0000-0003-2475-8951
https://orcid.org/0000-0001-9889-5161
https://orcid.org/0000-0003-1830-9076
https://orcid.org/0000-0002-0846-4542
https://orcid.org/0000-0002-8735-8579
https://orcid.org/0000-0001-7074-0539
https://orcid.org/0000-0003-0264-3133
https://orcid.org/0000-0003-2841-6553
https://orcid.org/0009-0005-5680-6614
https://orcid.org/0000-0003-3782-0128
https://orcid.org/0000-0002-7735-7169
https://orcid.org/0000-0003-0435-2524
https://orcid.org/0000-0001-8585-0933
https://orcid.org/0000-0001-6288-7637
https://orcid.org/0000-0002-0514-5917
https://orcid.org/0000-0002-5917-5230
https://orcid.org/0000-0001-8594-8666

THE ASTROPHYSICAL JOURNAL, 995:11 (21pp), 2025 December 10

T. Krishnan © https: /orcid.org/0000-0002-3237-3114

K. Kruiswijk @ https: /orcid.org/0009-0002-9261-0537
A. Kumar © https: //orcid.org/0000-0002-8367-8401

N. Kurahashi @ https: //orcid.org/0000-0003-1047-8094
N. Lad @ https: //orcid.org/0000-0001-9302-5140

C. Lagunas Gualda ® https: //orcid.org/0000-0002-9040-7191
M. Lamoureux @ https: //orcid.org/0000-0002-8860-5826
M. J. Larson @ https: //orcid.org/0000-0002-6996-1155
F. Lauber @ https: //orcid.org/0000-0001-5648-5930

J. P. Lazar @ https: //orcid.org/0000-0003-0928-5025

K. Leonard DeHolton @ https: //orcid.org,/0000-0002-
8795-0601
A. Leszczyriska @ https: //orcid.org/0000-0003-0935-6313
J. Liao @ https: //orcid.org/0009-0008-8086-586X

Y. T. Liu @ https: //orcid.org/0009-0007-5418-1301

L. Lu ® https: J/orcid.org/0000-0003-3175-7770

F. Lucarelli @ https: //orcid.org/0000-0002-9558-8788
W. Luszczak ® https: j/orcid.org/0000-0003-3085-0674
Y. Lyu @ https: //orcid.org/0000-0002-2333-4383

J. Madsen @ https: //orcid.org/0000-0003-2415-9959

E. Magnus © https: //orcid.org/0009-0008-8111-1154
E. Manao @ https: //orcid.org/0009-0002-6197-8574

S. Mancina @ https: //orcid.org/0009-0003-9879-3896
A. Mand © https: J/orcid.org/0009-0005-9697-1702

I. C. Marig @ https: //orcid.org/0000-0002-5771-1124
S. Marka ® https: //orcid.org/0000-0002-3957-1324

Z. Marka © https: //orcid.org/0000-0003-1306-5260

I. Martinez-Soler © https: //orcid.org/0000-0002-0308-3003
R. Maruyama © https: //orcid.org/0000-0003-2794-512X
J. Mauro @ https: //orcid.org/0009-0005-9324-7970

F. Mayhew @ https: //orcid.org/0000-0001-7609-403X
F. McNally ® https: //orcid.org/0000-0002-0785-2244
K. Meagher ® https: //orcid.org/0000-0003-3967-1533
M. Meier @ https: //orcid.org/0000-0002-9483-9450

L. Merten ® https: //orcid.org/0000-0003-1332-9895

T. Montaruli ® https: //orcid.org/0000-0001-5014-2152
R. W. Moore ® https: //orcid.org/0000-0003-4160-4700
M. Moulai @ https: //orcid.org/0000-0001-7909-5812
T. Mukherjee ® https: //orcid.org/0000-0002-0962-4878
R. Naab @ https: //orcid.org/0000-0003-2512-466X

J. Necker © https: //orcid.org/0000-0003-0280-7484

L. Neste @ https: //orcid.org/0000-0002-4829-3469

H. Niederhausen ® https: //orcid.org/0000-0002-9566-4904
M. U. Nisa @ https: j/orcid.org/0000-0002-6859-3944
K. Noda @ https: //orcid.org/0000-0003-1397-6478

A. Obertacke Pollmann @ https: //orcid.org/0000-0002-
2492-043X

V. O’Dell @ https: //orcid.org/0000-0003-0903-543X
E. O’Sullivan @ https: //orcid.org/0000-0003-1882-8802
H. Pandya © https: //orcid.org/0000-0002-6138-4808
N. Park © https: //orcid.org/0000-0002-4282-736X

E. N. Paudel © https: //orcid.org/0000-0001-9276-7994
L. Paul @ https: //orcid.org/0000-0003-4007-2829

C. Pérez de los Heros ® https: //orcid.org,/0000-0002-
2084-5866

M. Plum @ https: //orcid.org/0000-0001-8691-242X

B. Pries ® https: //orcid.org/0000-0003-4811-9863

L. Pyras ® https: //orcid.org/0000-0003-1146-9659

C. Raab @ https: //orcid.org/0000-0001-9921-2668

N. Rad @ https: //orcid.org/0000-0002-5204-0851

A. Rehman @ https: //orcid.org/0000-0001-7616-5790
E. Resconi @ https: //orcid.org/0000-0003-0705-2770

20

Abbasi et al.

https: // orcid.org /0000-0002-6524-9769
https: //orcid.org,/0000-0003-2636-5000
https: //orcid.org /0009-0002-1638-0610
B. Riedel @ https: //orcid.org/0000-0002-9524-8943
M. Rongen @ https: //orcid.org/0000-0002-7057-1007
A. Rosted @ https: //orcid.org/0000-0003-2410-400X
C. Rott @ https: //orcid.org/0000-0002-6958-6033
T. Ruhe @ https: j/orcid.org/0000-0002-4080-9563
J. Saffer ® https: //orcid.org/0000-0002-0040-6129
D. Salazar-Gallegos @ https: //orcid.org/0000-0002-
9312-9684
A. Sandrock © https: //orcid.org/0000-0002-6779-1172
G. Sanger-Johnson @ https: //orcid.org/0000-0002-4463-2902
M. Santander © https: //orcid.org/0000-0001-7297-8217
S. Sarkar @ https: //orcid.org/0000-0002-3542-858X
H. Schieler @ https: //orcid.org/0000-0002-2637-4778
S. Schindler © https: //orcid.org/0000-0001-5507-8890
L. Schlickmann © https: //orcid.org/0000-0002-9746-6872
F. Schliiter @ https: //orcid.org/0000-0002-5545-4363
F. G. Schroder © https: //orcid.org/0000-0001-8495-7210
L. Schumacher ® https: //orcid.org/0000-0001-8945-6722
S. Sclafani @ https: //orcid.org/0000-0001-9446-1219
L. Seen © https: //orcid.org/0009-0004-9204-0241
M. Seikh @ https: //orcid.org/0000-0002-4464-7354
S. Seunarine @ https: //orcid.org/0000-0003-3272-6896
P. A. Sevle Myhr @ https: //orcid.org/0009-0005-9103-4410
R. Shah ® https: //orcid.org/0000-0003-2829-1260
N. Shimizu ® https: //orcid.org/0000-0001-6857-1772
B. Skrzypek ® https: //orcid.org/0000-0002-0910-1057
D. Soldin ® https: //orcid.org/0000-0003-3005-7879
P. Soldin ® https: //orcid.org/0000-0003-1761-2495
G. Sommani @ https: //orcid.org/0000-0002-0094-826X
G. M. Spiczak ® https: /orcid.org/0000-0002-0030-0519
C. Spiering @ https: J/orcid.org/0000-0001-7372-0074
J. Stachurska @ https: //orcid.org/0000-0002-0238-5608
T. Stezelberger ® https: //orcid.org/0000-0003-2676-9574
T. Stuttard © https: //orcid.org/0000-0001-7944-279X
G. W. Sullivan © https: //orcid.org/0000-0002-2585-2352
I. Taboada ® https: //orcid.org/0000-0003-3509-3457
S. Ter-Antonyan @ https: //orcid.org/0000-0002-5788-1369
M. Thiesmeyer © https: //orcid.org/0009-0003-0005-4762
W. G. Thompson @ https: //orcid.org/0000-0003-2988-7998
J. Thwaites © https: //orcid.org/0000-0001-9179-3760
K. Tollefson @ https: //orcid.org/0000-0001-9725-1479
S. Toscano @ https: //orcid.org/0000-0002-1860-2240
A. K. Upadhyay © https: //orcid.org/0000-0003-1957-2626
N. Valtonen-Mattila © https: //orcid.org/0000-0002-
1830-098X
J. Valverde

C. D. Rho
W. Rhode
L. Ricca

https: //orcid.org /0000-0002-8090-6528

J. Vandenbroucke @ https: //orcid.org/0000-0002-9867-6548
N. van Eijndhoven @ https: //orcid.org/0000-0001-5558-3328
J. van Santen ® https: /orcid.org/0000-0002-2412-9728

S. Verpoest @ https: //orcid.org /0000-0002-3031-3206

J. Villarreal ® https: j/orcid.org/0000-0001-9690-1310

C. Walck @ https: //orcid.org/0000-0002-4188-9219

A. Wang © https: //orcid.org/0009-0006-9420-2667

E. H. S. Warrick @ https: j/orcid.org/0009-0006-3975-1006
C. Weaver @ https: //orcid.org/0000-0003-2385-2559

J. Weldert @ https: //orcid.org/0000-0002-3709-2354

A. Y. Wen @ https: //orcid.org/0009-0009-4869-7867

C. Wendt @ https: //orcid.org/0000-0001-8076-8877

N. Whitehorn ® https: //orcid.org/0000-0002-3157-0407


https://orcid.org/0000-0002-3237-3114
https://orcid.org/0009-0002-9261-0537
https://orcid.org/0000-0002-8367-8401
https://orcid.org/0000-0003-1047-8094
https://orcid.org/0000-0001-9302-5140
https://orcid.org/0000-0002-9040-7191
https://orcid.org/0000-0002-8860-5826
https://orcid.org/0000-0002-6996-1155
https://orcid.org/0000-0001-5648-5930
https://orcid.org/0000-0003-0928-5025
https://orcid.org/0000-0002-8795-0601
https://orcid.org/0000-0002-8795-0601
https://orcid.org/0000-0003-0935-6313
https://orcid.org/0009-0008-8086-586X
https://orcid.org/0009-0007-5418-1301
https://orcid.org/0000-0003-3175-7770
https://orcid.org/0000-0002-9558-8788
https://orcid.org/0000-0003-3085-0674
https://orcid.org/0000-0002-2333-4383
https://orcid.org/0000-0003-2415-9959
https://orcid.org/0009-0008-8111-1154
https://orcid.org/0009-0002-6197-8574
https://orcid.org/0009-0003-9879-3896
https://orcid.org/0009-0005-9697-1702
https://orcid.org/0000-0002-5771-1124
https://orcid.org/0000-0002-3957-1324
https://orcid.org/0000-0003-1306-5260
https://orcid.org/0000-0002-0308-3003
https://orcid.org/0000-0003-2794-512X
https://orcid.org/0009-0005-9324-7970
https://orcid.org/0000-0001-7609-403X
https://orcid.org/0000-0002-0785-2244
https://orcid.org/0000-0003-3967-1533
https://orcid.org/0000-0002-9483-9450
https://orcid.org/0000-0003-1332-9895
https://orcid.org/0000-0001-5014-2152
https://orcid.org/0000-0003-4160-4700
https://orcid.org/0000-0001-7909-5812
https://orcid.org/0000-0002-0962-4878
https://orcid.org/0000-0003-2512-466X
https://orcid.org/0000-0003-0280-7484
https://orcid.org/0000-0002-4829-3469
https://orcid.org/0000-0002-9566-4904
https://orcid.org/0000-0002-6859-3944
https://orcid.org/0000-0003-1397-6478
https://orcid.org/0000-0002-2492-043X
https://orcid.org/0000-0002-2492-043X
https://orcid.org/0000-0003-0903-543X
https://orcid.org/0000-0003-1882-8802
https://orcid.org/0000-0002-6138-4808
https://orcid.org/0000-0002-4282-736X
https://orcid.org/0000-0001-9276-7994
https://orcid.org/0000-0003-4007-2829
https://orcid.org/0000-0002-2084-5866
https://orcid.org/0000-0002-2084-5866
https://orcid.org/0000-0001-8691-242X
https://orcid.org/0000-0003-4811-9863
https://orcid.org/0000-0003-1146-9659
https://orcid.org/0000-0001-9921-2668
https://orcid.org/0000-0002-5204-0851
https://orcid.org/0000-0001-7616-5790
https://orcid.org/0000-0003-0705-2770
https://orcid.org/0000-0002-6524-9769
https://orcid.org/0000-0003-2636-5000
https://orcid.org/0009-0002-1638-0610
https://orcid.org/0000-0002-9524-8943
https://orcid.org/0000-0002-7057-1007
https://orcid.org/0000-0003-2410-400X
https://orcid.org/0000-0002-6958-6033
https://orcid.org/0000-0002-4080-9563
https://orcid.org/0000-0002-0040-6129
https://orcid.org/0000-0002-9312-9684
https://orcid.org/0000-0002-9312-9684
https://orcid.org/0000-0002-6779-1172
https://orcid.org/0000-0002-4463-2902
https://orcid.org/0000-0001-7297-8217
https://orcid.org/0000-0002-3542-858X
https://orcid.org/0000-0002-2637-4778
https://orcid.org/0000-0001-5507-8890
https://orcid.org/0000-0002-9746-6872
https://orcid.org/0000-0002-5545-4363
https://orcid.org/0000-0001-8495-7210
https://orcid.org/0000-0001-8945-6722
https://orcid.org/0000-0001-9446-1219
https://orcid.org/0009-0004-9204-0241
https://orcid.org/0000-0002-4464-7354
https://orcid.org/0000-0003-3272-6896
https://orcid.org/0009-0005-9103-4410
https://orcid.org/0000-0003-2829-1260
https://orcid.org/0000-0001-6857-1772
https://orcid.org/0000-0002-0910-1057
https://orcid.org/0000-0003-3005-7879
https://orcid.org/0000-0003-1761-2495
https://orcid.org/0000-0002-0094-826X
https://orcid.org/0000-0002-0030-0519
https://orcid.org/0000-0001-7372-0074
https://orcid.org/0000-0002-0238-5608
https://orcid.org/0000-0003-2676-9574
https://orcid.org/0000-0001-7944-279X
https://orcid.org/0000-0002-2585-2352
https://orcid.org/0000-0003-3509-3457
https://orcid.org/0000-0002-5788-1369
https://orcid.org/0009-0003-0005-4762
https://orcid.org/0000-0003-2988-7998
https://orcid.org/0000-0001-9179-3760
https://orcid.org/0000-0001-9725-1479
https://orcid.org/0000-0002-1860-2240
https://orcid.org/0000-0003-1957-2626
https://orcid.org/0000-0002-1830-098X
https://orcid.org/0000-0002-1830-098X
https://orcid.org/0000-0002-8090-6528
https://orcid.org/0000-0002-9867-6548
https://orcid.org/0000-0001-5558-3328
https://orcid.org/0000-0002-2412-9728
https://orcid.org/0000-0002-3031-3206
https://orcid.org/0000-0001-9690-1310
https://orcid.org/0000-0002-4188-9219
https://orcid.org/0009-0006-9420-2667
https://orcid.org/0009-0006-3975-1006
https://orcid.org/0000-0003-2385-2559
https://orcid.org/0000-0002-3709-2354
https://orcid.org/0009-0009-4869-7867
https://orcid.org/0000-0001-8076-8877
https://orcid.org/0000-0002-3157-0407

THE ASTROPHYSICAL JOURNAL, 995:11 (21pp), 2025 December 10

C. H. Wiebusch ® https: //orcid.org/0000-0002-6418-3008
L. Witthaus ® https: //orcid.org/0009-0000-0666-367 1
M. Wolf ® https: //orcid.org/0000-0001-9991-3923

J. P. Yanez © https: //orcid.org/0000-0002-5373-2569
S. Yoshida ® https: //orcid.org/0000-0003-2480-5105
F. Yu @ https: /orcid.org/0000-0002-5775-2452

S. Yu @ https: //orcid.org/0000-0003-0035-7766

T. Yuan @ https: //orcid.org/0000-0002-7041-5872

A. Zegarelli ® https: //orcid.org/0000-0003-1497-3826
S. Zhang © https: //orcid.org/0000-0002-2967-790X
Z. Zhang © https: //orcid.org/0000-0002-7347-283X
P. Zhelnin © https: //orcid.org/0000-0003-1019-8375

References

Aartsen, M., Ackermann, M., Adams, J., et al. 2017a, JInst, 12, P03012
Aartsen, M., Ackermann, M., Adams, J., et al. 2017b, APh, 92, 30
Aartsen, M., Ackermann, M., Adams, J., et al. 2018a, Sci, 361, 147
Aartsen, M., Ackermann, M., Adams, J., et al. 2018b, Sci, 361, 147
Aartsen, M. G., Abbasi, R., Abdou, Y., et al. 2013, ApJ, 779, 132
Aartsen, M. G., Abbasi, R., Ackermann, M., et al. 2014, JInst, 9, P03009
Aartsen, M. G., Ackermann, M., Adams, J., et al. 2017¢c, ApJ, 846, 136
Aartsen, M. G., Ackermann, M., Adams, J., et al. 2017d, ApJ, 849, 67
Aartsen, M. G., Ackermann, M., Adams, J., et al. 2019, ApJ, 886, 12

21

Abbasi et al.

Aartsen, M. G., Ackermann, M., Adams, J., et al. 2020, PhRvL, 124, 051103

Abbasi, R., Abdou, Y., Abu-Zayyad, T., et al. 2009a, PhRvL, 103, 221102

Abbasi, R., Abdou, Y., Abu-Zayyad, T., et al. 2010, NIMPA, 618, 139

Abbasi, R., Abdou, Y., Abu-Zayyad, T., et al. 2011, AplJ, 732, 18,
arXiv:1012.2137

Abbasi, R., Ackermann, M., Adams, J., et al. 2009b, NIMPA, 601, 294

Abbasi, R., Ackermann, M., Adams, J., et al. 2022, Sci, 378, 538

Abbasi, R., Ackermann, M., Adams, J., et al. 2023, Sci, 380, 1338

Abbasi, R., Ackermann, M., Adams, J., et al. 2024, PhRvD, 110, 022001

Abbasi, R., Ackermann, M., Adams, J., et al. 2025a, ApJ, 988, 141

Abbasi, R., Ackermann, M., Adams, J., et al. 2025b, arXiv:2501.16440

Abdollahi, S., Acero, F., Ackermann, M., et al. 2020, ApJS, 247, 33

Albert, A., et al. 2024, Apl, 964, 3

Biteau, J., & Meyer, M. 2022, Galax, 10, 39

Braun, J., Dumm, J., De Palma, F., et al. 2008, APh, 29, 299

Cowan, C. L., Reines, F., Harrison, F. B., Kruse, H. W., & McGuire, A. D.
1956, Sci, 124, 103

Feldman, G. J., & Cousins, R. D. 1998, PhRvD, 57, 3873

Formaggio, J. A., & Zeller, G. P. 2012, RvMP, 84, 1307

Goérski, K. M., Hivon, E., Banday, A. J., et al. 2005, ApJ, 622, 759

Schatto, K. 2013, ICRC, 33, 3291

Spiering, C. 2012, EPJH, 37, 515

Van Rossum, G., & Drake, F. L. 2009, Python 3 Reference Manual (Scotts
Valley, CA: CreateSpace)

Watson, A. A. 2014, RPPh, 77, 036901

Wilks, S. S. 1938, AnnMS, 9, 60

Zonca, A., Singer, L., Lenz, D., et al. 2019, JOSS, 4, 1298


https://orcid.org/0000-0002-6418-3008
https://orcid.org/0009-0000-0666-3671
https://orcid.org/0000-0001-9991-3923
https://orcid.org/0000-0002-5373-2569
https://orcid.org/0000-0003-2480-5105
https://orcid.org/0000-0002-5775-2452
https://orcid.org/0000-0003-0035-7766
https://orcid.org/0000-0002-7041-5872
https://orcid.org/0000-0003-1497-3826
https://orcid.org/0000-0002-2967-790X
https://orcid.org/0000-0002-7347-283X
https://orcid.org/0000-0003-1019-8375
https://doi.org/10.1088/1748-0221/12/03/p03012
https://ui.adsabs.harvard.edu/abs/2017JInst..12P3012A/abstract
https://doi.org/10.1016/j.astropartphys.2017.05.002
https://ui.adsabs.harvard.edu/abs/2017APh....92...30A/abstract
https://doi.org/10.1126/science.aat1378
https://ui.adsabs.harvard.edu/abs/2018Sci...361.1378I/abstract
https://doi.org/10.1126/science.aat2890
https://ui.adsabs.harvard.edu/abs/2018Sci...361..147I/abstract
https://doi.org/10.1088/0004-637X/779/2/132
https://ui.adsabs.harvard.edu/abs/2013ApJ...779..132A/abstract
https://doi.org/10.1088/1748-0221/9/03/p03009
https://ui.adsabs.harvard.edu/abs/2014JInst...9P3009A/abstract
https://doi.org/10.3847/1538-4357/aa8508
https://ui.adsabs.harvard.edu/abs/2017ApJ...846..136A/abstract
https://doi.org/10.3847/1538-4357/aa8dfb
https://ui.adsabs.harvard.edu/abs/2017ApJ...849...67A/abstract
https://doi.org/10.3847/1538-4357/ab4ae2
https://ui.adsabs.harvard.edu/abs/2019ApJ...886...12A/abstract
https://doi.org/10.1103/PhysRevLett.124.051103
https://ui.adsabs.harvard.edu/abs/2020PhRvL.124e1103A/abstract
https://doi.org/10.1103/physrevlett.103.221102
https://ui.adsabs.harvard.edu/abs/2009PhRvL.103v1102A/abstract
https://doi.org/10.1016/j.nima.2010.03.102
https://ui.adsabs.harvard.edu/abs/2010NIMPA.618..139A/abstract
https://ui.adsabs.harvard.edu/abs/2011ApJ...732...18A/abstract
http://arXiv.org/abs/1012.2137
https://doi.org/10.1016/j.nima.2009.01.001
https://ui.adsabs.harvard.edu/abs/2009NIMPA.601..294A/abstract
https://doi.org/10.1126/science.abg3395
https://ui.adsabs.harvard.edu/abs/2022Sci...378..538I/abstract
https://doi.org/10.1126/science.adc9818
https://ui.adsabs.harvard.edu/abs/2023Sci...380.1338I/abstract
https://doi.org/10.1103/PhysRevD.110.022001
https://ui.adsabs.harvard.edu/abs/2024PhRvD.110b2001A/abstract
https://doi.org/10.3847/1538-4357/addd05
https://ui.adsabs.harvard.edu/abs/2025ApJ...988..141A/abstract
http://arXiv.org/abs/2501.16440
https://doi.org/10.3847/1538-4365/ab6bcb
https://ui.adsabs.harvard.edu/abs/2020ApJS..247...33A/abstract
https://doi.org/10.3847/1538-4357/ad1f5b
https://ui.adsabs.harvard.edu/abs/2024ApJ...964....3A/abstract
https://doi.org/10.3390/galaxies10020039
https://ui.adsabs.harvard.edu/abs/2022Galax..10...39B/abstract
https://doi.org/10.1016/j.astropartphys.2008.02.007
https://ui.adsabs.harvard.edu/abs/2008APh....29..299B/abstract
https://doi.org/10.1126/science.124.3212.103
https://ui.adsabs.harvard.edu/abs/1956Sci...124..103C/abstract
https://doi.org/10.1103/physrevd.57.3873
https://ui.adsabs.harvard.edu/abs/1998PhRvD..57.3873F/abstract
https://doi.org/10.1103/RevModPhys.84.1307
https://ui.adsabs.harvard.edu/abs/2012RvMP...84.1307F/abstract
https://doi.org/10.1086/427976
https://ui.adsabs.harvard.edu/abs/2005ApJ...622..759G/abstract
https://ui.adsabs.harvard.edu/abs/2013ICRC...33.3291S/abstract
https://doi.org/10.1140/epjh/e2012-30014-2
https://ui.adsabs.harvard.edu/abs/2012EPJH...37..515S/abstract
https://doi.org/10.1088/0034-4885/77/3/036901
https://ui.adsabs.harvard.edu/abs/2014RPPh...77c6901W/abstract
https://doi.org/10.1214/aoms/1177732360
https://doi.org/10.21105/joss.01298
https://ui.adsabs.harvard.edu/abs/2019JOSS....4.1298Z/abstract

	1. Introduction
	1.1. IceCube Neutrino Observatory

	2. Dataset Construction
	2.1. Track Events
	2.2. Cascade Events
	2.3. Combining Tracks and Cascades

	3. Time-integrated All-sky Point-source Search
	3.1. Analysis Method
	3.2. Sensitivity and Discovery Potential
	3.3. Results
	3.3.1. All-sky Search
	3.3.2. Source Catalog Searches


	4. Time-dependent Flare Search
	4.1. Analysis Method
	4.2. Sensitivity and Discovery Potential
	4.3. Results

	5. Conclusion
	Appendix A. Event Selection
	A.1. Tracks
	A.2. Cascades

	Appendix B. A Priori Catalog Results
	Appendix C. A Priori Catalog Construction
	Appendix D. Sensitive Energy Range
	Appendix E. Sensitivity Comparisons by Dataset
	References



