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Bagherpour,16 X. Bai,43 A. Balagopal V.,29 A. Barbano,26 S. W. Barwick,28 B. Bastian,55 V. Baum,36 S. Baur,12 R.

Bay,8 J. J. Beatty,18, 19 K.-H. Becker,54 J. Becker Tjus,11 S. BenZvi,45 D. Berley,17 E. Bernardini,55 D. Z. Besson,30

G. Binder,8, 9 D. Bindig,54 E. Blaufuss,17 S. Blot,55 C. Bohm,46 M. Börner,21 S. Böser,36 O. Botner,53 J. Böttcher,1
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26Département de physique nucléaire et corpusculaire,
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This paper presents the results from point-like neutrino source searches using ten years of IceCube
data collected between Apr. 6, 2008 and Jul. 10, 2018. We evaluate the significance of an astrophys-
ical signal from a point-like source looking for an excess of clustered neutrino events with energies
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typically above ∼ 1 TeV among the background of atmospheric muons and neutrinos. We perform a
full-sky scan, a search within a selected source catalog, a catalog population study, and three stacked
Galactic catalog searches. The most significant point in the Northern hemisphere from scanning the
sky is coincident with the Seyfert II galaxy NGC 1068, which was included in the source catalog
search. The excess at the coordinates of NGC 1068 is inconsistent with background expectations
at the level of 2.9σ after accounting for statistical trials. The combination of this result along with
excesses observed at the coordinates of three other sources, including TXS 0506+056, suggests that,
collectively, correlations with sources in the Northern catalog are inconsistent with background at
3.3σ significance. These results, all based on searches for a cumulative neutrino signal integrated
over the ten years of available data, motivate further study of these and similar sources, including
time-dependent analyses, multimessenger correlations, and the possibility of stronger evidence with
coming upgrades to the detector.

Cosmic rays (CRs) have been observed for over a hun-
dred years [1] penetrating the entire surface of the Earth’s
atmosphere in the form of leptonic and hadronic charged
particles with energies up to ∼ 1020 eV [2]. The origin of
these particles is still largely unknown since they are de-
flected on their journey to the Earth by magnetic fields.
Very-high-energy (VHE) γ-rays (Eγ >100GeV) travel
without deflection and so provide evidence for astrophysi-
cal acceleration sites. However, these photons can be pro-
duced by both leptonic and hadronic processes and are
attenuated by extragalactic background light, meaning
they cannot probe distances larger than z ∼ 1 at energies
above ∼1TeV. In comparison, only hadronic processes
can produce an astrophysical neutrino flux which would
travel unattenuated and undeflected from the source to
the Earth. Thus, astrophysical neutrino observations are
critical to identify CR sources, or to discover distant very-
high-energy accelerators.
IceCube has discovered astrophysical neutrinos in mul-

tiple diffuse flux searches [3–6]. Notably, a potential neu-
trino source, TXS 0506+056, has been identified through
a multi-messenger campaign around a high-energy Ice-
Cube event in Sep. 2017 [7]. IceCube also found evidence
for neutrino emission over ∼110 days from 2014-15 at the
location of TXS 0506+056 when examining over 9 years
of archival data [8]. Nonetheless, the estimated flux from
this source alone is less than 1% of the total astrophysi-
cal neutrino flux [3]. In this paper we search for various
point-like neutrino sources using 10 years of IceCube ob-
servations.
The IceCube neutrino telescope is a cubic kilometer

array of digital optical modules (DOMs) each containing
a 10” PMT [9] and on-board read-out electronics [10].
These DOMs are arranged in 86 strings between 1.45 and
2.45 km below the surface of the ice at the South Pole [11].
The DOMs are sensitive to Cherenkov light from energy
losses of ultra-relativistic charged particles traversing the
ice. This analysis targets astrophysical muon neutrinos
and antineutrinos (νµ), which undergo charged-current
interactions in the ice to produce a muon traversing the
detector. The majority of the background for this analy-
sis originates from CRs interacting with the atmosphere
to produce showers of particles including atmospheric
muons and neutrinos. The atmospheric muons from the

TABLE I: IceCube configuration, livetime, number of
events, start and end date and published reference in

which the sample selection is described.

Data Samples

Year Livetime
(Days)

Number
of Events

Start Day End Day Ref.

IC40 376.4 36900 2008/04/06 2009/05/20 [13]

IC59 352.6 107011 2009/05/20 2010/05/31 [14]

IC79 316.0 93133 2010/06/01 2011/05/13 [15]

IC86-
2011

332.9 136244 2011/05/13 2012/05/15 [16]

IC86-
2012-18

2198.2 760923 2012/04/26a 2018/07/10 This
work

a start date for test runs of the new processing. The remainder of
this run began 2012/05/15

Southern hemisphere are able to penetrate the ice and are
detected as track-like events in IceCube at a rate orders
of magnitude higher than the corresponding atmospheric
neutrinos [11]. Almost all of the atmospheric muons from
the Northern hemisphere are filtered out by the Earth.
However, poorly-reconstructed atmospheric muons from
the Southern sky create a significant background in the
Northern hemisphere. Atmospheric neutrinos also pro-
duce muons from charged-current νµ interactions, act-
ing as an irreducible background in both hemispheres.
Neutral-current interactions or νe and ντ charged-current
interactions produce particle showers with spherical mor-
phology known as cascade events. Tracks at ∼TeV ener-
gies are reconstructed with a typical angular resolution
of . 1◦, while cascades have an angular resolution of
∼ 10◦ − 15◦[12]. This analysis selects track-like events
because of their better angular resolution. Tracks have
the additional advantage that they can be used even if
the neutrino interaction vertex is located outside of the
detector. This greatly increases the detectable event rate.

During the first three years of data included here, Ice-
Cube was incomplete and functioned with 40, 59, and 79
strings. For these years and also during the first year of
data taking of the full detector (IC86), the event selec-
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TABLE II: Summary of final p-values (pre-trial and
post-trial) for each point-like source search implemented

in this paper.

Analysis Category Pre-trial signifi-
cance (plocal)

Post-trial
significance

All-Sky North 3.5 × 10−7 9.9 × 10−2

Scan South 4.3 × 10−6 0.75
Source List North 1.8 × 10−5 2.0 × 10−3 (2.9σ)

South 5.9 × 10−2 0.55
Catalog North 3.3×10−5 4.8 × 10−4 (3.3σ)
Population South 0.12 0.36
Stacking SNR – 0.11
Search PWN – 1.0

UNID – 0.4

the post-trial p-value from this search must take into ac-
count a trial factor for the different tested values of k.

The most significant pbkg from the Northern catalog
population analysis is 3.3 × 10-5 (4.0σ) which is found
when k = 4 (See Fig.8). The four most significant sources
which contribute to this excess are those with p-value
< 0.01 as described above. When accounting for the fact
that different signal population sizes are tested, the post-
trial p-value is 4.8 × 10-4 (3.3σ). Since evidence has al-
ready been presented for TXS 0506+056 to be a neutrino
source [8], an a posteriori search is conducted removing
this source from the catalog. The resulting most signifi-
cant excess is 2.3σ post-trial due to the remaining three
most significant sources. For the Southern catalog, the
most significant excess is 0.12, provided by 5 of the 13
sources. The resulting post-trial p-value is 0.36.

Stacked Source Searches In the case of catalogs of
sources that produce similar fluxes, stacking searches re-
quire a lower flux per source for a discovery than consid-
ering each source individually. Three catalogs of Galactic
γ-ray sources are stacked in this paper. Sources are se-
lected from VHE γ-ray measurements and categorized
into pulsar wind nebulae (PWN), supernova remnants
(SNR) and unidentified objects (UNID), with the aim of
grouping objects likely to have similar properties as neu-
trino emitters. The final groups consist of 33 PWN, 23
SNR, and 58 UNID described in Table IV. A weighting
scheme is adopted to describe the relative contribution
expected from each source in a single catalog based on
the integral of the extrapolated γ-ray flux above 10TeV.
All three catalogs find p-values > 0.1.

Conclusion This paper presents an updated event se-
lection optimized for point-like neutrino source signals
applied to 10 years of IceCube data taken from April
2008 to July 2018. Multiple neutrino source searches are
performed: an all-sky scan, a source catalog and corre-
sponding catalog population study for each hemisphere,
and 3 stacked Galactic-source searches.

The results of these analyses, all searching for cumula-

tive neutrino signals integrated over the 10 years of data-
taking, are summarized in Table II. The most significant
source in the Northern catalog, NGC 1068, is inconsis-
tent with a background-only hypothesis at 2.9σ due to
being located 0.35◦ from the most significant excess in
the Northern hemisphere and the Northern source cata-
log provides a 3.3σ inconsistency with a background-only
hypothesis for the entire catalog. This result comes from
an excess of significant p-values in the directions of the
Seyfert II galaxy NGC 1068, the blazar TXS 0506+056,
and the BL Lacs PKS 1424+240 and GB6 J1542+6129.
NGC 1068, at a 14.4 Mpc distance, is the most luminous
Seyfert II galaxy detected by Fermi -LAT [31]. NGC 1068
is an observed particle accelerator, charged particles are
accelerated in the jet of the AGN or in the AGN-driven
molecular wind [32], producing γ-rays and potentially
neutrinos. Other work has previously indicated NGC
1068 as a potential CR accelerator [25, 33, 34]. Assum-
ing that the observed excess is indeed of astrophysical
origin and connected with NGC 1068, the best-fit neu-
trino spectrum inferred from this work is significantly
higher than that predicted from models developed to
explain the Fermi -LAT gamma-ray measurements (see
Fig. 9). However, the large uncertainty from our spectral
measurement and the high X-ray and γ-ray absorption
along the line of sight [35, 36] prevent a straight forward
connection. Time-dependent analyses and the possibil-
ity of correlating with multimessenger observations for
this and other sources may provide additional evidence
of neutrino emission and insights into its origin. Contin-
ued data-taking, more refined event reconstruction, and
the planned upgrade of IceCube promise further improve-
ments in sensitivity [37].
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[1] Victor F. Hess, “Über Beobachtungen der durchdringen-
den Strahlung bei sieben Freiballonfahrten,” Phys. Z. 13,
1084–1091 (1912).

[2] D. J. Bird et al., “Detection of a cosmic ray with mea-
sured energy well beyond the expected spectral cutoff
due to cosmic microwave radiation,” Astrophys. J. 441,
144–150 (1995), arXiv:astro-ph/9410067 [astro-ph].

[3] M. G. Aartsen et al. (IceCube), “Observation and Char-
acterization of a Cosmic Muon Neutrino Flux from the
Northern Hemisphere using six years of IceCube data,”
Astrophys. J. 833, 3 (2016), arXiv:1607.08006 [astro-
ph.HE].

[4] M. G. Aartsen et al. (IceCube), “The IceCube Neutrino
Observatory - Contributions to ICRC 2017 Part II: Prop-
erties of the Atmospheric and Astrophysical Neutrino
Flux,” PoS (2017), arXiv:1710.01191 [astro-ph.HE].

[5] Aartsen, M., et al., “Evidence for High-Energy Extrater-
restrial Neutrinos at the IceCube Detector,” Science 342,
1242856 (2013).

[6] M. G. Aartsen et al. (IceCube), “Observation of High-
Energy Astrophysical Neutrinos in Three Years of Ice-
Cube Data,” Phys. Rev. Lett. 113, 101101 (2014),
arXiv:1405.5303 [astro-ph.HE].

[7] Aartsen et al., “Multimessenger observations of a flar-
ing blazar coincident with high-energy neutrino icecube-
170922a,” Science 361 (2018), 10.1126/science.aat1378.

[8] M. G. Aartsen et al. (IceCube), “Neutrino emission from
the direction of the blazar TXS 0506+056 prior to the
IceCube-170922A alert,” Science 361, 147–151 (2018),
arXiv:1807.08794 [astro-ph.HE].

[9] R. Abbasi et al., “Calibration and characterization of the
IceCube photomultiplier tube,” Nuclear Instruments and
Methods in Physics Research A 618, 139–152 (2010),
arXiv:1002.2442 [astro-ph.IM].

[10] R. Abbasi et al. (IceCube), “The IceCube Data Acqui-
sition System: Signal Capture, Digitization, and Times-
tamping,” Nucl. Instrum. Meth. A601, 294–316 (2009),
arXiv:0810.4930 [physics.ins-det].

[11] M. G. Aartsen et al. (IceCube), “The IceCube Neu-
trino Observatory: Instrumentation and Online Sys-
tems,” JINST 12, P03012 (2017), arXiv:1612.05093
[astro-ph.IM].

[12] M. G. Aartsen et al. (IceCube), “Search for astrophysical

sources of neutrinos using cascade events in IceCube,”
Astrophys. J. 846, 136 (2017), arXiv:1705.02383 [astro-
ph.HE].

[13] R. Abbasi et al. (IceCube), “Time-Integrated Searches
for Point-like Sources of Neutrinos with the 40-String
IceCube Detector,” Astrophys. J. 732, 18 (2011),
arXiv:1012.2137 [astro-ph.HE].

[14] M. G. Aartsen et al. (IceCube), “Search for Time-
independent Neutrino Emission from Astrophysical
Sources with 3 yr of IceCube Data,” Astrophys. J. 779,
132 (2013), arXiv:1307.6669 [astro-ph.HE].

[15] Kai Schatto, Stacked searches for high-energy neutrinos
from blazars with IceCube, Ph.D. thesis, Mainz U. (2014-
06-02).

[16] M. G. Aartsen et al. (IceCube), “Searches for Ex-
tended and Point-like Neutrino Sources with Four Years
of IceCube Data,” Astrophys. J. 796, 109 (2014),
arXiv:1406.6757 [astro-ph.HE].

[17] M. G. Aartsen et al. (IceCube), “All-sky Search for Time-
integrated Neutrino Emission from Astrophysical Sources
with 7 yr of IceCube Data,” Astrophys. J. 835, 151
(2017), arXiv:1609.04981 [astro-ph.HE].

[18] M. G. Aartsen et al. (IceCube), “Search for steady point-
like sources in the astrophysical muon neutrino flux with
8 years of IceCube data,” Eur. Phys. J. C. (2018),
arXiv:1811.07979 [hep-ph].

[19] J. Ahrens et al. (AMANDA), “Muon track reconstruc-
tion and data selection techniques in AMANDA,” Nucl.
Instrum. Meth. A524, 169–194 (2004), arXiv:astro-
ph/0407044 [astro-ph].

[20] M. G. Aartsen et al., “Improvement in Fast Particle
Track Reconstruction with Robust Statistics,” Nucl. In-
strum. Meth. A736, 143–149 (2014), arXiv:1308.5501
[astro-ph.IM].

[21] M. G. Aartsen et al. (IceCube), “Observation of
the cosmic-ray shadow of the Moon with IceCube,”
Phys. Rev. D89, 102004 (2014), arXiv:1305.6811 [astro-
ph.HE].

[22] Jim Braun, Jon Dumm, Francesco De Palma, Chad Fin-
ley, Albrecht Karle, and Teresa Montaruli, “Methods for
point source analysis in high energy neutrino telescopes,”
Astropart. Phys. 29, 299–305 (2008), arXiv:0801.1604
[astro-ph].

[23] Julien Aublin, Giulia Illuminati, and Sergio Navas
(ANTARES), “Searches for point-like sources of cosmic
neutrinos with 11 years of ANTARES data,” (2019)
arXiv:1908.08248 [astro-ph.HE].

[24] The Fermi-LAT collaboration, “Fermi Large Area
Telescope Fourth Source Catalog,” arXiv e-prints
, arXiv:1902.10045 (2019), arXiv:1902.10045 [astro-
ph.HE].

[25] Abraham Loeb and Eli Waxman, “The Cumulative back-
ground of high energy neutrinos from starburst galaxies,”
JCAP 0605, 003 (2006), arXiv:astro-ph/0601695 [astro-
ph].

[26] Kohta Murase, Markus Ahlers, and Brian C. Lacki,
“Testing the Hadronuclear Origin of PeV Neutrinos Ob-
served with IceCube,” Phys. Rev. D88, 121301 (2013),
arXiv:1306.3417 [astro-ph.HE].

[27] “TeVCat: online catalogue of TeV sources,” (2018),
http://tevcat.uchicago.edu/.

[28] S. P. Wakely and D. Horan, “TeVCat: An online catalog
for Very High Energy Gamma-Ray Astronomy,” Interna-
tional Cosmic Ray Conference 3, 1341–1344 (2008).



9

[29] “GammaCat: online catalogue of Gamma-ray sources,”
(2018), https://gamma-cat.readthedocs.io/data/

overview.html.
[30] S. S. Wilks, “The Large-Sample Distribution of the Like-

lihood Ratio for Testing Composite Hypotheses,” Annals
Math. Statist. 9, 60–62 (1938).

[31] M. et al. Ackermann, “GeV Observations of Star-forming
Galaxies with the Fermi Large Area Telescope,” Astro-
phys. J. 755, 164 (2012), arXiv:1206.1346 [astro-ph.HE].

[32] A. Lamastra, F. Fiore, D. Guetta, L. A. Antonelli,
S. Colafrancesco, N. Menci, S. Puccetti, A. Stamerra,
and L. Zappacosta, “Galactic outflow driven by the ac-
tive nucleus and the origin of the gamma-ray emis-
sion in NGC 1068,” Astr. & Astrop. 596, A68 (2016),
arXiv:1609.09664 [astro-ph.HE].

[33] Tova M. Yoast-Hull, III Gallagher, J. S., Ellen G.
Zweibel, and John E. Everett, “Active Galactic Nu-
clei, Neutrinos, and Interacting Cosmic Rays in NGC
253 and NGC 1068,” Astrophys. J. 780, 137 (2014),
arXiv:1311.5586 [astro-ph.HE].

[34] Brian C. Lacki, Todd A. Thompson, Eliot Quataert,
Abraham Loeb, and Eli Waxman, “On The GeV & TeV
Detections of the Starburst Galaxies M82 & NGC 253,”
Astrophys. J. 734, 107 (2011), arXiv:1003.3257 [astro-
ph.HE].
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SUPPLEMENTARY MATERIAL

The effective area for this search corresponds to the efficiency of the analysis cuts and detector effects to observe
an astrophysical neutrino flux as a function of energy and declination. The expected rate of muon neutrinos and
anti-neutrinos (dNν+ν̄

dt
) from a point-like source at declination δ from a flux (φν+ν̄) as a function of neutrino energy

(Eν) is:

dNν+ν̄

dt
=

∫

∞

0

Aν+ν̄
eff (Eν , δ)× φν+ν̄(Eν)dEν . (2)

The resulting effective area for the IC86 2012-2018 event selection is shown in Fig. 5 as a function of simulated
neutrino energy in declination bins. The combination of the effective area, angular resolution shown in Fig 1, and the
background data rate, determines the analysis sensitivity to a point-like neutrino source.
The updated event selection is used to scan each hemisphere for the single most significant point-like neutrino

source, and in addition to examine individual sources observed in γ-rays via the analyses described above. The result
of the all-sky scan is discussed above and can be seen in Fig.6. The details of the source list and the individual results
from examining each of the sources in the Northern and Southern catalogs (divided at a declination of −5◦) can be
seen in Table III, where the best-fit number of astrophysical neutrino events n̂s is constrained to be ≥ 0. For sources
where n̂s = 0, the 90% C.L. median sensitivity was used in place of an upper limit.

The most significant excess from the Northern Catalog was found in the direction of NGC 1068. Figure 7 shows the
distribution of observed events as a function of their distance from the 3FGL coordinates of NGC 1068 (blue) or their
estimated angular error (orange). Both distributions are weighted by their signal over background likelihood for a
given point-like source hypothesis in the direction of NGC 1068 and the best fit spectral shape of E−3.2. A minimum
angular uncertainty of 0.2◦ is applied because the angular uncertainty σ estimated for each event individually does
not include systematic uncertainties. It was verified that setting a minimum value up to 0.9◦ does not significantly
affect the result in the direction of NGC 1068 as most events contributing to the excess are reconstructed within ∼ 1◦

of the Fermi -LAT NGC 1068 coordinates.
Finally, to provide more context for such a result, we show the reconstructed muon neutrino spectrum with its large

uncertainty compared to gamma-ray data from 7.5 yr of Fermi-LAT observations and an upper limit obtained from
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TABLE III: Northern and Southern catalogs used in the a priori defined source-list searches. For each source:
equatorial coordinates (J2000) from 4FGL are given with the likelihood search results: best-fit number of
astrophysical neutrino events n̂s, best-fit astrophysical power-law spectral index γ̂, local pre-trial p-value

-log10(plocal), 90% CL astrophysical flux upper-limit (φ90%). The neutrino 90% CL flux upper-limit (φ90%) is

parametrized as:
dNνµ+ν̄µ

dEν

= φ90% ·

(

Eν

TeV

)

−2

× 10−13TeV−1cm−2s−1. The four most significant sources with pre-trial

p-values less than 0.01 are highlighted in bold. The sources are divided into Northern and Southern catalogs with a
boundary at -5◦ in declination.

Source List Results
Name Class α [deg] δ [deg] n̂s γ̂ -log10(plocal) φ90%

PKS 2320-035 FSRQ 350.88 -3.29 4.8 3.6 0.45 3.3
3C 454.3 FSRQ 343.50 16.15 5.4 2.2 0.62 5.1

TXS 2241+406 FSRQ 341.06 40.96 3.8 3.8 0.42 5.6
RGB J2243+203 BLL 340.99 20.36 0.0 3.0 0.33 3.1

CTA 102 FSRQ 338.15 11.73 0.0 2.7 0.30 2.8
BL Lac BLL 330.69 42.28 0.0 2.7 0.31 4.9
OX 169 FSRQ 325.89 17.73 2.0 1.7 0.69 5.1

B2 2114+33 BLL 319.06 33.66 0.0 3.0 0.30 3.9
PKS 2032+107 FSRQ 308.85 10.94 0.0 2.4 0.33 3.2

2HWC J2031+415 GAL 307.93 41.51 13.4 3.8 0.97 9.2
Gamma Cygni GAL 305.56 40.26 7.4 3.7 0.59 6.9

MGRO J2019+37 GAL 304.85 36.80 0.0 3.1 0.33 4.0
MG2 J201534+3710 FSRQ 303.92 37.19 4.4 4.0 0.40 5.6
MG4 J200112+4352 BLL 300.30 43.89 6.1 2.3 0.67 7.8

1ES 1959+650 BLL 300.01 65.15 12.6 3.3 0.77 12.3
1RXS J194246.3+1 BLL 295.70 10.56 0.0 2.7 0.33 2.6
RX J1931.1+0937 BLL 292.78 9.63 0.0 2.9 0.29 2.8
NVSS J190836-012 UNIDB 287.20 -1.53 0.0 2.9 0.22 2.3
MGRO J1908+06 GAL 287.17 6.18 4.2 2.0 1.42 5.7

TXS 1902+556 BLL 285.80 55.68 11.7 4.0 0.85 9.9
HESS J1857+026 GAL 284.30 2.67 7.4 3.1 0.53 3.5

GRS 1285.0 UNIDB 283.15 0.69 1.7 3.8 0.27 2.3
HESS J1852-000 GAL 283.00 0.00 3.3 3.7 0.38 2.6
HESS J1849-000 GAL 282.26 -0.02 0.0 3.0 0.28 2.2
HESS J1843-033 GAL 280.75 -3.30 0.0 2.8 0.31 2.5

OT 081 BLL 267.87 9.65 12.2 3.2 0.73 4.8
S4 1749+70 BLL 267.15 70.10 0.0 2.5 0.37 8.0

1H 1720+117 BLL 261.27 11.88 0.0 2.7 0.30 3.2
PKS 1717+177 BLL 259.81 17.75 19.8 3.6 1.32 7.3

Mkn 501 BLL 253.47 39.76 10.3 4.0 0.61 7.3
4C +38.41 FSRQ 248.82 38.14 4.2 2.3 0.66 7.0

PG 1553+113 BLL 238.93 11.19 0.0 2.8 0.32 3.2
GB6 J1542+6129 BLL 235.75 61.50 29.7 3.0 2.74 22.0

B2 1520+31 FSRQ 230.55 31.74 7.1 2.4 0.83 7.3
PKS 1502+036 AGN 226.26 3.44 0.0 2.7 0.28 2.9
PKS 1502+106 FSRQ 226.10 10.50 0.0 3.0 0.33 2.6
PKS 1441+25 FSRQ 220.99 25.03 7.5 2.4 0.94 7.3

PKS 1424+240 BLL 216.76 23.80 41.5 3.9 2.80 12.3

NVSS J141826-023 BLL 214.61 -2.56 0.0 3.0 0.25 2.0
B3 1343+451 FSRQ 206.40 44.88 0.0 2.8 0.32 5.0
S4 1250+53 BLL 193.31 53.02 2.2 2.5 0.39 5.9

PG 1246+586 BLL 192.08 58.34 0.0 2.8 0.35 6.4
MG1 J123931+0443 FSRQ 189.89 4.73 0.0 2.6 0.28 2.4

M 87 AGN 187.71 12.39 0.0 2.8 0.29 3.1
ON 246 BLL 187.56 25.30 0.9 1.7 0.37 4.2
3C 273 FSRQ 187.27 2.04 0.0 3.0 0.28 1.9

4C +21.35 FSRQ 186.23 21.38 0.0 2.6 0.32 3.5
W Comae BLL 185.38 28.24 0.0 3.0 0.32 3.7

PG 1218+304 BLL 185.34 30.17 11.1 3.9 0.70 6.7
PKS 1216-010 BLL 184.64 -1.33 6.9 4.0 0.45 3.1
B2 1215+30 BLL 184.48 30.12 18.6 3.4 1.09 8.5

Ton 599 FSRQ 179.88 29.24 0.0 2.2 0.29 4.5
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Name Class α [deg] δ [deg] n̂s γ̂ -log10(plocal) φ90%

PKS B1130+008 BLL 173.20 0.58 15.8 4.0 0.96 4.4
Mkn 421 BLL 166.12 38.21 2.1 1.9 0.38 5.3

4C +01.28 BLL 164.61 1.56 0.0 2.9 0.26 2.4
1H 1013+498 BLL 153.77 49.43 0.0 2.6 0.29 4.5

4C +55.17 FSRQ 149.42 55.38 11.9 3.3 1.02 10.6
M 82 SBG 148.95 69.67 0.0 2.6 0.36 8.8

PMN J0948+0022 AGN 147.24 0.37 9.3 4.0 0.76 3.9
OJ 287 BLL 133.71 20.12 0.0 2.6 0.32 3.5

PKS 0829+046 BLL 127.97 4.49 0.0 2.9 0.28 2.1
S4 0814+42 BLL 124.56 42.38 0.0 2.3 0.30 4.9

OJ 014 BLL 122.87 1.78 16.1 4.0 0.99 4.4
1ES 0806+524 BLL 122.46 52.31 0.0 2.8 0.31 4.7
PKS 0736+01 FSRQ 114.82 1.62 0.0 2.8 0.26 2.4
PKS 0735+17 BLL 114.54 17.71 0.0 2.8 0.30 3.5

4C +14.23 FSRQ 111.33 14.42 8.5 2.9 0.60 4.8
S5 0716+71 BLL 110.49 71.34 0.0 2.5 0.38 7.4

PSR B0656+14 GAL 104.95 14.24 8.4 4.0 0.51 4.4
1ES 0647+250 BLL 102.70 25.06 0.0 2.9 0.27 3.0
B3 0609+413 BLL 93.22 41.37 1.8 1.7 0.42 5.3
Crab nebula GAL 83.63 22.01 1.1 2.2 0.31 3.7

OG +050 FSRQ 83.18 7.55 0.0 3.2 0.28 2.9
TXS 0518+211 BLL 80.44 21.21 15.7 3.8 0.92 6.6

TXS 0506+056 BLL 77.35 5.70 12.3 2.1 3.72 10.1

PKS 0502+049 FSRQ 76.34 5.00 11.2 3.0 0.66 4.1
S3 0458-02 FSRQ 75.30 -1.97 5.5 4.0 0.33 2.7

PKS 0440-00 FSRQ 70.66 -0.29 7.6 3.9 0.46 3.1
MG2 J043337+2905 BLL 68.41 29.10 0.0 2.7 0.28 4.5

PKS 0422+00 BLL 66.19 0.60 0.0 2.9 0.27 2.3
PKS 0420-01 FSRQ 65.83 -1.33 9.3 4.0 0.52 3.4
PKS 0336-01 FSRQ 54.88 -1.77 15.5 4.0 0.99 4.4
NGC 1275 AGN 49.96 41.51 3.6 3.1 0.41 5.5
NGC 1068 SBG 40.67 -0.01 50.4 3.2 4.74 10.5

PKS 0235+164 BLL 39.67 16.62 0.0 3.0 0.28 3.1
4C +28.07 FSRQ 39.48 28.80 0.0 2.8 0.30 3.6

3C 66A BLL 35.67 43.04 0.0 2.8 0.30 3.9
B2 0218+357 FSRQ 35.28 35.94 0.0 3.1 0.33 4.3

PKS 0215+015 FSRQ 34.46 1.74 0.0 3.2 0.27 2.3
MG1 J021114+1051 BLL 32.81 10.86 1.6 1.7 0.43 3.5

TXS 0141+268 BLL 26.15 27.09 0.0 2.5 0.31 3.5
B3 0133+388 BLL 24.14 39.10 0.0 2.6 0.28 4.1

NGC 598 SBG 23.52 30.62 11.4 4.0 0.63 6.3
S2 0109+22 BLL 18.03 22.75 2.0 3.1 0.30 3.7
4C +01.02 FSRQ 17.16 1.59 0.0 3.0 0.26 2.4

M 31 SBG 10.82 41.24 11.0 4.0 1.09 9.6
PKS 0019+058 BLL 5.64 6.14 0.0 2.9 0.29 2.4

PKS 2233-148 BLL 339.14 -14.56 5.3 2.8 1.26 21.4
HESS J1841-055 GAL 280.23 -5.55 3.6 4.0 0.55 4.8
HESS J1837-069 GAL 279.43 -6.93 0.0 2.8 0.30 4.0
PKS 1510-089 FSRQ 228.21 -9.10 0.1 1.7 0.41 7.1
PKS 1329-049 FSRQ 203.02 -5.16 6.1 2.7 0.77 5.1

NGC 4945 SBG 196.36 -49.47 0.3 2.6 0.31 50.2
3C 279 FSRQ 194.04 -5.79 0.3 2.4 0.20 2.7

PKS 0805-07 FSRQ 122.07 -7.86 0.0 2.7 0.31 4.7
PKS 0727-11 FSRQ 112.58 -11.69 1.9 3.5 0.59 11.4

LMC SBG 80.00 -68.75 0.0 3.1 0.36 41.1
SMC SBG 14.50 -72.75 0.0 2.4 0.37 44.1

PKS 0048-09 BLL 12.68 -9.49 3.9 3.3 0.87 10.0
NGC 253 SBG 11.90 -25.29 3.0 4.0 0.75 37.7
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TABLE IV: Galactic sources examined in the stacked searches in three catalogs: Supernova Remnants (SNR),
Pulsar Wind Nebula (PWN), and Unidentified Objects (UNID). For each source: equatorial coordinates (J2000),

and the relative source weight used for the analysis are given.

Stacking Catalogs
Catalog Name α [deg] δ [deg] Weight

SNR HESS J1614-518 243.56 -51.82 2.80×10−1

HESS J1457-593 223.70 -59.07 1.47×10−1

HESS J1731-347 262.98 -34.71 1.40×10−1

HESS J1912+101 288.33 10.19 7.13×10−2

SNR G323.7-01.0 233.63 -57.20 6.91×10−2

Gamma Cygni 305.56 40.26 6.35×10−2

CTB 37A 258.64 -38.55 5.01×10−2

RX J1713.7-3946 258.36 -39.77 3.94×10−2

HESS J1745-303 266.30 -30.20 2.77×10−2

Cassiopeia A 350.85 58.81 1.89×10−2

HESS J1800-240B 270.11 -24.04 1.82×10−2

W 51C 290.82 14.15 1.65×10−2

HESS J1800-240A 270.49 -23.96 1.48×10−2

SN 1006 225.59 -42.10 1.20×10−2

W28 270.34 -23.29 9.06×10−3

CTB 37B 258.43 -38.17 8.19×10−3

Vela Junior 133.00 -46.33 4.88×10−3

LMC N132D 81.26 -69.64 4.83×10−3

IC 443 94.51 22.66 2.51×10−3

SNR G349.7+0.2 259.50 -37.43 1.50×10−3

Tycho SNR 6.34 64.14 8.83×10−4

W 49B 287.75 9.10 5.04×10−4

RCW 86 220.12 -62.65 2.54×10−6

PWN HESS J1708-443 257.00 -44.30 1.63×10−1

HESS J1632-478 248.01 -47.87 1.19×10−1

Vela X 128.29 -45.19 1.06×10−1

HESS J1813-178 273.36 -17.85 6.91×10−2

MSH 15-52 228.53 -59.16 6.58×10−2

HESS J1420-607 214.69 -60.98 6.27×10−2

HESS J1837-069 279.43 -6.93 5.78×10−2

HESS J1616-508 244.06 -50.91 5.41×10−2

HESS J1026-582 157.17 -58.29 5.05×10−2

HESS J1356-645 209.00 -64.50 4.25×10−2

PSR B0656+14 104.95 14.24 4.04×10−2

HESS J1418-609 214.52 -60.98 3.81×10−2

HESS J1849-000 282.26 -0.02 2.51×10−2

Geminga 98.48 17.77 2.26×10−2

HESS J1825-137 276.55 -13.58 1.90×10−2

CTA 1 1.65 72.78 1.61×10−2

SNR G327.1-1.1 238.63 -55.06 8.37×10−3

SNR G0.9+0.1 266.83 -28.15 5.47×10−3

SNR G054.1+00.3 292.63 18.87 5.11×10−3

Crab nebula 83.63 22.01 4.57×10−3

HESS J1846-029 281.50 -2.90 4.18×10−3

SNR G15.4+0.1 274.50 -15.45 3.99×10−3

HESS J1119-614 169.81 -61.46 3.49×10−3

VER J2016+371 304.01 37.21 3.14×10−3

HESS J1458-608 224.87 -60.88 2.46×10−3

HESS J1833-105 278.25 -10.50 2.24×10−3

N 157B 84.44 -69.17 1.52×10−3

3C 58 31.40 64.83 1.30×10−3

HESS J1303-631 195.75 -63.20 1.22×10−3

DA 495 298.06 29.39 6.29×10−4

HESS J1018-589 B 154.09 -58.95 3.22×10−4

HESS J1718-385 259.53 -38.55 2.56×10−4

HESS J1640-465 250.12 -46.55 1.56×10−5
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Stacking Catalogs
Catalog Name α [deg] δ [deg] Weight
UNID HESS J1702-420 255.68 -42.02 1.80×10−1

MGRO J2019+37 304.01 37.20 1.17×10−1

Westerlund 1 251.50 -45.80 1.04×10−1

HESS J1626-490 246.52 -49.09 5.91×10−2

HESS J1841-055 280.23 -5.55 5.60×10−2

HESS J1809-193 272.63 -19.30 5.07×10−2

HESS J1843-033 280.75 -3.30 4.80×10−2

MGRO J1908+06 287.17 6.18 4.67×10−2

HESS J1857+026 284.30 2.67 2.91×10−2

HESS J1813-126 273.35 -12.77 2.90×10−2

2HWC J1814-173 273.52 -17.31 2.61×10−2

HESS J1831-098 277.85 -9.90 1.90×10−2

HESS J1852-000 283.00 0.00 1.77×10−2

HESS J1427-608 216.97 -60.85 1.71×10−2

TeV J2032+4130 308.02 41.57 1.64×10−2

Galactic Centre ridge 266.42 -29.01 1.24×10−2

HESS J1708-410 257.10 -41.09 1.17×10−2

VER J2227+608 336.88 60.83 1.05×10−2

HESS J1634-472 248.50 -47.20 1.00×10−2

2HWC J1949+244 297.42 24.46 9.92×10−3

HESS J1834-087 278.72 -8.74 9.65×10−3

HESS J1507-622 226.88 -62.42 9.57×10−3

2HWC J1819-150 274.83 -15.06 9.36×10−3

2HWC J0819+157a 124.98 15.79 8.48×10−3

HESS J1641-463 250.26 -46.30 7.72×10−3

HESS J1858+020 284.58 2.09 7.56×10−3

HESS J1503-582 225.75 -58.20 7.31×10−3

2HWC J1040+308a 160.22 30.87 7.14×10−3

Westerlund 2 155.75 -57.50 6.80×10−3

HESS J1804-216 271.12 -21.73 6.60×10−3

2HWC J1309-054 197.31 -5.49 4.19×10−3

HESS J1828-099 277.25 -9.99 4.16×10−3

2HWC J1928+177 292.15 17.78 3.32×10−3

HESS J1848-018 282.12 -1.79 3.03×10−3

HESS J1729-345 262.25 -34.50 2.91×10−3

2HWC J1955+285 298.83 28.59 2.78×10−3

2HWC J1852+013 283.01 1.38 2.76×10−3

2HWC J2024+417 306.04 41.76 2.71×10−3

2HWC J2006+341b 301.55 34.18 2.64×10−3

HESS J1808-204 272.00 -20.40 2.05×10−3

2HWC J1829+070 277.34 7.03 1.99×10−3

Arc source 266.58 -28.97 1.99×10−3

2HWC J1921+131 290.30 13.13 1.69×10−3

2HWC J1953+294 298.26 29.48 1.65×10−3

HESS J1832-085 278.13 -8.51 1.55×10−3

Terzan 5 267.02 -24.78 1.54×10−3

2HWC J1914+117 288.68 11.72 1.51×10−3

HESS J1741-302 265.25 -30.20 1.49×10−3

HESS J1844-030 281.17 -3.10 1.33×10−3

2HWC J1938+238 294.74 23.81 9.80×10−4

HESS J1832-093 278.19 -9.37 9.22×10−4

HESS J1826-130 276.50 -13.09 9.21×10−4

2HWC J1902+048 285.51 4.86 6.17×10−4

2HWC J1907+084 286.79 8.50 5.08×10−4

30 Dor C 83.96 -69.21 3.07×10−4

Galactic Centre 266.42 -29.01 1.83×10−4

MAGIC J0223+403 35.67 43.04 9.46×10−5

HESS J1746-308 266.57 30.84 7.88×10−5

a Assumed extension of 2.0◦
b Assumed extension of 0.9◦


