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We use ten years of publicly available IceCube data to investigate the correlations between high-energy
neutrinos and various Fermi-LAT gamma-ray samples. This work considers the following gamma-ray
samples: the third Fermi-LAT catalog of high-energy sources (3FHL), > 100 GeV Fermi-LAT events, the
LAT 12-year source catalog (4FGL), the fourth catalog of active galactic nuclei (4LAC), and subsets of
these samples. For each sample, both a single-source analysis and a stacking analysis are performed. We
find no indication that the sources in these samples produce significant high-energy neutrinos. From the
null search results, we infer that each source population can produce no more than ∼2.5%–36% (at the
95% confidence level, for a spectral index of −2.5) of the IceCube’s diffuse neutrino flux. Since we are
using a larger (ten-year) dataset of IceCube neutrinos, the constraints are improved by a factor of ∼2
compared to those based on three years of data.
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I. INTRODUCTION

The TeV–PeV diffuse astrophysical neutrino emission
detected by IceCube [1–7] opens a new window for
astrophysics [8–22] and particle physcis [23–33]. The
origin of these neutrinos, however, remains a mystery.
Great efforts have been made to find out the sources of
these astrophysical neutrinos [34–43]. The two most likely
TeV–PeV neutrino emitters are TXS 0506þ 056 and
NGC 1068 [41,44,45]. The TXS 0506þ 056 source is
found to have a 3σ (global significance) correlation with
a ∼300 TeV IceCube neutrino event [44]. Furthermore, a
neutrino flare was detected in the direction of TXS 0506þ
056 between 2014 and 2015, with a global confidence of
3.5σ [45]. These two measurements are statistically inde-
pendent, and a simple combination of the two results yields
a significance of ∼4.8σ. However, multiwavelength obser-
vations seem to not favor the possibility that the neutrinos
are from TXS 0506þ 056 in a one-zone model, although
more complicated two-zone models can solve this problem
[46–50]. In a time-integrated analysis using ten years of
IceCube data, radio galaxy NGC 1068 is found to be a
potential neutrino point source with a significance greater
than 2.9σ (global significance) [41].
Except for the two above-mentioned sources (other less

significant but promising candidates include PKS B1424 −
418 [51], PKS 1424þ 240 [41,52], PKS 1502þ 106 [53],
etc.), searches for point sources in IceCube data always
lead to only upper limits. These two sources contribute only

a small fraction of the total flux of the diffuse neutrino
emission. The origin of the majority of the diffuse astro-
physical neutrinos is still unknown. The high-energy
neutrinos observed by IceCube are likely generated by a
large number of extragalactic sources. Many astrophysical
sources have been proposed as possible sources of the high-
energy neutrinos, including gamma-ray bursts [54–57],
star-forming galaxies and starburst galaxies [58–60], blaz-
ars and nonblazar active galactic nuclei (AGNs) [61–63],
tidal disruption events [64], etc. However, searches towards
these sources do not show a strong correlation, and they
are therefore ruled out as the only primary sources of the
IceCube diffuse neutrino flux. For example, the IceCube
data from the directions of gamma-ray blazars have been
analyzed, and this type of source is found to contribute at
most 15% to the diffuse neutrino flux [65–68]. The possible
association between radio bright active galactic nuclei and
IceCube neutrino events has also been considered [69,70].
Zhou et al. [71] revisited the correlation between these
radio-bright AGNs and the TeV–PeV astrophysical neu-
trinos and found no strong correlation, indicating that no
more than 30% of the IceCube neutrino flux could be
contributed by these objects.
In this paper, we focus on investigating the correlations

between IceCube neutrinos and Fermi-LAT gamma-ray
observations. Some previous analyses on Fermi-LAT cata-
logs using IceCube data include Refs. [65–67,72–75]. We
search for evidence of neutrino emission in the directions of
Fermi-LAT sources of various catalogs and constrain their
contributions to the IceCube diffuse neutrino flux. Our
motivation is that astrophysical neutrinos are expected to be*liangyf@gxu.edu.cn
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produced by a hadronic process, so high-energy gamma
rays will be emitted accompanied with the production of
neutrinos. Since TeV photons are strongly absorbed by the
extragalactic background light, for extragalactic sources the
GeV gamma rays observed by Fermi-LAT are the mes-
sengers we can receive that are most close to IceCube’s
>100 TeV neutrinos in energy. As a result, the two are
therefore more likely to correlate.
This work utilizes a larger data set of IceCube neutrinos

than previous similar analyses [65–67]. The latest (ten-year,
April 2008 to July 2018) public release of IceCube muon
track data [76] are adopted. We will see that we can obtain
stronger constraints. No potential neutrino point source is
found, and no statistically significant correlation is found
between IceCube events and any of the considered Fermi-
LAT samples. From the null searching results, we conclude
that each of these source populations contributes no more
than ∼0.8%–89% of the IceCube diffuse neutrino flux.

II. ICECUBE DATA AND FERMI-LAT SAMPLES

A. IceCube neutrino data

The IceCube Neutrino Observatory detects neutrinos by
detecting the Cherenkov light emitted by relativistic sec-
ondary charged particles from neutrino interactions [77]. In
this work, we utilize IceCube’s updated public data release
of muon tracks1 [76]. This dataset consists of muon tracks
observed by IceCube from April 2008 to July 2018. The
same data have been used in IceCube’s ten-year time-
integrated neutrino point-source search [78]. The data
contain both through-going and starting tracks. The former
is primarily due to muon neutrinos with interaction taking
place outside the detector, while the latter are events that
start within the instrument. In total, there are 1134450
muon-track events contained in the dataset.
Most of the events in the dataset are atmospheric muons

and neutrinos produced in cosmic-ray air shower inter-
actions which consist of the main background for searches
of astrophysical neutrinos [76,79]. For events from the
Southern Hemisphere, the atmospheric muons can pen-
etrate the ice and reach the IceCube, leading to a back-
ground with an event rate orders of magnitude higher than
the expected rate of astrophysical neutrinos. To reduce the
background of atmospheric muons, a more stringent event
selection is applied for the data from the southern sky. For
events from the Northern Hemisphere, atmospheric muons
are filtered by the Earth. Atmospheric neutrinos can reach
the detector from both hemispheres. Compared to astro-
physical neutrinos, atmospheric neutrinos have a softer
spectrum which dominates at energies <100 TeV.
We use all IC40 to IC86-VII data, with the numbers in

the names corresponding to the number of installed detector
strings. For each event in the dataset, the arrival time (t),

reconstructed muon energy (Eμ), direction (α, δ), and
directional uncertainty (σ) are recorded. The dataset also
provides binned detector response functions (effective
areas, smearing matrices) as a function of declination
and neutrino energy that will be used in the data analysis.
We consider all neutrinos with 10° < jbj < 87°.

B. Fermi-LAT gamma-ray samples

The Large Area Telescope (LAT) on board the Fermi
satellite is a wide field-of-view (FOV) imaging gamma-
ray telescope, which observes gamma-ray photons in
the energy range from ∼30 MeV to > 300 GeV [80].
The Fermi-LAT began its observations in 2008 and
surveys the entire sky each day. Its observation time
and FOV overlap with the ten-year IceCube data consid-
erably. With more than 13 years of observation, a variety
of source catalogs of Fermi-LAT have been compiled and
released. To investigate the correlations between GeV
gamma-ray sources and TeV–PeV neutrinos, we consider
the following Fermi-LAT samples.
We mainly consider the sources contained in the third

catalog of hard Fermi-LAT sources (3FHL sample)2 [81].
This catalog represents the hardest population of GeV
gamma-ray sources, which are therefore more likely to be a
hadronic origin. The 3FHL is constructed based on seven
years of Fermi-LAT data in the 10 GeV to 2 TeV energy
range [81]. Besides the 3FHL, other samples considered in
this work include the gamma-ray sources of the fourth
Fermi-LAT catalog (4FGL-DR3, for Data Release 3)3

[82,83], and the fourth catalog of active galatic nuclei
(4LAC-DR2, for Data Release 2)4 [84,85]. All these
samples are summarized in Table I. For each sample, we
exclude the sources categorized as pulsars (PSRs) from the
catalog. To avoid the complexity of the Galactic plane, we
only select jbj > 10° sources from the catalogs.
Additionally, we search for excess neutrino emissions

in the directions of >100 GeV high-energy Fermi-LAT
events (HEE sample). This sample is used as a proxy of
emissions from all hard sources, including those too faint to
be resolved from the background. The high-energy events
(HEEs) are extracted from the all-sky weekly Fermi-LAT
data.5 We consider 12 years of Fermi-LAT data from 4
August 2008 to 26 October 2020 (MET 239557417–
625393779). We select events of the Pass 8 SOURCE
event class (evclass ¼ 128, evtype ¼ 3) with
energies >1 GeV. Events with zenith angles zmax > 90°
are removed to avoid the contamination from the Earth’s
limb. We also use the filter (DATA QUAL > =0 & &
LAT CONFIG ¼¼ 1) to select events within good time

1DOI: http://doi.org/DOI:10.21234/sxvs-mt83.

2https://fermi.gsfc.nasa.gov/ssc/data/access/lat/3FHL/.
3https://fermi.gsfc.nasa.gov/ssc/data/access/lat/12yr_catalog/.
4https://fermi.gsfc.nasa.gov/ssc/data/access/lat/4LACDR2/.
5http://heasarc.gsfc.nasa.gov/FTP/fermi/data/lat/weekly/photon/.
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intervals. After these selections, we obtain 13335 events of
the HEE sample.

III. ANALYSIS METHOD

We perform an unbinned likelihood analysis on the
neutrino data to derive the significance of the neutrino
signal from the direction of the target source, using the
neutrino events data together with the public instrument
response functions of IceCube. We refer to Refs. [71,86] for
the analysis method used in this work.

A. Single-source analysis

The unbinned likelihood for neutrino data is evaluated
over all events within a region of interest (ROI), for which
we choose a 5° circle surrounding the target. The likelihood
reads

LðΦ0;ΓÞ¼
Y

i

�
nsðΦ0;ΓÞ

N
Siþ

�
1−

nsðΦ0;ΓÞ
N

�
Bi

�
; ð1Þ

where ns and N are the numbers of signal neutrinos and
total observed neutrinos within the ROI, respectively. The
value S (B) is the signal (background) probability density
function (PDF). For a generic likelihood analysis, the PDF
is the product of independent space, energy, and time
probability terms. In this work, we ignore the energy term
of the PDF. As is suggested in Ref. [86], the use of energy
information would improve discovery potential by almost a
factor of 2. We leave the further analyses that take into
account the energy PDF term for potential future work.
Since we are performing a time-integrated analysis, we also

neglect the time-related PDF term. As a result, the PDFs
contain only the spatial distribution.
For the signal PDF, it is described by a two-dimensional

Gaussian:

Siðθi; σiÞ ¼
1

2πσ2i
exp

�
−

θ2i
2σ2i

�
; ð2Þ

where θi is the angular separation to the source for the ith
neutrino in the ROI, and σi is the directional reconstruction
uncertainty of the neutrino event. For the background PDF,
the slight declination (δ) dependence of the atmospheric
neutrino background can be ignored in a small ROI. It is
thus reasonable to assume the background neutrinos are
uniformly distributed across the ROI, Biðsin δiÞ ¼ 1=Ω,
where Ω is the solid angle of the 5° ROI.
The ns in Eq. (1) is the model-predicted number of signal

neutrinos, given by

ns ¼ T ×
Z

AeffðE; sin δiÞΦðEÞdE ð3Þ

for a total detector uptime of T and a signal flux model of
the form

ΦðEÞ ¼ Φ0

�
E

100 TeV

�
Γ
: ð4Þ

The Aeff above is the effective area of the detector in the
declination of δi.
By maximizing the likelihoods of Eq. (1) for both

the signal model, LðnsÞ (with ns free to vary), and the
background-only model, Lðns ¼ 0Þ, the test statistics (TS)

TABLE I. Fermi-LAT samples considered in this work.

Catalog Name Energy Rangea Time intervala Nsrc
b fUL for Γ ¼ −2.5c TSmax

4FGL-DR3

50 MeV–1 TeV 12 years

4689 18.0%=5.8% 0.00
4FGL-DR3 Blazars 3339 20.6%=5.5% 0.00
4FGL-DR3 BL Lacs 1354 36.1%=9.9% 2.38
4FGL-DR3 FSRQs 757 6.7%=2.5% 0.02

4LAC-DR2

50 MeV–1 TeV 10 years

3128 23.8%=5.7% 0.00
4LAC-DR2 Blazars 3060 21.4%=5.3% 0.00
4LAC-DR2 BL Lacs 1236 34.5%=9.9% 2.29
4LAC-DR2 FSRQs 707 7.7%=2.4% 0.02

3FHL

10 GeV–2 TeV 7 years

1215 21.6%=8.0% 0.35
3FHL Blazar 1078 21.0%=7.5% 0.42
3FHL BL Lacs 697 25.4%=6.6% 2.13
3FHL FSRQs 165 5.2%=3.6% 0.01

HEE > 100 GeV 12 years 13335 15.3%=15.0% 0.00
aThe energy range and time interval of the Fermi-LAT data that were used to construct the catalogs.
bNumber of sources=events included in the sample. The sources categorized as pulsars or in the jbj < 10° region

have been excluded.
cUpper limit on the fraction of the IceCube diffuse neutrino flux that originates from the sources in the

corresponding catalogs. The first (second) value is for the equal weighting (flux weighting) scheme. For the HEE
sample, the second value uses the Nevents in each pixel as the weighting.
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of the signal can be derived by comparing the likelihood
values between the two:

TS ¼ 2 log
Lðn̂sÞ

Lðns ¼ 0Þ ; ð5Þ

where the ns with a hat (n̂s) denotes the best-fit
quantity. If the background hypothesis is true, the proba-
bility distribution for

ffiffiffiffiffiffi
TS

p
is approximately a standard

normal distribution (i.e., χ2 distribution with one degree of
freedom) [87]. A significant deviation from the normal
distrubution indicates that the null hypothesis is rejected
(i.e., the presence of excess neutrinos over the background).

B. Stacking analysis

To improve sensitivity, all the sources in each Fermi-
LAT sample are combined into a single stacking analysis.
In such a case, the signal PDF is composed of the
contributions from all sources (indexed by j):

Si ¼
P

jωj;modelωj;accSijP
jωj;modelωj;acc

; ð6Þ

where Sij is the signal PDF of a single source and is just the
above two-dimensional Gaussian PDF:

Sij ¼ Sðxi!; σi; xj
!Þ ¼ 1

2πσ2i
exp

�
−
θðxi!; xj

!Þ2
2σ2i

�
: ð7Þ

Here, x⃗i and x⃗j are the directions of the neutrino event i and
source j, and θðx⃗i; y⃗jÞ is the angular separation between the
source and event. The ωj’s in Eq. (6) are weighting factors
of the source j. The spectral index Γ of the signal neutrinos
is assumed to be the same for all the sources in our analysis.
Thus, the ωj;acc term is mainly related to the detector’s
acceptance,

ωj;accðδjÞ ¼ T ×
Z

AeffðE; δjÞEΓdE: ð8Þ

For the ωj;model, we consider two weighting schemes.
The first one assumes that the high-energy neutrino flux
of the source is independent of its gamma-ray flux,
ωj;model ¼ 1. For the second scheme, we assume that the
high-energy neutrino flux is proportional to the gamma-ray
band flux fγ reported in the catalogs, ωj;model ¼ fγ . In this
scheme, those sources brighter in the gamma-ray band
contribute more to the signal PDF.
The majority of the background for astrophysical neu-

trinos is made up of muons and neutrinos produced from
CR interaction in the Earth’s atmosphere. The background
PDF is derived directly from IceCube neutrino data,

BiðδiÞ ¼
Nδi�3

NtotΩδi�3

; ð9Þ

where Nδi�3 and Ntot are the number of neutrino events in
the δi � 3° region and the total number of all-sky events,
respectively; Ωδi�3 is the solid angle of the δi � 3° region.
The ten-year IceCube data contain neutrino events from

ten data seasons: IC40, IC59, IC79, IC86-I, and IC86-II
to IC86-VII. The total likelihood combining ten data
samples is

LðΦ0;ΓÞ ¼
Y

k

LkðΦ0;Γ;Tk; Aeff;k; fα; δ; σgkÞ; ð10Þ

whereLk is the likelihood for each data sample k calculated
through the above-described procedure, and fα; δ; σgk is
the neutrino list of the data sample k.

IV. RESULTS

Using the method described in Sec. III, we search for
the correlations between the neutrino data and the GeV
observations from Fermi-LAT.

A. 3FHL

We first consider the sources included in the third Fermi-
LAT catalog of high-energy sources (3FHL). The 3FHL
represents a population of sources with relatively hard
energy spectra, and according to the extrapolation of the
spectrum, they are more likely to have observable neutrino
emission. The catalog contains a total of 1497 gamma-ray
sources, of which 1212 are classified as blazars, including
172 flat-spectrum radio quasars (FSRQs) and 750 BL Lacs.
In our analysis, we do not consider the sources in the region
of jbj < 10° to avoid the uncertainty from the Galactic
plane. The sources in the regions of jDecj > 87° are
excluded, since the background PDF can not be reliably
determined. We also remove PSRs from the sample because
of their leptonic origin. The number of sources finally used
for analysis is listed in Table I.
For the 1215 sources in the 3FHL sample, we first

perform a single-source analysis to search for individual
neutrino point sources in the IceCube data. In the upper-left
panel of Fig. 1, for 1215 sky locations associated with
3FHL sources, we show the distribution of the

ffiffiffiffiffiffi
TS

p
value

given by the analysis. We compare this histogram with a
standard normal distribution (red dashed line), which is an
expectation from Gaussian fluctuations of the background.
It can be seen that for the 3FHL sources, the

ffiffiffiffiffiffi
TS

p
distribution generally follows the standard normal distri-
bution. We note that there is one source showing a
relatively high significance of TS ∼ 22, which seems to
deviate from the distribution of background fluctuations.
After examination, we find that the source is NGC 1068.
The presence of a possible neutrino excess in the direction
of NGC 1068 has already been reported by the IceCube
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Collaboration [41]. The result of NGC 1068 therefore
suggests that our analysis is reliable. Except for NGC 1068,
we observe no significant evidence of a deviation from
Gaussian fluctuations. According to Wilks’s theorem [87],
this means that the background hypothesis is favored and
there is no strong correlation between the diffuse astro-
physical neutrinos and the 3FHL catalog.
Next, we perform a stacking analysis of all sources of

the 3FHL sample to investigate the contribution of such a
source population to the diffuse neutrino flux observed by
IceCube. In the upper-right panel of Fig. 1, we show the TS
profile as a function of the total neutrino flux from 3FHL
sources for the two weighting schemes described in Sec. III
B. The νμ þ νμ flux relevant to the analysis of muon track

data is converted to six-flavor neutrino flux by multiplying
by a factor of 3 (i.e., assuming equal flux for all six flavors).
Considering that the diffuse astrophysical neutrinos
measured by the IceCube has a spectral index of ∼ −2.3
to −2.7 [7], we take three different spectral indices
(Γ ¼ −2.0;−2.5, and −3.0) in the analysis. As shown,
none of the cases reveals a significant correlation between
the sample and IceCube neutrinos. Thus, we place upper
limits on the total neutrino emission contributed by these
3FHL sources at a 95% confidence level (corresponding
to the horizon line of TS ≃ −3.84). The limits we obtain
are lower than the diffuse flux reported by the IceCube
Collaboration, indicating that these sources cannot produce
all the observed astrophysical neutrinos.

FIG. 1. Upper left: Distribution of TS values for the sources in the 3FHL with n̂s > 0 from our single-source analysis with ten-year
IceCube muon-track data. The error bars of the data points are given by the square root of the source count in each bin. The red line is the
standard normal distribution, which is the expectation of the background hypothesis. Upper right: The change of the TS value as a
function of the total neutrino flux from the sources in the 3FHL catalog, for different choices of the neutrino spectral index (solid,
dashed, and dotted lines) and for two weighting schemes (red and blue lines). Also shown is the all-sky diffuse astrophysical neutrino
flux measured by IceCube (vertical green band) [7]. Lower left: The 95% confidence level upper limits on the total neutrino flux from the
sources in the 3FHL sample. The constraints are compared to the all-sky diffuse neutrino flux measured by IceCube. The number above
each line displays the maximum fraction that 3FHL sources can contribute to the diffuse neutrino flux. Lower right: The same as the
lower-left panel, but for results based on only IC79þ IC86Iþ IC86II data.
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In the lower-left panel of Fig. 1, we present the upper
limits of neutrino flux derived in our analysis and compare
it with IceCube’s diffuse neutrino flux. Here, we adopt the
most up-to-date muon-neutrino flux reported in Ref. [7]
for comparison, which is based on 9.5 years of track data
and best fitted with a power law of dF=dEν ¼
Φ0 × ðEν=100 TeVÞ−2.37, where Φ0 is the flux normaliza-
tion. We find that the 3FHL sample can contribute no more
than 55.37% of IceCube’s diffuse neutrino flux
(
R
EνdF=dEνdEν). In the energy range of 16 TeV–

2.6 PeV, this catalog accounts for at most 55.37%
(Γ ¼ −2.0), 21.61% (Γ ¼ −2.5), and 6.74% (Γ ¼ −3.0)
for equal weighting and at most 19.91% (Γ ¼ −2.0), 8.04%
(Γ ¼ −2.5), and 2.61% (Γ ¼ −3.0) for flux weighting.
This work uses the latest ten years of IceCube neutrino

data, so the constraints are effectively improved due to the
longer dataset used. We have tested that if repeating our
analysis with only three years of data (IC79, IC86-I, IC86-
II), the obtained upper limits would be weakened by a
factor of ∼2 (see lower-right panel of Fig. 1). Since there is
currently no similar work (especially focusing on 3FHL
sources) based on the ten-year data, the constraints pre-
sented here on the contribution from 3FHL sources would
be by far the strongest ones.

B. 3FHL blazars

The tentative neutrino excess observed in the direction of
TXS 0506þ 056 provides evidence in favor of blazars as
sources of high-energy neutrinos. We next separately
consider the gamma-ray sources identified as blazars in
the 3FHL catalog. We also further divide the blazars into
two subclasses to perform the analysis: flat spectrum radio
quasars (FSRQs) and BL Lacertae objects (BL Lacs).
Again, we find no evidence to support neutrino emission
from these source populations and place strong constraints
on their contributions to IceCube’s diffuse neutrino flux.
We find that the total 3FHL blazars/BL Lacs/FSRQs can
contribute at most 54.53%=60.28%=15.51% of the diffuse
flux (see Table I for the results of Γ ¼ −2.5, and related
figures are shown in Appendix A). As a comparison, the
IceCube Collaboration has also performed a stacking
analysis to search for neutrino emission from 3FHL blazars
with eight years of IceCube northern-sky data [72]. They
reported a 90% upper limit of 13.0%–16.7% on the
contribution from 3FHL blazar population for Γ ¼ −2,
consistent with the 18.8% upper limit (95% C.L.) obtained
in this work for the flux weighting scheme.
Note that our results here consider only the blazars

within the 3FHL catalog. The contributions from those
blazars that are too far away or too weak to be included
in the catalog are not taken into account. To translate the
results to apply to all blazars in the Universe, we need to
multiply by a completeness factor of 1–2 [66,67], which
would not change the results substantially.

We notice that of all four 3FHL samples (all, blazar, BL
Lac, FSRQ), the analysis of BL Lacs gives almost the
weakest upper limits on the contribution to the diffuse
neutrino flux (especially for the equal weighting scheme),
although the BL Lac sample does not contain the largest
number of sources (see Table I). Similar results are also
revealed (and are more evident) in the below analysis of
4FGL sources (see Sec. IV D). In addition, in our stacking
analysis, the search for neutrino excess from BL Lacs gives
the only non-negative TS value (TS ∼ 2.3). Note that the
3FHL source catalog does not contain the BL Lac source
TXS 0506þ 056 (the exclusion of TXS 0506þ 056 in the
analysis of the 4FGL sources has a negligible effect on the
results). A similar indication has also been discussed in
Ref. [67]. All these results support the fact that the BL Lac
blazars may have a higher contribution to the IceCube’s
diffuse neutrinos. However, statistically significant evi-
dence is still lacking in the current analysis.

C. Very high-energy Fermi events (HEEs)

According to our analysis above (as well as previous
works [65–67]), the diffuse emission of high-energy
neutrinos observed by IceCube cannot be entirely
accounted for by a small number of bright sources. Only
a fraction (no more than 1.2%–60.3%, depending on the
source populations considered and the different analysis
configurations) of the neutrino flux may originate from the
resolved 3FHL sources. Most of the astrophysical neutrinos
must have been produced by a large number of faint
sources. These sources are obscured and cannot be resolved
from the gamma-ray background. But it is a reasonable
speculation that in general, there will be a higher proba-
bility to detect high-energy gamma rays in the directions
of neutrino sources. On the other hand, the 3FHL catalog
is constructed based on gamma-ray observations of
>10 GeV, while it is possible that the gamma-ray emission
from TeV–PeV neutrino sources dominates at even higher
energies (e.g., >100 GeV). So, we directly examine the
correlation between IceCube muon-track events and high-
energy Fermi-LAT photons. More specifically, we look for
neutrino emission in the directions of >100 GeV Fermi-
LAT events with the method of Sec. III. To avoid con-
tamination from the Galactic plane, we only use the events
with jbj > 10°, which includes 13335 photon events.
In the left panel of Fig. 2, we present the result of

the single-point-source analysis (i.e., the distribution of
TS values in the directions of Fermi events with
Eγ > 100 GeV). Overall, the TS distribution is consistent
with that predicted from Gaussian fluctuations of the
background. We note that in the part where

ffiffiffiffiffiffi
TS

p
> 3,

there appears to be an excess in the number of large TS
values compared to the uniform background expectation.
To quantify the significance of the excess, we adopt the
formalism in Ref. [41] (see Eq. (1) therein),
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XN

i¼k

Pbinomðijpk; NÞ ¼
XN

i¼k

�
N

i

�
pi
kð1 − pkÞN−i:

ð11Þ

We find that the most significant pbkg corresponds to k ¼
50 (i.e., the excess is contributed by the 50 most significant
Fermi events) with a significance of ∼4.8σ. However,
further examination reveals that 24 of the 50 events are
from the direction of the source PKS 1424þ 240.
Relatively high significance (∼3.2σ, pretrial) of this source
to be a potential neutrino source has already been reported
[41]. Removing the events spatially associated with this
source from the analysis results in a significance of only
∼1.7σ (pretrial). Therefore, we do not find any new
evidence of excess neutrino emission in this analysis. In
the right panel of Fig. 2, we perform a stacking analysis of
all these >100 GeV events (treat each event as a source),
which shows no evidence in support of excess neutrino
emission.
Above, we show that the overlaps of events from the

same source will bias the results. We therefore alternatively
use another way to compare the correlation between the
HEEs and the high-energy neutrinos. We pixelate the
13335 HEEs into a HEALPix skymap (Fig. 7 in
Appendix B) with NPixels ¼ 49152 (i.e., NSide ¼ 64,
corresponding to a pixel size of ∼0.9°). Considering that
the mean angular uncertainty of the IceCube events is also
∼0.9°, we think this choice is fine enough to not lose too
much sensitivity. Then, we treat pixels of the skymap with
nonzero event numbers as point sources. We also use the
number of events in each pixel as the weighting (ωj;model).
The results with this method are shown in Fig. 3. We still
do not find a significant correlation between the HEE map
and the IceCube data. At most, only ∼39% of the IceCube

diffuse neutrino flux can come from the directions of
these HEEs.

D. 4FGL and 4LAC

Finally, we consider the 4FGL and 4LAC samples.
Previously, there have been many works that searched
for neutrino emissions from sources belonging to Fermi-
LAT AGN catalogs (2LAC [65], 3LAC [66], 4LAC [67]).
Compared to 4LAC, the 4FGL catalog contains additional
unassociated point sources. The majority of the unasso-
ciated sources at high latitudes are also of AGN origins.
The overlaps between different samples tested in this work
are summarized in Table II. As seen in the table, the 4FGL
and 3FHL samples have only a small fraction of over-
lapping sources, and they can be regarded as roughly
independent samples. However, the 4FGL and 4LAC have
more source overlap, so these two samples cannot be
regarded as completely independent. However for com-
pleteness, we also present results based on both catalogs.
Here, we adopt the latest 4FGL-DR3 [82,83] and 4LAC-

DR2 [84,85] catalogs, as well as ten years of IceCube data.
The same as the 3FHL analysis (Sec. IV B), we exclude
sources with jbj < 10° and jDecj > 87°. The searches in the
directions of individual 4FGL sources give results shown
in Fig. 4. Like the above 3FHL and HEE searches, the
distribution is consistent with Gaussian fluctuations, with
no sign of statistically significant neutrino emission. We
note that there are seven sources with TS > 9; they are (the
numbers in parentheses are TS values) NGC 1068 (22.3),
J1210.3þ 3928 (13.6), J0006.40þ 0135 (12.9), J0940.3 −
7610 (12.7), J1543.0þ6130 (10.3), J0118.7 − 0848 (10.0),
and PKS 1424þ 240 (9.7). The 4FGL sample contains a
total of 4689 sources; statistically, ∼12 (∼2) sources are
expected to have TS values greater than 9.0 (12.0).

FIG. 2. Left: Distribution of TS values for putative point sources in the directions of Fermi-LAT events with Eγ > 100 GeV and with
jbj > 10°. The red line is the standard normal distribution, which is the expectation of a background hypothesis. Right: Change of the TS
value as a function of the total neutrino flux from the directions of Fermi-LAT high-energy events.
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Therefore, our results here are consistent with the expect-
ation from statistical fluctuations. The 4LAC sample is
roughly a subset of the 4FGL sample, so the individual-
source search for this sample likewise gives null results.
In the stacking analyses of neutrino emission from 4FGL

or 4LAC sources, for any combination of spectral indices
and weighting schemes (see Sec. III), we are not able to
identify any evidence of neutrino emission (see Figs. 5 and
6 in Appendix A for related figures). The sources in 4FGL

and 4LAC contribute at most 42.78% and 57.69% of the
diffuse neutrino flux, respectively. Finally, we repeat our
analysis for three subsets (Blazar, BL Lac, FSRQ). These
analyses, again, show no evidence of neutrino emission.
The relevant results are presented in Appendix A.

V. SUMMARY AND CONCLUSIONS

High-energy astrophysical neutrinos provide a crucial
window to study the Universe. However, at present, we
know little about the origins of these neutrinos. Great
efforts have been paid to find out the sources of the
astrophysical neutrinos. Encouraging results that have
been reported include the discovery of tentative neutrino

TABLE II. Number of overlap sources between samples. The
abbreviation 4FGL refers to 4FGL-DR3, and 4LAC refers to
4LAC-DR2. Two sources in different catalogs are regarded as an
overlap source if their spatial positions are consistent within an
error circle of 0.1°.

Catalog name Noverlap Nsrc

4FGL
(2496 in 4LAC)

4689
(610 in 3FHL)

4FGL Blazars
(2495 in 4LAC)

3399
(554 in 3FHL)

4FGL BL Lacs
(1010 in 4LAC)

1354
(385 in 3FHL)

4FGL FSRQs
(570 in 4LAC)

757
(77 in 3FHL)

4LAC (586 in 3FHL) 3128
4LAC Blazars (555 in 3FHL) 3060
4LAC BL Lacs (386 in 3FHL) 1236
4LAC FSRQs (77 in 3FHL) 707
3FHL � � � 1215
3FHL Blazar � � � 1078
3FHL BL Lacs � � � 697
3FHL FSRQs � � � 165

FIG. 4. Distribution of TS values for the sources in the 4FGL
sample.

FIG. 3. We pixelate the HEEs into the sky map first, and then treat the pixels as point sources to perform the likelihood analysis. Left:
Change of the TS value as a function of the total neutrino flux for the HEE sample. Right: The 95% confidence level upper limits on the
total neutrino flux from the directions of the HEEs. We notice that for the two weighting schemes, nearly the same results are obtained in
the right panel, which is in fact a coincidence. From the left panel, we can see that they have different likelihood profiles.
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excesses in the directions of TXS 0506þ 056 and NGC
1068. However, this is just the tip of the iceberg. These
two sources, even if robustly confirmed as high-energy
neutrino emitters, contribute a very small fraction of the
total high-energy neutrinos observed by the IceCube.
Most of the diffuse astrophysical neutrinos remain
unexplained.
In this paper, we study the correlations between

IceCube high-energy neutrinos and gamma-ray observa-
tions by the Fermi-LAT telescope. We use the muon-track
neutrino data of ten years recently released by the
IceCube Collaboration and search for excess neutrino
emission for various Fermi-LAT samples. The gamma-
ray samples considered in the work include 3FHL, HEEs,
4FGL, 4LAC, and several subsets of these samples. For
each sample, both a single-source analysis and a stacking
analysis are performed. Compared to previous works of
the same type, one of the major improvements in our
analysis is that we utilize a larger (ten-year) dataset of
IceCube neutrino observations.
No neutrino point source with large significance is

found in our analysis. The stacking analysis also shows
no statistically significant correlation between IceCube
events and any of the considered Fermi-LAT samples.

From the null searching results, we place upper limits
on their contributions to the IceCube diffuse neutrino
flux. We conclude that in the case of Γ ¼ −2.5, each of
these source populations accounts for no more than
∼2.5%–36% of IceCube diffuse neutrino flux between
16 TeV and 2.6 PeV. Since we are using the latest ten
years of IceCube neutrino data, we obtain upper limits a
factor of 2 stronger than those based on three years of
data. We also note that the analyses of BL Lacs usually
give less restrictive constraints among all the samples we
have considered; together with the tentative excess in the
direction of TXS 0506þ 056, this suggests that BL Lacs
may contribute a non-negligible fraction of the astro-
physical flux observed by IceCube. This possibility could
be tested with future neutrino telescopes such as IceCube-
Gen2 [88,89].
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APPENDIX A: FIGURES FOR ALL SAMPLES

FIG. 5. The change of the TS value as a function of the total neutrino flux from the sources in different samples. The left, middle,
and right columns are for the 3FHL, 4FGL, and 4LAC samples, respectively. The first row is for all sources in each catalog, while from
the second to the fourth rows, the plots are for the subsets of blazars, BL Lacs, and FSRQs, respectively. For each source sample, we
consider three different choices of the neutrino spectral index (solid, dashed, and dotted lines) and two weighting schemes (red and blue
lines). The vertical green band in each plot is the all-sky diffuse astrophysical neutrino flux measured by IceCube.
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FIG. 6. The 95% confidence level upper limits on the total neutrino flux from the sources in different samples. The constraints are
compared to the all-sky diffuse neutrino flux measured by IceCube (green band). The number above each line displays the maximum
fraction that the corresponding sample can contribute to the total diffuse neutrino flux. For each sample, we consider three different
choices of the neutrino spectral index (solid, dashed, and dotted lines) and two weighting schemes (red and blue lines).
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APPENDIX B: SKY MAP FOR THE FERMI-LAT HIGH-ENERGY EVENTS
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