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ABSTRACT

The realtime program for high-energy neutrino track events detected by the IceCube South Pole Neutrino Observatory releases alerts
to the astronomical community with the goal of identifying electromagnetic counterparts to astrophysical neutrinos. Gamma-ray
observations from the Fermi-Large Area Telescope (LAT) enabled the identification of the flaring gamma-ray blazar TXS 0506+056
as a likely counterpart to the neutrino event IC-170922A. By continuously monitoring the gamma-ray sky, Fermi-LAT plays a key
role in the identification of candidate counterparts to realtime neutrino alerts. In this paper, we present the Fermi-LAT strategy for
following up high-energy neutrino alerts applied to seven years of IceCube data. Right after receiving an alert, a search is performed
in order to identify gamma-ray activity from known and newly detected sources that are positionally consistent with the neutrino
localization. In this work, we study the population of blazars found in coincidence with high-energy neutrinos and compare them
to the full population of gamma-ray blazars detected by Fermi-LAT. We also evaluate the relationship between the neutrino and
gamma-ray luminosities, finding different trends between the two blazar classes BL Lacs and flat-spectrum radio quasars.
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1. Introduction

Multimessenger astronomy has entered a new era with the iden-
tification of several candidate neutrino sources. Thanks to the
improvements of neutrino telescopes and the multiwavelength
programs of the astronomical community, dedicated observ-
ing campaigns have targeted promising candidates of various
types, such as blazars (IceCube Collaboration 2018b), nearby
active galaxies (IceCube Collaboration 2022) and tidal disrup-
tion events (TDE; Stein et al. 2021; Reusch et al. 2022). A major
boost in the association of astrophysical sources with high-
energy (>100 TeV) neutrinos was given by the introduction of
a realtime program of alerts by the IceCube South Pole Neu-
trino Observatory in 2016 (Aartsen et al. 2017a). Since its detec-
tion in 2013, the origins of the diffuse high-energy neutrino flux
(IceCube Collaboration 2013) remains one of the most com-
pelling enigmas to solve.

High-energy neutrinos are produced in the decay of charged
pions originated in the interactions of high-energy protons with
matter (pp) or with photon fields (pγ). Neutral pions (π0) that
are produced alongside the charged pions decay into two gamma
rays. Therefore, gamma rays are considered a promising tracer of

hadronic interactions in astrophysical environments. However,
gamma rays can also be produced in leptonic processes by means
of bremsstrahlung or inverse Compton scattering.

Major challenges in the identification of these sources come
from the limited angular resolution of neutrino detectors and
from the uneven coverage of the sky of the majority of observ-
ing facilities. In addition, observational signatures for the iden-
tification of hadronic interactions in the spectra of sources are
still highly debated, and interpretations of observed data with
models that include photohadronic (pγ) and hadronuclear (pp)
processes are affected by the often poor data coverage (see
Murase & Stecker 2023 for a review).

Observations from the Large Area Telescope (LAT) on
board of the Fermi Gamma-ray Space Telescope were crucial
for the identification of the most statistically significant coin-
cidence between a high-energy neutrino and an astrophysical
source observed to date. On 22 September, 2017 a ∼290 TeV
neutrino event with a high probability of being astrophysical
was detected in spatial coincidence with the gamma-ray blazar
TXS 0506+056 (IceCube Collaboration 2018b). Prompt follow-
up observations by the Fermi-LAT Collaboration (Tanaka et al.
2017) identified the blazar in an exceptional flaring state and
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triggered a rich multiwavelength campaign that involved 18
observational facilities from radio observatories up to imaging
air Cherenkov telescopes. This collective effort unveiled the first
compelling evidence for a blazar as a neutrino source.

Blazars, those active galactic nuclei (AGN) powered by
accretion onto supermassive (M > 106 M⊙) black holes that
have their relativistic jets pointing at small angles towards the
observer, have been proposed as prime candidates of extragalac-
tic neutrino sources in several works (e.g. Mannheim 1993;
Atoyan & Dermer 2001; Dermer et al. 2009; Murase et al. 2012;
Cerruti et al. 2015; Rodrigues et al. 2018; Murase & Stecker
2023). Although recent results of stacking analyses constrain
the contribution of the gamma-ray blazar population to the
whole diffuse neutrino flux (Aartsen et al. 2017b; Abbasi et al.
2023a), several individual objects have been identified as pos-
sible neutrino sources. Before the introduction of the real-
time program, a first neutrino blazar candidate was proposed
from a coincidence between an IceCube cascade-type event
and the blazar PKS 1424−24 which was flaring in radio and
gamma rays (Kadler et al. 2016). Another candidate counter-
part to an archival high-energy neutrino event is the blazar
GB6 J1040+0617, which was flaring in the Fermi-LAT and opti-
cal bands at the time of the detection of IceCube-141209A
(Garrappa et al. 2019a). After IceCube began issuing real-
time alerts, another candidate neutrino source, the gamma-ray
blazar PKS 1502+106 was identified through its spatial coinci-
dence with the event IceCube-190730A (Garrappa et al. 2019b).
Although the source was not flaring in gamma rays at the
time of the detection, multiwavelength observations and mod-
eling provided additional evidence in support of it being con-
sidered a plausible neutrino emitter (Franckowiak et al. 2020;
Rodrigues et al. 2021; Oikonomou et al. 2021). Kreter et al.
(2020) shows how observed fluences of individual blazar flares
from keV to GeV energies are too small to yield significant
detection (≥1 event) probabilities with the current sensitivity of
neutrino telescopes, consistent with the low number of candidate
counterparts observed so far. Similar conclusions were drawn in
Krauß et al. (2018) by studying the average GeV properties of
blazars coincident with high-energy neutrinos; although, recent
theoretical studies on a broad sample of Fermi-LAT blazars have
predicted a promising correlation between gamma-ray and neu-
trino luminosities (Rodrigues et al. 2024).

Correlations between the blazar population and high-energy
neutrinos are recently suggested from a variety of multiwave-
length searches, indicating that gamma rays might not be the only
tracer to identify a population of neutrino blazars. In Buson et al.
(2022, 2023) a sample of candidate PeVatron blazars was sug-
gested based on a cross-correlation between the 5th Roma-BZCat
catalog (Massaro et al. 2015) and the hot spots (Aartsen et al.
2017c; IceCube Collaboration 2022) from the IceCube all-sky
analyses (see also Bellenghi et al. 2023). Studies that focus
on observations conducted in the radio band suggest correla-
tions between bright radio blazars and high-energy neutrinos
(Plavin et al. 2020, 2023; Hovatta et al. 2021). However, these
correlations are still not confirmed by recent analyses that use a
richer set of IceCube data (Abbasi et al. 2023a).

Recent studies of the broader population of AGN have shown
that their cores contribute >27% of the observed diffuse neu-
trino flux (Abbasi et al. 2022). Evidence of >TeV neutrino emis-
sion has been found at a 4.2σ significance from the nearby
AGN NGC 1068, making it the brightest neutrino point source
detected in the Northern Sky (IceCube Collaboration 2022).

In addition to AGN, TDEs have also garnered interest as pos-
sible neutrino emitters due to the identification of three candidate
sources that were found to coincide with realtime IceCube alerts
(Stein et al. 2021; Reusch et al. 2022; van Velzen et al. 2024).
However, none of these sources were significantly detected
in Fermi-LAT observations, leading to constraints on lepto-
hadronic models (e.g. Winter & Lunardini 2023).

In this paper, we present the strategy employed by the
Fermi-LAT team to follow up realtime neutrino alerts (Sect. 2).
In Sect. 3, we present the results from realtime and archival
gamma-ray counterpart searches, including a discussion of pecu-
liar coincidences with Fermi-LAT catalog sources and newly
detected emitters (Sect. 3.4). In Sect. 4, we present the results
from the observations of the blazar PKS 0735+178, an inter-
esting candidate counterpart to three high-energy neutrinos. In
Sect. 5, we present the results from a population study of candi-
date neutrino blazars. In Sects. 5.2 and 6 we discuss our results
and the future prospects for the identification of gamma-ray
counterparts to high-energy neutrinos.

2. Follow-up observations with Fermi-LAT

The LAT instrument is sensitive to gamma rays with energies
from 20 MeV to greater than 300 GeV (Atwood et al. 2009). In
the 15 yr since its launch, it has been operating in survey mode,
providing continuous monitoring of the entire gamma-ray sky.

Since the introduction of the IceCube Realtime Alert Stream
in 2016, we have defined a follow-up strategy for neutrino alerts.
It consists of a systematic analysis of the sky region around the
neutrino arrival direction, looking for known sources that may
be flaring or new gamma-ray emitters. The timescales of interest
range from a single day up to the full set of historical observa-
tions obtained by the LAT over the entire mission.

During a standard follow-up analysis using LAT data, we
investigate three different timescales (defined relative to the neu-
trino arrival time, T0):

– 1 day before T0: sensitive to the detection of fast, bright tran-
sients, down to a few-hours duration.

– 1 month before T0: sensitive to the detection of recent tran-
sient or variable behavior from the sources of interest.

– Full-mission data up to T0: study long-term behavior of LAT
catalog sources and detect weak gamma-ray emitters not
reported by the LAT catalogs.

The choice of the aforementioned timescales is motivated by
a trade-off between the instrument sensitivity and the expected
time lag between gamma-ray and neutrino emission from time-
dependent studies of blazars (see Gao et al. 2019 for an applica-
tion to the gamma-ray flare of TXS 0506+056 in 2017).

After receiving the first GCN Notice with the preliminary
localization of the neutrino event from the Astrophysical Mul-
timessenger Observatory Network (AMON)/GCN stream, we
perform the first checks on the available data in the region at
the 1-day and 1-month timescales. After typically a few hours,
when the refined neutrino localization is released via GCN Cir-
culars by IceCube, the analysis is repeated for the new position
at all standard timescales with data up to the neutrino arrival time
T0. This delay between the two GCN revisions is comparable to
the typical delay needed by the Fermi Science Support Center
(FSSC) servers to have the most recent data up to T0 available.

When significant detections are found at short timescales
within the 90% neutrino uncertainty region, a light curve analy-
sis starting from one year prior to T0 is performed to characterize
the temporal evolution of the source in the short and medium
term. In the case of no significant detection at the neutrino
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Table 2. Sources that are spatially coincident with multiple high-energy neutrino alerts.

4FGL Name Association Class IceCube names Area (deg2)

J2306.6+0940 – – IC190619A, IC220424A 28, 5
J2308.9+1111 MG1 J230850+1112 bcu IC190619A, IC230201A 28, 18
J1518.6+0614 TXS 1516+064 rdg IC191119A, IC200410A 60, 380
J1523.2+0533 NVSS J152312+053357 bll IC191119A, IC200410A 60, 380
J0258.1+2030 MG3 J025805+2029 bll IC191231A, IC211125A 38, 24
J1747.6+0324 – – IC210510A, IC220205B 4, 1
J2149.7+1917 TXS 2147+191 bcu IC210608A, IC221210A 110, 250
J2200.1+2138 TXS 2157+213 bll IC210608A, IC221210A 110, 250
J2218.6+1941 GALEXASC J221854.64+193841.6 bcu IC210608A, IC221210A 110, 250
J2225.6+2120 PKS 2223+21 fsrq IC210608A, IC221210A 110, 250
J2236.9+1839 – – IC210608A, IC221210A 110, 250
J2243.9+2021 RGB J2243+203 bll IC210608A, IC221210A 110, 250
J2248.9+2107 PKS 2246+208 fsrq IC210608A, IC221210A 110, 250
J0509.4+0542 TXS 0506+056 bll IC170922A, IC220918A 1, 51

Notes. The listed multiwavelength associations and source classes are those reported in the 4LAC-DR3 catalog.

containment of ∼51 deg2, leaving plenty of room for a random
coincidence.

3.5. Multiplets in archival and realtime alerts

Prior to the introduction of its Realtime Alert System, Ice-
Cube observed 35 additional high-energy neutrinos (11 HESE,
24 EHE) that comprise an archival list (IceCube Collaboration
2018a). When we include those archival events in our analy-
sis, we find only one additional double coincidence. This is
the BL Lac object GB6 J1040+0617, which was already iden-
tified as the counterpart of the HESE neutrino IC141209A
(Garrappa et al. 2019a). This source was not observed to be flar-
ing at the time of the detection of the second coincident neu-
trino event, the Bronze event IC220627A. Additionally, no other
sources were significantly detected in the region within short
timescales (Garrappa et al. 2022b).

In addition to the list of archival HESE/EHE alerts,
we consider also the ICECAT-1 catalog of IceCube track
alerts (Abbasi et al. 2023b). This catalog contains realtime and
archival events from 2011 to 2020 that would have been selected
as Gold or Bronze high-energy alerts. From the sample of 275
alerts listed in this catalog, 225 are not already listed in the
samples considered in Sects. 3.1 and 3.2. In including those
neutrino events, the number of 4FGL-DR3 sources coincident
with multiple neutrino alerts increases to 115, and sources with
up to 4 spatial coincidences appear. In Table 3, the 11 sources
that are spatially coincident with more than 2 high-energy neu-
trinos are listed. As already seen in the previous samples, the
majority of these multiplet coincidences are caused by neu-
trino events with large uncertainties in their reconstruction,
with areas in this sample that reach several hundreds of square
degrees. One source is coincident with four different neutrino
alerts. This is 4FGL J2226.8+0051, associated with the FSRQ
PKS B2224+006 (also known as 4C +00.81) at a redshift of
z = 2.25 (Albareti et al. 2017). As listed in Table 3, this mul-
tiplet coincidence shares three neutrino alerts with three addi-
tional sources. The sizes of the 90% error contours of these alerts
range from 2.7 deg2 up to 90.6 deg2; therefore each of these coin-
cidences has a high chance of being a random coincidence.

We note that the candidate neutrino-emitting blazar
TXS 0506+056 is correlated with an additional event from
the ICECAT-1 sample, the Bronze archival event IC190317A.

According to the light curve of the source that is included in
the Fermi-LAT Light Curve Repository3 (Abdollahi et al. 2023),
IC190317A is detected after the end of a broader period of
gamma-ray flaring activity that began in 2017. During this
period, the average flux of the source was comparable to its
4FGL value.

3.6. Estimating expected random coincidences

Given the observed coincidences between 4FGL-DR3 sources
and multiple neutrino alerts, it is essential to estimate the
expected rate of such coincidences to occur by chance. To do so,
we simulate 104 samples of neutrino alerts starting from the cat-
alogs described above and by scrambling their right ascensions
while keeping their declinations and 90% error contours fixed.
This preserves the distribution of alerts as a function of declina-
tion which reflects the sensitivity of IceCube. By repeating the
search for coincident 4FGL-DR3 sources for each of the simu-
lated catalogs, we can determine the probability for a source to
be coincident with one or multiple neutrino alerts.

Starting from the sample of 122 alerts issued in the realtime
programs (see Sects. 3.1 and 3.2), we find that the probability for
a 4FGL-DR3 source to be randomly coincident with two or more
alerts is p(N ≥ 2)= 3× 10−2. This gives a total expected number
of 21 random coincidences. The 14 4FGL-DR3 sources coinci-
dent with two neutrino alerts and listed in Table 2 are therefore
consistent with the expected number of random coincidences.
When we repeat this simulation for the full sample of 382 alerts
which includes the archival events described in Sect. 3.5, we find
that the expected number of sources randomly coincident with
3 (4) or more alerts is 18 (2). Therefore, the 11 observed triple-
coincidences and the coincidence of 4FGL J2226.8+0051 with 4
neutrino alerts (Table 3) are also consistent with random chance.

4. The case of IceCube-211208A and PKS 0735+178

In this section, we present the results of a particular neutrino
blazar candidate that was barely outside of the localization con-
tour of an IceCube alert, but is considered interesting because

3 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/

LightCurveRepository/source.html?source_name=4FGL_

J0509.4+0542
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Table 4. Selection of 4LAC-DR2 sources that are coincident with well-reconstructed realtime alerts from Sect. 5.

4FGL Name Class (1) E.Flux (erg cm−2 s−1) (2) Redshift Event Type Sig.

J0509.4+0542 BL Lac (5.72± 0.20)× 10−11 0.3365 IC170922A EHE 0.51
J1040.5+0617 BL Lac (1.85± 0.08)× 10−11 0.73 IC141209A HESE –
J0658.6+0636 BCU (3.70± 0.73)× 10−12 0.23 (3) IC201114A Gold 0.56
J1342.7+0505 BL Lac (2.98± 0.49)× 10−12 0.13663 IC210210A Gold 0.65
J0127.2+0324 BL Lac (4.63± 0.47)× 10−12 – IC220202A Gold 0.21
J2322.7+3436 BL Lac (4.90± 0.45)× 10−12 0.098 IC221223A Gold 0.79
J0244.7+1316 BCU (1.93± 0.67)× 10−12 0.9846 (4) IC161103A Bronze 0.31
J1758.7−1621 BCU (8.04± 1.41)× 10−12 – IC190221A HESE 0.37
J1744.2−0353 FSRQ (5.94± 1.19)× 10−12 1.057 IC110930A EHE –
J1258.7−0452 BL Lac (2.07± 0.43)× 10−12 0.586 IC150926A EHE –
J1008.0+0620 BL Lac (9.58± 0.71)× 10−12 0.65 IC190221A Bronze 0.40
J1506.6+0813 BL Lac (9.36± 0.76)× 10−12 0.376 IC121115A Bronze 0.32
J0604.9−0000 BCU (4.79± 0.84)× 10−12 – IC130822A Bronze 0.30
J0436.2−0038 BCU (1.06± 0.28)× 10−12 – IC180608A Bronze 0.40
J0420.3−3745 BCU (1.06± 0.77)× 10−12 – IC190504A Bronze 0.39

Notes. Two sources are highlighted in boldface, 4FGL J0509.4+0542 (TXS 0506+056) and 4FGL J1040.5+0617 (GB6 J1040+0617) that are
already known neutrino blazar candidates. (1)Classification in 4FGL-DR3. (2)4FGL-DR3 Energy Flux from 100 MeV to 100 GeV. (3)Redshift from
Chang et al. (2019). (4)Redshift from Padovani et al. (2022).

PKS 1502+106 and IC190730A, where the source was observed
in a quiescent state at the time of the neutrino detection but
can still be considered a promising neutrino emitter because of
its intrinsic properties (Rodrigues et al. 2021; Oikonomou et al.
2021).

In order to perform this study, it is crucial to select a sam-
ple of candidates where the probability of chance coincidence is
reduced as much as possibile. These random coincidences arise
mostly from poorly reconstructed neutrino arrival directions and
from incorrectly classified atmospheric neutrinos. The former
can be reduced by selecting a subsample of well-reconstructed
neutrinos, while we will consider the latter an irreducible con-
tamination given the moderate signalness of the events selected
by the realtime program.

In the following, we use an approach similar to the one
adopted in Garrappa et al. (2019a) and Franckowiak et al. (2020)
in order to select coincidences from a sample of relatively
well-reconstructed neutrino alerts. For the threshold for the
extension of the error regions, we consider the median angu-
lar uncertainty of 5.4 deg2 observed in the sample of Gold
alerts for alerts (realtime and archival) classified as Gold/Bronze.
For alerts (realtime and archival) classified as HESE/EHE,
we use the median angular uncertainty of the HESE sample
of 5.6 deg2. For this selection, we define well-reconstructed
alerts as all events with extensions below the aforementioned
thresholds.

Since gamma-ray blazars dominate the observed coinci-
dences with single high-energy neutrinos, and since they are
prime candidate neutrino sources, we consider sources from the
Fourth Fermi-LAT Catalog of Active Galactic Nuclei (4LAC-
DR2, Ajello et al. 2020; Lott et al. 2020). We apply the selec-
tion cut on the 90% error contours, and we select only alerts
coincident with a single 4LAC source. After the selection, the
sample includes 3 alerts from the HESE/EHE realtime stream,
4 from the Gold/Bronze realtime stream and 8 from the archival
samples (3 from archival HESE/EHE alerts and 5 from archival
alerts in ICECAT-1). The 15 4LAC sources that are the sole can-

didate counterpart to each of the relatively well-reconstructed
neutrino alerts with a single 4LAC coincidence are listed in
Table 4.

Figure 6 shows the 2D distribution of gamma-ray energy
fluxes (in the energy range from 100 MeV to 100 GeV) and
redshift for all the blazars in 4LAC as grey dots (see also
Franckowiak et al. 2020). We show the 4LAC sources that are
coincident with well-reconstructed neutrino alerts and have mea-
sured redshift as black dots, and we use colored stars for the
sources that have been suggested in the literature as neutrino
blazars on the basis of their multiwavelength properties in addi-
tion to their coincidence with high-energy neutrinos. Additional
neutrino blazar candidates were omitted from Fig. 6 because they
lack measured redshifts. In the side plots, we show the inverse
cumulative distribution function of the gamma-ray energy fluxes
(right) and the normalized counts distribution of the redshifts
(top).

In addition to the selection described above, we include
(and show in Fig. 6) two additional neutrino blazar candidates
motivated by strong multiwavelength coincidences found among
neutrino detections published in various archival samples of Ice-
Cube data. The blazars are the FRSQ PKS 1424−41, coinci-
dent with the HESE cascade event IceCube-35 (Kadler et al.
2016) and the BL Lac MG3 J225517+2409, coincident with
the event IC100608A and a hot spot from a search conducted
by ANTARES (Ageron et al. 2011) for point sources consistent
with the directions of Fermi-LAT blazars (Albert et al. 2021).
Finally, we include the FSRQ PKS 1502+106 coincident with
the gold alert IC190730A. IC-190730A has a 90% uncertainty
area of 5.5 deg2, slightly larger than the observed median for
gold alerts of 5.4 deg2. Nevertheless, PKS 1502+106 has been
proven to be a valid candidate for IC190730A by several works
(e.g. Rodrigues et al. 2021; Oikonomou et al. 2021). A total of
18 sources are in the final sample of neutrino blazar candidates.

Franckowiak et al. (2020) presented a correlation study
between gamma-ray blazars and high-energy neutrinos. The
study used the distribution of gamma-ray energy fluxes of
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we are continously improving our strategies and synergies with
multiwavelength facilities. Follow-up observations of these real-
time alerts with the Fermi-LAT is crucial for the prompt identi-
fication of interesting neutrino source candidates.
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