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Gamma-ray-bright active galactic nuclei (AGN) have been one of the most promising source
classes of high-energy astrophysical neutrinos detected by IceCube. The first evidence of an
IceCube point source was a blazar detected by the Fermi Large Area Telescope (LAT), TXS
0506+056. Previous analyses have ruled out GeV-bright blazars as the predominant contributor
to the high-energy astrophysical neutrino flux under simple correlation assumptions about the
relationship between the fluxes of gamma rays and neutrinos. We present results from a more
general and more sensitive search for correlation between neutrinos and GeV-selected AGN using
improvements in the IceCube statistical methods and 13 years of data. We detect no correlation
and set stringent constraints on neutrino emission by populations of GeV-detected AGN. These
include constraints on the neutrino emission from subclasses of GeV-detected AGN, including BL
Lacs, flat-spectrum radio quasars (FSRQ) and non-blazar AGN, using stacking analyses testing
a variety of hypothesized relationships between neutrino and gamma-ray flux. We also present
results from an analysis that is sensitive to a wider range of relationships between the gamma-ray
and neutrino signal.
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IceCube population constraints on neutrino emission by Fermi-LAT detected active galactic nuclei

1. Background

The IceCube Neutrino Observatory (IceCube) has identified a diffuse flux of astrophysical
neutrinos [1] as well as the first sources of high-energy neutrinos. The first known IceCube-
detected neutrino sources are heterogeneous; the BL Lac TXS 0506+056 [2, 3], a type 2 Seyfert
NGC 1068 [4], and the Galactic Plane of the Milky Way [5]. The two detected point sources are
both active galactic nuclei (AGN) but have very different properties. TXS 0506+056 is bright in
gamma rays and was detected as a time-dependent source while NGC 1068 is not a blazar and the
neutrino emission is not known to be time-dependent. Both NGC 1068 and TXS 0506+056 are
sources of GeV gamma rays [6], but the gamma rays from NGC 1068 originate from a starburst
component [7] rather than the core where the neutrinos are theorized to originate. Understanding
the relationship between gamma rays and high-energy neutrinos in AGN is an important step in
understanding AGN physics and the population which contributes to the IceCube diffuse flux.

Many models predict a correlation between high-energy gamma rays and neutrinos [8]. Previ-
ous studies have constrained the neutrino flux from gamma-ray bright AGN under simple assump-
tions about the connection between gamma-rays and neutrinos [9–11]. A larger neutrino dataset
modeled with better reconstruction techniques have improved IceCube’s sensitivity which com-
bined with an increased Fermi-LAT livetime enhances the ability to probe the connection between
gamma-ray and neutrino production in AGN.

2. Data Samples

2.1 IceCube Dataset

IceCube is a cubic-kilometer water Cherenkov neutrino detector located at the South Pole
which uses the glacial ice as a detection medium and is optimized to detect TeV-PeV neutrinos [12].

IceCube classifies detected events as tracks and cascades. Tracks are primarily created by
muons traveling through the detector. Tracks can be created by charged-current muon neutrino
interactions or by muons originating from cosmic-ray interactions in the atmosphere (which provides
the dominant source of background). Cascades are created by any process that deposits energy over
a short distance, including charged-current 𝜈𝑒 or 𝜈𝜏 interactions or any neutral current interactions.
In the southern sky, tracks result in an extremely background-dominated data sample due to a large
flux of atmospheric muons created by cosmic-ray interactions in Earth’s atmosphere. However,
tracks have a significantly better angular resolution (≲ 0.5 degrees) than cascades (≲ 10 degrees),
so the preferred topology for IceCube’s searches for the astrophysical sources of neutrinos is tracks
originating from the northern sky, where Earth is able to attenuate much of the cosmic-ray muon
flux.

This analysis uses 13 years of an IceCube northern track data selection (“Northern Tracks”),
shared with a previous IceCube point source catalog search [13]. A 10-year selection of the data
provided the first statistically significant evidence that the Type 2 Seyfert NGC 1068 is a neutrino
source [4]. This selection improves over past IceCube data selections by incorporating a point
spread function described by a kernel density estimator, rather than a Gaussian. The sample
includes 991,499 events with a livetime of 13.05 years from June 2010 and November 2023 with
sensitivity to sources with declinations between -3 and 81 degrees.
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Figure 1: Pie chart of AGN population after redshift and declination cuts are made. Left plot shows the
break down into non-blazars and blazars, with blazars broken out into FSRQ, BL Lac and unknown class
subgroups. The right plot breaks down non-blazars into more specific classifications

2.2 Fermi Catalog

The analyzed AGN catalog is based on the Fermi 4LAC-DR3 [14] and 4FGL-DR4 [6] catalogs.
Cuts are applied to ensure that each source is in both catalogs, has a redshift entry in the Fermi
4LAC-DR3, and has a declination between -3 and 81 degrees (due to the IceCube data selection).
We use the spectrum and classification values provided in the 4FGL-DR4.

After cuts, we are left with 1163 objects in the catalog. Figure 1 shows the breakdown by class.
This catalog has a more balanced number of FSRQ and BL Lac than the original catalogs because
the redshift requirement removes more BL Lac objects than FSRQs. 42 objects are classified as
various types of non-blazar AGN. These exclude sources where Fermi associates the gamma-ray
flux from an AGN with a separate component, including NGC 1068 (where the gamma-rays are
associated with a starburst component).

3. Methods

3.1 Stacking Test

The first component of this analysis is a stacking test which looks for neutrino emission from a
given source class under a model for the correlation between neutrinos and gamma rays. IceCube
neutrino source analyses are done with a likelihood construction,

L(𝑛𝑠, 𝛾) =
𝑁∏
𝑖

𝑛𝑠

𝑁
𝑆𝑖 (𝛼𝑖 , 𝛿𝑖 , 𝜎𝑖 , 𝐸𝑖 , 𝛾) + (1 − 𝑛𝑠

𝑁
)𝐵𝑖 (𝛿𝑖 , 𝐸𝑖) (1)

where 𝑆𝑖 and 𝐵𝑖 represent the probability that a source or background neutrino respectively would
have the observed properties of the i-th neutrino. 𝑛𝑠 is the number of signal neutrinos and N
represents the total number of neutrinos in the dataset. We test a power-law spectrum with 𝑑𝑁

𝑑𝐸
∝

𝐸−𝛾 , where E is the energy of the neutrino.
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For the "Northern Tracks" dataset, the parametrization of 𝑆𝑖 and 𝐵𝑖 uses the kernel density
estimator (KDE) approach described in [15]. For a stacking analysis, we follow a similar procedure
to previous IceCube stacking analyses [16]. We weight each source by a neutrino expectation term
𝑤𝑘 . In addition, we must account for a detector-dependent signal detection efficiency weighting
term 𝑅𝑘 (𝛿𝑖 , 𝛾). The 𝑆𝑖 term is then given by a sum over the M sources in the sample,

𝑆𝑖,𝑠𝑡𝑎𝑐𝑘𝑖𝑛𝑔 =

∑𝑀
𝑖 𝑤𝑘 · 𝑅𝑘 (𝛿𝑖 , 𝛾) · 𝑆𝑘𝑖,𝑃𝑆 (𝛼𝑖 , 𝛿𝑖 , 𝜎𝑖 , 𝐸𝑖 , 𝛾)∑𝑀

𝑖 𝑤𝑘 · 𝑅𝑘 (𝛿𝑖 , 𝛾)
. (2)

This stacking analysis tests a model in which the neutrino spectrum follows a power law spectrum
with a shared index betweeen all sources. More complex models may make predictions of a spectral
index which varies over the sources.

The p-value is computed using a log likeihood ratio test statistic

𝑇𝑆 = 2 ln(
𝑚𝑎𝑥𝑛𝑠 ,𝛾L(𝑛𝑠, 𝛾)

L(𝑛𝑠 = 0) ). (3)

To create a Monte Carlo background TS distribution, the observed data is scrambled in right
ascension repeatedly and the scrambled data is then evaluated. The p-value is then computed via
comparison of the observed TS with the TS distribution generated under pseudo-trials of the null
hypothesis. The analysis’ response to a signal is obtained by injecting Monte Carlo simulated
neutrinos on top of the scrambled background and evaluating the pseudo-trial.

In this analysis, we test several hypotheses about the correlations between neutrinos and
gamma-ray emission. As a proxy for gamma-ray power, we test correlations between the neutrino
luminosity and the gamma-ray rate between 1-100 GeV in the source frame. We separate the catalog
into subsets of flat-spectrum radio quasars, BL Lac objects and non-blazar AGN. We weight based
on the gamma-ray rate 𝑅Γ

𝛾 , the number of photons emitted between 1 and 100 GeV in the source
frame. We tested models where the neutrino emission is either proportional to the gamma-ray rate
or the gamma-ray rate squared (𝐿𝜈 ∝ 𝑅Γ

𝛾 with Γ = 1, 2), where 𝐿𝜈 is the neutrino luminosity. The
Γ = 1 case is motivated by scenarios in which the observed gamma rays are associated directly with
pion decay (and the associated neutrino production) or where both the gamma-ray and neutrino
production is correlated with the intrinsic jet power. The Γ = 2 case is motivated by models where
both the cosmic ray power and the target field scale with the jet power [17]. This leaves us with a total
of 6 stacking hypothesis, 3 classes (BL Lac, FSRQ, non-blazar AGN) with 2 correlation hypothesis
(Γ = 1, Γ = 2) each. The significances for each of these tests is trials-corrected through comparison
by comparing the most significant p-value for each class and comparing to the distribution of this
statistic obtained in set of background joint Monte Carlo pseudo-trials.

3.2 Binomial Test

The stacking analysis is model-dependent. Models where neutrino and gamma-ray emission
do not directly correlate or where only a subset of AGN are neutrino sources, the stacking test may
miss a bright signal. This analysis probes this model-independent space with a binomial test. For
this analysis we compute a point source p-value for every source in our catalog. We then order
these p-values by magnitude and define a binomial probability 𝛼 as a function of the (fit) number
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of sources (𝑘):

𝛼(𝑘) =
𝑀∑︁
𝑙=𝑘

(
𝑀

𝑙

)
𝑝𝑙𝑘 · (1 − 𝑝𝑘)1−𝑙 . (4)

The test statistic (TS) is the maximized binomial probability value over k:

𝑇𝑆𝑏𝑖𝑛𝑜𝑚𝑖𝑎𝑙 = 𝑚𝑎𝑥𝑘𝛼(𝑘). (5)

Monte Carlo distributions of background binomial TS values are created through the data
scrambling method and a p-value is computed by comparison to pseudo-trials under the null
hypothesis.

4. Results

4.1 Stacking Analysis

AGN Subclass Γ local p-value 𝑛𝑠 𝛾 Trials-corrected p-values

BL Lac
1 0.009 10.36 1.9

0.014 (2.2𝜎)
2 0.052 5.73 2.0

FSRQ
1 0.122 4.26 2.0

0.15 (1.0𝜎)
2 0.107 5.32 2.9

Non-Blazar AGN
1 0.365 6.57 3.1

0.55
2 0 0 2.64

Table 1: Table of results for stacking analysis including the tested subclass, the index relating neutrino
luminosity to the gamma-ray rate, the p-value, the best-fit number of source neutrinos and spectral index,
and the p-value corrected for the two tested hypotheses.

Figure 2: 90% upper limits for each source class under a model in which neutrino luminosity correlates
with the number of gamma rays emitted between 1-100 GeV compared with the most analogous IceCube
2LAC-based results (Aartsen et al. 2017), the diffuse neutrino flux (Abbasi et al. 2022) and the best fit fluxes
for TXS 0506+056 and NGC 1068 (Abbasi 2022). For BL Lacs, which are not tested as a single catalog
in the previous 2LAC-based analysis, the upper limit is computed as the sum of the upper limits for low
synchrotron peak BL Lac and intermediate/high low synchrotron peak blazar classes. Neither upper limit
result is corrected to account for unresolved sources in the source class.

The results of the stacking analysis are contained in Table 1. We do not find statistically
significant results in any of the tested hypotheses. We set upper limits to the tested models in Figure

5
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2 and demonstrate that these limits are significantly stronger than the most analogous previous
limits IceCube has placed on these population models [9], though the exact classes and hypotheses
tested are not identical. While no correction has been made for the Fermi unresolved population
in either upper limit, it is clear that the upper limits under a simple correlation between neutrinos
and gamma-ray emission in AGN would only be able to provide a small fraction of the observed
diffuse flux. These upper limits cannot rule out gamma-ray observed AGN as a source population
under other correlation models or that gamma-ray AGN could be responsible for a fraction of the
observed neutrino flux. The detection of neutrino flares from TXS 0506+056 indicates that some
of the diffuse flux must originate from gamma-ray bright AGN.

4.2 Binomial Test

The binomial test described in Section 3 resulted in a p-value of 0.013 with a best-fit 𝑘 of 4. The
variation of the binomial probability𝛼(𝑘) as a function of the fit number of contributing sources k are
shown in Figures 3,4. The 4 contributing sources were 4FGL J1427.0+2348 (PKS 1424+240), 4FGL
J2322.7+3436 (TXS 2320+343), 4FGL J0509.4+0542 (TXS 0506+056) and 4FGL J1210.3+3928.
NGC 1068 was not tested because the gamma-ray emission has been associated with the starburst
component, so the Fermi AGN catalog excludes the source. PKS 1424+240 and TXS 0506+056
have been previously observed as some of the most significant IceCube subthreshold excesses [4].
TXS 2320+343 appears to be driven by a high-energy neutrino in 2022, which was identified as a
likely astrophysical neutrino by IceCube’s realtime alert program and an alert was published over
NASA’s General Coordinate Network (GCN) [18]. 4FGL J1210.3+3928 is a BL Lac, but is notable
for its proximity to NGC 4151, a nearby Seyfert galaxy. NGC 4151 has recently appeared as an
interesting subthreshold excess in IceCube analyses [16, 19] examining the possibility of a Seyfert
or X-ray bright AGN population of neutrino sources, which were motivated by evidence of NGC
1068 as a neutrino source. The proximity makes it difficult to distinguish the blazar from the
Seyfert galaxy in either gamma-rays or neutrinos. Since NGC 4151 shares properties with NGC
1068 and any real astrophysical excess at the location of the blazar is most easily explained as source
confusion with NGC 4151.

Figures 5,6 demonstrates the sensitivity to a nominal model in which a randomly chosen subset
of the catalog each contribute a flux with a power-law spectrum with index of 2.0, with the flux
normalization chosen to provide a fixed average number of neutrinos for each source (subject to
Poisson uncertainty). The tested number of neutrinos are chosen so that objects with that flux would
likely have been missed in previous catalog searches, but the population would contribute to the
diffuse flux. This can be used to place constraints on that nominal model. This result constrains
all models in which there are a large number of neutrino-emitting gamma-ray bright AGN, but the
correlation between gamma-rays and neutrinos hasn’t been directly explored in a stacking analysis.

5. Conclusion

Progress in IceCube’s methods, especially improvements in the parametrization of the point
spread function, and livetime have allowed us to improve the upper limits on the neutrino flux
contributed by gamma-ray bright AGN.
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Figure 3: Binomial probability scanned
over the number of sources.

Figure 4: Scan of binomial probability
over the number of contributing sources

zoomed in at low numbers of contributing
sources near the observed best fit at k=4.

Figure 5: Binomial test probability of obtaining
a result more significant than either the observed

result in the data or 3 sigma evidence under a
model where a subset of the catalog are equal

flux neutrino sources which contribute an
average of one neutrino each as a function of the

number of sources.

Figure 6: Binomial test probability of obtaining
a result more significant than either the observed

result in the data or 3 sigma evidence under a
model where a subset of the catalog are equal

flux neutrino sources which contribute an
average of five neutrinos each as a function of

the number of sources.

Under simple models for the neutrino emission of gamma-ray bright AGN, IceCube data rejects
the hypothesis that gamma-ray bright AGN are a primary source class of high-energy neutrinos.
It remains unclear whether gamma-ray bright AGN (or a subclass of gamma-ray bright AGN)
represent a separate source class than Seyferts or whether the evidence for TXS 0506+056 as a
neutrino source implies a more subtle connection between neutrino emission across a broad group
of AGN.

Under a model-independent test we obtain a statistically insignificant result and corresponding
limits on the neutrino emission, but observe an interesting list of contributing sources consisting of
two sources previously reported as non-significant excesses in time-independent IceCube gamma-
ray selected catalog searches (PKS 1424+240 and TXS 0506+056), a source driven by a nearby high

7
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signalness neutrino (TXS 2320+343) and a BL Lac (4FGL J1210.3+3928). IceCube has previously
found two pieces of over 3𝜎 evidence for TXS 0506+056 as a time-dependent neutrino source,
including a multi-messenger correlation with a high signalness neutrino. 4FGL J1210.3+3928 is
close to NGC 4151, a Seyfert object not in the tested sample for this analysis, but which other
searches have claimed as a major contributor to evidence that Seyferts may contribute a significant
fraction of the IceCube flux.
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