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ABSTRACT

The IceCube Neutrino Observatory has detected several hundred high-energy neutrinos from cosmic sources. Despite numerous
studies searching for their origin, it is still not known which sources emit them. A few likely individual associations exist with active
galactic nuclei (AGNs), mostly comprising blazars (AGNs with jets pointed toward Earth). Nonetheless, on a population level, blazar-
neutrino correlation strengths are rather weak. This could mean that blazars as a population do not emit high-energy neutrinos or
that the detection power of the tests is insufficient due to the strong atmospheric neutrino background. By assuming an increase in
high-energy neutrino emission during major blazar flares, in our previous studies, we leveraged the neutrino arrival time to boost
the detection power. Here, we utilize the same principle, while substantially increasing the number of blazars in the sample. We
searched for the spatiotemporal correlation of 356 IceCube high-energy neutrinos with major optical flares of 3225 radio- and 3814
γ-ray-selected blazars. We found that despite the increase in data size, the number of likely spatiotemporal associations remained low
and the overall correlation strengths weak. Two individual associations were shown to drive our strongest correlation, namely, the
only >2σ post-trial spatiotemporal correlation, occurring with the BL Lac objects of the radio-selected blazar sample. We estimated
that .8% of the detected cosmic neutrinos were emitted by blazars during major optical flares. As a complementary analysis, we
compared the synchrotron peak frequency, redshift, Doppler factor, X-ray brightness, and optical variability of spatially neutrino-
associated blazars to those of the general blazar population. We found that spatially neutrino-associated blazars have a Doppler factor
and X-ray brightness that are higher than average.

Key words. astroparticle physics – neutrinos – galaxies: active – galaxies: jets – galaxies: statistics

1. Introduction

At present, hundreds of high-energy (TeV-PeV) neutrinos
from extraterrestrial sources have been detected and found
to be in excess of the strong atmospheric neutrino back-
ground by various neutrino observatories, such as Ice-
Cube (e.g., IceCube Collaboration 2021), ANTARES (e.g.,
Albert et al. 2021), and KM3NeT (e.g., KM3NeT Collaboration
2025). Further detections are expected by the next gen-
eration or future observatories, such as Baikal-GVD (e.g.,
Baikal-GVD Collaboration 2018), RNO-G (e.g., Aguilar et al.
2021), GRAND (e.g., Fang et al. 2017), P-ONE (e.g., Malecki
2024), TRIDENT (e.g., Ye et al. 2023), and HUNT (e.g.,
Huang et al. 2024). Despite the hundreds of detections that are
available, the cosmic sources that produce high-energy neutri-
nos are still largely unknown (e.g., Abbasi et al. 2021b; Troitsky
2021).

One of the main candidates for emitting high-energy (TeV–
PeV) neutrinos (hereafter, neutrinos) are active galactic nuclei
(AGNs; e.g., Mannheim & Biermann 1989; Mücke & Protheroe
2001; Hooper & Plant 2023). Powered by supermassive black
holes, almost all AGNs display extreme nonthermal emission
and ∼10% possess highly collimated jets of relativistic plasma.
AGN jets have the ability to accelerate hadrons to high-enough
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energies which could interact with photons to produce neutri-
nos (e.g., Mannheim 1993). In AGNs whose jets are viewed
at small angles (.10◦; i.e., blazars), all electromagnetic and
any potential neutrino emission from the jet becomes strongly
Doppler boosted. This makes blazars some of the most lumi-
nous objects in the universe and prime targets for a population-
based neutrino counterpart search. For recent reviews on blazars,
see, for example, Böttcher (2019), Blandford et al. (2019), and
Hovatta & Lindfors (2019).

While the hottest neutrino spot in the sky is NGC 1068
(a weakly jetted Seyfert-II AGN, e.g., Muxlow et al.
1996; Padovani et al. 2024b) at a significance of 4.2σ
(IceCube Collaboration 2022), the only other few sources
potentially associated with neutrinos have been blazars (e.g.,
TXS 0506+056, IceCube Collaboration 2018; PKS 1424+240,
and GB6 J1542+6129, Abbasi et al. 2021a). As such, many
studies have focused on the connection of neutrinos with
individual blazars (e.g., Krauß et al. 2014; Kadler et al. 2016;
Padovani et al. 2019; Righi et al. 2019; Franckowiak et al. 2020;
Rodrigues et al. 2021; Padovani et al. 2022; Acharyya et al.
2023; Kun et al. 2024; Blinov & Novikova 2025; Omeliukh et al.
2025; KM3NeT Collaboration et al. 2025; Kovalev et al. 2025)
and blazar populations (e.g., Aartsen et al. 2020; Plavin et al.
2020; Giommi et al. 2020; Plavin et al. 2021; Smith et al.
2021; Hovatta et al. 2021; Zhou et al. 2021; Bartos et al.
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2021; Kun et al. 2022; Buson et al. 2022; Plavin et al. 2023;
Novikova et al. 2023; Buson et al. 2023; Bellenghi et al. 2023;
Suray & Troitsky 2024; Albert et al. 2024; Plavin et al. 2024;
Kouch et al. 2024a; Abbasi et al. 2024b, 2026; Lu et al. 2025).
Some of these population-based analyses hint toward a potential
global connection between blazars and neutrinos, albeit rather
inconclusively.

There is evidence that the most energetic neutrinos are not
coming from continuously neutrino-emitting sources, but possi-
bly from a source population that mainly and rarely emits the
highest energy neutrinos (e.g., Abbasi et al. 2024a). Blazars are
suspected to be such a source population (e.g., Padovani et al.
2024a). Yet, a confident population-based correlation between
blazars and these highest energy neutrinos has not been estab-
lished. This may be the result of: (1) only a few blazars emitting
such neutrinos or (2) inadequate detection power due to subopti-
mal test statistics and observational limitations (i.e., low counts,
low signalness1, and poor spatial resolution of the reconstructed
neutrino events; e.g., Liodakis et al. 2022a; Kouch et al. 2025a).
To understand whether (1) is the reason and to confidently iden-
tify potential neutrino-emitting blazars, it is vital to diminish the
effect of (2) by boosting the detection power.

In our previous works (Hovatta et al. 2021 and Kouch et al.
2024a, hereafter “H21” and “K24”, respectively), we attempted
to boost the detection power of our correlation analysis by lever-
aging the precise arrival time of neutrinos (e.g., Abbasi et al.
2024b). Since blazar emission is highly variable, with quiescent
and flaring periods generally corresponding to lower and higher
jet activity, respectively (e.g., Lähteenmäki & Valtaoja 2003;
León-Tavares et al. 2011), we assumed that neutrino production
would be enhanced when the jet is more active during major
electromagnetic flares (e.g., Oikonomou et al. 2019; Kreter et al.
2020; Stathopoulos et al. 2022). Via this phenomenological
assumption, we searched for temporal associations between indi-
vidual high-energy neutrino arrival times and major, long-term
flares experienced by spatially associated blazars in the radio (in
both H21 and K24) and optical bands (in K24). We obtained
post-trial spatiotemporal correlations of ∼2σ and 2.17σ in H21
and K24, respectively.

In this paper, we use a similar neutrino sample as K24 (i.e.,
IceCat1+, but updated to include 2021–2023 neutrino events; see
Sect. 2.1) and rely on the same phenomenological assumption
as above (i.e., in blazars, major neutrino flares coincide with
major electromagnetic flares). However, unlike the approach
taken in H21 and K24, here we search for quasi-simultaneous
coincidences between neutrino arrival times and major, short-
term optical flares (some as short as a few days in duration).
We focus on variability in the optical band because: (1) most
blazars are variable in the optical band, with optical flaring being
often correlated with flaring in higher energy bands (e.g., γ-rays;
Liodakis et al. 2019; de Jaeger et al. 2023) and (2) the optical
band offers the largest number of well-sampled light curves,
which is a necessary ingredient for performing temporal asso-
ciations, owing to recent advances in all-sky surveys. Crucially,
we can now enhance the detection power of our spatiotemporal
analysis even further by: (1) using the largest sample of blazar
optical light curves to date, compiled in our companion paper
Kouch et al. (2026), hereafter referred to as K26 (e.g., see our
simulations in Liodakis et al. 2022a which suggested that hav-
ing more sources should result in a more significant signal if a
spatiotemporal blazar-neutrino connection exists) and (2) using

1 Signalness is an estimate for the probability of a neutrino event being
of cosmic origin.

the most optimal test strategy as determined via our simulations
in Kouch et al. (2025a), hereafter referred to as “K25”. We note
that the most optimal test strategy was also utilized in K24.

In Sect. 2, we describe the data used in this study. In Sect. 3,
the methodology of the spatiotemporal analysis and its most
optimal test strategy are described. In Sect. 4, the results are
presented and discussed. Finally, we provide the summary and
conclusions of our study in Sect. 5.

2. Data

2.1. High-energy neutrino events

In this study, we use an updated version of the IceCat1+
neutrino sample, which we previously compiled in K24. Ice-
Cat1+ consists of 267 neutrinos from the IceCube collabora-
tion’s IceCat-1 (Abbasi et al. 2023a), which is the first catalog
of muon-track high-energy neutrino events selected based on
real-time alert criteria (recorded between May 2011 and Decem-
ber 2020). IceCat1+ additionally contains 16 muon-track events
from another IceCube collaboration study (Abbasi et al. 2022),
where events recorded between May 2009 (when the telescope
was still in partial configuration) and December 2018 were
selected based on non-real-time criteria. In this paper, we addi-
tionally include 73 events between January 2021 and October
2023, which were added to IceCat-1 after its initial publica-
tion (v4.02). Therefore, this “updated IceCat1+” comprises 356
events in total and is given as an electronic table in this paper.
This table provides the arrival time, likely sky localization,
kinetic energy estimate, and signalness (S) of the 356 events.

While the arrival times are known precisely (on the order of
nanoseconds), the sky localizations are not. Using the reported
asymmetric right ascension (RA) and declination (Dec) errors as
one-sided 2σ Gaussian error estimates, we can trace an ellipsoid
corresponding to the &90%-likelihood error region of each event
in the sky (see Fig. 1 of K25). The area of such an error region
(Ω) is calculated as follows:

Ω =
π

4
(
α+ · δ+ + α− · δ+ + α− · δ− + α+ · δ−

)
, (1)

where α+/− and δ+/− represent the asymmetric 2σ error bars in
the RA and Dec directions, respectively. The median Ω for the
updated IceCat1+ is Ω̃ = 6.73 deg2, which is rather large and
results in numerous spatial associations.

Notably, the median signalness for the updated IceCat1+

is S̃ = 0.421, implying that more than half of its neutrinos
are of atmospheric origin. These atmospheric neutrinos act as
noise when searching for a global blazar-neutrino association. In
Sect. 3, we describe a test strategy that involves weighing down
neutrinos with large Ω and small S to optimally boost the detec-
tion power of the blazar-neutrino search.

2.2. Blazars, their light curves, and their flares

In this study, we used two blazar-dominated AGN samples: (1) a
statistically complete subsample of the Radio Fundamental Cat-
alog containing 3225 sources (hereafter denoted as RFC†; see
Sect. 2.2.1) and (2) the Fourth Catalog of Active Galactic Nuclei
present in the Large Array Telescope (4LAC) containing 3814
sources (see Sect. 2.2.2). Both of these are substantially larger
than the blazar samples we used in our previous studies. In

2 https://dataverse.harvard.edu/file.xhtml?fileId=
7502710
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H21 we used several samples with a combined count of 1795;
whereas in K24, we only focused on the CGRaBS sample (the
best from H21) with a count of 1157.

In K26, we compiled the largest blazar catalog to date, consist-
ing of 7918 unique sources from the RFC†, 4LAC, third catalog of
HSP (3HSP), Candidate Gamma-Ray Blazar Survey (CGRaBS),
and Fifth Roma-BZCAT Multifrequency Catalogue of Blazars
(5BZC) catalogs. Notably, the RFC† and 4LAC samples are both
fully contained in the CAZ catalog. Together they constitute 5880
sources, making up the majority (∼74%) of the CAZ catalog.
In this study, we use these two subsamples of the CAZ cata-
log instead of its entirety in order to investigate whether radio-
or γ-ray-bright blazars in particular would be more likely to be
neutrino emitters. In K26, we also tabulated, when available, the
physical parameters of the CAZ sources, such as source type,
synchrotron peak frequency (νsy), redshift (z), radio variability
Doppler factor (Dvar), and average X-ray flux density (S x-ray). We
provide their X-ray light curves and spectra in another companion
paper Paggi et al. (in prep.). In the CAZ catalog, the source types
are: flat spectrum radio quasar (FSRQ; denoted as Q), BL Lac
object (BLL; denoted as B), host-galaxy dominated BLL (denoted
as G), blazar of unknown type (denoted as U), or non-blazar AGN
(denoted as A). We additionally divide the sources into classes
based on their νsy following the low-, intermediate-, high-, and
extremely high-synchrotron peaked scheme (abbreviated as LSP,
ISP, HSP, and EHSP, respectively). LSPs have νsy < 1014 Hz, ISPs
1014 ≤ νsy < 1015 Hz, HSPs 1015 ≤ νsy < 1017 Hz, and EHSPs
νsy ≥ 1017 Hz. We note that FSRQs are generally LSPs, but BLLs
can range from LSPs to EHSPs and are, thus, further divided into:
LBLs, IBLs, HBLs, and EHBLs. In Table 1, we summarize the
number and fraction of available parameters for the RFC† and
4LAC samples.

In K26, we additionally constructed decade-long, high-
cadence optical light curves for most of the 7918 CAZ sources
using the Catalina Real-time Transient Survey (CRTS), the
Asteroid Terrestrial-impact Last Alert System (ATLAS), and
the Zwicky Transient Facility (ZTF) all-sky light curves, which
are collectively referred to as the CAZ light curves. Their abso-
lute flux density levels are not always indicative of the flux
density of the jet. The host-galaxy and non-jet components of
the blazar can contaminate the observed flux densities. Like-
wise, nearby bright sources can cause flux density contamina-
tion as a result of the unsupervised data reduction procedures of
the all-sky surveys (e.g., automatic forced-photometry). There-
fore, we used the relative changes in flux density rather than
the absolute values to trace the intrinsic changes in the activ-
ity level of a blazar jet. As such, we identified the variability
(see Sect. 2.2.3), periods of enhanced emission (see Sect. 2.2.4),
and prominent flaring periods (see Sects. 2.2.5 and 2.2.6) of the
CAZ light curves. These light-curve and variability data, along
with some of the physical parameters of the blazars, were used in
the spatiotemporal analysis of this study. Crucially, only sources
with CAZ light curves deemed variable were considered in the
spatiotemporal analysis. However, in Sect. 4.7, we describe our
complementary, spatial-only analysis using all blazars regardless
of their variability.

2.2.1. RFC† sample

The Radio Fundamental Catalog (RFC3) contains tens of thou-
sands of precisely localized compact radio sources detected via
very long baseline interferometry (VLBI). A subsample of it,

3 https://astrogeo.org/sol/rfc/

limited to S VLBI
X−band ≥ 150 mJy, can be considered statistically

complete as a result of observations by the VCS (Very Long
Baseline Array calibrator surveys; e.g., Kovalev et al. 2007;
Gordon et al. 2016) and Australian LBA (Australian Long Base-
line Array; e.g., Petrov et al. 2019). Since flux-limited VLBI
samples are generally blazar-dominated (e.g., Readhead et al.
1978), we began compiling the CAZ catalog using this subsam-
ple of RFC4. The sources in the CAZ catalog were checked to
be: (1) AGN; and (2) unique within ±0.001◦ (see K26 for justi-
fication).

Of the 7918 CAZ sources, 3225: (1) are in RFC; (2) are
categorized as AGNs or candidates; and (3) fulfill S VLBI

X−band ≥

150 mJy. These 3225 sources form the statistically complete
RFC sample (i.e., RFC†), whose parameter availability is sum-
marized in Table 1 column (1). We note that RFC† is dominated
by FSRQs and LBLs, as expected from a radio flux-limited sam-
ple. There are 1159 sources in RFC† that are also found in the
4LAC sample.

2.2.2. 4LAC sample

4LAC is the second blazar-dominated sample we use in this
study, which is also contained in its entirety in the CAZ catalog
(see K26). We adopted all 3814 low- and high-latitude sources
in the third 4LAC data-release (4LAC-DR35) from August 2022,
which is based on 12 years of data from the Fermi Large Array
Telescope (LAT; Atwood et al. 2009). Crucially, we used the
radio counterpart coordinates of the 4LAC sources instead of the
less reliably constrained γ-ray coordinates (Ajello et al. 2022).

In Table 1 column (4), we show the number and fraction of
available parameters for the 3814 sources of the 4LAC sample.
Notably, as expected from a γ-ray-selected sample, 4LAC con-
tains more BLLs than FSRQs when compared to RFC†. Addi-
tionally, unlike RFC†, a significant portion of the 4LAC sample
comprises non-LSPs, although LSPs still make up the majority
of the 4LAC sources. Lastly, as mentioned previously, the 4LAC
and RFC† samples have 1159 sources in common.

2.2.3. CAZ light curves and variability

In K26 we compiled as long and as high cadence optical light
curves as possible for the 7918 sources in the CAZ catalog.
We extracted multiband light curves from the CRTS6 (e.g.,
Drake et al. 2009), ATLAS7 (e.g., Tonry et al. 2018), and ZTF8

(e.g., Bellm et al. 2019) all-sky surveys. This was done by
performing forced-photometry on the coordinates of the CAZ
sources. We additionally took data from the Tuorla blazar mon-
itoring program9 (e.g., Nilsson et al. 2018) and the Katzman
Automatic Imaging Telescope (KAIT10) monitoring program
(e.g., Filippenko et al. 2001; Cohen et al. 2014), when possible.

To ensure maximal cadence for the CAZ light curves, we
merged the filters of the different surveys11 by translating them

4 The rfc_2023d version of RFC was used in K26.
5 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/
4LACDR3/
6 http://crts.caltech.edu/
7 https://fallingstar-data.com/
8 https://ztf.caltech.edu/
9 https://tuorlablazar.utu.fi/
10 https://w.astro.berkeley.edu/bait/kait.html
11 There are 11 filter+survey combinations in total: one from CRTS (no
filer, but closest is V-band), five from ATLAS (o, c, r, g, and i), three
from ZTF (r, g, and i), one from Tuorla (R-band), and one from KAIT
(V-band).
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Table 1. Summary of the count and fraction of available parameters for the RFC† and 4LAC sources as well as their variable subsamples.

Parameter RFC† Variable RFC† 4LAC Variable 4LAC
(1) (2) (3) (4) (5)

Total 3225* 1170* (36.3% of 3225) 3814* 1917* (50.3% of 3814)
Overlap 1159 (35.9%) 723 (61.8%) 1159 (30.4%) 723 (37.7%)
Type (any) 3225 (100%) 1170 (100%) 3814 (100%) 1917 (100%)
.. Q (FSRQ) 1773 (55.0%) 716 (61.2%) 792 (20.8%) 504 (26.3%)
.. B (BLL) 296 (9.2%) 212 (18.1%) 1458 (38.2%) 857 (44.7%)
.. G (galaxy dominated) 4 (0.1%) 2 (0.2%) 0 (0.0%) 0 (0.0%)
.. U (unclassified blazar) 340 (10.5%) 102 (8.7%) 1493 (39.1) 529 (27.6%)
.. A (non-blazar AGN) 812 (25.2%) 138 (11.8%) 71 (1.9%) 27 (1.4%)
νsy class (any) 1046 (32.4%) 681 (58.2%) 3085 (80.9%) 1689 (88.1%)
.. LSP 992 (30.8%) 646 (55.2%) 1699 (44.5%) 1016 (53.0%)
.. ISP 36 (1.1%) 25 (2.1%) 536 (14.1%) 304 (15.9%)
.. HSP 18 (0.6%) 10 (0.9%) 710 (18.6%) 336 (17.5%)
.. EHSP 0 (0.0%) 0 (0.0%) 140 (3.7%) 33 (1.7%)
z 2581 (80.0%) 1089 (93.1%) 3158 (82.8%) 1775 (92.6%)
Dvar 792 (24.6%) 512 (43.8%) 584 (15.3%) 456 (23.8%)
S X-ray 2038 (63.2%) 882 (75.4%) 2821 (74.0%) 1491 (77.8%)

Notes. Columns (1)–(5) show the parameter for which the available values are counted, the count (and fraction) of available values for RFC†
sources, RFC† sources which are variable, 4LAC sources, and 4LAC sources which are variable, respectively. Counts of the overlapping sources
between RFC† and 4LAC are given in “Overlap”. Unless specified, all fractions (given as percentages) are with respect to the total count of each
column (denoted using *).

in flux density space. This was done, in order of decreasing pri-
ority, by minimizing the difference between simultaneous flux
density measurements of two filters (within ±1, or then ±2 days),
or minimizing the difference between the average flux density of
two filters (within their overlap periods, or then within a ±50-day
extension). The procedure to obtain the final CAZ light curves is
described in more detail in Sect. 3 of K26. We note that all CAZ
light curves are publicly available. In total, there are 7722 CAZ
light curves with ≥10 data points and ≥30 d duration.

In K26, we characterized the variability of the CAZ light
curves, and then determined periods of enhanced emission and
prominent flaring periods in the variable ones. These periods are
used in this study to search for temporal coincidences with neu-
trinos. In short, we focused on the CRTS and ZTF data, while
ignoring ATLAS data due to its noisiness, to determine whether
a light curve is confidently variable. We quantified their variabil-
ity using fractional variability (Fvar; e.g., Sokolovsky et al. 2017)
and used white dwarf light curves as control. A CAZ light curve
is considered variable if either its CRTS Fvar or its ZTF Fvar
reach certain critical thresholds. For more details on the variabil-
ity quantification, we refer the reader to Sect. 4.1 of K26. Of the
7722 dense and long enough CAZ light curves, 2798 (36.2%)
were determined to be confidently variable. Notably, this does
not mean that the other 4924 (63.8%) light curves are confidently
non-variable, but that their variability is comparable to that of
white dwarfs within the predefined thresholds. Since a typical
CAZ light curve can be rather noisy, the threshold to confidently
“detect” variability is rather high.

Since for the main analysis of this study we only performed
spatiotemporal correlation tests (requiring flares; see Sect. 3),
here we solely focus on variable blazars whose flares can be con-
fidently identified. This inadvertently excludes 63.7% of RFC†
and 49.7% of 4LAC blazars from our analysis12. We provide the
parameter availability of the variable RFC† and 4LAC samples

12 This exclusion rate was set at a similar fraction (i.e., 70%) in the
simulations of K25.

in Table 1, columns (3) and (5), respectively. Nonetheless, we
note that, in Sect. 4.7, we describe our complementary, spatial-
only analysis, which uses all RFC† and 4LAC blazars regardless
of their variability.

2.2.4. Periods of enhanced emission (BB95 periods)

In K26, to characterize periods of enhanced emission and promi-
nent flaring (Sect. 2.2.5), we applied the Bayesian block (BB;
Scargle et al. 2013) algorithm to the CAZ light curves. Using
inherently non-variable white dwarf light curves, which were
constructed identically to blazar light curves, we calibrated the
BB algorithm to partially account for noise-driven variability.
Furthermore, when constructing the BB light curves, we marked
extended periods (>60 d) without data as seasonal gaps13.

Subsequently, we defined periods of enhanced emission as
those BB whose averaged brightness exceeds the 95th percentile
flux density level, referred to as “BB95”. Such strict flux density
condition ensures that BB95 periods exclusively trace the most
extreme optical periods of a variable light curve. As shown in
Fig. 7 of K26, BB95 durations have an extended range, with typ-
ical values of ∼2–13 d. Unsurprisingly, almost all variable CAZ
light curves result in some BB95: 1161 (99.2%) of 1170 vari-
able RFC† sources, and 1906 (99.4%) of 1917 variable 4LAC
sources. The few light curves that do not result in any BB95
have such large flux density error bars that none of their binned
flux densities reach the 95th percentile level.

While BB95 are guaranteed to characterize the most extreme
activity periods of a blazar, they suffer from two main caveats:
(1) they are easily affected by extreme outliers and (2) they miss
most flaring periods since only a handful of flares reach the
most extreme flux densities. As an alternative to BB95, in the

13 Since optical observations are only possible during dark skies, long-
term optical light curves often exhibit extended periods of gaps in the
data due to the seasonal inability to observe the sources.
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following subsection, we describe how prominent flaring peri-
ods are identified in variable CAZ light curves.

2.2.5. Prominent flaring periods (BBHOP flares)

In K26, to determine prominent flaring periods, we initially
applied the BB algorithm to the CAZ light curves. Then we
searched for BB whose average flux density corresponds to
a local maximum or minimum (i.e., “hills” and “valleys” in
BB flux density, respectively). Subsequently, using a hopping
algorithm (e.g., HOP, Eisenstein & Hut 1998), we determined
valley-hill-valley groups without going through any seasonal
gap. These BB groups are referred to as “BBHOP” flares (e.g.,
Meyer et al. 2019). To ensure that major flaring periods are char-
acterized in their entirety and that small flux density variations
do not result in premature BBHOP flares, we iteratively merged
all pairs of neighboring BBHOP flares if: (1) their rise or fall
time was short (<2 d); or (2) their rise or fall flux density signif-
icance change was small (<3σ). For more details, see Sect. 4.3
of K26.

Merged BBHOP flares (hereafter, simply referred to as
BBHOP flares) characterize most flaring periods in reasonably
high-cadence portions of a light curve, even when the flux rise is
relatively small. However, we were interested in the most promi-
nent flaring periods, that is, those with the most prominent rise
in flux. Therefore, we defined prominent BBHOP flares as those
that: (1) occurred in a variable CAZ light curve; (2) had a peak
BB brighter than the 75th percentile flux density; (3) had >3σ
rise or fall flux density significance change; and (4) did not con-
sist of three BBs only with just one data point in their peak BB.
These conditions resulted in 25194 prominent BBHOP flares
across 2639 variable CAZ light curves. In terms of the blazar
samples used in this study, 1108 (94.7%) of 1170 variable RFC†
sources and 1872 (97.7%) of 1917 variable 4LAC sources have
at least one prominent BBHOP flare. Lastly, we note that promi-
nent BBHOP flares have a wide range of total durations, with
typical values of ∼30–130 d.

While prominent BBHOP flares characterize most major
flaring periods, they suffer from a couple of caveats. Firstly,
the efficiency of the BBHOP algorithm to characterize flares
depends strongly on the cadence and continuity of the data.
When the cadence drops or when there are seasonal gaps in
the data, it is not possible to reliably identify local minima and
maxima in flux density. Secondly, outliers can result in BBHOP
flares. Unfortunately, low cadence, seasonal gaps, and noisy data
are prevalent in the CAZ light curves, despite our attempts to
mitigate them (for more details, see K26).

2.2.6. BB95 periods as the peak of BBHOP flares

Since both BB95 and prominent BBHOP flares have strengths
and weaknesses for characterizing outburst periods in blazars,
we opt to use both of them. Additionally, we consider them
simultaneously to identify the peak of the most extreme flares.
So, as a third temporal metric in our spatiotemporal correlation
tests, we look for BB95 periods which form the peak of a promi-
nent BBHOP flare. Notably, this combined metric does not probe
for BB95 periods which occur in the rise or decay segments of a
BBHOP flare, but only those which coincide with its peak. For
example, in the association of the blazar CAZJ0207+0950 with
the neutrino IC190629A (Fig. 4), both the BB95 and BBHOP
metrics are met separately, but the combined metric is not met.
By identifying the peaks of the most prominent flaring periods
via two criteria, we reduce the chance of misidentifying noise-

driven scatter as intrinsic. The obvious downside of this com-
bined metric is its need for a high cadence.

3. Analysis

In this work, we searched for spatiotemporal correlation between
optical light curves of blazars and IceCube neutrinos. The spa-
tiotemporal test we adopted is similar to the one we used in H21
and K24. Here, we use blazar flares identified in variable CAZ
optical light curves in K26, which limits the blazar sample of
the spatiotemporal search of this paper to a subset of optically
variable blazars only.

As a first step, we identified blazars that are spatially asso-
ciated with the neutrino events. We did this by searching for
blazar coordinates that fall within the enlarged (by 1◦ added in
quadrature) &90%-likelihood error region of the neutrinos. The
enlargement was introduced to account for potential unknown
systematic errors in the spatial reconstruction of the events (e.g.,
Aartsen et al. 2013; see Sect. 3.3 of K24 for more details).
Additionally, previous works (e.g., Plavin et al. 2020, H21, K24,
Abbasi et al. 2023b) have shown that such an enlargement leads
to a hint of a correlation with blazars, since several spatiotem-
porally associated blazars narrowly miss the published &90%-
likelihood error region of some well-reconstructed neutrino
events. We emphasize that our spatiotemporal method, specif-
ically with a top-hat-like weighting scheme, is robust to such
error region enlargements. In fact, our simulations in K25 (see
Sect. 4.2.6 therein) showed that enlarging the neutrino error
regions yields conservative estimates for the strength of the
underlying blazar-neutrino correlation. Therefore, here we only
performed our spatiotemporal tests using the enlarged &90%-
likelihood error regions.

Once the spatially associated blazars are identified, we can
search their CAZ light curves to determine whether they are tem-
porally associated with their spatially associated neutrino. Based
on the simple phenomenological assumption that an enhance-
ment in neutrino production is accompanied by an enhancement
in electromagnetic emission, we defined a temporal associa-
tion based on the following Boolean condition: If the neu-
trino arrival time coincides with a CAZ optical flare, there is
a temporal association; otherwise, there is no temporal asso-
ciation. This assumes simultaneity between neutrino and opti-
cal flares (within a few days, considering data limitations). In
support of this scenario, there are theoretical models that pre-
dict optical flares lagging behind neutrino flares by .1 d (e.g.,
Rodrigues et al. 2026). However, we caution that there are also
theoretical models which predict potential time delays of months
to years between neutrino flares and their electromagnetic coun-
terparts (e.g., Podlesnyi & Oikonomou 2025).

Using the CAZ light curves, we define a temporal associa-
tion if the neutrino arrived within ±2 d of a BB95 (Sect. 2.2.4),
during a prominent BBHOP flare (Sect. 2.2.5), or within ±2 d
of a BB95, which is the peak of a prominent BBHOP flare
(Sect. 2.2.6). Since the CAZ light curves suffer from numer-
ous limitations (e.g., uneven sampling, seasonal gaps, outliers,
potentially poorly color-corrected simultaneous data), quasi-
simultaneity cannot be defined exactly and requires an error mar-
gin. Throughout K26, we used ±2 d as the lower limit for such an
error margin; namely, we used it when merging the filters onto
each other (Sect. 2.2.3) and when merging neighboring BBHOP
flares together (Sect. 2.2.5). This ±2 d margin is especially nec-
essary when checking for quasi-simultaneity with BB95 peri-
ods due to their rather short durations (e.g., as short as ∼1 d);
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however, it is not necessary for BBHOP flares because they typ-
ically constitute tens of BBs and are ∼30–130 d in duration.

We then counted the spatiotemporal associations to con-
struct our test-statistic (TS) parameter. To obtain the global
strength of the blazar-neutrino spatiotemporal correlation, we
determined the probability of obtaining the observed TS param-
eter by chance via a Monte Carlo simulation. We randomized the
blazar RA coordinates14 and then repeated the above process to
count the number of random spatiotemporal associations, result-
ing in a random TS parameter. This randomization was repeated
105 times such that we obtain 105 random TS parameters. Subse-
quently, using the following equation, we can obtain the global
strength of the blazar-neutrino spatiotemporal correlation:

p =
M + 1
N + 1

, (2)

where M is the number of random TS parameters greater than
or equal to the observed TS parameter, and N is the total num-
ber of random TS parameters (Davison & Hinkley 1997); in this
work, N = 105. This process is visualized in Fig. 3 of K24.
Although this correlation strength is obtained through the uni-
form randomization of blazars in the sky, we verified that the
results do not change if we exclude blazars within ±10◦ from the
Galactic plane.

In H21 and K24, we constructed the TS parameters via both
averaging and counting techniques. However, in this work, we
only focus on the counting technique since our extensive sim-
ulations in K25 showed that counting offers a greater detection
power than averaging. Additionally, K25 showed that employing
a weighting scheme to account for poorly reconstructed neutrino
events is better than setting neutrino sample cuts (e.g., S or Ω
cuts). Among the tested weighting schemes, the top-hat scheme
performed better than the Gaussian one. Therefore, before con-
structing the TS parameter, we weigh them down using a top-hat
weight (WT; first introduced in K24). So, the global TS param-
eter is equal to

∑K
i=1 WT, i where WT, i is the top-hat weight of

the i th spatiotemporal association and K is the total number of
spatiotemporal associations globally.

The top-hat weight is only dependent on the properties of the
neutrino (i.e., S and Ω) and is calculated as follows:

WT =


0 if dBN,φ > Rφ (no spatial association);
S if dBN,φ ≤ Rφ and Ω ≤ Ω̃;
S · Ω̃ / Ω if dBN,φ ≤ Rφ and Ω > Ω̃.

(3)

Here, Ω̃ is the global median of Ω (see Eq. (1)), Rφ the dis-
tance between the center and the edge of the error region at
a given phase angle, φ, and dBN,φ is the distance between the
blazar and the center of the error region along φ (see Fig. 1 of
K25). As noted in Sect. 2.1, Ω̃ = 6.73 deg2 for the published
error regions. However, here, we use the enlarged error regions,
whose larger Ω values result in Ω̃ = 10.36 deg2. When applied
to all 356 enlarged neutrino events of the updated IceCat1+, the
maximum, median, and minimum of WT are 0.997, 0.316, and
0.003, respectively.

Notably, WT reduces the effect of poorly localized events
(i.e., those with Ω > Ω̃) on the statistics, while preventing the
well-localized events (i.e., those with Ω � Ω̃) from dominating
the statistics. This makes the top-hat weighting scheme superior
to Gaussian weighting schemes, which are typically dominated

14 Randomization in declination is avoided since the reliability of the
reconstruction of the neutrino events is strongly declination dependent.

by associations made with the most highly localized events. This
is a caveat for the Gaussian weights since mid-range events (i.e.,
those with S ∼ S̃ and Ω ∼ Ω̃) are more numerous than the most
highly localized events, even after accounting for their smaller
S (see Sect. 4.2.5 of K25). The advantage of WT comes from its
ability to recover more signal from the mid-range events.

We note that due to the statistical nature of our analysis, not
all of the identified associations are expected to be real. Fol-
lowing our previous works (H21, K24, and K25), the global
TS parameter is constructed by counting the (weighted) num-
ber of unique spatiotemporally associated blazar-neutrino pairs.
This allows for: (1) one blazar to be associated with multiple
neutrinos; and (2) one neutrino to be associated with multiple
flaring blazars. Notably, the latter is physically impossible. Yet,
it enhances the statistical power of the test, because a neutrino
associated with multiple flaring blazars is more likely to have
come from a blazar than a neutrino associated with only one
flaring blazar. Therefore, our global TS parameters should be
taken as statistical measures rather than real counts. As a sanity
check, we also test our spatiotemporal analysis by only consider-
ing one flaring blazar association for each neutrino event. In this
approach, the TS parameter is calculated by counting the num-
ber of neutrino events which have at least one spatiotemporal
association. This approach does not suffer from the second lim-
itation mentioned above. We find that the correlation strengths
remain largely identical to those obtained via the original
formulation.

4. Results and discussion

We show the results of the spatiotemporal correlation analysis
between the CAZ optical light curves and the IceCube neutrinos
in Table 2. We list all individual spatiotemporal associations with
WT > 0.316 (i.e., greater than the median weight) in Table 3. The
full list of the spatial and spatiotemporal blazar-neutrino associ-
ations is given as an electronic table. The associations are visu-
alized in an all-sky map in Fig. 1.

As described in Sect. 2.2, the test is performed on two sam-
ples of blazars: RFC† and 4LAC. Since FSRQs and BLLs are
thought to be physically distinct (see Sect. 1), several stud-
ies investigated their correlation with neutrinos separately (e.g.,
Aartsen et al. 2017). As such, in this paper, we additionally
tested the spatiotemporal correlation of neutrinos with FSRQs
and BLLs separately. This results in a total of six different
blazar subsamples being tested, hence, six rows in Table 2. As
described in Sects. 2.2.4, 2.2.5, and 2.2.6, the temporal associ-
ation is tested via three metrics: (1) BB95 periods; (2) promi-
nent BBHOP flares; and (3) BB95 periods forming the peak
of a prominent BBHOP flare. Thus, altogether we have 18
p-values.

Overall, we find that the total number of high-weight blazar-
neutrino spatiotemporal associations is low. As a result, blazars
and neutrinos exhibit a weaker than 2σ (pre-trial) spatiotemporal
correlation in 14 out of the 18 tested scenarios. Of the four sce-
narios crossing the 2σ threshold, three are weaker than 3σ, while
one reaches 3.48σ (pre-trial). Crucially, the strongest correla-
tions are driven by only two high-weight individual associations,
namely: (1) the IBL CAZJ0211+1051 (4FGL J0211.2+1051)
with the neutrino IC131014A (WT = 0.665); and (2) the
IBL CAZJ0509+0541 (TXS 0506+056) with the well-known
IC170922A (WT = 0.631).

As we consider 18 test scenarios, we correct for the look
elsewhere effect by multiplying all of the p-values with 18, fol-
lowing the Bonferroni trial correction method. This results in
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Fig. 1. Sky distribution of the 356 updated IceCat1+ neutrinos and the 5880 blazars of the RFC† and 4LAC samples. The black ellipses show
the enlarged &90%-likelihood error region of the neutrinos. The circles (symbol count: 2066), crosses (2655), and stars (1159) display blazars
present only in RFC†, only in 4LAC, and in both RFC† and 4LAC, respectively. The faded blue markings (4822) represent uncorrelated blazars,
the orange (955) markings refer to spatially associated blazars, the purple markings (7) refer to those blazars which are spatiotemporally associated
with at least one neutrino via BB95, the green markings (86) refer to blazars that are spatiotemporally associated with at least one neutrino via
prominent BBHOP flares, and the red markings (10) refer to those blazars which are spatiotemporally associated with at least one neutrino via
both metrics. We note that the ten red markings include (but are not limited to) the five associations arising from BB95 at the peak of BBHOP
flares (see Sect. 2.2.6). In total, there are 7 + 10 = 17 and 86 + 10 = 96 blazars with at least one spatiotemporal association using the BB95 and
prominent BBHOP metrics, respectively.

Table 2. Results of the spatiotemporal correlation tests between the updated IceCat1+ neutrinos and blazars of the RFC† and 4LAC samples.

Blz Type # Var # BB95 Prominent BBHOP BB95 as BBHOP peak
(1) (2) (3) (4) (5) (6) (7)

RFC†
(all) 3225 1170 8→ 2.26 (p = 0.1215) 55→ 6.19 (p = 0.8000) 3→ 1.30 (p = 0.0206)

FSRQ 1773 716 3→ 0.81 (p = 0.4861) 32→ 3.01 (p = 0.9000) 0→ 0.00 (p = 1.0000)
BLL 296 212 3→ 1.31 (p = 0.0072) 18→ 2.91 (p = 0.0984) 2→ 1.30 (p = 0.0005*)

4LAC
(all) 3814 1917 14→ 3.44 (p = 0.2038) 85→ 11.15 (p = 0.8695) 4→ 1.37 (p = 0.1086)

FSRQ 792 504 1→ 0.11 (p = 0.9008) 21→ 2.18 (p = 0.9150) 0→ 0.00 (p = 1.0000)
BLL 1458 857 11→ 2.63 (p = 0.0471) 53→ 7.09 (p = 0.4708) 4→ 1.37 (p = 0.0129)

Notes. Columns (1)–(4) represent the main blazar sample, its subsample being tested against the updated IceCat1+, the number of blazars within
the subsample, and the number of variable blazars within the subsample, respectively. Columns (5)–(7) represent the spatiotemporal correlation
results using the BB95 (Sect. 2.2.4), the prominent BBHOP (Sect. 2.2.5), and the BB95 as the peak of BBHOP metrics (Sect. 2.2.6), respectively.
The arrows connect the unweighted TS (i.e., the count of spatiotemporal associations via each metric) to the weighted TS, and “p” gives the
pre-trial p-value of the weighted spatiotemporal correlation. Only one of the 18 p-values (marked with *) remains significant at the 2σ level after
trial correction.

only one >2σ post-trial significance, arising between neutrinos
and the BB95 periods forming the peak of BBHOP flares of
RFC† BLLs. The exact post-trial p-value for this scenario is
0.0005 × 18 = 0.009, which is equivalent to 2.61σ. As a sanity
check, we also performed the trial correction using the less con-
servative method of Benjamini & Hochberg (1995), which led to
identical results as the Bonferroni. We note that we choose not
to use the harmonic mean p-value of Wilson (2019) to calculate
a combined post-trial p-value as done in K24, because here we
test various subpopulations of blazars with vastly different sam-
ple sizes unlike in K24. In the following subsections we discuss
and interpret our results further.

4.1. Effect of seasonal gaps

The low number of spatiotemporal associations could be due to
a major data limitation present in the CAZ light curves: fre-
quent and long seasonal gaps. Of the 605 spatial associations
between neutrinos and variable blazars, in 333 (55.0%) the neu-
trino arrives in a part of the light curve which is without data.
Either the neutrino arrives outside of the total range of the light
curve (in 79 cases) or within a seasonal gap (in 172 cases in the
CRTS portion, and 82 in the rest of the light curve).

While it is not known which of these spatially neutrino-
associated blazars would have been flaring at the time of the neu-
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Table 3. List of spatiotemporal associations with WT > 0.316 between the updated IceCat1+ neutrinos and blazars of RFC† and 4LAC.

CAZ J2000 IC ID MJD S Ω WT R
FC
†

4L
A

C

B
B

95

B
B

H
O

P

T νsy z Dvar S X-ray

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15)

J0211+1051 131014A 56579.9 0.67 4.5 0.665 Y Y Y* Y* B 14.2 0.2 8.4 5.6e-12
J0207+0950 131014A 56579.9 0.67 4.5 0.665 – Y Y Y U 13.4 0.6 – 1.7e-12
J0509+0541 170922A 58018.9 0.63 4.9 0.631 Y Y Y* Y* B 14.6 0.3 14.7 3.5e-12
J0212−0221 230724A 60149.1 0.53 3.6 0.526 – Y Y Y B 14.7 0.2 – 7.9e-12
J2251+4030 131108A 56604.6 0.50 8.9 0.502 – Y – Y B – 0.2 – 5.0e-13
J1103+1158 200109A 58858.0 0.77 20.6 0.387 Y Y – Y Q 14.1 0.9 – 1.5e-12
J1615+2130 190413B 58586.7 0.38 8.8 0.383 – Y – Y U 13.1 1.6 – –
J1619+2247 190413B 58586.7 0.38 8.8 0.383 Y – – Y Q – 2.0 9.4 –
J2304+2331 100608X 55355.5 0.72 20.2 0.370 Y – Y – Q – 1.2 – –
J1018+1036 220317A 59655.1 0.36 10.6 0.356 – Y – Y U – 0.7 – –
J1819+2132 220822A 59813.9 0.38 11.8 0.335 – Y – Y B 14.3 0.4 – 3.3e-13
J1058+1951 130408A 56390.2 0.53 16.4 0.331 Y – Y – Q – 1.1 1.3 2.2e-12
J1117+2014 130408A 56390.2 0.53 16.4 0.331 – Y – Y B 16.2 0.1 – 6.8e-12
J1059+2057 130408A 56390.2 0.53 16.4 0.331 Y Y – Y Q – 0.4 13.6 1.0e-12
...

Notes. Column (1) gives the CAZ J2000 name of the spatiotemporally associated blazar; (2) IceCube ID of the spatiotemporally associated
neutrino; (3) arrival MJD of the neutrino; (4) signalness of the neutrino; (5) area of the enlarged &90% error region of the neutrino; (6) top-hat
weight of the neutrino; (7) presence of the blazar in the RFC† sample; (8) presence of the blazar in the 4LAC sample; (9) temporal association via
a BB95 period; (10) temporal association via a prominent BBHOP flare; (11) blazar type from the CAZ catalog; (12) synchrotron peak frequency
in log(Hz); (13) redshift; (14) radio variability Doppler factor; and (15) median flux density in the X-ray band (in erg cm−2 s−1). In columns (7)–
(10), “Y” means “present”. In columns (9) and (10), “*” indicates an association based on the BB95 as the peak of BBHOP metric (i.e., when
the spatially associated neutrino falls within ±2 d of the peak of a prominent BBHOP such that the peak itself is a BB95; see Sect. 2.2.6). For
brevity, this table only shows blazar-neutrino spatiotemporal associations with WT > 0.316 (i.e., those with higher than median weight), hiding 96
low-weight associations. The full list of the spatial and spatiotemporal associations is given as an electronic table.

trino arrival, we can estimate the fraction. For the 272 (45.0%
of 605) spatial associations for which we have data available,
in 110 (39.7% of 272) of them, the neutrino coincides with a
BB95 period or a prominent BBHOP flare (8 with BB95 only,
92 with BBHOP only, and 10 with both BB95 and BBHOP
simultaneously). Unsurprisingly, this coincidence rate is simi-
lar to the combined average duty cycle of prominent BBHOP
flares (∼34%; see Fig. 12 of K26) and that of BB95 (∼5%; see
Fig. 14 of of K26). If we assume such a flare coincidence rate
for all variable light curves globally, we estimate that around
333 × 0.397 ≈ 132 potential spatiotemporal associations are
missed because of the seasonal gaps. This is a notable caveat for
our spatiotemporal analysis because it prevents us from identify-
ing a potential temporal association in around 132/605 ≈ 22%
of the spatial associations.

4.2. BB95 periods versus prominent BBHOP flares

As seen from Table 2, using BB95 periods as a proxy for tem-
poral associations leads to substantially stronger, albeit fewer,
correlations than using prominent BBHOP flares. As described
in Sect. 2.2.4, BB95 periods are exclusive to the top 5% flux
densities and can be as short as a few days. On the other hand, as
described in Sect. 2.2.5, BBHOP flares trace a major outburst,
whose peak reaches the 75th percentile flux density, from its
inception to its termination regardless of the flux density at the
start and end. BBHOP flares can last as long as a few hundred
days at a time.

A stronger association when using BB95 suggests that neu-
trinos may be preferably emitted during the most extreme optical

outbursts rather than more generally between the start and end of
major flares. Nonetheless, we caution that this result is sensitive
to how reliably BB95 periods and BBHOP flares are identified.
As mentioned in Sects. 2.2.4 and 2.2.5, both of these identifica-
tions suffer from caveats, with noise-driven variations affecting
the reliability of the BBHOP flares more.

Interestingly, the strongest correlation strengths are found
upon minimizing the effect of the noise-driven variations. This
is done by temporally associating neutrinos with BB95 peri-
ods which form the peak of a prominent BBHOP flare (see
Sect. 2.2.6). Since this metric requires a relatively high cadence
to be identified, they are generally rare in the CAZ light curves.
Still, two of the five blazar-neutrino associations emerging from
this metric are with the two most high-weight spatiotemporal
associations, which greatly enhances the correlation strengths
obtained via this temporal metric. This reinforces the above
interpretation that neutrinos preferably arrive at the peak of the
largest outburst periods from blazars.

4.3. FSRQs versus BLLs

When testing blazar-neutrino correlations with blazars divided
into FSRQs and BLLs, Table 2 shows that BLLs are more
strongly spatiotemporally correlated with the updated IceCat1+
neutrinos than FSRQs. In both RFC† and 4LAC samples, and
via all the temporal metrics, the correlation strength substantially
increases when going from all blazars to BLLs, while a decrease
is seen when going from all blazars to FSRQs. This generally
contrasts the results that suggest FSRQs are more strongly cor-
related with neutrinos (e.g., Moretti & Caccianiga 2025).
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Naively, our result would suggest that BLLs are better
neutrino emitters than FSRQs. However, this generalization
should be considered cautiously, because the correlation is
driven by only two individual high-weight associations, namely:
(1) the IBL CAZJ0211+1051 with IC131014A; and (2) the IBL
CAZJ0509+0541 with IC170922A. First, it is possible that we
are missing other potential spatiotemporal associations due to
the presence of long and frequent seasonal gaps in the CAZ
light curves (see Sect. 4.1). With more data, it is possible that
this apparent BLL exclusivity disappears. Second, these corre-
lations could arise because of some specific properties present
in these individual sources, possibly unique to them rather than
their entire class. Third, this generalization is strongly dependent
on the reliability of the source classifications. If these blazars
are misidentified, they can falsely favor the misidentified class
as the more likely neutrino emitter because of their high weight.
In this regard, the BLL-classification of some neutrino-emitting
candidate blazars have been questioned in the past (e.g., that of
TXS 0506+056, Padovani et al. 2019).

Interestingly, we find that the apparent BLL-neutrino corre-
lation is stronger when using RFC† than 4LAC. This is unex-
pected if BLLs as a whole were the more likely neutrino emitters,
since the BLL-to-FSRQ ratio in RFC† is ∼0.2 while ∼1.8 in
4LAC. Instead, this suggests that a subpopulation of BLLs
that are present in RFC† are the more likely neutrino emitters.
Given that RFC† is a radio-flux-limited sample, this subpopula-
tion consists of radio-bright BLLs. Indeed, such sources have
been suggested to be transitional between BLLs and FSRQs
(e.g., Ghisellini et al. 2011). Such transitional sources could be
intrinsically FSRQs which can easily get misclassified as BLLs
due to their emission lines becoming outshined by a strong jet
continuum. These so-called “masquerading BLLs” have been
linked to neutrino emission (e.g., Padovani et al. 2019, 2022;
Sahakyan et al. 2023; Rodrigues et al. 2024), which is partly
inline with our finding that radio- and γ-ray-bright IBLs are
observationally the most likely candidates for neutrino emission.

4.4. Fraction of cosmic neutrinos emitted by blazars

In K25 we found that even if only 20% of neutrinos were emit-
ted by blazars at the time of a major flare, our most optimal spa-
tiotemporal test setup (counted and top-hat weighted; used in
this study) should confidently detect the correlation. The sim-
ulations had ∼4000 blazars with a 30% flaring rate, compara-
ble to the RFC† and 4LAC tests here. Of the 1000 simulations
we ran, in 87.9% the blazar-neutrino spatiotemporal correlation
was detected at least at the ∼4σ level, and in 97.8% at the 3σ
level. The mean of the 1000 p-values was 0.0004. To compare
the observed significances to the simulation ones, we focus on
p-values obtained via the BB95 temporal metric. This is because
the BB95 temporal metric uses the extreme tail of the flux den-
sity distribution to identify flares, similar to how flares were
defined in the simulations. Thus, the observed p-value for all
RFC† blazars is 0.1246 (i.e., 1.54σ) and for all 4LAC blazars
0.2038 (i.e., 1.27σ). Clearly, fewer than 20% of the updated Ice-
Cat1+ cosmic neutrinos were emitted during major optical flares
of blazars.

There are two differences between the tests here and those of
K25: (1) the effect of seasonal gaps was not simulated in K25,
whereas here the light curves have a seasonal gap rate of 55%
leading to the omission of ∼22% of spatial associations as poten-
tial spatiotemporal ones (see Sect. 4.1); and (2) in K25 the orig-
inal IceCat1+ neutrino sample (283 events) was used, but here
we use the updated version (356 events; larger by ∼26%). While

the effect of (1) may be critical and needs to be accounted for,
we checked that the effect of (2) is minimal by repeating the
simulations of K25 using the updated IceCat1+.

To roughly estimate the fraction of the updated IceCat1+
cosmic neutrinos emitted by blazars during major optical flares,
here we run similar simulations to those of K25 while taking into
account the seasonal gaps. Within a simulation run, we randomly
generate one set of blazars with a sample size of 4000 and a vari-
ability rate of 30%, which are generally comparable to those of
the 4LAC and RFC† samples. The random generation process is
described in detail in Sect. 3.1.1 of K25. In short, we generate
4000 random coordinates, assign each a random Fvar following
the observed Fvar distribution, and finally assign each a random
flux density distribution similar to those observed, which is then
used to randomly generate flux densities with respect to all neu-
trinos in the updated IceCat1+. At the end, some of these 4000
random blazars can be spatiotemporally associated with a neu-
trino by chance, if they happen to fall within the error region
of the neutrino, have a critically large Fvar, and have a critically
large flux density associated with the neutrino. In addition to
these, we simulate a number of blazars to be spatiotemporally
associated with neutrinos from the updated IceCat1+ (selected
randomly based on their signalness). By design, these blazars are
randomly centered on the most likely arrival direction of their
respective neutrino event with a Gaussian deviation equivalent
to the neutrino event error bars, have a critically large Fvar, and
a critically large flux density associated with the neutrino (see
Sect. 3.1.2 of K25). Since the exact number of spatiotemporally
neutrino-associated blazars depends on the signalness of the neu-
trinos, it can vary from one simulation run to another. This num-
ber also depends on the fraction of cosmic neutrinos assumed
to be coming from blazar flares. In the “realistic” scenario of
K25, we assumed a 20% fraction. However, here, we gradually
increase this fraction from 0% to 20%.

After each simulation run, we estimate the spatiotemporal
correlation strength between the generated sample of blazars
and the updated IceCat1+. We focus on the counted, top-hat-
weighted scenario, as used in the real tests of this study. We sim-
ulate the effect of the 55% light curve gap fraction by randomly
excluding 50% of spatiotemporal associations from the p-value
calculations. Next, we repeat this while incrementally increas-
ing the fraction of blazar-flare-emitted cosmic neutrinos from the
updated IceCat1+ sample by 1% from 0% to 20%. These simu-
lations are repeated 500 times for each incremental fraction. We
note that the Monte Carlo number for each of the 500 repetitions
is 104, meaning that the smallest obtainable p-value is 0.0001
(i.e., 3.9σ; similar to K25).

In Fig. 2, we plot the correlation strength of the simulations
in Gaussian σ against the fraction of the updated IceCat1+ cos-
mic neutrinos emitted during major blazar flares in the optical
band. Notably, when this fraction is ∼20%, the typical correla-
tion strengths are ∼4σ, similar to those from K25. This suggests
that excluding even as much as 50% of the spatiotemporal asso-
ciations from the p-value calculations does not seem to affect
the p-values by much. Therefore, while the presence of seasonal
gaps can substantially reduce the total number of spatiotemporal
associations, it only modestly weakens the overall spatiotempo-
ral correlation strengths. Nevertheless, we caution that this con-
clusion may only be valid within the assumed 0–20% fraction of
the cosmic neutrinos from blazar flares.

In Fig. 2, where the gap fraction is taken as 50%, we addi-
tionally show the observed correlation strengths for all RFC†
and 4LAC blazars via the most comparable temporal metric
(i.e., BB95). These are 1.54σ and 1.27σ, respectively. As made
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Fig. 2. Spatiotemporal correlation significance in Gaussian σ against
fraction of blazar-flare-emitted cosmic neutrinos from the updated Ice-
Cat1+ sample in %. The blue box plots represent the distribution of
the significances for 500 simulations. The running solid (dark blue) line
denotes the mean of the significances. The median is shown using a blue
cross in the middle of the boxes, while the boxes themselves stretch
from the 25th to 75th percentiles. The lines extended out of the boxes
show the minimum and maximum significances obtained globally. The
dotted red and the dashed olive horizontal lines show the correlation
significances between the updated IceCat1+ neutrinos and all blazars
of the RFC† and 4LAC samples, respectively, via the BB95 temporal
metric (see Sect. 4.4). The significance in each simulation is limited to
a maximum of 3.9σ (i.e., p = 0.0001). In these simulations we used a
light curve gap fraction of 50%.

evident from Fig. 2, 1.54σ spatiotemporal correlation strengths
are most often obtained when ∼2–8% of the updated IceCat1+
cosmic neutrinos are emitted during major blazar flares. Based
on the 4LAC tests, this fraction would be even smaller. This frac-
tion would also be smaller if the light curve gap fraction were
smaller than 50%. For example, for a light curve gap fraction
of 20%, the observed fraction of the blazar-flare-emitted cosmic
neutrinos would be .5%. Thus, we can confidently conclude that
the fraction of the updated IceCat1+ cosmic neutrinos emitted
during major optical flares of blazars is .8%. Remarkably, this
is well in agreement with the previous estimates for the frac-
tion of neutrinos coming from blazars (e.g., Aartsen et al. 2017;
Huber 2019; Oikonomou 2022). Interestingly, even among other
neutrino-emitting source candidates, like Seyfert-II AGN, neu-
trino emission appears to be dominated by only a few sources
rather than the whole population (e.g., Saurenhaus et al. 2026).

If indeed .8% of the updated IceCat1+ cosmic neutrinos
arise during blazar optical flares, it is then expected that only .12
of the neutrinos were emitted during bright optical flares. Due
to the previously discussed light curve limitations, we unfortu-
nately cannot confidently identify most of their potential emitters
(apart from CAZJ0211+1051 and CAZJ0509+0541).

4.5. Individual spatiotemporal blazar-neutrino associations

In this subsection, we individually investigate a few interest-
ing spatiotemporal blazar-neutrino associations. We begin with
all four associations arising from the BB95 metric with neutri-
nos that have WT > 0.5. This WT threshold selects the most
reliably reconstructed neutrino events and is similar to a com-
mon quality threshold used in the literature; namely, S ≥ 0.5
and Ω < 10 deg2. In the updated IceCat1+ sample there are 79
(22% of 356) neutrino events that meet WT > 0.5, of which 64
(81%) are classified as “gold” events by the IceCube collabo-
ration. Their minimum, median, and maximum WT (and S) are
0.502, 0.663, and 0.997, respectively. Likewise, the minimum,

median, and maximum areas (Ω) of the enlarged error regions
are 3.3, 5.2, and 12.3 deg2, respectively.

Two of the four BB95 associations with WT > 0.5
(namely, the IBL CAZJ0211+1051 with IC131014A, and the
IBL CAZJ0509+0541 with IC170922A) also fulfill the BB95 as
the peak of a BBHOP temporal metric. These two associations
are the most prominent in our study. In Appendix A, we also
explore three additional associations that arise from this metric
regardless of their low WT. The complete list of spatial and spa-
tiotemporal associations is given in an electronic table.

The light curve and sky map of the IBL CAZJ0211+1051
associated with IC131014A (WT = 0.665) are found in Fig. 3.
Notably, this neutrino arrived at the peak of the brightest
radio flare ever observed from CAZJ0211+1051 (see, H21,
K24). Nevertheless, in the Fermi γ-ray band, the source only
showed modest activity at the time of the neutrino arrival (e.g.,
Righi et al. 2019), which does not necessarily disfavor a neu-
trino connection (e.g., Franckowiak et al. 2020; Kun et al. 2023;
Garrappa et al. 2024). Regarding the spatial association, we note
that the location is firmly within the enlarged error region of
IC131014A but narrowly misses its published error region by
0.17◦.

Dedicated studies on CAZJ0211+1051 are needed to con-
firm if it really is a neutrino emitter. Recent studies have sug-
gested a link between neutrino emission and changes in the mul-
tiwavelength polarization degree and angle of blazars (directly,
e.g., Paraschos et al. 2025; and indirectly, e.g., Novikova et al.
2023; Blinov & Novikova 2025). Additionally, polarization
measurements can reliably trace shocked regions in the jet (e.g.,
Liodakis et al. 2022b; Kouch et al. 2024b) that could acceler-
ate protons (a key ingredient of unraveling the blazar-neutrino
mystery; e.g., Stathopoulos & Petropoulou 2026). Interestingly,
CAZJ0211+1051 is one of the prime targets of multiwavelength
photo-polarimetric studies aimed at distinguishing between lep-
tonic and hadronic emissions in blazar jets (e.g., Peirson et al.
2022; Kouch et al. 2025b; Agudo et al. 2025) and is known to
exhibit extreme, rapid changes in its polarization properties
(e.g., Liodakis et al. 2024). Thus, by combining such photo-
polarimetric studies with dedicated polarization monitoring,
future studies could confirm the suspected neutrino-emitting
nature of CAZJ0211+1051.

The next spatiotemporal association we focus on is that
of CAZJ0207+0950 (4FGL J0207.9+0953; a blazar can-
didate) with IC131014A, which is, as discussed above,
also spatiotemporally associated with the neighboring blazar
CAZJ0211+1051. As seen in Fig. 4, the neutrino arrived ∼20 d
after the peak of a major flare. Notably, while this meets both
the BB95 and BBHOP metrics separately, it does not meet the
BB95 at the peak of a BBHOP metrics since the neutrino did not
arrive exactly at the peak of the BBHOP flare. Due to the statis-
tical nature of the neutrino data, it is not possible to definitively
determine from which (if any) of the two sources this neutrino
emerged. Nevertheless, due to CAZJ0211+1051 reaching a his-
torically high radio flux at the time IC131014A arrived, fulfilling
the BB95 at the peak of a BBHOP metric in the optical band, and
being closer to the most likely arrival direction of IC131014A
(dBN,φ of 0.59◦ as opposed to 1.04◦), it could be favored over
CAZJ0207+0950 as the emitter of IC131014A.

Subsequently, we mention the well-known association of
CAZJ0509+0541 with IC170922A (WT = 0.631), whose light
curve and sky map are given in Fig. 5. As this association has
been studied extensively (e.g., Keivani et al. 2018; Gao et al.
2019; Cerruti et al. 2019; Padovani et al. 2019; Rodrigues et al.
2019; Reimer et al. 2019; Ros et al. 2020; Yang et al. 2025;
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Fig. 3. Light curve and sky map of the blazar CAZJ0211+1051, which is spatiotemporally associated with the neutrino IC131014A (WT = 0.665).
Plot (i) shows the entire CAZ light curve of the blazar along with the arrival time of the associated neutrino (shown using a solid, vertical, black
line). The horizontal dotted green line shows the 75th percentile flux density, and the horizontal dashed grey line the 95th percentile. In the plot
legend, “[C]V” refers to the CRTS data points (obtained without filter), “[K]V” to the V-band of KAIT, “[T]R” to R-band of Tuorla, “[A]o” to
o-filter of ATLAS, “[A]c” to c-filter of ATLAS, “[Z]r” to r-filter of ZTF, “[Z]g” to g-filter of ZTF, and “[Z]i” to i-filter of ZTF. Plot (ii) gives the
sky map centered around the main associated neutrino, whose enlarged error region edge is drawn using a solid black line and its published error
region using a dashed black line. All other neutrino events are plotted in grey (enlarged error regions using dash-dotted lines and published ones
using dotted lines). The location of the main blazar within the main associated neutrino is shown with an arrow. Similar to Fig. 1, blazars which
are only in RFC† are shown as circles, those only in 4LAC as crosses, and those in both RFC† and 4LAC as stars. Likewise, all blazars which are
uncorrelated to the main associated neutrino are marked in faded blue, in orange if only spatially associated, in grey if spatiotemporally associated
via BB95, in green if spatiotemporally associated via prominent BBHOP flares, and in red if via both BB95 periods and prominent BBHOP flares
simultaneously (not to be confused with the BB95 at the peak of a BBHOP metric described in Sect. 2.2.6). CAZJ0211+1051 is 0.17◦ outside of
the published error region of IC131014A. Plot (iii) shows a zoomed-in version of plot (i) around the arrival time of the associated neutrino. The
zoom is demarcated in plot (i) using a pink box. The reddish brown solid lines in the background show the BB, the grey vertical bands show the
BB95, and the green solid lines forming a wedge show the prominent BBHOP flares (connecting the start of the flare to its peak and subsequently
to its end).

Fiorillo et al. 2025), we do not discuss it further. We do however
note that CAZJ0509+0541 has two more neutrino associations
with IC190317A (WT = 0.035) and IC220918A (WT = 0.089),
which respectively precede and succeed its all-time largest radio
flare at MJD ∼ 59 000. In the optical band, the arrival time of
IC220918A does not show any sign of increased activity, while
that of IC190317A coincides with a period of increased activity
(as noted in K24) which narrowly misses the BB95 threshold of
this study.

Next, we discuss the association of the IBL CAZ
J0212−0221 with IC230724A (WT = 0.526), whose light curve
and sky map are given in Fig. 6. While the neutrino arrival
time coincides with a BB95 which is locally small in ampli-
tude, it precedes the all-time largest optical flare of the source
by ∼40 d. As such, this is another example where both the BB95
and BBHOP metrics are met separately, but the BB95 at the peak
of a BBHOP metric is not. Spatially, the blazar falls well within
the enlarged error region but 0.32◦ outside of the published one.

4.6. Comparison to K24

The spatiotemporal results of this work are not directly compa-
rable to those of K24 due to differences in how the temporal
associations are defined. First, here we focus on rapid changes

in the optical flux density, whereas in K24 we focused on the
long-term, seasonal changes, allowing us to compare the opti-
cal behavior to the generally longer term radio behavior. Second,
here the spatiotemporal tests are only applied to confidently vari-
able sources, while in K24 we did not distinguish between vari-
able or non-variable sources. Although the effect of variability
in practice should be comparable in both studies, because non-
variable sources had minimal effect on the tests of K24 due to
their lack of major flares. Third, the more rapid temporal metrics
of this study are more strongly affected by the presence of sea-
sonal gaps (see Sect. 4.1) than the longer-term metrics of K24.
As a result, there are several spatiotemporal associations in K24
which are identified only as spatial associations in this study.

For example, the most notable K24 association missing here
is of the LBL CAZJ0502+1338 (4FGL J0502.5+1340) with
IC151114A (WT = 0.957). Notably, this blazar has a second neu-
trino association (IC190712A; WT = 0.041) and was associated
with a neutrino hotspot (Buson et al. 2023). As seen in Fig. 7
of K24, IC151114A arrived at a historically high radio state and
a relatively high optical state. However, around this time, the
optical brightness is not high enough to be a BB95 as it only
reaches the 93th percentile, and there is not enough cadence to
identify a potential BBHOP flare. Likewise, the second neutrino
(IC190712A) arrived close to an optical flare but in a seasonal
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Fig. 4. Light curve and sky map of the blazar CAZJ0207+0950 which is spatiotemporally associated with the neutrino IC131014A (WT = 0.665).
For plot details, see description of Fig. 3. We note that the y-axis in plot (i) is truncated to omit a few outliers. Spatially, CAZJ0207+0950 is 0.37◦
outside of the published error region of IC131014A.

Fig. 5. Light curve and sky map of the blazar CAZJ0509+0541 (TXS 0506+056) which is spatiotemporally associated with the neutrino
IC170922A (WT = 0.631). For plot details, see description of Fig. 3. The grey dash-dotted vertical lines in plot (i) show spatial associations
with a second (IC190317A with WT = 0.035) and a third neutrino (IC220918A with WT = 0.089).

gap. Therefore, even though CAZJ0502+1338 is not identified
to be spatiotemporally neutrino-associated in this study, it is still
a promising neutrino-emitting candidate.

Despite such individual differences, one can still broadly
compare the correlation strengths of this study to those of K24.
In the most comparable scenario, here we have p = 0.1246 (for
all RFC† via BB95) while we had p ≈ 0.04 in K24 (for optical-
only, counted TS in the enlarged scenario). The decrease in cor-

relation strength is interesting because the radio-selected blazar
sample of K24 (i.e., CGRaBS) contained only 1157 sources
while the current radio-selected sample (i.e., RFC†) has 3225
sources (nearly three times as many sources and nearly two
times as many optically variable sources). If a spatiotempo-
ral correlation exists between neutrinos and the whole blazar
population, increasing the size of the blazar sample should
strengthen the correlation (e.g., Liodakis et al. 2022a). Thus, this
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Fig. 6. Light curve and sky map of the blazar CAZJ0212−0221 which is spatiotemporally associated with the neutrino IC230724A (WT = 0.526).
For plot details, see description of Fig. 3. We note that, spatially, CAZJ0212−0221 is 0.32◦ outside of the published error region of IC230724A.

decrease in the correlation strength is evidence against a gen-
eral spatiotemporal connection between blazars and neutrinos,
at least in the optical band. Crucially, this does not exclude a
potential spatiotemporal connection in other bands than opti-
cal. The challenge is that in other bands it is not possible to
check the effect of increasing the number of blazar light curves
as done for optical here. For example, in H21 and K24, we
already tested the largest possible number of long-term light
curves currently available in the radio band. Nonetheless, the
lack of a population-based blazar-neutrino correlation suggested
by our optical analyses is in agreement with recent popula-
tion studies (e.g., Abbasi et al. 2026) and generally inline with
the estimate that only a small fraction IceCube neutrinos orig-
inate from blazars (e.g., Oikonomou 2022; Yoshida et al. 2023;
Robinson & Böttcher 2024; also see Sect. 4.4).

4.7. Physical properties of the neutrino-associated blazars

Here, we investigate if the physical properties of the neutrino-
associated blazars are different from the rest of the blazar pop-
ulation. As discussed in Sect. 4.1, we may be missing ∼22%
of potential spatiotemporal associations due to seasonal gaps.
Therefore, in this section we consider all spatially neutrino-
associated blazars.

We selected neutrino-associated blazars on the basis of an
evident spatial association with high-weight neutrinos (WT >
0.5; see Sect. 4.5 for justification) regardless of their variabil-
ity. While many of these are expected to be false candidates,
at least we ensured that any spatially neutrino-associated blazar
that could also potentially be temporally associated is included in
the comparison. This approach has the added benefit of allowing
for some meaningful statistics due to a larger number of associa-
tions, which is not possible when only focusing on the few high-
weight spatiotemporal associations. We find that a total of 61
blazars from either the RFC† or the 4LAC samples are spatially
associated with these 79 high-weight events. In terms of classifi-

cation, 4 (7% of 61) are AGN, 16 (26%) unclassified blazars, 16
(26%) BLLs, and 25 (41%) FSRQs.

In Fig. 7, we plot the distribution of four physical properties
(synchrotron peak frequency, redshift, radio variability Doppler
factor, and median X-ray flux density) and two light curve prop-
erties (CRTS and ZTF Fvar) of all 5880 blazars of the RFC† and
4LAC samples (using blue, solid lines; denoted as “a”) along
with spatially neutrino-associated blazars which have WT > 0.5
(using red, dash-dotted lines; denoted as “b”). To check if these
distributions are significantly different, we use the Kolmogorov-
Smirnov (KS) and Anderson-Darling (AD) tests. Although, for
brevity, we only report the results of the KS test, which leads
to more conservative correlation strengths in all scenarios. Since
the sample sizes between the (a) and (b) distributions are vastly
different (two orders of magnitude), we also apply the KS and
AD tests to a randomly selected subsample of the larger (a)
which is equal in size to the smaller (b). The resampling pro-
cess is repeated 104 times. We then calculate the fraction of the
resampled KS and AD p-values that cross the 2σ threshold for
each of the six physical quantities. By chance, only 4.6% of the
resampled p-values should cross the 2σ threshold: a larger frac-
tion would suggest that (a) and (b) are likely different distribu-
tions. For comparison, we also plot the respective distributions of
the spatiotemporally neutrino-associated blazars via BB95 with
WT > 0.5, which were discussed in detail in Sect. 4.5. These
are labeled as “c” and plotted using black, dotted lines. Unfortu-
nately, the sample sizes of (c) are too small to allow for reliable
KS or AD testing (even via resampling).

Figure 7i shows that spatially neutrino-associated blazars
have similar average synchrotron peak frequencies with respect
to other blazars in the RFC† and 4LAC samples. Meanwhile, the
four high-weight, spatiotemporally neutrino-associated blazars
(including CAZJ0211+1051 and CAZJ0509+0541) clearly
show an excess around the ISP regime 14 < log(νsy) < 15.
Although the most likely neutrino-emitting blazars are IBLs, we
do not find any evidence from the distribution of the spatially
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Fig. 7. Distribution of νsy (subplot i), z (subplot ii), Dvar (subplot iii), median S X-ray (subplot iv), CRTS Fvar (subplot v), and ZTF Fvar (subplot vi)
of: (a) all blazars of the RFC† and 4LAC samples (with blue, solid lines); (b) blazars spatially associated with neutrinos having WT > 0.5 (with red,
dash-dotted lines); and (c) blazars spatiotemporally associated with neutrinos via BB95 having WT > 0.5 (with black, dotted lines). “pKS” gives
the p-value of the KS test, and “Fp>2σ” the fraction of resampled KS p-values reaching the 2σ threshold. “#” denotes the size of each sample.

neutrino-associated blazars that the IBL subclass is more effi-
cient at emitting neutrinos than other blazar subclasses.

As made evident from Fig. 7ii, the neutrino-associated
blazars seem to have a similar redshift distribution as the RFC†
and 4LAC blazars. This is generally in line with the results of
Azzollini et al. (2025) who studied the physical properties of 52
blazars which were spatially correlated with IceCube neutrino
hotspots. This suggests that blazars at any redshift epoch could
be neutrino emitters.

Figure 7iii hints that spatially neutrino-associated blazars
have a slightly higher than average radio variability Doppler fac-
tor, Dvar, than the rest of the RFC† and 4LAC blazars. Although
the significance of the simple KS test is less than 2σ, that of
the simple AD test is >2σ and the resampled KS test sup-
ports this implication (i.e., Fp>2σ = 23.1% > 4.6%) as does
the resampled AD test. This is in agreement with the results of
Plavin et al. (2025) who found that spatially neutrino-associated
blazars have a higher than average Doppler factor with a sig-
nificance of 2.4σ. To compare the results more directly, we
repeat this test by selecting only gold events with Ω < 10 deg2,
exactly as done by Plavin et al. (2025). In this case, the KS
test gives 2.2σ and Fp>2σ reaches 28%, reaffirming the agree-
ment. Remarkably, this agreement persists even though we have
a total of 858 Doppler factors while Plavin et al. (2025) only had
205. Moreover, we have 13 neutrino-associated blazars with a
Doppler factor estimate while they had 8. This apparent positive
correlation between the Doppler factor and neutrino emission
supports the idea that neutrinos are produced in the jet, such
that a more highly beamed jet results in a higher neutrino flux
(e.g., Kovalev et al. 2025). Nevertheless, the two high-weight,
spatiotemporally neutrino-associated blazars with Doppler fac-
tor estimates are not highly beamed (Dvar of 8.4 and 14.7).

Figure 7iv suggests that the spatially neutrino-associated
blazars are on average slightly brighter in X-rays (0.3 < E <
10 keV) than the rest of the RFC† and 4LAC blazars. Although

the KS significance is just below 2σ, that of the AD test is
>2σ and the resampled KS test supports this (i.e., Fp>2σ =
18.2% > 4.6%) as does the resampled AD test. Addition-
ally, the four high-weight, spatiotemporally neutrino-associated
blazars clearly have an above-average X-ray flux density. This
generally agrees with the results of Plavin et al. (2024) who
found a hint of a spatial correlation between hard-X-ray-detected
(∼10 keV) blazars and IceCube neutrinos at least at the 2σ
level. These results would suggest that X-ray-bright blazars
are more efficient at producing IceCube neutrinos, which is
inline with the theory of neutrino production. This process is
most efficient at producing ∼PeV neutrinos when the seed pho-
tons have ∼keV (X-ray) energies in the proton frame (e.g.,
Roulet & Vissani 2021) from a dense ambient medium (e.g.,
Reimer et al. 2019), the synchrotron emission of the protons
themselves (e.g., Mastichiadis & Petropoulou 2021), or the syn-
chrotron or inverse-Compton emission of cospatial electrons
(e.g., Cerruti et al. 2019). Nevertheless, we caution that this
result is not obtained when we run more rigorous correlation
tests on the whole X-ray-detected and X-ray-complete samples
of blazars in our companion paper Paggi et al. (in prep.).

Figures 7v and vi show that the optical variability of the
neutrino-emitting blazar candidates is similar to the rest of
the RFC† and 4LAC blazars, although the four high-weight
spatiotemporally neutrino-associated blazars have either above
average CRTS or ZTF Fvar. This is due to a selection bias, since
we only identify blazar flares in confidently variable light curves,
which have critically large CRTS or ZTF Fvar by construction
(for more details, see K26).

5. Summary and conclusions

We tested the spatiotemporal correlation of 356 high-energy
neutrino events of the updated IceCat1+ sample with 3225
and 3814 blazars of the radio-selected RFC† and γ-ray-selected
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4LAC samples, respectively, altogether constituting 5880 unique
blazars. We used the methodology applied in our previous stud-
ies, H21 and K24, and optimized in K25. We utilized optical all-
sky survey light curves, collected in K26, for as many blazars
as possible. In short, we calculated the weighted sum of the
number of neutrinos whose arrival time is coincident with a
flare (defined in K26) in the light curve of a spatially associated
blazar. The correlation strength was then obtained by comparing
this weighted sum to those arising from randomized simulations.
Lastly, we also performed a complementary analysis using only
spatially neutrino-associated blazars. We summarize our conclu-
sions below:

– Despite a substantial increase in data, the number of confi-
dent spatiotemporal associations still remains relatively low,
resulting in generally weak correlation strengths. However,
the number of spatiotemporal associations could be underes-
timated by ∼22% due to the prevalence of seasonal gaps in
the CAZ light curves.

– The spatiotemporal association of the IBLs CAZ
J0211+1051 and CAZJ0509+0541 with the two reliably
reconstructed neutrino events IC131014A and IC170922A,
respectively, dominate our correlation strengths. As a result,
in only one of the 18 tests, the post-trial spatiotemporal cor-
relation strength exceeds 2σ (i.e., 2.61σ between neutrinos
and BB95 at the peak of a BBHOP flare in RFC† BLLs).

– The strongest spatiotemporal correlations are obtained at the
time of the peak of the most prominent optical flares.

– We estimated an upper limit of .8% for the fraction of the
updated IceCat1+ cosmic neutrinos emitted during major
optical flares from blazars, which is in agreement with pre-
vious estimates.

– Spatially neutrino-associated blazars have a higher than aver-
age Doppler factor, hinting that the jet is the origin of those
neutrinos that come from blazars.

– Spatially neutrino-associated blazars have a slightly higher
than average X-ray brightness, in line with the need for X-ray
seed photons to produce neutrinos in the detectable range
of IceCube. However, more rigorous tests done on X-ray-
selected blazars in our companion paper (Paggi et al., in
prep.) do not support this.

– Spatially neutrino-associated blazars seem to have similar
synchrotron peak frequency, redshift, and optical variability
distributions to those seen for the general blazar population.

This study presents a rigorous test of the phenomenological
hypothesis that major optical flares of radio- and γ-ray-bright
blazars trace periods of increased neutrino emission. The results
suggest that the contribution of such major optical flares is very
minimal at best. Nevertheless, we emphasize that due to the com-
plexity of the blazar variability patterns, we cannot extend this
conclusion to other frequencies than optical.

In the future, we aim to test the spatiotemporal correla-
tion of the CAZ blazars against the upcoming IceCat-2 neu-
trinos (e.g., Zegarelli et al. 2025). IceCat-2 is expected to con-
tain more events and, crucially, provide substantially improved
spatial error regions as compared to IceCat-1. Notably, our
spatiotemporal methodology, in combination with multiwave-
length spectro-polarimetric observations, can be applied to data
from the next-generation neutrino and electromagnetic facil-
ities to elucidate the blazar-neutrino mystery (e.g., by test-
ing predictions made for time delays between neutrino emis-
sion and electromagnetic flares; Podlesnyi & Oikonomou 2025).
This is especially true for the southern sky owing to such
upcoming facilities as KM3NeT (e.g., Adrián-Martínez et al.
2016), Cherenkov Telescope Array Observatory (CTAO;

Cherenkov Telescope Array Consortium et al. 2019), Vera C.
Rubin Observatory’s Legacy Survey of Space and Time (LSST;
e.g., Ivezić et al. 2019), Square Kilometre Array Observatory
(SKAO; e.g., Agudo et al. 2015), and the African Milimetre
Telescope (AMT; Backes et al. 2016).

Data availability

Two tables, “neutrino.dat” and “assoc.dat”, are avail-
able at the CDS via https://cdsarc.cds.unistra.fr/
viz-bin/cat/J/A+A/708/A383. The table “neutrino.dat”
contains the full list of the updated IceCat1+ neutrinos. The table
“assoc.dat” contains the full list of spatial and spatiotemporal
blazar-neutrino associations. We note that Table 3 is a subset of
“assoc.dat” in its entirety.
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Appendix A: Low weight spatiotemporal associations

Here, we give and describe the light curve and sky map of three low-weight spatiotemporal associations arising from the BB95 at
the peak of a BBHOP metric, similar to Sect. 4.5 where we did the same for high-weight spatiotemporal associations arising from
the BB95 at the peak of a BBHOP metric.

The first of the low-weight spatiotemporal associations arising from the BB95 at the peak of a BBHOP metric is of the IBL
CAZJ2227+0037 (4FGL J2227.9+0036) with IC180612A (WT=0.044), whose light curve and sky map are given in Fig. A.1.
The neutrino IC180612A arrived at the peak of an outburst period. Intriguingly, CAZJ2227+0037 is associated with three other
neutrinos: IC110807A, IC140114A, and IC200523A. These have weights of 0.266, 0.355, and 0.036, respectively. IC110807A
arrived very close to the peak of another outburst period, but it unfortunately falls in a seasonal gap. This inadvertently excludes
it from the spatiotemporal analysis as its temporal signal cannot be determined (for the adverse effects of seasonal gaps on our
analysis, see Sect. 4.1). IC140114A also falls in a seasonal gap, although it likely did not arrive during a flare. Thus, this IBL has
one definite, another likely, and another potential spatiotemporal association as well as one spatial association, which together make
it an interesting neutrino-emitting candidate to follow up on. On top of this, its IBL nature fits the profile of the other spatiotemporally
neutrino-associated sources well.

The second such low-weight association is of the HBL CAZJ0506+0324 (4FGL J0506.9+0323) with IC190317A (WT=0.035),
whose light curve and sky map are given in Fig. A.2. This neutrino precedes the peak of a relatively notable flare by ∼2 d.
CAZJ0506+0324 has a second neutrino association, IC220918A (WT=0.089), which is also associated with CAZJ0509+0541.
There is no sign of increased optical activity when this neutrino arrived.

Lastly, the third such low-weight association is of the AGN CAZJ2114+8204 (2MASS J21140112+8204483) with IC190629A
(WT=0.003), whose light curve and sky map are given in Fig. A.3. While the quality of the merged CAZ light curve is low at the
time of the neutrino arrival, the neutrino clearly arrived at the peak of the all-time highest flare. This source is spatially associated
with a second low-weight neutrino (IC140410A; WT=0.003) which unfortunately arrived before the CAZ light curve starts.

Fig. A.1. Light curve and sky map of the IBL CAZJ2227+0037 which is spatiotemporally associated with the neutrino IC180612A (WT = 0.044).
For plot details, see description of Fig. 3. We note that the y-axis in plot (i) is truncated to omit a few outliers. The grey dash-dotted vertical lines
in plot (i) show spatial associations with three other neutrinos (IC110807A, IC140114A, and IC200523A, which have weights of 0.266, 0.355,
and 0.036, respectively).
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Fig. A.2. Light curve and sky map of the HBL CAZJ0506+0324 which is spatiotemporally associated with the neutrino IC190317A (WT = 0.035).
For plot details, see description of Fig. 3. We note that the y-axis in plot (i) is truncated to omit a few outliers. The grey dash-dotted vertical line
in plot(i) shows a spatial association with another neutrino (IC220918A with WT = 0.089).

Fig. A.3. Light curve and sky map of the AGN CAZJ2114+8204 which is spatiotemporally associated with the neutrino IC190629A (WT = 0.003).
For plot details, see description of Fig. 3. We note that around the neutrino arrival time, the quality of the merged CAZ light curve is poor (i.e.,
the filters exhibit substantial discrepancies in contemporaneous flux densities). However, it appears that the identified BBHOP, whose peak is the
BB95 which coincides with the neutrino arrival, reliably traces the overall behavior of optical emission. We caution that, unlike all other such
plots, the x- and y-axis of the sky map are not equal in scale. This blazar has another neutrino association (IC140410A; WT=0.003) which arrives
before the CAZ light curve starts.
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