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ABSTRACT

The origin of high-energy (HE) astrophysical neutrinos has remained an elusive hot topic in the field of HE astrophysics for the past
decade. Apart from a handful of individual associations, the vast majority of HE neutrinos arise from unknown sources. While there
are theoretically motivated candidate populations, such as blazars – a subclass of active galactic nuclei with jets pointed toward our
line of sight – they have not been convincingly linked to HE neutrino production yet. Here, we perform a spatio-temporal association
analysis between a sample of blazars (from the CGRaBS catalog) in the radio and optical bands and the most up-to-date IceCube HE
neutrino catalog. We find that if the IceCube error regions are enlarged by 1◦ in quadrature, to account for unknown systematic errors
at a maximal level, a spatio-temporal correlation between the multiwavelength light curves of the CGRaBS blazars and the IceCube
HE neutrinos is hinted at, least at a 2.17σ significance level. On the other hand, when the IceCube error regions are taken as their
published values, we do not find any significant correlations. A discrepancy in the blazar-neutrino correlation strengths, when using
such minimal and enlarged error region scenarios, was also obtained in a recent study by the IceCube collaboration. In our study, this
difference arises because several flaring blazars – coinciding with a neutrino arrival time – happen to narrowly miss the published
90%-likelihood error region of the nearest neutrino event. For all of the associations driving our most significant correlations, the
flaring blazar is much less than 1◦ away from the published error regions. Therefore, our results indicate that the question of the
blazar-neutrino connection is highly sensitive to the reconstruction of the neutrino error regions, whose reliability is expected to
improve with the next generation of neutrino observatories.
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1. Introduction

Up to now the IceCube neutrino observatory has detected hun-
dreds of high-energy (HE, ≥100 TeV) neutrinos in the TeV-PeV
energy range (Abbasi et al. 2023a). Despite the astrophysical
origin of many HE neutrinos, it is still a mystery what sources
and mechanisms are involved in their emission. Due to a strong
atmospheric background and limited directional accuracy, the
task of associating them with astrophysical objects is challeng-
ing (for a recent review see e.g., Troitsky 2021).

One of the main neutrino candidate sources is a subclass
of active galactic nuclei (AGN) called blazars. Blazars possess
highly collimated relativistic jets that happen to point almost
directly toward Earth. Their energy output is dominated by rela-
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tivistically boosted nonthermal emission in all bands, from radio
to very high-energy (VHE) γ-rays. For recent reviews on blazars,
readers can refer to Blandford et al. (2019), Böttcher (2019), and
Hovatta & Lindfors (2019), for example.

In blazar jets, the expected particle energies and the external
photon field density may lead to the creation of HE neutrinos
via hadronic interactions (e.g., Mannheim & Biermann 1989;
Mannheim et al. 1992; Gaisser et al. 1995; Mücke & Protheroe
2001; Becker 2008) or possibly leptonic ones (Hooper & Plant
2023). Although blazar jets are a suspect birthplace of neu-
trinos, not all HE neutrinos come from blazars; for example,
the nearby Seyfert II AGN, NGC 1068, was recently found to
be the first significant persistent HE neutrino emitting source
(IceCube Collaboration 2022).

On a source-by-source basis, the most well-known
spatio-temporal blazar-neutrino association is with the blazar
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TXS 0506+056 which was in a flaring state at the time
of the neutrino arrival (IceCube Collaboration 2018). Sev-
eral population-based studies have attempted to investigate
the blazar-neutrino connection with their results, which have
generally remained inconclusive thus far or, at best, sugges-
tive (e.g., Plavin et al. 2020, 2021, 2023, 2024; Giommi et al.
2020; Smith et al. 2021; Hovatta et al. 2021; Zhou et al. 2021;
Bartos et al. 2021; Kun et al. 2022; Buson et al. 2022, 2023;
Novikova et al. 2023; Bellenghi et al. 2023; Suray & Troitsky
2024).

Most of the aforementioned studies investigated the possi-
ble blazar-neutrino correlation in a purely spatial way. While the
spatial information of the neutrino events is challenging to accu-
rately determine, the temporal information of the neutrino arrival
is very accurately recorded. These arrival times are needed to
enhance the detection power of a correlation test to reliable
levels by reducing the probability of chance associations (e.g.,
Liodakis et al. 2022).

One way is to look for temporal associations between the neu-
trino arrival times and high flux states (typically referred to as
flaring states) in the light curve of blazars spatially associated
with them. This has the underlying assumption that the neutrino
flux increases as the jet becomes more active and the multiwave-
length fluxes increase during flaring periods. For example, dur-
ing X-ray and γ-ray flaring periods, it has been estimated that
the neutrino flux could possibly reach the detectable range of
the IceCube Neutrino Observatory (e.g., Oikonomou et al. 2019;
Kreter et al. 2020; Stathopoulos et al. 2022). On the other hand,
in lower energies (radio and optical), blazar flares can trace the
global jet activity. However, due to longer particle cooling times,
these lower energy flaring periods are longer in duration. Such a
longer-term increase in jet power may be relevant to the poten-
tial multi-messenger emission of blazar jets, as they could trigger
current-driven kink instabilities and efficient particle acceleration
(e.g., Nalewajko 2017).

Despite the aforementioned increase in the detection power
offered by utilizing the temporal information, Liodakis et al.
(2022) demonstrated that even if every neutrino event was
accompanied by a blazar flare, due to the fundamental limita-
tions of neutrino astronomy (the low number of neutrinos with a
high likelihood of being of an astrophysical origin and relatively
large error bars in sky localization), the correlation significance
between the blazars and neutrinos would be at best ∼3σ.

Due to blazar monitoring data being available only for a few
wavelengths, most of the spatio-temporal studies have consid-
ered either individual or a handful of sources (e.g., Krauß et al.
2014; Kadler et al. 2016; Righi et al. 2019; Franckowiak et al.
2020). To bypass such sample size limitations, Plavin et al.
(2020) performed a spatio-temporal analysis in the radio band
using the RATAN-600 data (e.g., Kovalev et al. 2002) of 1099
blazars, which resulted in a ∼2σ blazar-neutrino spatio-temporal
correlation. We note that Plavin et al. (2020) also found a ∼3σ
spatial-only blazar-neutrino correlation using a sample of 3388
flux-limited, Very-long-baseline interferometry (VLBI) -based
blazars. In Hovatta et al. (2021), hereafter H21, we performed
a spatio-temporal analysis using well-sampled Owens Valley
Radio Observatory (OVRO) and Metsähovi Radio Observatory
light curves of 1795 blazars, which had a significantly better
cadence than the RATAN-600 light curves. We showed that
although not all neutrino events were associated with strong
radio flaring blazars, when the associated neutrinos arrived dur-
ing strong radio flares it had a chance probability of ∼2σ.

In this paper, we perform similar spatio-temporal analyses on
the connection between blazar flares and IceCube neutrinos. We

start by revisiting the analysis done in H21; we increase the neu-
trino sample by three years (see Sect. 2.1) and the radio sam-
ple by two years from the Candidate Gamma-Ray Blazar Sur-
vey Source Catalog (CGRaBS) blazars (see Sect. 2.2) to see if
the results remain consistent with our previous study or if we see
an increase in the significance, as is expected from our simula-
tions in Liodakis et al. (2022). However, we note that after the
publication of H21, the IceCube collaboration released a coher-
ently selected catalog of HE neutrino events (Abbasi et al. 2023a),
rendering the neutrino sample used in H21 obsolete. Moreover,
the cut-based neutrino selection of H21 has inherent caveats (see
Sect. 2.1) which further reduce the reliability of the H21 neutrino
sample. Therefore, in the main analysis of this paper, we utilize
the most recent, coherently selected sample of IceCube neutrinos,
and we upgrade our methodology with a weighting scheme that
allows us to include all these neutrino events into the statistical
analysis, without needing any selection thresholds (see Sect. 3.2).
Furthermore, we extend this upgraded spatio-temporal analysis to
the optical regime as some of the weak radio sources show more
variability in the optical band (e.g., Lindfors et al. 2016).

The paper is structured as follows: In Sect. 2, we describe
the data used. In Sect. 3, the methodology of the spatio-temporal
analysis as well as our upgraded version are presented. In Sect. 4,
the multiband spatio-temporal results are presented and dis-
cussed. In Sect. 5 we provide concluding remarks.

2. Data

2.1. Neutrino events

In this study we use the most recent HE neutrino events released
by the IceCube collaboration operating the Antarctica-based one
km3 IceCube Neutrino Observatory (see Abbasi et al. 2023a,
2022). The complete list of the neutrino events used is given in
the electronic table Neut.dat.

For the association analysis, it is crucial that the neutrino
events have a good spatial localization and a high likelihood of
being astrophysical. Therefore, in H21, we collected muon track
events that had 90% confidence level error region size (on the
celestial sphere) of less than 10 deg2 and an estimated energy
of at least 200 TeV. With these limits we aimed to include only
neutrinos with >50% probability of having astrophysical origin.
The list included 56 events occurring between August 2009 and
July 2019. Since H21, the IceCube collaboration has made sev-
eral major data releases (see below), and in this work, we use
their most up to date neutrino lists.

IceCube started to send out alerts to the community on high
signalness1 events in April 2016, with Bronze and Gold alerts
corresponding to events with at least 30% and 50% signalness,
respectively. Recently, the first catalog of high signalness events
was released (IceCat-1; Abbasi et al. 2023a). It includes a total
of 275 events occurring between May 2011 and December 2022,
eight of which we ignore due to being induced by cosmic rays.
For all events in IceCat-1, the neutrino arrival time, containment
area on the celestial sphere, energy, and signalness are reported.
It should be noted that due to the starting date of May 2011 and
the limitation to ‘online” analysis, some good quality muon track
events are not reported in IceCat-1. Therefore, we searched for

1 The chance that the event is of astrophysical origin by assuming
an astrophysical neutrino spectral index of 2.19 ± 0.10 and calculating
the ratio of the expected number of astrophysical neutrinos to the total
(expected+background) number of neutrinos at a given event energy and
declination (e.g., Abbasi et al. 2023b). The value is given in IceCat-1
(Abbasi et al. 2023a) for all neutrino events.
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Fig. 1. Sky distribution of 277 IceCat1+ neutrinos (green ellipsoids), 56 H21 neutrinos (blue ellipsoids), and 1157 CGRaBS blazars (gray dots).
Six neutrino events are hidden due to lower than −30◦ declination. Additionally, all CGRaBS blazars have a declination greater than −20◦ due
to the OVRO declination limit. The neutrino ellipses show the 90% confidence level sky error regions as reported by IceCube. The full list of
IceCat1+ neutrinos is given in the electronic table Neut.dat.

other recent IceCube publications to obtain all the muon track
events.

Abbasi et al. (2022) presented improved characterization of
the astrophysical muon-neutrino flux with 9.5 years of IceCube
data between May 2009 and December 2018. It included a list of
“offline” analyzed muon-neutrinos with the energy greater than
200 TeV and signalness larger than 50%. Due to the earlier start
date and the use of offline analysis, there are 16 additional events
in Abbasi et al. (2022) which are not present in IceCat-1. We add
these to our sample, bringing the total number to 283 neutrinos
(hereafter referred to as IceCat1+ sample, see Figure 1). We note,
however, that this selection is not completely homogeneous due
to the differences in the cutoff energy and signalness limits.

We note that out of the 56 neutrino events included in H21,
all except five events are present in IceCat1+. These missing
events have arrival dates of 2010 Jun 23 (MJD 55370.74), 2011
Mar 04 (MJD 55624.95), 2013 Sep 07 (MJD 56542.79 with the
IceCat-1 ID of IC130907A* where it is marked as cosmic ray
induced), 2016 Mar 31 (MJD 57478.60 with the IceCat-1 ID
of IC160331A where it is present with a dramatically different
RA), and 2019 Mar 31 (MJD 58573.16). While many events are
present in both IceCat1+ and the H21-selected neutrino sample,
it is crucial to note that most of these shared events have different
error regions and energies because of the improved event recon-
struction algorithm. Many of the H21-selected neutrino events,
now (in IceCat1+) have energies below the H21 energy threshold
of 200 TeV. This means that the H21-selected neutrino sample
greatly differs from IceCat1+ neutrino sample when the weight-
ing scheme is employed (see Sect. 3.2).

In the electronic table Neut.dat and through out this paper,
the IceCat1+ neutrino events are referred to by their IC ID as
given in IceCat-1 (Abbasi et al. 2023a). When an event does not
have such an ID assigned (the ones from Abbasi et al. 2022), we
have generated one using its arrival MJD in the style of IceCat-
1 with the difference that the letter assignment (the right-most

element of the ID) for such cases starts from “X” instead of “A”.
This is to distinguish the IDs generated by us from the official
IceCube IDs.

2.2. Blazar radio and optical light curves

We use the blazar sample taken from the CGRaBS flat-spectrum
radio quasar catalog (Healey et al. 2008) which includes blazars
monitored by the OVRO blazar monitoring program for over a
decade (Richards et al. 2011). The CGRaBS sample was the most
statistically complete of the five blazar samples used in H21,
which is why we opted to use it in this study. As discussed in
Richards et al. (2011, 2014), the CGRaBS sample is complete to
65 mJy flux density at 4.8 GHz and radio spectral index α > −0.5
where S∝ να. However, the CGRaBS sample does not represent
the full blazar population as it is dominated by low synchrotron
peaked objects (LSPs) that are radio bright (see discussion in
H21 and in Sect. 4.2.1). Moreover, the CGRaBS sample excludes
objects near the Galactic plane with Galactic latitude |b| < 10◦.
In total it includes 1157 blazars with OVRO radio light curves
extending from 2008 to the end of 2022. The sample does not
include any blazars with a declination below −20◦. The blazar
coordinates along with their common aliases are listed in the elec-
tronic table Blz.dat. Figure 1 shows the sky distribution of these
blazars as well as the IceCat1+ and H21 neutrinos (see Sect. 2.1).

In the optical regime, we combined CRTS2 (Drake et al.
2009), ATLAS3 (Tonry et al. 2018), and ZTF4 (Bellm et al. 2019)
optical light curves of 1061 CGRaBS blazars (for 96 blazars
we did not find any optical data). The light curves are obtained
by performing forced-photometry on the aforementioned all-sky
databases using the CGRaBS radio coordinates to an accuracy

2 http://crts.caltech.edu/
3 https://fallingstar-data.com/
4 https://irsa.ipac.caltech.edu/Missions/ztf.html
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of 0.001◦ (see Appendix A). Additionally, whenever possible,
KAIT5 (Filippenko et al. 2001; Liodakis et al. 2018) and Tuorla6

(Nilsson et al. 2018) optical light curves were added onto the com-
bined all-sky light curves.

The reduction and combination procedures for the CAZ
(CRTS+ATLAS+ZTF as well as KAIT and Tuorla when avail-
able) optical light curves are explained in detail in Appendix A.
The final CAZ light curves considered are limited to those that
have at least ten data points and are at least 30 days in total dura-
tion. The longest light curves have data from the beginning of
the CRTS survey in 2008 up to 2022 (limited by the latest ZTF
data release used in this work).

3. Analysis

In this paper, we look for potential spatio-temporal correlations
between the radio and optical characteristics of CGRaBS blazar
light curves and IceCube HE (&100 TeV) neutrino events. We
use the methodology of H21 and Plavin et al. (2020) with the
addition of taking neutrino signalness and error region size into
consideration. This upgraded spatio-temporal methodology is
described in this section.

3.1. The spatio-temporal method

The initial step in the spatio-temporal method is to find the
blazars that are spatially correlated with the observed neutrino
events. This is achieved by cross-correlating the blazar coor-
dinates with the 90% likelihood error regions of the neutrino
events (sometimes referred to as the neutrino error regions in this
paper). Spatially correlated blazars are those that fall within the
neutrino error regions (i.e., the spatial correlation is treated as a
Boolean condition of blazars either being in or out of a neutrino
error region).

In the next step, a few test-statistic (TS) parameters are cho-
sen based on the known observational properties of the blazars.
In H21, the main observational property of interest was the
blazar flux density (at 15 GHz)7, which allowed for four inde-
pendent TS parameters to be used in the statistics. In this study
we use the same four TS parameters: mean 15 GHz flux density
(S ), activity index (AI), and the number of associated blazars
flaring with a 99% and a 99.99% confidence level at the time of
the neutrino arrival (AI1% and AI0.01%, respectively).

AI is the ratio of the mean flux density within a defined time
window (centered at the neutrino arrival time) to the mean flux
density outside the time window (see Figure 2). When a time
window in the light curve has AI> 1, we define it as a flaring
period. Due to the flux density errors of the data points, peri-
ods with AI> 1 can occur due to random statistical fluctuations.
Thus for the latter two TS parameters, based on the light curves
in our sample, we determine8 confidence thresholds above which
the enhanced AI value (AI>AIthreshold > 1) is unlikely to have
occurred due to statistical fluctuations (i.e., the time window is
confidently showing flaring behavior). We emphasize that the

5 https://w.astro.berkeley.edu/bait/kait.html
6 https://users.utu.fi/kani/1m/
7 See Sect. 1 for motivation.
8 From our sample, we randomly select a light curve and randomize its
flux density data points assuming Gaussian errors. Then we calculate a
false-AI by taking the ratio of the mean flux density of the randomized
light curve to the mean flux density of the original light curve. This
process is repeated 105 times and the resulting distribution is used to
determine the 99% and 99.99% confidence thresholds.

value of AIthreshold solely depends on the flux density errors of
the data points. We note that while the AI in the radio and opti-
cal bands aim to quantify the same property (i.e., the average
flux density level within a given time window relative to the his-
torical level), they are calculated somewhat differently because
of the presence of faster flaring-timescales and seasonal gaps in
the optical light curves (see Sect. 3.1.1 and Sect. 3.1.2).

For each of the four TS parameters (S , AI, AI1%, and
AI0.01%), a global TS value is calculated using all the spatially
associated blazars. In the case of S and AI, the global TS value
is obtained by averaging the mean flux densities and AI values of
each individual spatially associated blazar globally, respectively.
In the case of AI1% and AI0.01%, the global TS value is obtained
by counting the number of blazar-neutrino associations whose
AI value exceeds the 99% and 99.99% AI thresholds, respec-
tively. To obtain a null hypothesis (random) TS value distribution
for each TS parameter, the RA of the neutrino events is random-
ized while keeping all other properties of the observed neutrino
events the same (for example see Aartsen et al. 2017). One ran-
domized neutrino setup results in one random TS value for each
TS parameter. To obtain a distribution of such random TS values,
we repeat the randomization a total of 105 times.

Using these random TS value distributions, the chance prob-
ability that the blazars and the observed neutrino events are
uncorrelated (i.e., the p-value of rejecting the null hypothesis)
for each TS parameter is found by counting the fraction of ran-
dom TS values that are greater than the TS value in the observed
setup:

p =
M + 1
N + 1

(1)

where p is the p-value, M is the number of realizations where
a random TS value is larger than the observed TS value, and N
is the total number of random realizations (Davison & Hinkley
1997). This is visualized in Figure 3. We apply these tests to
three sets of CGRaBS light curves: the radio light curves, the
optical light curves, and their combination.

3.1.1. The radio-only analysis

To calculate the AI value in the radio band, as done in H21, we
use a fixed time window of 2.3 years centered around the neu-
trino arrival time; see panel (A) of Figure 2. This duration was
found to be typical for 15 GHz flares by Hovatta et al. (2007).
The 1% and 0.01% AI false-positive values used to identify flar-
ing blazars in the radio band are 1.10 and 1.29, respectively, as
determined in H21. We note that although some of the radio light
curves occasionally have extreme outliers, we did not attempt to
clean them because the 2.3 years time window is long enough to
average out their influence on the statistics.

3.1.2. The optical-only analysis

While the typical flaring timescales of blazar light curves in the
radio band are on the order years (e.g., Hovatta et al. 2007); in
the optical band, blazars typically exhibit faster variability due
to the higher energy of the electrons producing the synchrotron
radiation. The optical flaring timescales vary from hours, days,
to months, and sometimes even longer (e.g., Marscher & Jorstad
2021; Raiteri et al. 2017; Lindfors et al. 2016). This behavior
may be due to a complicated mixture of isolated particle accel-
eration events (fast flares) as well as global changes in accretion
and/or jet parameters (months- to years-long flares). As a result,
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Fig. 2. Radio and optical light curves of the blazar J1549+0237 with a spatially associated neutrino, IC160924A. Top panel (A) shows the radio
(OVRO) light curve. Middle panel (B) shows the optical (CAZ) light curve. Bottom panel (C) shows the optical (CAZ) light curve when converted
into observational blocks (see Sect. 3.1.2). The solid vertical (magenta) line shows the moment of neutrino arrival. In case of radio, the time
window for AI calculation is 2.3 years (see Sect. 3), shown by dotted vertical lines. In optical, the observational block used for AI calculation is
within ±30 days of the neutrino arrival (see gray shading). For this association, the AI values in radio and optical are 1.74 and 0.688, respectively.

since the longer-term jet activity changes could be relevant to
the multi-messenger emission of the jet (see Sect. 1), we favor
longer-term optical flares over the shortest flares in this study.

Unfortunately, optical light curves exhibit seasonal gaps aris-
ing from inherent observational limitations from which the radio
band does not suffer. Therefore, we could not calculate the opti-
cal AI values in the same way as the radio band, especially since
a typical flaring timescale is complicated to quantify for such
discontinuous light curves. Instead, we utilized the following
data-limited approach.

For each optical light curve, we calculated the time differ-
ence between two consecutive data points. We then identified
pairs where the time difference was longer than 30–60 days9

to identify observational gaps. Subsequently, we calculated the
weighted average of the flux densities between two observa-
tional gaps to form observational blocks. For example, the mid-
dle panel of Figure 2 shows the original CAZ light curve of the
blazar J1549+0237 and the bottom panel shows its correspond-
ing observational light curve composed of observational blocks.
We note that most, but not all, observational blocks correspond to
observational seasons. Hereafter, an “observational” light curve
refers to the optical CAZ light curve converted into observational
blocks.

To calculate the AI value in the optical regime, we searched
for the closest observational block within ±30 days to the neu-
trino arrival time and calculated the AI value by taking the flux
density ratio of the closest block to the mean of all other obser-
vational block flux densities. If a neutrino arrives in an obser-
vational gap and the nearest observational block is more than 30
days away, we omit its blazar-neutrino association from the opti-
cal AI-related tests. An example of the AI calculation in the opti-
9 The exact value depends on the distribution of the consecutive time
gaps across a light curve and is the most frequent value between 30 and
60 days.

cal regime is shown in Figure 2 (panel C). The ±30-day leeway
limit is chosen as it is the smallest temporal length that can fill
the smallest of observational gaps (i.e., the limit that most con-
servatively minimizes the number of omitted AI-related tests). A
larger limit would add too much uncertainty to the average flux
density level at the moment of neutrino arrival, while a smaller
limit would result in many near-miss omissions. We recognize
the caveat that, when a nearby observational block is on the order
of days, a ±30-day leeway may result in an uncertain flux level
arising from only a few data points. However, given that such
short observational blocks are rare, their effects are expected to
average out.

Using the optical observational light curves we find that the
1% and 0.01% AI false-positive values used to identify flaring
blazars in the optical band are 1.11 and 1.25, respectively. We
emphasize that we use the observational light curves to obtain
the optical AI values. As a result, the aforementioned flaring
behavior corresponds to long-term, above-average optical activ-
ity. Such optical flares are distinct from short-term ones often
discussed in the literature.

3.1.3. The simultaneous radio+optical analysis

To combine the light curve information of a specific blazar that
has both radio and optical light curves, we normalized the radio
and optical flux densities by their respective global mean val-
ues. After the normalization we obtained, the TS value S of one
radio+optical association by taking the average of the two nor-
malized radio and optical mean flux densities.

If an optical AI value existed, we considered the
radio+optical AI value as the average of the two individual radio
and optical AI values. Otherwise, if a radio+optical AI value
could not be determined, we omitted the association. Addition-
ally, the radio+optical TS parameters AI1% and AI0.01% were
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Fig. 3. Distribution of the TS values for 105 random realizations shown in black, along with the observed TS value shown as a blue vertical line. In
this example, the TS parameter used is AI on the CGRaBS observational optical light curves (see Sect. 3.1.2). The cyan region of the distribution
is where random TS values are greater than the observed TS value, whose fraction gives the p-value to reject the null hypothesis (see Equation 1).

found by counting the number of blazars for which the radio and
optical AI values cross their respective false-positive thresholds
simultaneously.

We note that while radio and optical light curves generally
do not have comparable flaring timescales, observational optical
light curves (with each observational block duration being on
the order of several months) trace slower flux variations which
are comparable to the year-long radio variations. This timescale
comparability enables us to perform the aforementioned simulta-
neous radio+optical analysis. However, we recognize the caveat
that the radio and optical time windows are not constructed iden-
tically, since the former time windows are dynamically fixed to
the neutrino arrival time while the latter ones are observationally
constrained.

3.2. The upgraded spatio-temporal method

In order for the spatio-temporal method to be able to detect a
potential correlation between blazars and neutrinos, the effect
of the events with low signalness and/or high directional uncer-
tainty on the global TS needs to be diminished as their contribu-
tion is intrinsically mostly random noise. In this subsection, we
upgrade the spatio-temporal method by introducing a weighting
scheme that diminishes the effect of such events gradually, which
allows for all IceCat1+ neutrino events to be used in the analy-
sis without needing to set arbitrary selection thresholds as has
been done in previous studies (H21, Plavin et al. 2020). While
such predefined thresholds are more efficient at removing the
noise contribution from the least accurately constrained events,
the weighting scheme is less arbitrary, preserves the signal from
the intermediate events (with parameters close to the thresholds),
and is more resilient to slight parameter changes that could be
introduced in the future modifications of the event reconstruc-
tion techniques.

In the weighting scheme, we assign a weight, W, to each neu-
trino event via Equation (3). The weight is implemented into the
statistics prior to the step when the global TS value for each of
the TS parameters is calculated (see Sect. 3.1). For example, in
the case of AI, the AI value of each spatially associated blazar-
neutrino pair is multiplied by W of the corresponding neutrino
event before calculating the global average. In other words, in
the upgraded spatio-temporal method, the weight of each neu-
trino event affects how much each of their corresponding spa-
tially associated blazars contribute to the global TS values.

As IceCube provides the 90% confidence level sky error
regions for each event in the form of four asymmetrical ellipse
regions in four quadrants, it is possible to calculate the error
region size, Ω, of each neutrino event via

Ω =
π

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

)
(2)

where α+, α−, δ+, and δ− are directional errors for the positive
RA, negative RA, positive Dec, and negative Dec, respectively.
The weight, W, for each neutrino event is defined by combining
its Ω and signalness, S, via

W =

S if Ω ≤ Ω̃

S · Ω̃ / Ω if Ω > Ω̃
(3)

where Ω̃ is the global median Ω of all the IceCat1+ neutrinos.
The way S is implemented into this weighting scheme is similar
to how Abbasi et al. (2023b) handled their statistics.

Equation (3) ensures 0 < W < 1 as Ω has no upper limit and
0 < S < 1. In addition, when Ω ≤ Ω̃, only S affects W. This
ensures that the global statistics is not overpowered by a handful
of events that have the smallest Ω. The aim of this weighting
scheme is to diminish the effect of random noise arising from
the inclusion of the most poorly reconstructed events (small S
and/or large Ω), without softening the potential signal that may
come from the mid-range events (when S and Ω are close to
their respective global medians, i.e., S ∼ S̃ and Ω ∼ Ω̃). The
heat-maps in Figure 4 show how W varies with respect to Ω and
S .

3.3. Handling the unknown systematic errors of neutrinos

While the IceCube collaboration attempts to account for all pos-
sible errors when estimating the size of the HE neutrino error
regions, there may still exist some unknown systematic errors
(e.g., Abbasi et al. 2023b) arising due to ice inhomogeneities
which cannot be fully accounted for. Aartsen et al. (2013) esti-
mated an upper limit of 1◦ for such a systematic error. Although
the work is ongoing on constraining this parameter (Abbasi et al.
2021a,b, 2022; IceCube Collaboration 2022), the most recent
ones seem to suggest that the error is most likely negligible
(IceCube Collaboration 2022; Abbasi et al. 2023b).

At the moment, as it is not possible to accurately account for
such systematic errors, we approach this problem by considering
two scenarios:
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Fig. 4. Distribution of the IceCat1+ neutrino events in terms of the error
region size (Ω) and signalness (S) shown for: (A) the published and
(B) the enlarged error region scenarios (see Sect. 3.3). The neutrino
events that have at least one blazar association are shown as cyan stars
while those that have no blazar association are shown as blue dots. The
horizontal dotted line shows Ω̃ (median Ω of IceCat1+). The weight as
calculated by Equation 3 is shown as a heat-map ranging from 0 to 1.
Note that in these plots 13 neutrinos with Ω > 100 deg2 are not shown.

– Published error region: in this scenario the error regions are
as provided in IceCat-1 (i.e., 90% confidence level sky error
regions).

– Enlarged error region: in this scenario we add 1.0◦ in quadra-
ture to each of the four directional errors.

Similar analysis involving unknown systematic errors was pre-
sented in Abbasi et al. (2023b). Since the choice of the error
region scenario affects all neutrino events, the median error
region size (Ω̃) used in Equation (3) depends on the chosen
scenario. In the published scenario it is 6.63 deg2, while in the
enlarged scenario it is 10.46 deg2. Figure 4 shows the heat-maps
for both of these scenarios.

4. Results and discussion

In this section, we present and discuss the results of the spatio-
temporal method. In Sect. 4.1 we recreate the H21 results with
an updated list of neutrinos and radio light curves. In Sect. 4.2
we apply the upgraded spatio-temporal method (see Sect. 3) to
the updated radio light curves and the observational optical light
curves.

4.1. Recreating the results of H21

In this subsection, we repeat the H21 analysis for the explicit
purpose of reassuring the reader that we remain consistent with
our previous study and investigating how the correlation sig-
nificances change when the neutrino dataset is updated (while
still using the H21 neutrino cuts). In Liodakis et al. (2022), we
showed that if the blazar-neutrino spatio-temporal correlation is
real, then a spatio-temporal correlation analysis is expected to
result in smaller p-values upon using more data. This is what we
aim to test in this subsection. The following tests are referred to
as “H21-based” tests.

To repeat the H21 analysis which used blazar radio light
curves to investigate their spatio-temporal correlation with Ice-
Cube neutrinos, we used the updated radio light curves and two
distinct neutrino lists: firstly the H21 neutrino list and secondly
an updated version of it. We updated the H21 list such that its
events remained as they were10 but any new event from IceCat1+
that passed the H21 energy (E ≥ 200 TeV) and error region size
(Ω < 10 deg2) thresholds was added to the updated H21 list. The
H21 list had 56 events to which we added 22 events.

First we began by repeating the analysis made in H21 using
the same neutrino list and the updated radio light curves: no
weighting is employed and the neutrino error regions are cal-
culated by multiplying the localization errors by 1.3011, then
adding 0.9◦ in quadrature. We obtain 17 blazar-neutrino associa-
tions which result in the p-values 0.039, 0.010, 0.059, and 0.014
for the four TS parameters S , AI, AI1%, and AI0.01%, respectively,
with the corresponding TS values being 1.93, 1.19, 8, and 5.

It is apparent that the two additional years of radio obser-
vations do not affect the H21 p-values12 (0.027, 0.010, 0.072,
and 0.005, with the corresponding TS values 2.02, 1.20, 8, and
6 for the same 17 blazar-neutrino associations), with the only
exception being the case of AI0.01% for which the p-value has
tripled. The reason for this change is the association of the blazar
10 In the new IceCube event reconstructions the localization errors as
well as the energies have changed for many of these events and some
events listed in H21 are not in IceCat1+ (see Sect. 2.1), but we keep
the events as reported in H21. We note that in the new reconstruction
many of these events actually have energies <200 TeV. For the upgraded
spatio-temporal analysis we used the most up-to-date localization errors
and signalness values.
11 This was introduced by Plavin et al. (2020) and used in H21 to con-
vert 1D error regions into 2D ones. In the upgraded spatio-temporal
method we do not use this factor anymore as the IceCube errors are
already given in 2D (see Abbasi et al. 2023b).
12 See Table 4 and Table 6 of H21.
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Table 1. Unweighted and weighted TS values of the observed blazar-neutrino associations as well as the respective weighted p-values in the
upgraded spatio-temporal method.

Error Band S AI AI1% AI0.01%
(1) (2) (3) (4) (5) (6)

Published R 0.58→ 0.05 (p = 0.5719) 0.99→ 0.10 (p = 0.2252) 54→ 4.91 (p = 0.7739) 22→ 2.53 (p = 0.2963)
O 0.63→ 0.05 (p = 0.3462) 0.96→ 0.10 (p = 0.4368) 22→ 2.47 (p = 0.4687) 11→ 1.38 (p = 0.4446)
R+O 1.07→ 0.09 (p = 0.4491) 1.00→ 0.11 (p = 0.3372) 7→ 0.419 (p = 0.7580) 1→ 0.023 (p = 0.7588)

Enlarged R 0.58→ 0.09 (p = 0.5445) 0.99→ 0.16 (p = 0.1652) 66→ 11.7 (p = 0.3149) 29→ 7.10 (p= 0.0107)
O 0.59→ 0.08 (p = 0.3595) 0.99→ 0.18 (p = 0.1477) 31→ 7.01 (p= 0.0352) 15→ 4.34 (p= 0.0377)
R+O 1.03→ 0.14 (p = 0.4326) 1.01→ 0.18 (p = 0.1186) 11→ 3.14 (p= 0.0256) 4→ 2.270 (p= 0.0014)

Notes. Column (1) gives the error region scenario (see Sect. 3.3). Column (2) gives the blazar selection (R: radio-only, O: optical-only, R+O:
simultaneous radio+optical). Columns (3) to (6) give the corresponding TS values (unweighted→weighted) as well as the weighted p-value
for the TS parameters S , AI, AI1%, and AI0.01%, respectively. The p-values shown in bold individually reach a significance level of >2σ. For a
discussion on the trial correction of these individual p-values see Sect. 4.2.4.

J0341+3352 with the neutrino IC150831A during whose arrival
the AI value was 1.27 (close to the threshold of 1.29). The exten-
sion of the radio light curve slightly lowered the AI value of
this association making it fall below the threshold because the
flare continued, increasing the average flux density outside of the
2.3 year window. Since the number of flaring sources is small,
adding or removing one association can dramatically affect the
p-value. Such dependence on rather stochastic light curve behav-
ior is generally an inevitable caveat of using AI as a TS parame-
ter, as was also discussed in H21.

Secondly, we repeated the H21 analysis using the updated
H21 list (H21 events plus new ones from IceCat1+ that pass the
H21 thresholds) which resulted in 27 blazar-neutrino associa-
tions with the p-values 0.054, 0.116, 0.357, and 0.097 (the cor-
responding TS values are 1.32, 1.08, 8, and 5). The blazars of the
ten new associations, as a result of adding 22 new neutrino events
(typically with mid-range signalness, S ∼ S̃), are all rather
radio-dim (when S of a source is smaller than the median of all
S ) with four being non-variable. Additionally, none of the new
associations is flaring in radio (i.e., AI.1). These associations
caused a unanimous increase in all of the observed p-values,
lowering the correlation significances of S , AI, and AI0.01% to
below 2σ.

In H21, we had ∼10 years of data to which, in these H21-
based tests, we added two years of radio data and three years
of neutrino data. We note that the selection criteria of the neu-
trino events in H21 was rather suboptimal (in hindsight of
IceCat-1, see Sect. 2.1). Additionally, the update to the neu-
trino data constituted only 22 new events with mid-range sig-
nalness. Therefore, it is highly likely that the update is neither
extensive nor systematic enough to allow for the effect predicted
by Liodakis et al. (2022) to be reliably seen. As a result, we
refrain from making any conclusions based on these compara-
tive results.

4.2. The upgraded spatio-temporal results

The upgraded spatio-temporal method, utilizing the weighting
scheme for the neutrino signalness and error region size, is
applied to both of the published and enlarged error region sce-
narios (see Sect. 3.3). The final unweighted and weighted TS
values as well as the corresponding p-values of the weighted TS
values are given in Table 1.

The upgraded spatio-temporal method resulted in 275 and
231 blazar-neutrino associations in the enlarged and published

error region scenarios, respectively, all of which are given in the
electronic table Assoc.dat. See Figure 5 for a spatial visual-
ization of the associations. For comparison, H21 had only 17
associations. This drastic difference in the number of associ-
ated sources arises because in the upgraded method all neu-
trino events are taken into consideration while in H21 no neu-
trino event with error region size larger than 10 deg2 was consid-
ered. For example, there are 38 events with Ω > 50 deg2 which
are responsible for 154 and 146 blazar-neutrino associations in
the enlarged and published error region scenarios, respectively.
Additionally, the larger the positional error region of the neu-
trino event, the larger the chances of it randomly having mul-
tiple flaring associations (only one can be real). The weight-
ing scheme we introduced in Sect. 3.2 is designed to weigh
down the contribution from such events; for example, as seen
in Figure 5 at around the coordinates (240, 15), the neutrino
event IC200410A has multiple flaring associations but its con-
tribution to the final statistics is negligible due to a small weight
of 0.014.

We found that the CGRaBS blazars and IceCat1+ neutri-
nos are not correlated in the published error region scenario
(i.e., when using the error regions reported in the IceCube
data release). Using the enlarged error regions, we found that
the correlation with most of the spatio-temporal TS parame-
ters (AI, AI1%, AI0.01%, and AIR+O) strengthens; a similar result
was found in Abbasi et al. (2023b). When taking the individ-
ual p-values into account, five p-values have higher signifi-
cance than 2σ and, one of them, has higher significance than
3σ (see Table 1). For a discussion on the trial-correction of
these individual p-values see Sect. 4.2.4. Table 2 shows flaring
blazar-neutrino associations (99.99% confidence level) arranged
in descending order using their neutrino weights which deter-
mine their contribution to the observed AI0.01% TS value (the TS
parameter that gives the strongest correlations in general). All
the light curves of the aforementioned flaring blazars are given
in Appendix B.

We emphasize that the updated H21 results discussed in
Sect. 4.1 are not directly comparable to the results of the
upgraded method obtained in this section. Apart from the obvi-
ous difference in methodology (cuts versus weights), in the
updated H21 method the majority of neutrino events have
outdated spatial information and differently constructed error
regions. These differences result in, for example, the bright
blazar J1256-0547 (aka 3C 279, with S ∼ 18 Jy) to be an associa-
tion in the updated H21 method but not in the upgraded method.
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Fig. 5. Sky distribution of 277 IceCat1+ neutrinos (six are below −30◦ Dec) and 1157 CGRaBS blazars. This plot is similar to Figure 1 with the
exception that the published (dark green) and enlarged (light green) error regions are shown; note that by construction (see Sect. 3.3) the larger the
event region size, the smaller the relative difference between the published and enlarged error regions. When considering the enlarged error region
scenario, there are 242 blazars with at least one flaring association. The gray dots (915) show unassociated blazars while the orange dots (203) show
spatially associated blazars which have no flaring association. The red crosses (25) are blazars with at least one flaring association in radio and the
blue plus symbols (10) are those with at least one flaring association in optical. The ones that show at least one simultaneous radio+optical flare
are shown as purple diamonds (4: J0502+1338–IC151114A, J0211+1051–IC131014A, J1310+3220–IC120515A, and J0509+0541–IC190317A,
where the last one is the second neutrino association with TXS 0506+056 which was not as spatially accurate as the one in 2017).

J1256-0547 is solely responsible for the dramatically different
S p-values (0.05 for updated H21 and 0.57 for the upgraded
method).

4.2.1. The radio-only results

According to the p-values given in Table 1, in the published error
region scenario CGRaBS blazars and IceCat1+ neutrinos are not
correlated. In the enlarged error region scenario, the correlations
strengthen. However, only in case of using AI0.01% as TS param-
eter does the correlation significance surpass 2σ. This result is
consistent with H21 in the sense that the highest correlation sig-
nificance is found for the most confidently flaring blazars.

In case of S as TS parameter we do not find a significant
correlation, which is in contrast to Plavin et al. (2023) who find
that, on average, the brightest radio blazars from the RFC cata-
log13 have a >3σ spatial correlation significance with IceCube
HE neutrinos. One reason for this discrepancy, as also discussed
in H21, is that their blazar sample size (3412) is around three
times larger than ours (1157) and not as dominated by low
synchrotron peaked blazars (LSPs). Padovani et al. (2016) sug-
gested that high synchrotron peaked blazars (HSPs) are the neu-
trino emitting subclass of blazars which, if true, would mean that
our sample is missing many neutrino emitting blazars.

Additionally, the light curves used in this work are obtained
from the OVRO monitoring program which uses a single-dish
radio telescope including both the parsec-scale jet and the jet
lobes in the beam. Whereas the mean flux densities used by
Plavin et al. (2023) are taken with VLBI observations which

13 http://astrogeo.org/rfc/

contain no flux contribution from the jet lobes. Due to this,
the blazars in our sample are on average brighter than those
of the RFC catalog. Moreover, although the emission from the
blazars in the CGRaBS sample is beamed, some radio galax-
ies (whose emission is not highly beamed)14 were also included
in the OVRO data set. These radio galaxies are typically much
brighter than the rest of the blazars due to a larger lobe contri-
bution. This means that the brightest sources in our sample are
not the most beamed ones contrary to the blazar sample used by
Plavin et al. (2023).

The number of neutrino-associated blazars that are flar-
ing in the radio band is 29 and 22 using the enlarged and
published error regions, respectively. These associations are
listed in the top panel of Table 2. We found that four of the
five most confidently (99.99% confidence level) flaring asso-
ciations present in H21 are also flaring associations in the
upgraded spatio-temporal analysis, namely in case of the blazars
J1310+3220, J0211+1051, J0502+1338, and J1504+1029. The
fifth one (J0630-1323–IC170321A) is missing because it is no
longer considered an association due to the neutrino event hav-
ing slightly altered spatial parameters and systematic errors (see
Sect. 4.1).

4.2.2. The optical-only results

We did not find significant correlations between the CGRaBS
blazars in the optical band and IceCat1+ neutrinos when consid-
ering the published error region scenario. Similar to the case of

14 According to Hovatta et al. (2009), the viewing angle of blazars is
typically less than 10◦ while that of radio galaxies is greater than 10◦.
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radio data, in the enlarged error region scenario, the correlations
are stronger. However, only for the confidently flaring sources
(using AI1% and AI0.01% as TS parameters) we find that the indi-
vidual correlation significances surpass 2σ.

It should be noted that interpreting S in the optical band is
not straightforward. The observed flux does not only arise from
the parsec-scale jet, but also from the thermal components of
the host galaxy and the big blue bump. In general, the contribu-
tion from different components of a blazar is highly class- and
redshift-dependent. Therefore, it is not surprising that we do not
see a correlation between the optical S and neutrinos. However,
interpreting the results of the AI-related TS parameters is more
straightforward as flux density variability is only linked to tem-
poral fluctuations of the jet emission as the other components are
constant or show little variability.

Indeed, when comparing the radio-only and optical-only
results, the correlation significances are highest when consid-
ering the blazar variability, especially those sources that were
strongly flaring at the time of the neutrino arrival. However,
it should be noted that there are fewer optical than radio
light curves (1061 versus 1157) and the optical light curves
have observational gaps. There are nine associations that were
strongly flaring in radio but lack optical AI information due to
an observational gap or lack of coverage in the neutrino arrival
time period. In other words, not all neutrino-associated blazars
have an optical AI value which is why the number of optical
associations is lower. This is evident when comparing the top
and bottom panels of Table 2 which respectively show the radio
and optical associations in case of AI0.01% as TS parameter.

4.2.3. The simultaneous radio+optical results

When repeating the upgraded spatio-temporal analysis on the
radio and optical bands simultaneously, we once again do not
find significant correlations between the CGRaBS blazars and
IceCube neutrinos in the published error region scenario. On the
other hand, in the enlarged error region scenario, we find that
the individual correlation significances surpass 2σ and 3σ when
using AI1% and AI0.01% as TS parameters, respectively.

We note that out of the 283 IceCat1+ neutrinos, only 28 and
13 events are associated with the most confidently (99.99% con-
fidence level) flaring blazars at the time of their arrival in the
radio and optical bands, respectively (see Table 2). Therefore,
it is clear that not all neutrinos originate from flaring blazars as
also discussed in H21.

4.2.4. Trial correction for the look-elsewhere effect

We performed our spatio-temporal analysis for two statistically
dependent error region scenarios (see Sect. 3.3). For each of
them, we obtained 12 individual p-values (see Table 1). To
account for the look-elsewhere effect of having checked these
24 individual p-values, we calculate the harmonic mean p-value
( p̊, Wilson 2019) as follows:

p̊ =

∑L
i=1 wi∑L

i=1 wi/pi
(4)

where L represents the total number of p-values (24 in our
case), pi represents each individual p-value, and wi represents
the respective weight of each p-value such that

∑L
i=1 wi = 1.

Under the general assumption that all the tested null-hypotheses
are equally powerful in establishing a possible blazar-neutrino

correlation, we obtain wi = 1/L = 1/24. As a result, for the 24
tested p-values, Equation (4) gives p̊ ≈ 0.0250.

In order to reject the null-hypothesis at a predefined thresh-
old (with a false-positive rate of α) using p̊, the predefined
threshold α must be adjusted to take into account L (i.e., the
total number of null-hypotheses tested). We take the predefined
threshold of 2σ, which has a false-positive rate of α2σ = 0.0455.
To calculate the adjusted α2σ|L=24, we use Equation (4) of Wilson
(2019). This results in α2σ|L=24 ≈ 0.0355. Since p̊ ≈ 0.0250 <
0.0355 ≈ α2σ|L=24, we conclude that p̊ satisfies the 2σ threshold.

Additionally, we calculate the asymptotically exact harmonic
mean p-value (via Equation (4) of Wilson 2019) of the 24 p-values
with equal weights, which results in pp̊ = 0.0299. This can be
directly compared to α2σ = 0.0455 and is equivalent to a false-
positive rate of 2.17σ. Therefore, we conclude that the strength
of the spatio-temporal correlation between the multiwavelength
light curves of the CGRaBS blazars and the IceCube HE neutri-
nos, in the enlarged error region scenario, is at least 2.17σ.

4.2.5. Comments on individual flaring associations

In this subsection we discuss a few individual confidently
(99.99% confidence level) flaring neutrino-associated blazars
of particular interest (see Table 2 for a complete list of the
most confidently flaring associations and Appendix B for all
their blazar light curves). Using the enlarged error region sce-
nario, there are four blazars that exhibit flaring behavior simul-
taneously in the radio and optical bands at the time of the
neutrino arrival: J0211+1051, J0502+1338, J0509+0541 (aka
TXS 0506+056) and J1310+3220. Their light curves are shown
in Figures 6, 7, 8, and 9, respectively.

– J0211+1051: Although both the radio and optical light
curves show many flares, the neutrino (IC131014A) arrived
around the time of the most prominent radio flare with an AI
value of 1.85 (in H21, the AI value was reported to be 1.87).
This is the second most prominent strongly flaring blazar-
neutrino association in the radio band. In the optical band the
flares have rather short timescales and it seems that the neu-
trino arrived during a fast optical flare. As the overall optical
flux of that observational block was high, this flaring associ-
ation ends up as the third most prominent flaring association
in the optical band. This source is also detected in γ-ray band
by Fermi-LAT and according to Righi et al. (2019) it showed
modest activity (but no a major flare) around the time of the
neutrino arrival.

– J0502+1338: This blazar is associated with the neutrino
IC151114A and has the highest weight of all neutrinos asso-
ciated with flaring blazars. This neutrino arrived during a
very prominent radio flare, but the optical light curve in
that observational block consists of only a few data points,
which nevertheless exhibits higher than average flux den-
sity level. The blazar also has a second neutrino associa-
tion (IC190712A), but with much poorer spatial accuracy
(Ωenlarged = 76.71 deg2) and lower signalness (S= 0.304). In
the radio band the source was not flaring when the second
neutrino arrived (AIR = 0.97), while in the optical band AI
information is not available as the neutrino arrived during an
observational gap.

– J0509+0541 (aka TXS 0506+056): This is the only blazar
that has a simultaneous radio+optical flaring association
(with the neutrino IC190317A) in the published error region
scenario. However, it should be noted that this is a rather
poorly reconstructed neutrino event (Ωenlarged = 77.96 deg2
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Table 2. List of the neutrino-associated blazars that exhibit flaring behavior (99.99% confidence level) in the enlarged error region scenario.

Band Blazar name Neutrino ID T W DBN Dpublished Denlarged AIR wAIR AIO wAIO
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

R+O J0502+1338 IC151114A B 0.957 1.06* 0.72 1.27 1.61 1.54 1.52 1.46
R J1504+1029 IC190730A Q 0.670 0.28 1.18 1.55 1.86 1.25 0.94 0.63
R+O J0211+1051 IC131014A B 0.665 0.59* 0.43 1.09 1.87 1.25 1.47 0.98
R+O J1310+3220 IC120515A U 0.613 1.37* 1.36 1.70 1.42 0.87 1.29 0.79
R J1623+3909 IC190201A Q 0.533 0.80* 0.75 1.25 1.31 0.70 1.09 0.58
R J0225+1846 IC111216A Q 0.494 0.48 2.26 2.47 1.80 0.89 1.05 0.52
R J0422+0219 IC141012A Q 0.436 2.07* 1.77 2.13 1.29 0.56 0.92 0.40
R J1008+0621 IC110726A B 0.396 1.12* 1.03 1.46 1.52 0.60 – –
R J1242+3750 IC161001A Q 0.379 1.99* 1.96 2.21 1.30 0.49 – –
R J0740+2852 IC200117A Q 0.375 0.93 1.12 1.52 1.34 0.50 1.07 0.40
R J1119+1656 IC190422A Q 0.209 3.10 3.19 3.35 1.54 0.32 1.13 0.24
R J1351+0830 IC180526X Q 0.122 2.86 5.99 6.17 1.50 0.18 1.09 0.13
R J1415+0832 IC180526X Q 0.122 3.13 5.32 5.48 1.31 0.16 0.46 0.06
R J1327+1223 IC140213A - 0.122 0.91 2.77 2.95 1.39 0.17 – –
R J2114+2832 IC150812A Q 0.114 1.92 2.86 3.07 1.46 0.17 1.06 0.12
R J1159+2914 IC170527A Q 0.114 3.04 3.54 3.69 1.34 0.15 0.74 0.08
R J1951+0134 IC171028A Q 0.108 3.41 3.55 3.69 1.32 0.14 – –
R J0209+1352 IC150428A Q 0.102 1.76 2.01 2.39 1.33 0.14 – –
R J1549+0237 IC160924A Q 0.094 3.97 5.36 5.47 1.74 0.16 0.69 0.06
R J2043+1255 IC190410A Q 0.094 0.72 2.86 3.03 1.40 0.13 0.82 0.08
R J0130+0842 IC181120A Q 0.090 4.32 4.85 4.95 1.33 0.12 0.86 0.08
R J1124+2336 IC120529A Q 0.089 5.52 5.73 5.84 1.67 0.15 1.24 0.11
R J1506+4933 IC140324A Q 0.071 1.79 3.26 3.44 1.41 0.10 – –
R J0325+2224 IC191231A Q 0.053 3.72 5.25 5.35 1.35 0.07 1.02 0.05
R+O J0509+0541 IC190317A B 0.035 4.62 5.09 5.20 2.46 0.09 1.36 0.05
R J0731+2451 IC140223A Q 0.015 9.74 10.46 10.51 1.38 0.02 – –
R J1603+1554 IC200410A U 0.014 4.60 8.05 8.11 1.35 0.02 0.72 0.01
R J0625+4440 IC160812A B 0.011 10.22 13.83 13.87 1.42 0.02 – –
R J1927+7358 IC161127A Q 0.006 34.41 36.17 36.19 1.39 0.01 – –
R+O J0502+1338 IC151114A B 0.957 1.06* 0.72 1.27 1.61 1.54 1.52 1.46
R+O J0211+1051 IC131014A B 0.665 0.59* 0.43 1.09 1.87 1.25 1.47 0.98
O J0509+0541 IC170922A B 0.631 0.12 0.47 1.13 0.87 0.55 1.42 0.89
R+O J1310+3220 IC120515A U 0.613 1.37* 1.36 1.70 1.42 0.87 1.29 0.79
O J2030-0503 IC180417A Q 0.559 1.97* 1.97 2.75 0.88 0.49 2.33 1.30
O J1619+2247 IC190413B Q 0.383 1.11 1.32 1.66 0.94 0.36 1.38 0.53
O J2307+1450 IC120523A B 0.154 3.18 4.19 4.47 1.09 0.17 1.81 0.28
O J0219+0120 IC161011X Q 0.136 2.71 4.17 4.29 1.05 0.14 1.29 0.17
O J1147+2635 IC170527A Q 0.114 1.59 3.47 3.61 0.78 0.09 1.30 0.15
O J2226+0052 IC200523A Q 0.036 2.14 5.22 5.34 0.97 0.04 1.47 0.05
R+O J0509+0541 IC190317A B 0.035 4.62 5.09 5.20 2.46 0.09 1.36 0.05
O J0819+3226 IC140223A Q 0.015 5.93 11.87 11.91 0.51 0.01 1.39 0.02
O J1630+0701 IC200410A Q 0.014 6.86 7.67 7.75 1.18 0.02 1.59 0.02
O J1540+1447 IC200410A B 0.014 8.03 9.68 9.74 0.67 0.01 1.36 0.02
O J1618+0819 IC200410A Q 0.014 3.86 6.82 6.90 1.20 0.02 1.63 0.02

Notes. Column (1) gives the band in which the neutrino-associated blazar is detected to be flaring: R denotes flaring in radio only (unweighted radio
AI> 1.29), O denotes flaring in optical only (unweighted optical AI> 1.25), and R+O denotes flaring in radio and optical simultaneously. Note that
there are two main panels: the top panel shows the neutrino-associated blazars that are detected to be flaring in the radio band, while the bottom
panel shows the neutrino-associated blazars that are detected to be flaring in the optical band; four neutrino associations occur simultaneously
in both. Column (2) gives the neutrino-associated blazar CGRaBS name. Column (3) gives the IC ID of the associated neutrino (see Sect. 2.1).
Column (4) gives the blazar 5BZCat type (T), if one exists; “B” denotes BL Lac, “Q” denotes flat spectrum radio quasar, and “U” denotes uncertain.
Column (5) gives the neutrino weight (W) as calculated in the enlarged error region scenario. Column (6) gives the blazar angular distance to the
associated neutrino (DBN); the symbol “*” indicates that the association only occurs in the enlarged error region scenario (i.e., DBN >Dpublished).
Columns (7) and (8) give the angular distance between the neutrino and the error region edge (the 90% confidence level limit) in the published and
enlarged error region scenarios, respectively, along the blazar-neutrino vector. Note that all angular distances are given in degrees. Columns (9) to
(12) give the unweighted AI value in radio (AIR), the weighted AI value in radio (wAIR) using enlarged errors, the unweighted AI value in optical
(AIO), and the weighted AI value in optical (wAIO) using enlarged errors, respectively. In case of the optical band, in eight neutrino associations
the neutrino arrives in an observational gap in which case AIO and wAIO are shown as “–”.
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Fig. 6. OVRO (radio), CAZ (optical), and observational CAZ light curves of the blazar J0211+1051 (alias: 5BZB J0211+1051,
4FGL J0211.2+1051) given from top to bottom, respectively. The horizontal axis gives time in Modified Julian Date (MJD) and the vertical
axis gives flux density (given in Jy in case of radio and mJy in case of optical). The vertical lines show the arrival time of a spatially associated
neutrino, IC131014A. The dotted vertical lines show the AI time window centered around the neutrino arrival time. This is a spatially accurate
neutrino event with Ωenlarged = 4.48 deg2 and S = 0.665. For this event, the blazar was flaring in the radio (AIR = 1.87 & wAIR = 1.25) and optical
(AIO = 1.47 & wAIO = 0.98) bands simultaneously. This association, J0211+1051–IC131014A, only occurs when considering the enlarged error
region scenario because the blazar is outside of the IceCube reported 90% confidence level error region by 0.16◦.

Fig. 7. OVRO (radio), CAZ (optical), and observational CAZ light curves of the blazar J0502+1338 (alias: 5BZB J0502+1338,
4FGL J0502.5+1340) given from top to bottom, respectively. The horizontal axis gives time in Modified Julian Date (MJD) and the vertical
axis gives flux density (given in Jy in case of radio and mJy in case of optical). The vertical lines show the arrival time of spatially associated
neutrinos, IC151114A (pink) and IC190712A (green). The dotted vertical lines show the AI time window centered around the neutrino arrival
time. The former event is a spatially accurate one with Ωenlarged = 6.45 deg2 and S = 0.957. For this event, the blazar was flaring in the radio
(AIR = 1.61 & wAIR = 1.54) and optical (AIO = 1.52 & wAIO = 1.46) bands simultaneously. This association, J0502+1338–IC151114A, only
occurs when considering the enlarged error region scenario because the blazar is outside of the IceCube reported 90% confidence level error region
by 0.34◦.
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Fig. 8. OVRO (radio), CAZ (optical), and observational CAZ light curves of the famous blazar J0509+0541 (alias: 5BZB J0509+0541,
4FGL J0509.4+0542, TXS 0506+056) given from top to bottom, respectively. The horizontal axis gives time in Modified Julian Date (MJD)
and the vertical axis gives flux density (given in Jy in case of radio and mJy in case of optical). The vertical lines show the arrival time of spatially
associated neutrinos, IC170922A (pink) and IC190317A (green). The dotted vertical lines show the AI time window centered around the neutrino
arrival time. The former event is a spatially accurate one with Ωenlarged = 4.93 deg2 and S = 0.631 which lead to the most famous individually
associated blazar-neutrino spatio-temporal connection to-date (IceCube Collaboration 2018); in our study this is also a very prominent flaring asso-
ciation but only in the optical band (see Sect. 4.2.5). The latter neutrino event has notably less accurate spatial resolution with Ωenlarged = 77.96 deg2

and S= 0.26, which leads to the weakest (after weighting) of the four radio+optical flaring associations. Note that both of these associations occur
in both the published and enlarged error region scenarios.

and S= 0.26) with a small weight (0.035) and has an
association also with four other blazars. This blazar has
another neutrino (IC170922A) association which is the
most significant individual blazar-neutrino association up to
date (IceCube Collaboration 2018). Although this neutrino
event arrived during a period of heightened optical activity
(AIO = 1.42) resulting in a very prominent flaring associa-
tion, in the radio band it arrived just at the start of a major
radio flare. As already discussed in H21, the AI value sug-
gests the source to be non-flaring (AIR < 1) as the majority
of the flare falls outside of the 2.3 year time window.

– J1310+3220: This blazar is associated with the neutrino
IC120515A, whose weight is in the top five of both the radio-
only and optical-only flaring associations shown in Table 2.
In the radio band, the flare is very prominent. In the optical
band, there is also a flare in the same observational block
that the neutrino arrived in; however, there are several more
prominent flares at the end of the light curve.

In addition to the blazar-neutrino associations which exhibit
simultaneous radio and optical flares at the time of the neu-
trino arrival, there are also a number of associations with flar-
ing activity only in one of the bands whose neutrino has a high
weight:

– J1504+1029 (aka PKS 1502+106): The associated neu-
trino (IC190730A) of this blazar arrived at the time of
a long-lasting major radio flare as already discussed in
Kiehlmann et al. (2019) and H21. In the optical band the
source was in a low state (AIO = 0.94). The source was also
in a low state in the γ-ray band (e.g., Franckowiak et al.
2020; Rodrigues et al. 2021).

– J1623+3909: This blazar is associated with the neutrino
IC190201A, which was a time of high radio activity for the
blazar (AIR = 1.31). AIO of 1.09 is indicative of a higher than
average flux density at the time of the neutrino arrival.

– J2030-0503: This blazar is associated with the neutrino
IC180417A and its AIO is 2.33 before weighting (the highest
in our sample). The neutrino arrived just before the start of
the ZTF observations and the first observational block con-
tained a major optical flare while in the other observational
blocks the source was in a low state.

We note that while the four simultaneous radio+optical flaring
associations give the strongest correlation significances between
the CGRaBS blazars and IceCat1+ neutrinos, there are many
more radio-only and optical-only associations with compara-
ble AI values as shown in Table 2. As such we do not claim
that the simultaneity of blazar light curve activity in the radio
and optical bands is a general signature of blazar-neutrino
correlation.

4.2.6. Comparing the results of the published and the
enlarged scenarios

According to the p-values given in Table 1, the CGRaBS blazars
are not correlated with IceCat1+ neutrinos in the published error
region scenario. However, after increasing the neutrino error
regions by adding 1◦ in quadrature to each of the four error bars,
five individual correlation significances increase up to 2σ, one
of which even reaches the 3σ level. This is due to the existence
of several blazars just outside of the published error regions
of some of the most accurately reconstructed events that were
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Fig. 9. OVRO (radio), CAZ (optical), and observational CAZ light curves of the blazar J1310+3220 (alias: 5BZU J1310+3220,
4FGL J1310.5+3221, B2 1308+32.6) given from top to bottom, respectively. The horizontal axis gives time in Modified Julian Date (MJD)
and the vertical axis gives flux density (given in Jy in case of radio and mJy in case of optical). The vertical lines show the arrival time of a
spatially associated neutrino, IC120515A. The dotted vertical lines show the AI time window centered around the neutrino arrival time. This is a
somewhat spatially accurate neutrino event with Ωenlarged = 8.37 deg2 and S = 0.613. For this event, the blazar was flaring in the radio (AIR = 1.42
& wAIR = 0.87) and optical (AIO = 1.29 & wAIO = 0.79) bands simultaneously. This association, J1310+3220–IC120515A, only occurs when
considering the enlarged error region scenario because the blazar is just outside of the IceCube reported 90% confidence level error region by
0.01◦.

strongly flaring in the radio and/or optical bands when the neu-
trino arrived.

Column (6) in Table 2 shows the associations, marked with
“*”, that only occur after increasing the IceCube error regions.
Using the IceCube error regions without accounting for any sys-
tematic errors, only two and one of the most prominent flar-
ing associations in the radio and optical bands would remain,
respectively. Of the four simultaneous radio+optical flaring asso-
ciations driving our strongest individual correlation significance
(>3σ, see Table 1), only one occurs within the published error
regions, which is also the weakest of the four associations due to
its neutrino event being rather unreliable (Ωpublished = 74.6 deg2

and S= 0.26). On the other hand, the three remaining associa-
tions (arising from some of the most reliable neutrino events in
the sample) only occur in the enlarged scenario – they miss their
respective published error region by 0.34◦, 0.08◦, and 0.01◦. In
the case of AI0.01% as TS parameter (resulting in the most signif-
icant individual p-values of this study), as evident from columns
(6) and (7) of Table 2, all of the associations that only exist
because of enlarging the error regions, fall outside of the pub-
lished error regions by much less than 1◦.

Two recent studies (Abbasi et al. 2023b; Bellenghi et al.
2023) have indicated that the ∼3σ spatial blazar-neutrino cor-
relations obtained using the enlarged error regions could be the
result of a random fluctuation in the blazar spatial distribution.
Our study is significantly different as we not only look at spatial
associations (the case of S as TS parameter), but also incorpo-
rate temporal and multiband elements into the statistics. Still, we
independently find a 2.17σ (post-trial) blazar-neutrino correla-
tion in the enlarged scenario. As discussed, Abbasi et al. (2023b)
stated that the IceCube collaboration still cannot exclude the

possibility of unknown systematic uncertainties in the neutrino
localization. Assuming that the reported error regions are larger
by 1◦ in quadrature (the estimated upper limit) due to these
uncertainties, then our results hint at a spatio-temporal connec-
tion between the multiwavelength emission of CGRaBS blazars
and the IceCube HE neutrino events.

5. Summary and conclusions

In this paper, we studied a spatio-temporal correlation between
the CGRaBS blazars and the IceCube neutrino events using the
radio and optical bands. We used the most up-to-date neutrino
list released by the IceCube collaboration in 2023 with a total of
283 HE (&100 TeV) neutrino events, see Sect. 2.1. The CGRaBS
sample consists of 1157 blazars with OVRO 15 GHz radio light
curves from 2008 until the end of 2022. For most (1061) of
these blazars, we managed to combine data from all-sky surveys
and dedicated monitoring programs in the optical band to create
decade-long light curves, see Sect. 2.2.

In Hovatta et al. (2021), H21, our main conclusion was that
observations of large-amplitude radio flares in blazars spatially
associated with neutrinos at the time of their arrival are unlikely to
occur by random chance (∼2σ). In this work, we find that adding
three more years of neutrino data and two more years of radio
data to the 12 years used in H21 does not improve the correla-
tion significances. Upon upgrading the spatio-temporal method
to take neutrino signalness and error region sizes into account,
we find that our radio results remain consistent with H21. Our
optical results are also similar. The highest individual significance
(>3σ) of the spatio-temporal correlation between the CGRaBS
blazars and IceCube neutrinos occurs when we consider the
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number of spatially coincided blazars that are confidently flaring
in both the radio and optical bands simultaneously at the time of
the neutrino arrival. In Sect. 4.2.4, we discussed the post-trial cor-
rection of obtaining five >2σ individual p-values (one of which
is the aforementioned>3σ p-value) by chance via calculating the
harmonic mean p-value, where a 2.17σ spatio-temporal correla-
tion between the multiwavelength emission of CGRaBS blazars
and IceCube HE neutrinos was established. However, we note that
this 2.17σ correlation only occurs when we add the estimated
upper limit of the IceCube systematic errors (1◦) in quadrature
to all the error bars. When the IceCube error regions are taken
as their published values, we find no significant correlation. The
observed improvement in significances when considering larger
neutrino error regions, as discussed in Sect. 4.2.6, is in line with
the results of Abbasi et al. (2023b).

In addition to the unclear systematic errors of the neutrino
events, another major challenge for population studies is the
inclusion of neutrino events with very large error regions. In H21
we used thresholds on the energy and the error region size, while
in this work we used a dedicated weighting scheme. The main
motivation for this was to refrain from making arbitrary choices
in the data selection, to preserve the signal from the events close
to the thresholds, and to boost the resilience of the statistics
against slight event parameter changes, while simultaneously
reducing the noise contribution from the most poorly recon-
structed events. However, the noise suppression arising from
using thresholds is more efficient and, as a result, we suspect that
the optimal way of performing the spatio-temporal analysis is
to employ both the thresholds and the weighting scheme simul-
taneously (i.e., by cutting out the highest error region events
that have tens of associated blazars), while weighting the rest
of the neutrino events according to their signalness and the error
region size. Nevertheless, we conservatively chose not to pursue
such aggressive selection and weighting schemes in this work,
because those would push our statistics to a more individualistic
direction where a few of the most well-defined neutrino events
would drive our statistics. Moreover, determining where to place
the threshold would require careful simulations and is beyond
the scope of this paper.

Furthermore, we note that while the OVRO-monitored
CGRaBS blazar sample used in this study provides the most
complete sample of blazar radio light curves with a high tem-
poral accuracy and cadence, it is not as complete as VLBI-based
catalogs in terms of flux density, and it suffers from a blazar type
bias due to its lack of HSP blazars. Such completeness issues of
the CGRaBS sample combined with the >2σ individual corre-
lations seen in the optical band motivated us to investigate the
blazar-neutrino connection with a much larger (>4×) sample of
blazars in the optical band using TS parameters that probe faster
than observational temporal variations (Kouch et al., in prep.).

The key takeaway points of this spatio-temporal correlation
study between CGRaBS blazars and HE IceCube neutrino events
are summarized below:

– We developed a novel weighting scheme that allows for the
utilization of the entire neutrino dataset without the need for
arbitrary thresholds.

– We extended the spatio-temporal analysis to the optical band
and found that its results are similar to those of the radio
band (i.e., spatially associated neutrinos seem to preferen-
tially arrive at long-term periods of higher-than-average elec-
tromagnetic flux density).

– We found that the most significant correlations occur when
considering long-term radio and optical flares simultane-
ously.

– Crucially, all of our significant results (>2σ) only occurred
when we enlarged the published neutrino error regions by 1◦
in quadrature.

Notably, how the IceCube positional error regions are taken into
account makes a critical difference in the final results of our
spatio-temporal correlation study. If the published error regions
are accurate, we see no connection between the multiwavelength
electromagnetic emission of blazars and HE neutrino emission.
However, if the error regions are underestimated due to unknown
systematic errors (using their estimated upper limit of 1◦, added
in quadrature), then our post-trial p-value indicates a spatio-
temporal, multiwavelength blazar-neutrino correlation with a
significance of at least 2.17σ. Interestingly, in the case of our
most significant individual p-values (when AI0.01% is used as
TS parameter) as seen from columns (6) and (7) of Table 2, all
spatio-temporal associations that only occur in the enlarged sce-
nario are much closer to the published error regions than 1◦.
In any case, the low association numbers suggest that not all
neutrinos are associated with the most strongly flaring CGRaBS
blazars, which is in line with our findings in H21.

Finally, we emphasize that to improve the prospect of defini-
tively solving the blazar-neutrino correlation mystery, it is cru-
cial to have neutrino events with better signalness and direc-
tional resolution. To this end, next generation neutrino obser-
vatories such as IceCube-Gen2 (IceCube-Gen2 Collaboration
2014), Baikal-GVD (Shoibonov & Baikal Collaboration 2019),
KM3NeT (Adrián-Martínez et al. 2016), RNO-G (Aguilar et al.
2021), and GRAND (Fang et al. 2017) will play vital roles.
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Appendix A: The reduction and combination
process of the CAZ optical light curves

As briefly mentioned in §2.2, the CAZ optical light curves are
made by combining CRTS, ATLAS, and ZTF (as well as when-
ever possible KAIT and/or Tuorla) light curves. Thus the back-
bone of the CAZ light curves is formed by three all-sky surveys
which use forced-photometry on a specified coordinate in the sky
to perform automatic reduction. While such all-sky surveys have
the advantage (as compared to dedicated blazar monitoring pro-
grams) of allowing for the extraction of thousands of blazar light
curves with relatively high cadence, they suffer from poor angu-
lar resolutions (at best on the order of several arcsec). For this
reason we decided to use the radio coordinates of the CGRaBS
blazars to the closest 0.001◦ (or 3.6") when obtaining their opti-
cal light curves.

In the case of CRTS and ZTF the extracted light curves
are in magnitudes (m). Following Hovatta et al. (2014), we per-
formed a small empirical shift on the CRTS V-band magni-
tudes (dimmed by 0.145) and removed noise-like intra-night
variability before converting them to flux densities (S ) using
S = S 0 · 10−0.4m with a zero-magnitude flux density (S 0) of
3640 Jy. The ZTF magnitudes were converted to flux densities
using an S 0 of 3631 Jy. In flux density space, the CRTS and ZTF
data points were binned on a nightly basis by taking the average
Modified Julian Date (MJD), average flux density, and propa-
gating the flux density error via (

∑N
i=1 σi

2)0.5/N2. Subsequently,
assuming Gaussian error bars, data points with a lower detection
significance than 3σ were ignored from the light curves.

Next, when the CRTS light curve is long enough (at least
three data points) to justify its presence in the final light curve,
we converted the ZTF light curves into the CRTS V-band using
the zr and zg filter information via three different rearrangements
of the formula mV − mr = 0.474 (mg − mr) + 0.006 where m
is the magnitude of the different filters (see Tonry et al. 2012).
The three rearrangements to obtain the flux density in the V-band
(S V) along with its propagated error (σS V ) are given below:

i when S r and S g are known quasi-simultaneously:
S V = C S r

0.526 S g
0.474

σS V = C (S g/S r)0.474
√

(0.526σS r )2 + (0.474σS g S r/S g)2

ii when the quasi-simultaneous flux density values are
unknown, but for a known S r the value of S g/S r is attain-
able from a linear fit in the (S r, S g) plot:
S V = C S r (S g/S r)0.474

σS V = C φ0.474
√
σS r

2 + (0.474σφ S r/φ)2

iii when the quasi-simultaneous flux density values are
unknown, but for a known S g the value of S g/S r is attain-
able from a linear fit in the (S r, S g) plot:
S V = C S g (S g/S r)−0.526

σS V = C φ−0.526
√

(0.526σφ S g/φ)2 + σS g
2

where C = 10−0.0024 · 3640/3631 ≈ 0.99695, φ refers to the
gradient of the linear fit in the (S r, S g) plot, σφ refers to the
error of the gradient, and quasi-simultaneous means that there
are both zr and zg data points within two nights. The ZTF light
curve is ignored when quasi-simultaneous zr and zg data points
are unavailable and a fit in the (S r, S g) plot is unattainable. In
the cases where CRTS is ignored, the ZTF filter with the most
number of data points is selected and no ZTF conversion into
the V-band is needed.

In the case of ATLAS, the extracted data comes in the flux
density space as well as the magnitude space, so no conversion
is needed. Firstly, the most obvious ATLAS outliers are removed

(i.e., those data points that have negative flux density values
and those whose flux density value sits > 10σ off of the light
curve mean). This 10σ off-mean limit was chosen after care-
ful manual inspection (while also taking advantage of data from
other surveys, when available) to ensure that as few data points
from regions of locally enhanced flux density (possibly signi-
fying real flaring behavior) as possible were removed. Such a
cleaning procedure is especially needed to ensure the reliability
of the ATLAS shift onto ZTF/CRTS (see below). Afterwards the
ATLAS light curve is nightly binned. Another round of cleaning
removes data points which do not have at least a 3σ detection
significance (assuming Gaussian error bars).

Subsequently, the cleaned ATLAS light curve (in the filter
that has the most number of data points) is shifted onto the ZTF
or CRTS (if ZTF is not present) light curves by finding the aver-
age value of simultaneous S ZTF/S ATLAS, referred to as the cor-
rection factor. The rarity of nights with simultaneous data make
the correction factor rather prone to individual extreme outliers,
which is why we ensured to remove such extremities. The shift
is done by multiplying the flux densities and their errors by the
correction factor. If there are no simultaneous (daily) data points
between ZTF and ATLAS, then other surveys such as the KAIT
and Tuorla are used to shift them. Once ZTF and ATLAS (as well
as possibly KAIT and/or Tuorla) are shifted onto one another,
the combined light curve is shifted onto CRTS; either by looking
for simultaneous data (this is rare as the possible overlap period
between CRTS and any other survey is short) or by utilizing the
flux density averages in the overlap period to obtain an estimated
correction factor. Correction factors of up to three are accepted
while larger values are considered problematic. In problematic
cases no shifting is performed and the light curve is limited to
the combined ZTF+ATLAS era or to the CRTS era depending
on whichever has a greater number of data points. Finally, a
manual inspection of the light curves is performed where the
remaining outliers are removed and suspicious correction shifts
are reversed.

We caution the reader that the flux density shifts are not
always made to the same filter (as CRTS is not always present).
This means that the absolute flux densities in the light curves
where CRTS is present and in the light curves where CRTS is
absent are not comparable. However, as our study focuses on
variability, this caveat does not affect our results.

Appendix B: Light curves of confidently flaring
neutrino associated blazars

In this Appendix, in Figure B.1, we provide the blazar light
curves of all confidently flaring (when the associated AI value is
greater than the 0.01% false-positive rate AI threshold) blazar-
neutrino associations given in Table 2. For each blazar there are
three light curves plotted: the OVRO (radio) light curve in the
top panel, the CAZ (optical) light curve in the middle panel, and
the observational CAZ light curve in the bottom pannel. The hor-
izontal axis gives the time in Modified Julian Date (MJD) while
the vertical axis gives the flux density (given in Jy in case of
radio and mJy in case of optical). Each solid vertical line demar-
cates the arrival time of a spatially associated neutrino and the
dotted vertical lines on either side of it show the AI time win-
dow centered around the neutrino arrival time.
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Fig. B.1. Blazar light curves of the confidently flaring (99.99% confidence level) blazar-neutrino associations given in Table 2. For more detail,
we refer the reader to the description of Figure 6.
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Fig. B.1. continued.
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Fig. B.1. continued.
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Fig. B.1. continued.
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Fig. B.1. continued.
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Fig. B.1. continued.
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Fig. B.1. continued.

A111, page 24 of 24


	Introduction
	Data
	Neutrino events
	Blazar radio and optical light curves

	Analysis
	The spatio-temporal method
	The radio-only analysis
	The optical-only analysis
	The simultaneous radio+optical analysis

	The upgraded spatio-temporal method
	Handling the unknown systematic errors of neutrinos

	Results and discussion
	Recreating the results of H21
	The upgraded spatio-temporal results
	The radio-only results
	The optical-only results
	The simultaneous radio+optical results
	Trial correction for the look-elsewhere effect
	Comments on individual flaring associations
	Comparing the results of the published and the enlarged scenarios


	Summary and conclusions
	Data availability
	References
	The reduction and combination process of the CAZ optical light curves
	Light curves of confidently flaring neutrino associated blazars

